
ABSTRACT 

Nicely, Nathan. Study of protein binding sites on the GTPase RalA and the sugar-binding 

protein hen egg white lysozyme. 

(Under the direction of Carla Mattos.) 

 

Hen egg white lysozyme and simian RalA are two very different proteins by function and 

category. Lysozyme is an extracellular enzyme that catalyzes the hydrolysis of the β-linkage 

between N-acetylmuramic acid (NAM) and N-acetylglucosamine (NAG) subunits in the 

peptidoglycan polymers that compose some Gram-positive bacterial cell walls. RalA is a 

Ras-related GTPase involved in multiple distinct signaling pathways. The structure and 

sequence of its core domain is similar to Ras and Rap (another Ras-related GTPase), but they 

have mutually exclusive sets of upstream activators and downstream effectors. Furthermore, 

RalA is activated by calcium-loaded Calmodulin through its carboxy-terminal domain, and it 

binds phospholipase D constitutively through its amino-terminal domain; both traits are 

unique within the Ras subfamily. 

 

Lysozyme has a deep active site cleft between two subdomains which is responsible for 

binding the saccharide substrate. This binding site is small in its surface area compared to the 

total accessible surface area of lysozyme. It is relatively well-ordered and pre-formed,  with 

good shape complementarity to the substrate. We employ the Multiple Solvent Crystal 

Structures method which uses small organic solvent molecules as probes to map the 

functional surface of the protein. Of ten solvent-soaked crystal structures, 11 solvent 

molecules were identified as bound to lysozyme in a total of six sites. Nine of these 11 

solvent molecules bound in the active site cleft in well defined clusters corresponding to the 

established subsites in which the NAM/NAG subunits of the natural substrates bind. Five of 

these nine bind in subsite C, which has the most favorable binding energy of the six subsites. 

Two bind in subsite D and one each in subsites E and F. The positions and orientations of the 

bound solvent molecules mimic the acetamido functional groups on the NAM/NAG subunits, 

especially in subsite C. Of the two organic solvent molecules which bound outside the active 

site cleft, one bound at a two-fold crystal contact and the other on the edge of the epitope for 

an anti-lysozyme antibody. 



 

RalA has two large segments, termed the switch regions (I & II), that experience disorder-to-

order transitions upon complexation with binding partners. These regions are responsible for 

significant structural changes across a large patch of the protein’s accessible surface. We 

have solved the crystal structures of RalA in both its GDP- (‘off;’ inactivated) and GTP 

analog-bound (‘on;’ activated) forms. Disorder-to-order transitions occur in both switch 

regions upon protein-protein interaction in the form of crystallographic and 

noncrystallographic symmetry contacts; however, in the absence of such protein-protein 

contacts, both switches are disordered. This indicates a departure from the behavior of Ras in 

which the presence of GTP analog alone is sufficient to order switch I. Also, we identify two 

possible sites for protein-protein interaction on the surface of RalA by comparing structural 

features of the protein with the available data regarding amino acid residues important for its 

biochemical functions and including the experimental functionality map for Ras generated by 

the Multiple Solvent Crystal Structures method. 

 

A thorough analysis of the binding sites on RalA and lysozyme reveal some trends which 

agree with recent hypotheses on the nature of protein-ligand interfaces. First, all the binding 

sites on both proteins tend to have centers which are relatively invariant in terms of structural 

plasticity. These cores are surrounded by residues which exhibit conformational flexibility. 

Second, the binding sites are sparsely hydrated; any bound water molecules at our binding 

sites can be displaced by solvent molecules. Conversely, the switch regions of RalA are well 

hydrated at protein-protein contacts, reflecting the ability of water molecules to contribute to 

the close packing of atoms and charge complementarity in protein-ligand interfaces. 
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CHAPTER 1 – Introduction 

 

The ability of proteins to bind ligands and other proteins with affinity and specificity is 

crucial to the processes that drive life. The biological functions of proteins depends on their 

direct physical interactions with other molecules. It is therefore not surprising that an 

extensive amount of work has been focused on understanding the properties of protein 

binding sites and the features that differentiate these regions from all others on protein 

surfaces. In particular, analysis of patterns derived from protein complexes for which three 

dimensional structures are available has served to provide guide lines for algorithms that 

predict sites of protein-protein or protein-substrate interactions. While this introduction 

contains a summary of these findings, it is important to note that the samples found in the 

protein data bank are somewhat biased toward those complexes that crystallized and may not 

be representative of all binding interfaces. For example, one of the trends derived from 

database analysis is that binding sites tend not to be very dynamic in nature and that only 

slight conformational changes are observed between the bound and unbound states of a 

protein. While this may be true in a large number of examples – particularly in protein-

substrate interactions – it is by no means representative of all protein binding interfaces. In 

this dissertation, I use a combination of traditional X-ray crystallography and the Multiple 

Solvent Crystal Structures (MSCS) to predict binding sites and to analyze the surfaces of two 

proteins:  Ral and Lysozyme. Ral is a GTPase that belongs to the Ras family and its binding 

surface is analyzed in the context of what we know about Ras and its close homologue Rap. 

These proteins are known to interact with binding partners through the so-called switch 

regions that are highly disordered in the uncomplexed GTPases (Milburn et al. 1990). In the 

presence of binding partners the switch regions can adopt a diverse set of conformations 

specific to each interaction. Lysozyme, on the other hand, has a pre-formed binding site that 

adjusts only slightly to the presence of substrate (Diamond 1974). It is a classic “lock and 

key” type enzyme that may be much better represented in structural databases. Another 

difference between these two proteins is that lysozyme is an extracellualar enzyme that 

interacts with sugars through a binding interface that is relatively small, whereas the Ras 

GTPases interact with large proteins in signal transduction cascades within the cell. 
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This thesis is composed of five chapters. Chapter 1 is an introduction containing an overview 

of protein binding sites obtained through data base analysis, a summary of the known 

complexes between Ras, Rap and Ral and an introduction to lysozyme and its ligands. 

Chapter 2 contains the crystal structure of Ral bound to the GTP analogue GppNHp and to 

GDP and a structural analysis of its binding sites in comparison with those of Ras and Rap. 

Chapter 3 describes the expression and purification of the complex between Ral and its 

binding partner Calmodulin (CaM) with the finding that the last four residues on the carboxy-

terminus are important for the Ral-CaM interaction. Chapter 4 presents the MSCS of 

lysozyme and comparisons of the organic solvent binding sites with those occupied by 

known ligands. Chapter 5 is a discussion of the similarities and differences observed for Ral 

and Lysozyme as representatives of two very different types of proteins; specifically, it is a 

comparison of the MSCS of Ras with the analysis of the Ral surface and with the pattern 

observed in the MSCS of Lysozyme. A thorough review of the literature describing the cell 

biology of Ral can be found in Appendix A. 

 

Database analyses 

 

In the past few decades, several methods have been devised and implemented to study 

binding sites on proteins. It turns out that a definitive list of general properties about protein 

binding sites is somewhat elusive. The data reveal trends, but there is much variation. 

Without a solid consensus about the character of protein binding sites, investigations of the 

factors that conserve binding sites and drive protein-protein and protein-ligand interactions 

have become both more intensive and more varied. There are three broad classes of 

complexes that are analyzed in the data base. The first is a collection of enzymes in complex 

with their inhibitors. These complexes in general exhibit a relatively small interface area and 

is representative of lysozyme. The second constitutes a variety of antibody-antigen 

complexes. The third is a group of miscellaneous protein-protein complexes many of which 

are signaling molecules in complex with binding partners; Ras and Ral fall into this category. 

Thus this dissertation examines binding sites on two proteins representing two of these three 

categories of complexes. 
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Binding sites – protein-protein interfaces 

 

The first characterization of protein-protein binding interfaces was that the hydrophobicities 

of regions on the surfaces of complementary protein surfaces determine which proteins 

associate meaningfully as opposed to those that associate transiently (Chothia & Janin 1975; 

Tsai et al. 1996). When an interface buries under 2000 Å2 of protein surface, the recognition 

sites usually form a single patch on the surface of each component protein (Chakrabarti & 

Janin 2002). On average, the size of such a patch is about 800 Å2, which includes about 85 

atoms belonging to about 23 residues, half of which are part of the core and have a distinctive 

amino acid composition (Janin & Chothia 1990; Chakrabarti & Janin 2002). The composition 

seems to resemble the rest of the protein surface except that it is more hydrophobic. Larger 

interfaces are generally multipatch, with at least one pair of patches that are equivalent in size 

to a single-patch interface (Chakrabarti & Janin 2002). 

 

The hydrophobic aspect of binding site character-matching was confirmed with the 

observation that the position of a ligand corresponds with a strong hydrophobic cluster on the 

surface of the target protein (Young et al. 1994). This would imply that hydrophobicity could 

drive protein-protein interaction; how then would that compete with protein folding? It is true 

that the packing densities of the atoms in protein interiors and in protein-protein interfaces 

are similar (Tsai et al. 1996; Lo Conte et al. 1999). Water molecules contribute to the close-

packing of atoms in interfaces so as to insure complementarity between the protein surfaces 

as well as providing polar interactions between them (Lo Conte et al. 1999). It turns out that 

the hydrophobic effect plays a dominant role in protein-protein binding, but it is not as strong 

as that observed in the interior of protein monomers (that is, in protein folding) (Tsai et al. 

1997). Higher proportions of charged and polar residues are buried at interfaces, suggesting 

that hydrogen bonds and salt bridges contribute more to the stability of protein binding than 

to that of protein folding (Tsai et al. 1997). Scheinerman et al. also came to the conclusion 

that protein interfaces reflect the composition of protein surfaces (rather than interiors) 

although interfaces are somewhat enriched in hydrophobic residues (Scheinerman et al. 

2000). They made several key statements, though, on the nature of the forces that drive 

protein-protein binding. First, the forces that drive protein-protein association need not be as 
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large as those that drive protein folding (Scheinerman et al. 2000). Second, interfaces are 

designed so as to exploit electrostatic interactions which generally destabilize proteins 

(Scheinerman et al. 2000). Lastly, desolvation effects are compensated in interfaces through 

networks of ion pairs and hydrogen bonds (Scheinerman et al. 2000). 

 

Clearly hydrophobicity is not the whole story. Many complexes show that protein-protein 

interfaces are not always hydrophobic; whatever character a binding site might have, binding 

partners matched hydrophobic or hydrophilic centers on their binding sites (Korn & Burnett 

1991). Interfaces are poorer in polar and charged residues, and richer in hydrophobic 

residues, than the rest of the surface (Tsai et al. 1997). Furthermore, there is a great diversity 

among homodimeric interfaces. Only one-third of cases examined by Larsen et al. had an 

interface patch consisting of a hydrophobic center surrounded by a ring of intersubunit polar 

interactions (Larsen et al. 1998). The majority two-third of the cases had mixed hydrophilic 

character with an even distribution of hydrophobic patches interspersed with hydrogen 

bonds, polar interactions and water molecules (Larsen et al. 1998). A few cases showed 

extensively interdigitated interfaces such that the complex was reminiscent of a single 

monomeric protein; these proteins mediate functions that require symmetry and added 

stability (Larsen et al. 1998). 

 

Although the hydrophobicity of a contact surface may be higher than the rest of a protein’s 

accessible surface, it is not higher than the hydrophobicity of the whole protein (Korn & 

Burnett 1991). That is to say, the interiors and exteriors of proteins are about the same in 

terms of their hydrophobicities or hydrophilicities. This would require different partitioning 

of amino acid residue types across the surface. In contrast, it has also been found that 

hydrophobic residues are more frequent in protein interiors than in interfaces (Tsai et al. 

1997). Which finding is correct? It has much to do with how the researchers define their 

respective groups of protein structures, which as previously stated is biased to begin with. 

 

The average protein-protein interface has the same nonpolar character as the rest of the 

surface (53% nonpolar residues in interfaces versus 56% over the total surface) but has fewer 

charged groups (Lo Conte et al. 1999). The amino acid composition of overall protein 
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surfaces is about 25% polar residues, 55% nonpolar and 20% charged (Janin & Chothia 

1990; Lo Conte et al. 1999). This most recent characterization shows that apparently it is the 

partitioning of the residue types across the surface that helps determine which parts of the 

surface might serve as sites of protein-protein interaction. Interfaces tend to have a higher 

proportion of neutral polar groups and a lower proportion of charged groups (Lo Conte et al. 

1999). Specifically, interfaces have been found to be richer in the aromatic amino acid 

residues His, Tyr, Phe and Trp, and somewhat richer in the aliphatics Leu, Ile, Val and Met 

(Lo Conte et al. 1999). Interfaces are depleted in the charged residues Asp, Glu and Lys, but 

not Arg, which is the residue making the largest overall contribution to interfaces (Lo Conte 

et al. 1999). In keeping with the presence of charged and polar residues in protein-protein 

interfaces, the average interface contains about 10 hydrogen bonds (Lo Conte et al. 1999). 

Also, there is about one interface water molecule per 100 Å2 of interface area (Lo Conte et 

al. 1999). The correlation between water molecules and interface areas is poor, but at least it 

is in keeping with the aforementioned observation that water molecules contribute to the 

close packing of atoms in protein-protein interfaces (Lo Conte et al. 1999). The roles of 

hydrophobic and hydrophilic amino acid residues were closely examined by Hu et al. who 

concluded that hydrophilic side chains play a bigger role in binding than in folding (Hu et al. 

2000). 

 

It cannot be overstated that the extent of hydrophobicity in binding sites is variable. Helping 

to contradict the misconception that protein binding sites are always and predominantly 

hydrophobic in nature are the observations that highly conserved residues tend to occur at 

binding sites (Hu et al. 2000) and that polar residues are more likely to be conserved (Ma et 

al. 2001). In protein complexes found in the Protein DataBank, binding sites are not of high 

mobility; only small conformational changes occur upon binding, usually involving shifts in 

surface loops and the rotation of side chains (Janin & Chothia 1990). On average, ten 

hydrogen bonds are seen between associating proteins, and about 35 closely-packed amino 

acid residues are involved through the average interface (Janin & Chothia 1990). The size of 

a recognition site is related to the conformational changes that occur upon association (Lo 

Conte et al. 1999). When the buried surface area is 1600 ± 400 Å2 (roughly 10% of a typical 

monomer surface), association involves only small changes of conformation (Lo Conte et al. 
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1999). With large interfaces burying 2000 to 4660 Å2, large conformational changes occur 

(Lo Conte et al. 1999). In summary, protein-protein binding sites seem to rely mainly on 

hydrophobic and hydrophilic complementarity between binding partners. Shape 

complementarity does not appear to be critical, especially since water molecules can mediate 

protein-protein interactions (Larsen et al. 1998; Lo Conte et al. 1999; Fernandez & Scott 

2003). 

 

Binding sites – protein-substrate interfaces 

 

At this point, we can differentiate protein-substrate interfaces from protein-protein interfaces. 

Binding pockets on protein (enzyme) surfaces intended for substrate binding are much more 

easily identified from geometry alone (Vakser & Aflalo 1994). However, electrostatics play a 

major role in steering a ligand onto its binding site (Hu et al. 2000), and in a computational 

method designed to pick protein binding sites on known structures, a geometric surface 

complementarity procedure worked more efficiently with a hydrophobic representation of the 

proteins as compared to using their full representation (Vakser & Aflalo 1994). By taking 

advantage of the fact that many binding sites tend to be more hydrophobic than the remainder 

of the surface, Vakser & Aflalo were able to minimize the number of false positive fits. 

 

Recalling the rough trend between binding site size and the conformational changes that may 

occur (Lo Conte et al. 1999), only a small number of residues (three or less in over 85% of 

cases) in a protein-substrate binding site undergo rearrangements upon ligand binding 

(Najmanovich et al. 2000). Changes in the backbone structure in binding sites are negligible, 

and large changes such as the movement of entire loops or large domains are rare 

(Najmanovich et al. 2000). Somewhere between those two extremes, the ability to bind 

multiple ligands at a given site is largely derived from hinge-based motions (Ma et al. 2001). 

 

Large and flat interfaces are commonly seen in protein heterodimers; whereas, most enzymes 

have deep pockets on their surface in which substrates can bind. Binding events involve only 

small conformational changes, and several hydrogen bonds occur between associating 

proteins despite the fact that many binding sites exhibit a predominant hydrophobicity. The 
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large degree of variation in each of the studies, though, makes the phenomenon of binding 

difficult to describe. An insightful comment came from Jones & Thornton who wrote, "No 

single parameter differentiates the interfaces from other surface patches" (Jones & Thornton 

1996). Thus ensuing studies of protein binding sites became all the more segmented and 

detailed. 

 

Theoretical (computational) methods 

 

Several computational methods have been developed to predict binding sites on protein 

surfaces based on the characteristics described above. All such methods require that the 

three-dimensional structure of the protein(s) in question be known. One of the first and most 

well-known is the GRID method, in which the interaction of a probe group such as water, a 

methyl group, an amine nitrogen, a carboxyl oxygen or a hydroxyl, with a protein of known 

structure was computed at sample positions around the protein (Goodford 1985). The process 

involves positioning probe groups at the vertices of a grid superimposed onto the binding site 

of the protein in question. Thus for example, when a nonpolar probe such as a methyl group 

is used, the positions within the cavity where hydrophobic interactions dominate can be 

identified. A similar method is the Multiple Copy Simultaneous Search (MCSS), which is a 

computational method based on energy minimization and quenched molecular dynamics 

(Miranker & Karplus 1991). Its goal, like GRID, is to determine energetically favorable 

positions of functional groups in the binding sites of proteins. Multiple copies of the selected 

functional group, such as acetonitrile, methanol, acetate or acetaldehyde, are distributed in 

the binding site of interest. Molecular dynamics on the complex yield the local minima. 

 

Despite the varying degrees of success with computational methods predicting binding sites 

on protein surfaces, the calculations in such procedures are sensitive to geometry; thus it is 

essential that accurate structures be used (Scheinerman et al. 2000). This is difficult to 

achieve for proteins in which significant conformational changes accompany binding. 

Similarly, data from deletion mutants are difficult to fold into a model because the 

conformational rearrangements upon mutation can occur. Also, there are uncertainties in the 

potential functions and dielectric constants employed in the different methods. Recent 
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developments have been increasingly successful, though, despite these endemic difficulties. 

For example, Kelly & Mancera developed a method which successfully distinguishes 

between regions of a binding site more favorable for binding of nonpolar versus polar ligand 

atoms (Kelly & Mancera 2005). Hajduk et al. found that a simple model including terms for 

polar and apolar surface area, surface complexity, and pocket dimensions accurately predicts 

experimental screening hit rates for the binding of small molecules to a protein (Hajduk et al. 

2005). Importantly, there appears to be an optimal size and composition of the protein pocket 

that is best suited for interacting with small organic molecules, including an optimal pocket 

volume to surface area ratio. Also, no single parameter consistently dominated the expression 

describing a ligand-binding site (Hajduk et al. 2005). 

 

Several publications have made a strong effort to make generalized statements about the 

properties of the protein-protein and protein-ligand interactions they observe in their 

computational models. Rajamani et al. concluded that the mechanism for molecular 

recognition requires one of the interacting proteins, usually the smaller of the two, to anchor 

a specific side chain in a structurally constrained binding groove of the other protein, 

providing a steric constraint that helps to stabilize a native-like bound intermediate 

(Rajamani et al. 2004). The existence of such anchors implies that binding pathways can 

avoid kinetically costly structural rearrangements at the core of the binding interface, 

allowing for a relatively smooth recognition process. Once anchors are docked, an induced fit 

process further contributes to forming the final high-affinity complex. This later stage 

involves flexible (solvent-exposed) side chains that latch to the encounter complex in the 

periphery of the binding pocket. In agreement with Rajamani et al., Sheu et al. simulated the 

binding of organic solvents to protein surfaces and concluded that large portions of the ligand 

binding site are already formed in the apostructure, and additional important pockets can 

become accessible only in structures that are bound to strong agonists (Sheu et al. 2005). 

Underscoring the importance of protein solvation, Fernandez & Scott identify a ‘dehydron’ 

as a defectively packed and preformed backbone hydrogen bond (Fernandez & Scott 2003). 

A dehydron can be stabilized as a result of the exogenous removal of surrounding water. A 

correlation was found between dehydrons and sites for protein complexation; in other words, 
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dehydrons occur in spots on the surface that are sensitive to perturbations in the solvent 

environment, specifically to the removal of water. 

 

Some computational methods have been made available to the scientific public. The 

Computed Atlas of Surface Topography of proteins (CASTp) provides an online resource for 

locating, delineating and measuring concave surface regions on three-dimensional structures 

of proteins (Binkowski et al. 2003). These include accessible pockets located on protein 

surfaces and inaccessible cavities buried in the interior of proteins. The measurement 

includes the area and volume of pocket or void (Binkowski et al. 2003). Another method is 

Q-SiteFinder, which uses the interaction energy between the protein and a simple van der 

Waals probe to locate energetically favorable binding sites (Laurie & Jackson 2005). 

Energetically favorable probe sites are clustered according to their spatial proximity and 

clusters are then ranked according to the sum of interaction energies for sites within each 

cluster. One of the strengths of the method is its prediction of relatively small sites. The last 

method mentioned here will be ProMate, a computational tool that identifies locations of 

potential protein-protein binding sites (Neuvirth et al. 2004). It is calibrated specifically to 

recognize regions that might be involved in the formation of transient hetero-complexes. 

 

Small recognition sites between proteins are comprised of a single continuous patch, whereas 

large interfaces may be divided into several patches (Chakrabarti & Janin 2002). In more 

detail, large protein-protein interfaces are built in a modular fashion; each module is 

comprised of a number of closely interacting residues, with few interactions between the 

modules (Reichmann et al. 2005). Mutations in one module do not affect residues located in 

a neighboring module. As a result, the structural and energetic consequences of the deletion 

of entire modules are surprisingly small, whereas within a module, mutations cause complex 

energetic and structural consequences. 

 

Empirical methods 

 

The discussed database reviews have tried to draw generalizations about protein binding 

sites, but there is so much variation that it is difficult to create a definitive list of what makes 
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a particular surface feature a binding site. Computational methods try, with varying degrees 

of success, to predict binding sites based on binding site generalizations. Accordingly, 

empirical methods have been developed in order to see what molecules will actually interact 

with and bind to protein surfaces. Three such techniques are discussed below. The first is the 

technique of alanine scanning mutagenesis which involves mutating individual amino acid 

residues in a protein to alanine followed by biochemical assays to determine the importance 

of those residues in protein-protein or protein-substrate binding. The next two techniques 

discussed utilize small organic molecules or functional groups as probes, as in the GRID and 

MCSS computational methods (Goodford 1985; Miranker & Karplus 1991). They are 

grouped, in order, into crystallography-based and NMR-based studies. 

 

Empirical methods – alanine scanning 

 

Clackson & Wells were the pioneers of alanine scanning wherein individual sidechains are 

removed from an interface by mutating those residues to alanine in an effort to determine 

how they impact binding (Clackson & Wells 1995). A ‘hot spot residue’ is defined as a 

residue that, when mutated to alanine, results in a tenfold or greater decrease in the binding 

constant between two proteins. Thus a hot spot is equivalent to a critical residue in a singular 

protein-protein interface, or in an important module in a larger interface (Reichmann et al. 

2005). Hot spot residues tend to cluster in the center of protein-protein interfaces rather than 

at the edges (Bogan & Thorn 1998). These hot spots are enriched in Trp, Tyr and Arg, and 

are surrounded by energetically less important residues that most likely serve to occlude bulk 

solvent from the hot spot; this is known as the 'O-ring' hypothesis (Bogan & Thorn 1998). 

There is no geometric reason that hot spot residues should be in the center of interfaces 

compared to the perimeter; so binding is probably very tightly coupled to solvation. Indeed, 

for a residue to have a large impact on the free energy of binding, it must be largely protected 

from contact with bulk solvent (Bogan & Thorn 1998). However, many of the residues that 

are also occluded from solvent do not make large contributions to binding energy. Solvent 

occlusion therefore is a necessary but not sufficient condition for a residue to be in a hot spot. 

The O-ring pattern could merely indicate that sidechain atoms on the periphery of a binding 
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site are more easily replaced by water in a nondisruptive manner than atoms in the center of 

the interface (Delano 2002). 

 

There is a correspondence between hot spots in protein-protein interfaces and structurally 

conserved residues:  the number of structurally conserved residues increases with the binding 

site size (Ma et al. 2003). Many protein binding sites are structurally adaptive and some are 

also functionally adaptive - that is, able to bind multiple diverse partners. Concordantly, 

structural plasticity occurs in hot spot regions (Delano 2002). We have seen in protein-

protein interfaces that hydrophobic patches tend to be interspersed with conserved polar 

residues. Structurally conserved and hot spot residues which are in contact across a two-chain 

interface tend to couple more than expected by random distribution (Ma et al. 2003; Halperin 

et al. 2004). These residues are in locally highly packed environments. Statistically, 

conserved residues at protein-protein interfaces correlate with experimental alanine scanning 

hot spots (Keskin et al. 2005). Dispersing hot spots within a large contact area may be a 

strategy to sustain key interactions while still allowing some flexibility at the interface. Hot 

spots are surrounded by moderately conserved residues, and they cluster at densely packed 

regions (Keskin et al. 2005). 

 

There are some caveats to alanine scanning. Mutagenesis results reflect the effects of the 

removal of a particular charge, but do not, by themselves, indicate whether polar interactions 

stabilize or destabilize protein-protein complexes (Scheinerman et al. 2000). For example, if 

one member of an ion pair is removed and a complex is destabilized, this demonstrates that 

the residue in question is stabilizing when the other residue is present. It does not indicate 

whether the ion pair itself is stabilizing relative to a reference state consisting of the two 

isolated monomers. A solution to these issues is to assume that there are no conformational 

changes in the reference protein upon mutation (Scheinerman et al. 2000). This guarantees 

that the effects calculated will be overestimates but the residues with the largest calculated 

effects correlate nicely with those that have the largest observed effects. In this way, hot 

spots on protein surfaces can be calculated using relatively fast calculations that do not deal 

with conformational change. 
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Now there is a publicly available, searchable database of single alanine mutations in protein–

protein, protein–nucleic acid, and protein–small molecule interactions for which binding 

affinities have been experimentally determined, called the Alanine Scanning Energetics 

database  (Thorn & Bogan 2001). The database has an easily navigable interface available 

over the World Wide Web, and in cases where structures are available, it contains surface 

areas of the mutated side chain and links to the relevant Protein DataBank entries. 

 

Empirical methods – Crystallography-based 

 

The Multiple Solvent Crystal Structures (MSCS) method requires soaking protein crystals, 

crosslinked to prevent dissolution, in different organic solvent solutions of varying 

concentration, then solving the crystal structures; with sufficient resolution and quality of the 

data, in the later stages of model refinement organic solvent molecules can be placed in the 

electron density map. One solvent is used at a time so that the competition of the probe 

molecule for binding sites is only with water rather than with other solvents (Allen et al. 

1996). MSCS is the empirical counterpart to MCSS (Allen et al. 1996; Miranker & Karplus 

1991). The first studies of protein crystal structures as they behave in solutions of organic 

solvents came out of the desire to see what was causing enzymes to have diminished 

activities in solvents as compared to water; but quickly it was seen in the methodology that 

solvents could be used to study other aspects of protein surfaces instead of just the active site 

catalytic mechanisms (Fitzpatrick et al. 1994; Yennawar et al. 1994). 

 

The most useful information about solvent binding to a protein is gained when several 

different solvent-soaked structures of the same protein are superimposed and compared. 

Subtilisin Carlsberg was the first protein subjected to such studies (Fitzpatrick et al. 1994). 

Its structure in anhydrous acetonitrile was significantly more rigid than in water, although it 

retained almost as many water molecules (Fitzpatrick et al. 1994). When the structure of 

subtilisin Carlsberg was solved in anhydrous dioxane, the locations of bound dioxane 

molecules were distinct from those in the acetonitrile structure (Schmitke et al. 1997). In 

both solvents, only small changes in sidechain conformations were observed, and solvent 

molecules were bound in the active site of the enzyme and at other regions on the protein 
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surface, typically at crystal contacts. In the case of dioxane, just two dioxane molecules were 

found in the active site, where five were found at crystal contacts on the surface (Schmitke et 

al. 1997). 

 

The crystal structure of thermolysin was originally solved in hexane for a similar reason that 

subtilisin Carlsberg was solved in acetonitrile:  to develop a structural basis for the altered 

properties that are observed when an enzyme is suspended in an organic solvent (Fitzpatrick 

et al. 1994; Yennawar et al. 1994). Like subtilisin, chymotrypsin was less mobile in hexane 

than in water. Interestingly, 130 water molecules were found in the hexane-soaked crystal 

structure, which means that the protein retained a large part of its primary hydration shell 

even in a neat hydrophobic solvent (Yennawar et al. 1994). Two of the seven hexanes were 

found near the active site; the rest were found on or near hydrophobic regions on the protein's 

surface. In contrast to the results of subtilisin, some large sidechain movements were 

observed for chymotrypsin. 

 

Elastase was the first protein to have its surface extensively mapped with MSCS (Allen et al. 

1996; Mattos & Ringe 1996; Mattos in preparation). Several noteworthy results came out of 

these works. First, most of the different solvent molecules bound in the active site. Those 

found in the active site were in positions that were consistent with what is known about 

preferences within each subsite. Solvent molecules that bound on the remainder of the 

surface mostly bound in crystal contacts. Put succinctly, the organic solvents pick out sites of 

any potential protein-ligand or protein-protein binding on protein surfaces. Second, some 

regions, including the active site, were found to be generally "sticky" and could make 

interactions with almost any functional group (Ringe & Mattos 1999). This suggests that 

what makes a part of the surface a binding site is amphipathicity and the ease with which 

water can be displaced. Binding sites were found to be depressions on the protein surface in 

which there was a greater than average degree of exposure of hydrophobic groups (Ringe & 

Mattos 1999). Any waters found in these sites could be displaced by solvents to allow polar 

functional groups on the solvent molecules to make the same kinds of interactions with the 

protein as the water had been (Ringe & Mattos 1999; Mattos & Ringe 2001a). Shape and 

charge complementarity of binding partners thus are not sufficient to explain what makes a 
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binding site. Ultimately, there is no one feature that distinguishes the active site from other 

parts of the protein surface (Mattos, manuscript in preparation). It is the convergence of 

several key elements that makes the binding site unique. 

 

The crystal structures of thermolysin solved in increasing concentrations of isopropanol 

yielded some interesting results about the binding of solvent molecules to protein surfaces 

and validated the methodology of MSCS. As with elastase, only minor changes in the 

conformation of the protein were seen (English et al. 1999). Most importantly, an increasing 

number of isopropanol interaction sites could be identified as the solvent concentration 

increased from 2% to 100%, and the binding was additive (English et al. 1999). Isopropanol 

molecules were found in all four subsites of the active site and elsewhere on the protein 

surface at crystal contacts; some isopropanol molecules were found in the interior of the 

protein where disordered protein sidechains were stabilized (English et al. 1999). Attempts to 

correlate the MCSS interactions of each isopropanol molecule with the protein against 

electron density showed little correlation, underscoring the importance of validating 

theoretical methods against benchwork (English et al. 1999). In follow-up work, the crystal 

structures of thermolysin in three more organic solvents showed that solvent positions were 

consistent with the structures of known protein-ligand complexes of thermolysin (English et 

al. 2001). Overall, clusters of solvents were found to bind mainly in the S1 subsite of the 

active site and in a second site outside the active site (English et al. 1999; English et al. 

2001). Efforts to predict solvent binding sites for thermolysin using a computational 

simulation suggested two properties of consensus sites that bind many different ligands 

(Dennis et al. 2002). First, such sites should be fairly large pockets that can accommodate 

many different ligands in a number of conformations while consistently providing favorable 

van der Waals interactions. Second, the sites must be surrounded by a number of groups that 

can serve as hydrogen-bond donors or acceptors in a number of rotational states. For 

enzymes, these conditions are generally met at subsites of the active site. Residues 

interacting with probes also tend to interact with the specific substrates and inhibitors of the 

enzyme, but they bind in unique orientations and may form or break several hydrogen bonds. 

 

In summary, MSCS is a powerful technique for locating potential sites of protein-protein and 
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protein-substrate binding. Only minor sidechain adjustments occur in different solvent 

environments, but nothing as large as a domain shift. Some work has found that solvent 

molecules replace bound water molecules (Mattos & Ringe 1996), while other research has 

found the opposite to be true (Fitzpatrick et al. 1994). In either case, it appears that some 

rearrangement of surface-bound waters may occur due to a change in solvent environment; 

this is in agreement with the ideas that protein binding sites are either dehydrated in that they 

are protected from bulk solvent (Bogan & Thorn 1998) or that the removal of water 

molecules from those sites is energetically favorable (Fernandez & Scott 2003). 

 

Empirical methods – NMR-based 

 

MSCS has a parallel in a method using NMR for structure determination. This approach is 

termed SAR by NMR because structure-activity relationships are obtained from NMR. The 

NMR-based screening method is potentially more versatile and rapid than MSCS (Mattos 

2002; Byerly et al. 2002) but is subject to the same limitations as traditional NMR compared 

to traditional crystallography. The first SAR by NMR experiments identified small organic 

molecules that bound to proximal subsites of a protein by NMR, after which the constituents 

were optimized and linked together to produce high-affinity ligands (Shuker et al. 1996). 

Two fragment leads with affinities of 2 and 100 µM led to the successful syntheses of 

compounds with affinities ranging from 19 to 228 nM (Shuker et al. 1996). Hen egg white 

lysozyme, which received some attention in MSCS (Wang et al. 1998; see below), has served 

as a model enzyme in SAR by NMR experiments for several years. The specificity-

determining substrate binding site of lysozyme can be readily identified in aqueous solution 

using SAR by NMR (Liepinsh & Otting 1997). Niccolai et al. used bound water and the 

soluble paramagnetic probe TEMPOL to investigate the interaction of lysozyme, both free 

and bound to the inhibitor (NAG)3, with its molecular environment (Niccolai et al. 2003). No 

tightly bound water molecules were found inside the enzyme active site, which, conversely, 

appeared as the most exposed to visits from TEMPOL (Niccolai et al. 2003). This is in 

agreement, once again, with the ideas that protein binding sites are dehydrated (Fernandez & 

Scott 2003; Bogan & Thorn 1998). 
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Empirical methods – mass spectrometry 

 

In a technique called 'tethering,' a native or engineered cysteine in a protein is allowed to 

react reversibly with a small library of disulfide-containing molecules (about 1,200 

compounds) at concentrations typically used in drug screening (10 to 200 µM) (Erlanson et 

al. 2000). The cysteine-captured ligands are readily identified by mass spectrometry. This 

method successfully generated a potent inhibitor for thymidylate synthase, an essential 

enzyme in pyrimidine metabolism with therapeutic applications in cancer and infectious 

diseases. The affinity of the untethered ligand was improved 3,000-fold by synthesis of a 

small set of analogs with the aid of crystallographic structures of the tethered complex. The 

methodology is the same as that in applying MSCS to elastase in that a collection of small 

molecules is used to probe the surface of the protein, then the bound fragments serve as the 

basis for design of a larger ligand. In both cases, the inhibitor constituents overlapped closely 

with the fully synthesized molecule (Erlanson et al. 2000; Mattos 2002). 

 

My work to study binding sites on protein surfaces 

 

The object of this dissertation is to study binding sites by examining two very different 

proteins: RalA and lysozyme. RalA is a Ras-related GTPase and falls into the category of 

protein-protein interactions, as it is a signaling protein involved in diverse signaling 

pathways; whereas lysozyme falls into the category of protein-ligand interactions, not simply 

because lysozyme binds a saccharide, but because it catalyzes the hydrolysis of the sugar’s 

subunits. Lysozyme has a relatively small binding site for its substrates, but a large part of 

the surface of RalA experiences dramatic conformational changes depending on which 

nucleotide is bound and depending on which upstream regulators bind to the protein. No 

structural information about RalA was available prior to the publication of Chapter 2 as an 

independent, peer-reviewed manuscript, but much structural work has been accomplished for 

Ras, the archetype for RalA. 
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Ras as a paradigm for the small GTPases 

 

Every protein test case examined in the studies discussed have either been ‘lock-and-key’ 

enzymes with preformed active sites, in which case protein-ligand interactions were the 

subject; or they have been homo- or heterodimers, in which case the topic was protein-

protein interaction both for small and large interface surface areas. Ras-related GTPases fall 

into the protein-protein interaction category, displaying medium to large interface areas and 

experiencing large conformational shifts during, or preceding binding events. The 

phenomenon of protein-protein binding for Ras-related GTPases is complex, though, because 

the proteins constitutively bind guanine nucleotides as part of their functional role; and the 

guanine nucleotide binding region is tightly connected to the regions responsible for protein-

protein interaction. 

 

Ras monomer 

 

Ras was originally identified as a viral gene responsible for stimulating uncontrolled cell 

growth in rat tissues (Ehrhardt et al. 2002). After its initial identification, Ras was found to 

contain one of two single amino acid mutations in 10-50% of human cancers (Valencia et al. 

1991). Ultimately, Ras became the archetype for a subfamily and a superfamily of guanine 

nucleotide binding proteins (Jurnak 1985). GTPases are almost exclusively involved in signal 

transduction processes. The GTPase cycle functions through large conformation changes in 

the switch I and switch II regions modulated by the presence of GTP (“on” state: able to bind 

to and activate downstream effectors) or GDP (“off” state) (Milburn et al. 1990). Ras-related 

GTPases bind their nucleotides very tightly and have slow intrinsic GTP hydrolysis rates, so 

they tend to stay ‘off’ or ‘on’ and are regulated by guanine nucleotide exchange factors 

(GEFs) which stimulate dissociation of the GDP at which point the GTPase tends to pick up 

GTP since GTP is ten times more abundant in the cell; and by GTPase activating proteins 

(GAPs), which stimulate the GTPase to hydrolyze GTP at the bond between the β- and γ-

phosphates. GAPs may act by stabilizing the transition state in which a water is able to make 

an attack on the bridging oxygen, but this is an issue under debate. Ras is known to be 

involved in several signaling pathways including cell proliferation and differentiation. 
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Protein-protein interactions between Ras and its binding partners are mediated by the two 

highly mobile Switch regions. The status of guanine nucleotide binding pocket has strong 

effects on the conformations of the Switch regions. There are several highly conserved motifs 

among Ras-related GTPases that are responsible for seating guanine nucleotides very firmly 

in the active site; they are discussed in some detail in Appendix A. A comparison of eight 

structures of Ras proteins bound to GTP analog or GDP reveals that the on and off states of 

the switches are distinguished by conformational differences that span a length of more than 

40 Å and are induced by the γ-phosphate (Milburn et al. 1990). The most significant 

differences are localized in two regions:  residues 30 to 38 in L2 (Switch I), and 60 to 76 

consisting of L4 and the following short helix (Switch II) (Milburn et al. 1990). The first 

region, switch I, is the primary effector binding region. The second region, switch II, is 

largely flexible and sensitive to the crystal environment. The epitope for a neutralizing 

antibody has been identified as the region of residues 63 to 73, or most of switch II (Milburn 

et al. 1990). The structure of Ras shows that residues 63 to 70 and 73 are well exposed 

(Scheidig et al. 1999). Conformational changes of switch II appear to be necessary for GDP-

GTP exchange. This is confirmed in that the aforementioned antibody inhibits GDP-GTP 

exchange (Milburn et al. 1990). However, the switch regions bind weakly or not at all to the 

GDP nucleotide, and are therefore unlikely to contribute to the high affinity of GTPases for 

the GDP nucleotide (Menetrey & Cherfils 1999). 

 

Both switch regions are highly exposed and form a continuous strip on the molecular surface. 

This contiguous surface region is the best candidate as the recognition sites for upstream and 

downstream regulator molecules. This region spans over 40 Å from the binding site of 

putative upstream molecule (the switch II region) to the guanine nucleotide pocket, then to 

the putative effector binding site (the switch I region) (Milburn et al. 1990). The switches are 

keyed to the status of the nucleotide binding pocket, the presence or absence of the γ-

phosphate in particular. The whole region is linked; if one end of the span changes its 

conformation, the changes may propagate through the nucleotide binding pocket and beyond 

to the other end. For example, a GAP which has direct effects on Switch II will have indirect 

effects on the primary effector binding region (Switch I). 
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Both switches I & II vary in length and in the amplitude of movement for a given GTPase, 

and either switch varies similarly across the Ras subfamily members. This suggests that even 

though similar regions might be involved in the GDP–GTP cycle, the details of the changes 

will be different for each GTPase and will ensure the specificity of its interaction with a 

given set of cellular proteins (Cherfils et al. 1997). As previously mentioned, switch I is the 

primary effector binding region. Switch II, at least beyond residues 60–63, is generally not 

critical for the interaction with effectors (Cherfils et al. 1997). In Ras proteins, mutations of 

this region impair the recognition of guanine nucleotide exchange factors. (Cherfils et al. 

1997)  

 

In large protein-protein interfaces, we tend to see disorder-to-order transitions and large 

conformational changes upon binding. It was proposed by Menetrey & Cherfils that switch I 

and switch II undergo either partial or complete disorder-to-order transitions upon protein-

protein interaction, thus defining a complex energy landscape comprising more than two 

conformational states (Menetrey & Cherfils 1999). The stabilization of a flexible structure is 

probably energetically better suited for multiple recognition modes, as observed for instance 

for Ras, than actual conformational changes. Not surprisingly, protein-protein interfaces of 

GTPases with their binding partners are often unusually large (Lo Conte et al. 1999), thereby 

contributing a large enthalpic gain that compensates for the loss in entropy. Important 

residues in the process of disorder-to-order transitions are the hinge residues, which are 

found typically at the extremities of the switch regions and are often glycine residues 

(Menetrey & Cherfils 1999). For example, Switch II begins with a Gly residue whose 

backbone amide makes an interaction with the γ-phosphate of GTP. Furthermore, Menetrey 

& Cherfils noted in a novel crystal form of Rap2A that the second half of switch II is ordered 

when in the presence of aromatic/aromatic crystal contacts, showing the disorder-to-order 

phenomenon upon protein-protein contact (Menetrey & Cherfils 1999). 

 

Ras complexes – Ras-SOS 

 

Stimulation of the guanine nucleotide exchange reaction in Ras is controlled by Son of 

sevenless (Sos). Sos is a complex multidomain protein of about 1330 residues (Sondermann 
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et al. 2004). The amino-terminus is followed by a DH domain (Dbl homology) domain, a PH 

domain (pleckstrin homology), a REM domain (Ras exchange motif, about 500 residues), 

then a Cdc25 domain and the carboxy-terminus. The REM and Cdc25 domains together 

comprise a construct called “Cat” because both are required for the Ras-specific nucleotide 

exchange activity of Sos. They are always found together in other Ras-specific nucleotide 

exchange factors (Sondermann et al. 2004). Sos makes a complex with adapter proteins such 

as Grb2, and the Grb2-Sos complex is brought from the cytoplasm to an activated receptor in 

a phosphotyrosine-dependent manner (Boriack-Sjodin et al. 1998). 

 

The interface between Ras and the REM domain of Sos is primarily hydrophilic and very 

extensive, with 3600 Å2 of surface area buried in the complex (Boriack-Sjodin et al. 1998). 

At the heart of the interface is a cluster of three hydrophobic side chains from the switch II 

region of Ras (Y64, M67 and Y71) which are buried into the hydrophobic core of Sos at the 

base of the binding site. Surrounding this hydrophobic anchor is an array of polar and 

charged interactions between Sos(REM) and Ras that results in almost every external side 

chain of Switch II being coordinated by Sos. Sos(REM) displaces switch I by the insertion of 

a helical hairpin; this introduces a hydrophobic sidechain (Leu) which blocks magnesium 

binding and an acidic sidechain (Glu) which overlaps the site where the α-phosphate would 

otherwise be bound. In the crystal structure of Ras with Sos(Cat) (the REM and Cdc25 

domains), Ras forms ternary complexes with Sos(Cat) in solution (Margarit et al. 2003). 

Thus Sos has two binding sites for Ras:  the active site which binds Ras free of nucleotide, 

and a distal site which binds Ras-GTP. Presumably, the active site binds Ras-GTP and 

stimulates the release of the nucleotide, resulting in the observation of free Ras at that site. A 

large interface is formed between the distal Ras and one SOS molecule with the burial of 

3020 Å2 of surface area with 1587 Å2 on Ras-GTP and 1433 Å2 on Sos. The interface 

between the active site of Sos and Ras is as described in the first paper in the series. The 

distal Ras molecule interacts with the REM domain of SOS using its switch I/II corner. This 

‘corner’ is the part of Ras where the switches approach each other closely, near the binding 

site of the Mg2+ ion and the γ-phosphate; it is a very conformationally dynamic region. This 

interface is bracketed by hydrophobic interactions. A central aspect of the interface is the 

formation of a tight bidentate hydrogen bonding interaction between E37 of switch I of Ras 
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and R688 of Sos. E37 also forms hydrogen bonds with the side chains of N691 and H695 of 

Sos. The REM domains in the structures of 2:1 Ras-Sos(Cat) complexes show evidence of 

increased rigidity when compared to the original structure of the 1:1 Ras-Sos(Cat) complex 

(Boriack-Sjodin et al. 1998). Put simply, there is increased order in the switch regions of Ras 

upon being bound by Sos. The interface between the distal Ras-binding site and the Cdc25 

domain is mainly polar. The side chain of Ras Q43 makes hydrogen bonds with the backbone 

carbonyl groups of residues L919 of the Cdc25 domain and also with the sidechain hydroxyl 

group of Y974. 

 

Ras has also had its crystal structure solved with a still larger construct of Sos consisting of 

the DH-PH-REM-Cdc25 domains (Sondermann et al. 2004). A mutant form of Ras which 

binds only to the distal site and not to the catalytic site was used. The DH-PH unit was found 

to block the distal site for Ras and suppress the exchange activity of Sos. When Ras-GDP 

binds the distal site, Sos showed a low (basal) level of activity. When Ras-GTP bound the 

site, Sos showed a high level of activity. It was hypothesized that some undiscovered trigger 

must signal the displacement of the DH-PH unit and open the allosteric site, allowing Ras 

itself to stimulate Sos to low then high levels of activity. Sos(Cat)(W729E) and 

Sos(Cat)(L687E,R688A) had lower basal exchange activities than wild type Sos(Cat) and 

were not stimulated by Ras-GTP. In other words, substituting charged residues for 

hydrophobic ones resulted in a precipitous drop in binding affinity. This makes sense, 

looking at the structure, as the primary interactions at the core of the interface were 

hydrophilic in nature. 

 

Ras complexes – Ras-RasGAP 

 

Once Ras has bound GTP, it tends to stay in its ‘on’ state due to its intrinsic low GTPase 

activity until stimulated to hydrolyze the bond between the β- and γ-phosphates by a GTPase 

activating protein (GAP). GAP sensitivity of various mutants of Ras suggests that a large 

portion of switch I and a part of switch II are involved with GAP interaction (Milburn et al. 

1990). It has also been shown by mutational analysis that residues 32 to 40 are involved in 

the interaction with GAP (Wittinghofer et al. 1991). These residues are highly exposed to the 
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solvent in the structure of Ras monomer (Pai et al. 1990) 

 

Ras(G12D) binds RasGAP with almost wild-type affinity, whereas Ras(G12P) had a 3.4-fold 

lower affinity (Franken et al. 1993). Neither of these mutations could cause G12 to be 

considered a hotspot residue for protein-protein interaction, yet somehow both mutations are 

oncogenic. The answer lies in that both Ras(G12D) and Ras(G12P) have the common 

property that their GTPase activity is not (G12D) or only slightly (G12P) stimulated by GAP 

(Franken et al. 1993). The interface between Ras(G12D) and GAP showed that there are 

more charged interactions between the introduced Asp and the γ-phosphate of the GTP 

analog, Y32 and Q61, resulting in a reduced mobility of the structural elements involved – 

specifically switch I (at Y32) and the first part of switch II (at Q61) (Franken et al. 1993). 

One of the reasons for the well-defined conformation of residues 62-67 appears to be the 

hydrogen bond between the side chains of Q61 and D12. The conformation of Y32 in the 

complex of Ras(G12D)-GppNHp-GAP is quite different compared to the wild-type Ras-

containing structure. Y32 is pulled more toward the interior of the protein. The hydrogen 

bond between Y32 and D12 is apparently the driving force for the structural rearrangement. 

Due to the new orientation in the G12D structure, Y32 also does not bind to the γ-phosphate 

oxygen of the neighboring molecule (Pai et al. 1990; Franken et al. 1993). In the Ras(G12P)-

GppNHp-GAP structure, the pyrrolidine ring of P12 points outward and seems to be 

responsible for the weaker affinity toward GAP (Franken et al. 1993). The active site of 

Ras(G12P) as seen from the viewpoint of an effector molecule shows the pyrrolidine ring of 

the mutant projecting into the solvent, thus possibly preventing the close contact with an 

incoming effector molecule. This effector molecule could be GAP or a complex of GAP with 

another molecule acting as the signal transmitter. 

 

The crystal structure of Ras bound to the Ras-activating domain of RasGAP showed that a 

large amount of solvent-accessible surface area (3145 Å2) was buried in the interface  

(Scheffzek et al. 1997). Because the affinity between RasGAP and Ras-GTP (5 µM) 

decreases strongly with increasing salt concentration, polar interactions appear to 

predominate in the affinity of GAP for Ras. The structure showed the partly hydrophilic and 

partly hydrophobic nature of the communication between the two molecules, which explains 
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the sensitivity of the interaction toward both salts and lipids. Switch I contains five acidic 

residues, D30, E31, D33, E37, and D38, that create a negatively charged surface patch used 

for interaction with effectors and with GAP. K949 points into this highly negatively charged 

surface patch. D33 and D38 are oriented toward K949, with only D33 making a direct 

contact and D38 and T35 making water-mediated polar contacts. D30, E31 and E37 are not 

directly involved in the interaction. The invariant N942 on GAP directly contacts Ras, 

making a hydrogen bond with D33. Two consecutive residues on GAP, K949 and E950, 

form a bifurcated clamp that fixes the effector loop of Ras, and these residues appear to be of 

crucial importance for complex formation with Ras. The switch II region of Ras was 

stabilized by its interaction with RasGAP. One of the major factors in the acceleration of the 

Ras-GTPase reaction by GAP appears to arise from this stabilization of the switch II region; 

the other major factor would be that GAP supplies a catalytic residue, the ‘arginine finger,’ to 

the active site of Ras. The positive charge of this conserved arginine is believed to 

compensate the negative charges of the oxygen atoms of the γ-phosphate in the transition 

state. Y64 participates in the formation of the hydrophobic interface and forms a polar 

contact with the main chain carbonyl of L902, consistent with the observation that it can be 

mutated to F but not to E without affecting Ras-RasGAP interaction. The partly hydrophobic 

nature of the interface might also explain the finding that the oncogenic mutation Q61L in 

Ras, although unable to hydrolyze GTP efficiently, has a higher affinity than wild type for 

GAP and explain why apparently small perturbations such as the mutation L902I strongly 

inhibits catalysis. 

 

Ras complexes – Ras-Raf 

 

Raf kinase, an effector of Ras, is at the head of the MAP kinase signaling cascade which 

leads to the activities of transcription factors including fos and jun. Part of the regulatory 

region of Raf binds to Ras in a GTP-dependent manner and mutations in the effector region 

(residues 32-40) of Ras that are deficient in Ras signaling do not bind Raf. The function of 

this binding in the activation of Raf kinase is to bring it to the plasma membrane, where it 

can be activated by an unknown mechanism. In other words, there are no conformational 

changes in Raf on binding Ras. Since Ras and Rap are largely similar in both the globular 
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domains and the effector binding regions, the interaction between Ras and Raf is expected to 

be similar to that between the observed Rap1A and Raf. In the crystal structure of the 

complex of Rap1A-GppNHp with the Rap-binding domain (RBD) of Raf1, Raf(RBD) 

exhibited the ubiquitin superfold (also known as the ubiquitin α/β roll), and indeed the 

structure of Rap1A was very similar to that of Ras (Nassar et al. 1995). The interaction 

between the Rap1A and Raf was mediated by an apparent central antiparallel β sheet formed 

by two strands from each monomer. Complex formation was mediated by mainchain and 

sidechain interactions of the effector residues in the switch I region of Rap1A. The size of the 

buried interface is 1175 Å2. There was good shape complementarity at the interface. The 

major interaction between Rap and RBD was between residues of the two antiparallel β 

strands. The interaction is mediated mostly by hydrogen bonds and polar interactions from 

charged residues, from both mainchain and sidechain polar groups, and only a few 

hydrophobic contacts. In contrast, recall that the interface of Ras-RasGAP consisted of weak 

van der Waals interactions and a number of polar interactions also involving several water 

molecules (Scheffzek et al. 1997). The contacts between the β strands of Ras and Raf(RBD) 

are made by two mainchain and many sidechain interactions; there are also contacts between 

the two proteins mediated by four water molecules. Looking at the switch I region in Ras, 

D38A is known to reduce the affinity of Ras for Raf(RBD) 72-fold. The conservative D38E 

mutation also abolishes the biological activity of Ras. Thus D38 is a hotspot residue. In the 

structure of the Ras-Raf complex, D38 makes two direct hydrogen bonds to the hydroxyl of 

T68 and the side chain of R89 from RBD, and water mediated hydrogen bonds to residues 

V69 and R89 from RBD, and to the hydroxyl of T35 of Rap, which is a ligand for Mg2+. 

Furthermore, Ras(E31) contributes to binding specificity with Raf kinase. E31 is a Lys in 

Rap; this charge reversal is sufficient to change the binding specificity between Ras and Rap 

for Raf (Nassar et al. 1996). Contact epitope scanning and alanine scanning mutagenesis 

have been used to identify the regions 88-91 and 101-103 as important for Ras-Raf 

interaction. These are outside the switch regions. Rap1A and Rap2A carry two substitutions 

in the docking site for RafRBD as compared with Ras’ E30D and K31E. S39 in Rap1 forms a 

hydrogen bond with the main chain of RafRBD, which could not be established by F39 in 

Rap2A. Yet F39 can be accommodated in the interface by a small rotation of its side chain. 

This interaction seems to have limited functional consequences, since a S39F substitution in 
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oncogenic Ras only reduces its transforming ability by one order of magnitude. Thus it seems 

that a more hydrophilic surface results in less interactions between Ras and its binding 

partners (Cherfils et al. 1997). Some hydrophobic surface complementarity appears to be 

essential. 

 

With the analysis of the Rap1A-Raf complex, it was reasonably assumed that the interactions 

between Ras and Raf would be very similar if not identical. The complex between Ras and 

Raf homologues from the yeast Schizosaccharomyces pombe showed this to be valid. S. 

pombe has a direct homologue of Ras in the form of Ras1, and Byr2 is a MEKK homologue 

which is at the same level of Raf. The crystal structure of the complex of Ras-GppNHp and 

the Ras-binding domain (RBD), like the Rap1A-Raf structure, exhibited an interprotein β 

sheet stabilized by predominantly polar interactions (Scheffzek et al. 2001). The interface 

buried about 1200 Å2 of solvent-accessible surface area. Polar contacts played a major role in 

the complex stabilization. These polar interactions involved residues almost exclusively from 

switch I, particularly D33, E37, D38, S39 and R41. On the Byr2 side, most of the residues 

participating in intermolecular interactions are primarily polar in character and mainly 

contact amino acids in the stretch from residues 38-41 in Ras. Mutational analyses confirmed 

the importance of these polar interactions. Ras D33A and D38A resulted in a greater than 10-

fold increase of the Kd value. The same was true for Y40F, even though Y40 is not likely to 

make polar contacts in the interface. In the case of D38, it is interesting to note that on one 

hand a longer sidechain would not be tolerated, since D38E has an even much more 

pronounced effect on the binding affinity indicating repulsive effects; and on the other hand, 

the negative charge seemed to play a major role, since the D38N and D38A mutants showed 

a somewhat smaller effect with 25- and 18-fold reductions, respectively. Thus D33 and D38 

are hot spots. For D38, shape complementarity appears to be extremely important. T35 is not 

in direct contact, but T35S increases the Kd 12-fold; this is probably due to a change in the 

dynamic properties of Ras. There are two residues in Byr2(RBD) whose mutations to Ala 

lead to a 100-fold decrease in affinity. One is a Lys and is close enough to both D33 and D38 

to make salt bridges. The other is an Arg; its role in complex formation was not clear from 

examination of the structure. Overall, the interaction between Ras and Byr2 is dominated by 

charge-charge interactions, where Byr2(RBD) is primarily positively charged. 
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Ras complexes – Ras-PI3K 

 

Phosphoinositol 3-kinase (PI3K) is another well-characterized effector of Ras. PI3K 

generates a lipid second messenger which is involved in a variety of cell signaling cascades. 

There is no structural similarity between SOS and the Ras-binding elements of PI3K; but 

both interact with a similar set of residues on Ras-GTP (Margarit et al. 2003). The interface 

between Ras-GppNHp and the Ras-binding domain (RBD) of PI3K was found to produce a 

continuous antiparallel β sheet between the two proteins, burying 1322 Å2 of total surface 

area (Pacold et al. 2000). Most of the interactions between Ras and PI3K were either 

hydrogen bonds or salt bridges, in agreement with the observation that the affinity of the two 

proteins is inversely related to the ionic strength of the buffer. The PI3K T232D, K251A/E 

and K255A mutations all eliminate binding by removing hydrogen bond donors or acceptors 

from the Ras switch I – PI3K interface, and in the case of the T232D and K251E mutations, 

by putting negatively charged PI3K sidechains into proximity with negatively charged 

sidechains in Ras. It is not clear from the structure why the Ras T35S mutant eliminates PI3K 

binding. Ras D38A and D38E are other mutants that show considerably reduced binding to 

PI3K. However, the T35S and D38 mutants still activate the Raf pathway. 

 

Ras complexes – Ras-RalGDS 

 

RalGDS was the first identified GEF for RalA (Albright et al. 1993). GTP-bound Ras binds 

to and activates RalGDS, which in turn stimulates nucleotide exchange for RalA. Raf(RBD) 

and the Ras-interacting domain (RID) of RalGDS display very limited sequence identity 

(~13%) but have similar hydrophobic profiles. The crystal structure of the complex of 

Ras(E31K)-GppNHp (a constitutively activated Ras mutant) with RalGDS(RID) had two 

molecules in the asymmetric unit, providing two views of the complex interface (Huang et al. 

1998). Each Ras molecule formed hydrogen bonds with one RID molecule through its switch 

I (effector) region and interacted with the other RID through its switch II region, while the 

RID formed a dimer through an inter-monomer anti-parallel β sheet interaction. The major 

interaction between Ras and RalGDS occurred between two antiparallel β strands. The size 

of the buried interface was 1150 Å2. Four hydrogen bonds between the backbone atoms of 
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the two β strands resulted in a continuous and extended intermolecular antiparallel β sheet. In 

addition, there was a hydrogen bond network involving sidechains of RalGDS and Ras 

residues. There was a complementarity of electrostatic charge distribution at the interface:  

the effector region of Ras is acidic, generating a negatively charged surface patch that 

interacted with the positively charged patch generated by R20, K32 and K52 of the RalGDS. 

These residues were identified by mutational analysis as hotspots for binding to Ras; and 

they are conserved among all Ras-associating domains. There is another intermolecular 

interaction between RalGDS and switch II of Ras, which was well defined in the complex. 

The size of this buried surface was 583 Å2. This is consistent with the observation that a 

G60A mutation in Ras abolishes the interaction between Ras and RalGDS(RID). In Rap, the 

E30D,K31E mutation introduced one additional salt bridge which increased the binding 

affinity without altering the binding interface when compared with the wild-type Rap1A-

Raf(RBD) interface (Nassar et al. 1995). 

 

Ras binding modes 

 

The interfaces between Ras and its upstream binding partners involved both hydrophilic and 

hydrophobic interactions. For instance, the interface between Ras and the active site of Sos 

had a mixed character with a hydrophobic cluster in the center, whereas the interface 

between Ras and the distal site on Sos had a mixed character with a hydrophilic center 

bracketed by hydrophobic residues (Margarit et al. 2003). These complexes involved 

interactions with both switch regions on Ras, burying between 3020 and 3600 Å2 of surface 

area. In contrast, interactions with Ras and its downstream effectors involved mostly the 

switch I region and buried only about 1200 Å2, but it is important to keep in mind that these 

involve minimum binding domains of the effectors and therefore it is not possible to exclude 

the involvement of switch II in binding the full length effectors. 

 

Ras-effector interaction has been demonstrated to show a high level of structural 

conservation. Different effectors of Ras have no recognizable sequence conservation but 

show the same three-dimensional structure with the very stable ubiquitin superfold; they also 

react with Ras in the same basic interaction pattern by forming an interprotein β sheet. The 
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interactions between the proteins are mostly polar with a few hydrophobic contacts and occur 

almost entirely through the switch I region of Ras. The interactions are dominated by charge-

charge interactions, where the effectors (including Byr2, Raf, RalGDS and PI3K) are 

primarily positively charged. Their binding surfaces complement the negative surface 

potential of Ras’ effector-binding region. Polar interactions between Ras and Raf involved 

residues almost exclusively from switch I, particularly D33, E37, D38, S39 and R41; these 

same residues are also involved in the interaction with PI3K whereas RalGDS does not use 

S39 or R41 (Scheffzek et al. 2001). D38 makes important contacts with the RBDs of all three 

effectors. D38E conserves the negative charge of Ras’ switch I but introduces a larger 

residue into the intricate interface. In Raf, this is tolerated because there is sufficient space 

nearby. In PI3K, a bulky Gln sidechain occupies the space where Raf has a Thr, preventing 

binding of the Ras D38E mutant. In RalGDS, the space is filled by a Lys. It is important to 

note that when comparing the interactions between Ras-RalGDS, Ras-PI3K and Ras-Raf, the 

electrostatic charge distribution at the interfaces of the complexes are very different. Also, 

the specific side chain interactions are also very different in the three complexes. No residues 

from Switch II are employed for the interactions between the minimal binding domains of 

Ras and Raf or RalGDS, in contrast with the complex between Ras and PI3K or a longer 

construct of Raf. Lastly, during complex formation, there is no appreciable conformational 

change involving the effector. 

 

Thr35 is known to be essential for coordinating the active site magnesium ion in Ras-related 

GTPases, but it is unclear what role it plays in binding interactions. Ras T35 mutations 

eliminate binding to partners in most cases (for example, RalGDS but not Raf), yet T35 was 

not found to be involved in any contacts with binding partners in the structures of the 

complexes. The structure of Ras(T35S)-GppNHp showed that residues from switch I were 

completely invisible, indicating high mobility (Spoerner et al. 2001). This still does not 

answer the question of whether Thr35 warrants being called a hot spot or not. Thr35 is 

essential for catalysis and for binding effectors, but it does not show any interactions in the 

complex structures. It may be that the interaction of Thr35 with the active site magnesium 

ion constrains the flexibility of the switch I region, thus having an indirect but strong effect 

on Ras’ ability to bind effectors. Without Thr35 anchored to the magnesium ion, switch I 
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stays just as mobile in Ras’ GTP-bound form as it is in the GDP-bound form, thus rendering 

the mutant Ras-GTP’s surface appearance to be the same as that of Ras-GDP. 

 

On a final note, the first work to characterize the binding surface of Ras with MSCS has been 

accomplished. The overall backbone conformation of switch II in the organic solvents 

trifluoroethanol or 1,6-hexanediol became ordered and was the same as in the Ras complexes 

with RalGDS, PI3 Kinase and RasGAP, indicating a biologically relevant form (respectively: 

Buhrman et al. 2003; Huang et al. 1998; Pacold et al. 2000; Scheffzek et al. 1997). It appears 

that key polar interactions that stabilize switch II into this ordered conformation are enhanced 

in the presence of hydrophobic cosolvents (Buhrman et al. 2003). 

 

Lysozyme 

 

Alexander Fleming discovered lysozyme (also called muramidase) during a deliberate search 

for medical antibiotics (Fleming 1922). Human tears and mucus contain lysozyme as a 

protection against infection of exposed surfaces. In the blood, lysozyme provides extra 

protection along with the more powerful methods employed by the immune system. In the 

whites of hens’ eggs, lysozyme accounts for 3.5% of the total egg white protein where it 

serves to protect the proteins and fats that will nourish the developing chick. Lysozyme is 

antibacterial because it degrades the polysaccharide that is found in the cell walls of many 

Gram-positive bacteria. The bacterial polysaccharide consists of long chains of two 

alternating amino sugars: N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM). 

These hexose units resemble glucose except for the presence of the side chains containing 

amino groups. Lysozyme catalyzes the hydrolysis of the β-linkage between the NAM and 

NAG subunits in the peptidoglycan polymers. 

 

Hen egg white lysozyme is a relatively small protein with a protein mass of 14305.62 daltons 

and an isoelectric point of about 10.7. The propeptide has 147 amino acids while the protein 

itself has 129 residues. Lysozyme was the first enzyme ever to have its structure solved (PDB 

entry 2LYZ - Diamond 1974). The lysozyme molecule is ovoid and consists of two domains 

linked by a long α-helix; the active site of lysozyme lies between these two domains. The 
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lower amino-terminal lobe (residues 40-88) consists of some helices and is mostly 

antiparallel β-sheet. The second lobe is made up of residues 1-39 and 89-129 and its 

secondary structure is largely α-helical. In the active site cleft of lysozyme, the saccharide 

substrate is held in place by many hydrogen bonds and some hydrophobic interactions. The 

active site cleft has six subsites which correspond to the binding sites of each sugar subunit in 

a contiguous NAM-NAG polymer. As lysozyme and its substrate unite, each is slightly 

deformed. The binding energies for sites A through F are, in order, -8, -12, -20, +2-, -16, and 

-8 kJ/mol. Thus binding of a sugar into subsite D is much less favorable than binding into 

other subsites. Binding of residues into sites A-C and E-F forces a residue into site D and the 

sugar will only fit into site D if severely distorted. This imposes a strain on the C-O bond on 

the ring-4 side of the oxygen bridge between hexose rings four and five. It is at this point that 

the polysaccharide is broken. The glycosidic bond is hydrolyzed, breaking the chain. The 

energy needed to break this covalent bond is lower now that the atoms connected by the bond 

have been distorted from their normal position. 

 

With its structure known for quite some time, copious availability and ease of crystallization 

(among other methods of structural determination), lysozyme has served as the basis in a 

number of structural studies. Lysozyme has been subject to initial MSCS experiments with 

acetonitrile as the organic solvent (Wang et al. 1998) as well as the denaturants DMSO and 

guanidinium HCl (Mande & Sobhia 2000). It has also been the subject of SAR by NMR 

experiments using the paramagnetic probe TEMPOL as opposed to an organic solvent 

(Niccolai et al. 2003). Lysozyme’s lock-and-key functional nature and its relative stability in 

a variety of environments have made it a good subject for folding studies as well; solvents do 

not appear to have a deleterious effect on lysozyme, as it folds to its native state in neat 

glycerol and is at least as stable in glycerol as it is in water (Knubovets et al. 1999a; 

Knubovets et al. 1999b). Spectroscopic methods, including infrared spectroscopy, circular 

dichroism (CD), and fluorescence spectroscopy, have been applied to evaluate the 

conformational changes of lysozyme in various solvents including polyethylene glycol and 

glycerol (Malzert et al. 2003; Bonincontro et al. 2004). 
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Summary 

 

Binding sites on protein surfaces have been studied in a variety of ways. The generation of 

mutants with alanine scanning provides data about residues that are critical for a binding 

interaction. The examination of binding site interfaces in NMR and crystal structures reveals 

details about the specific interactions between molecules and the nature of the binding sites. 

When studying binding sites, it is useful to look at hydrophobicity and charge distribution,  

geometry (including to a large degree curvature and any structural perturbations), ionizable 

residues, conserved residues, packing densities of atoms and pocket volume to surface area 

ratio. Some researchers have used simulations to predict binding sites based on a set of 

established parameters of these binding site characteristics. Lastly, there are some empirical 

methods for determining actual binding sites on protein surfaces, including SAR by NMR, 

MSCS and tethering. 

 

It is difficult to compile a list of common features to binding sites on protein surfaces due to 

the great degree of variation among them, but we can at least note the broad strokes. Binding 

sites almost always have mixed hydrophobic and hydrophilic characters. Small binding sites, 

especially those for substrate recognition, tend not to be of high mobility; in these, only small 

conformational changes occur upon binding – at least based on protein complexes currently 

in the Protein Data Bank. A minority of interfaces consist of a hydrophobic center 

surrounded by a ring of intersubunit polar interactions. The majority have mixed hydrophilic 

character with an even distribution of hydrophobic patches interspersed with polar 

interactions and intervening water molecules (Larsen et al. 1998). Hot spot residues tend to 

cluster in the center of protein-protein interfaces rather than at the edges. Binding sites are 

tightly coupled to solvation effects, e.g. the ease of a surface patch to become desolvated. 

There is no correlation between the strength of the association of the complex and the size of 

the interface. When the buried surface area is 1600 ± 400 Å2 (roughly 10% of a typical 

monomer surface), association usually involves only small changes of conformation; in large 

interfaces burying 2000 to 4660 Å2, large conformational changes occur (Lo Conte et al. 

1999). Most importantly, no single parameter consistently dominated the expression 

describing a ligand-binding site. 
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The goal of this dissertation is to study sites by looking at two very different proteins: RalA 

and lysozyme. RalA is a signaling protein; it is a Ras-related GTPase involved primarily in 

protein-protein interactions. It is expected to follow Ras’ patterns of binding; specifically, 

when an upstream agent binds Ras, it tends to interact with both switch regions, burying 

roughly 3000-3600 Å2 of surface area. On the other hand, when Ras binds a downstream 

effector, switch I is almost exclusively involved, and only about 1150-1300 Å2 of surface 

area is buried. It must be noted that Ras disobeys the trend relating the size of an interface 

and the degree of conformational changes associated; large conformational changes occur in 

the switch I region of Ras upon exchanging GTP for GDP, and the resulting surface 

alterations result in complex formation that covers roughly 1150-1300 Å2. Importantly, the 

switch I region of RalA is different and opposite in electrostatic character from Ras. The 

sequence of the effector binding region in Ras is YDPTIED, where RalA has YEPTKAD. 

Where Ras’ effector binding region is primarily negatively charged, RalA has this Glu Lys 

difference which makes its switch I region primarily positive. We also wish to know how the 

structures of the switch regions in Ras differ from those in Ras and Rap. The conformations 

of switches I and II vary considerably even among Ras-GDP and Ras-GTP (and GTP 

analogs) as a monomer (Corbett & Alber 2001). 

 

For Ras, we have seen several binding partners of varying structure and function. Both Ras 

and RalA experience large conformational changes depending on which guanine nucleotide 

they binds and which upstream or downstream partners they interacts with. Lysozyme, on the 

other hand, experiences few conformational changes in the reaction it catalyzes. Lysozyme is 

a lock-and-key enzyme, putting it into the protein-substrate binding category. It has a small 

interface when it binds a saccharide in its active site cleft. When a substrate is docked to the 

enzyme, both hydrophilic and hydrophobic interactions are involved. To date, all of the 

proteins employed in solvent mapping experiments have been proteases, including 

thermolysin, subtilisin Carlsberg, elastase and chymotrypsin (Mattos & Ringe 2001b). 

Solvent mapping of the surface of lysozyme will be the first application of the MSCS method 

to an enzyme with a different type of substrate, and a thorough study of the surface of RalA 

will hopefully provide some clues as to the differences between Ras and RalA in terms of 

their regulators and effectors. 
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CHAPTER 2 – Structures of RalA with GDP and GppNHp reveal two binding sites 

that are also present in Ras and Rap 

 

Published in a shorter form as Nicely, N.I., Kosak, J., de Serrano, V. and Mattos, C. (2004) 

Crystal structures of Ral-GppNHp and Ral-GDP reveal two binding sites that are also 

present in Ras and Rap. Structure (Camb). 12(11):2025-36. 

 

Summary 

 

RalA is a member of the Ras subfamily of GTPases. Unlike Ras, R-Ras, Rap and TC21, all 

of which have some effectors in common, Ral has a unique set of effectors that do not 

interact with any other members of the subfamily. RalA effectors include Sec5 and Exo84 in 

the exocyst complex and RalBP1, a GAP for Rho proteins. We report the crystal structures of 

Ral-GppNHp and Ral-GDP at 1.6 and 1.5 Å resolution respectively. In each of the structures 

there are two molecules of Ral in the asymmetric unit. The new structures indicate that Ral 

differs from Ras in that both switch regions are disordered in the uncomplexed GTP-bound 

state; disordered switch I and switch II regions, located away from crystal contacts, are 

observed in one of the molecules in the asymmetric unit of the Ral-GppNHp structure. In the 

other molecule in the asymmetric unit, a second Mg2+ ion is bound to the GppNHp γ-

phosphate in an environment where switch I is pulled away from the nucleotide and switch II 

is found in a tight β-turn. Clustering of conserved residues on the surface of Ral-GppNHp 

identifies two putative sites for protein-protein interaction. One site is adjacent to switch I; 

the other is modulated by switch II and is obstructed in Ral-GDP. In addition to comparing 

the conformational switch in Ral with those of Ras and Rap, we compare our two structures 

with the published structure of Ral in complex with Sec5 and show that the switch I 

conformation seen in the complex can be modulated by the binding partner, rather than being 

induced solely by the presence of GTP as in Ras. 
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Introduction 

 

Ral is a member of the Ras subfamily of GTPases which also includes Ras, Rap, R-Ras, 

TC21 and M-Ras (Bos 1998; Feig 2003). Not surprisingly, proteins within a subfamily tend 

to be associated with similar types of functional roles (Valencia et al.1991), but the 

correspondence is by no means clear cut, and it is the rule rather than the exception for there 

to be crosstalk between pathways involving members of distinct GTPase subfamilies 

(Macara et al. 1996).  These proteins of 20-40 kD were initially associated primarily with the 

control of cell proliferation and differentiation (Lowy & Willumsen 1993; Feig & 

Schaffhausen 1994; Vojtek & Der 1998), but have been shown to be involved in multiple and 

diverse signaling pathways, some of which lead to outcomes not directly associated with 

transcription (Vojtek & Der 1998; Feig 2003).  The propagation of signals is dependent on a 

switch mechanism involving the catalytic domain.  This domain binds guanine nucleotides 

and undergoes the conformational changes vital to biological function (Bourne et al. 1991). 

GTPases function through conformational changes in the switch I and switch II regions 

modulated by the presence of GTP (“on” state) or GDP (“off” state) (Milburn et al. 1990). 

When bound to GTP, the GTPases are able to interact productively with effectors, allowing 

signal propagation to take place.  Hydrolysis of GTP to GDP turns the signal off, as 

interaction with effector molecules are diminished in the GDP-bound conformation of the 

protein.  GTPases have high affinity for nucleotides (~ 1011 1/M), and their inherent GTPase 

activity is very low, so they tend to stay “on” or “off” as regulated by specific guanine 

nucleotide exchange factors (GEFs)  and GTPase-activating proteins (GAPs). GEFs facilitate 

the dissociation of GDP from the protein, allowing it to bind GTP and turn the signal on, 

while GAPs enhance the intrinsic GTPase activity of the enzyme, thus turning the signal off 

(Emkey et al. 1991; Bhullar & Seneviratne 1996; Pai et al. 1990). The catalytic domain 

consists of a six-stranded β-sheet (β1- β6), five α-helices (α1- α5) and ten connecting loops 

(L1-L10) (Milburn et al. 1990). Several highly conserved motifs within the Ras family have 

been discussed in Appendix A of this dissertation.  There are two switch regions that differ 

considerably between the “on” and “off” conformations of the protein.  Switch I includes the 

L2 residues 30-38 in Ras and becomes the effector recognition site in the presence of GTP 

(Figure 1).  Switch II consists of L4 and part of α2, spanning residues 60-68.  L1 is the 
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phosphate binding loop or P-loop and in Ras consists of residues 10-17.  Although the P-loop 

interacts substantially with the γ-phosphate of GTP, it does not undergo major 

conformational changes upon hydrolysis.  Although the switch regions have been shown to 

be critical in target recognition for all GTPases in the superfamily, the precise variations in 

the ways individual GTPases modulate this interaction are still not completely understood.  It 

is clear, however, that in addition to sequence specific differences, there are distinctions in 

the dynamics of the switch regions and how they change in response to the presence of GDP 

versus GTP (Menetrey & Cherfils 1999). 

 

Ral exists in two main isoforms, RalA and RalB, each consisting of 206 amino acid residues. 

The functional roles known for Ral have recently been reviewed (Feig 2003). Ral modulates 

the activity of various transcription factors affecting a variety of cellular functions, including 

the potentiation of cell proliferation controlled by the Raf-Mek-Erk kinase cascade (Urano et 

al. 1996). Ral proteins are involved in vesicle sorting, with roles in both exocytosis (through 

interaction with the exocyst complex) (Moskalenko et al. 2002) and endocytosis (through its 

constitutive interaction with Phospholipase D and its GTP-dependent interaction with the 

effector RalBP1) (Feig 2003). RalBP1 contains a GAP domain for the Rho subfamily 

GTPases Rac1 and CDC42, suggesting the involvement of Ral in the modulation of actin 

cytoskeleton and cell morphology (Cantor et al. 1995; Jullien-Flores et al. 1995). Ral has 

also been shown to bind Calmodulin in a calcium dependent manner (Wang et al. 1997; 

Wang & Roufogalis 1999) and may constitute one of the links between calcium signaling and 

GTPase signal transduction pathways, although conclusive cell biology experiments proving 

this link are still needed (Feig 2003). Ral is a member of the Ras subfamily that interacts with 

a unique set of targets, through which it can propagate signals controlled by Ras (Kikuchi et 

al. 1994; Spaargaren & Bischoff 1994; Goi et al. 1999; Goi et al. 2000) as well as those 

originated from Ras-independent pathways (Wolthuis et al. 1998; Hofer et al. 1998; Rebhun 

et al. 2000; Hackeng et al. 2000; Rosario et al. 2001; Bhattacharya et al. 2002).  The 

functional roles known for Ral have recently been reviewed (Feig 2003).  In all its 

complexity, Ral is interesting both for its functional roles in cell biology and for the 

structural properties that set it apart from its close family members. 
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Ras and the Rap isoform Rap2A are the only representatives of the Ras subfamily for which 

crystal structures are already available in both the GTP (bound to the GTP analogue 

GppNHp) and GDP-bound forms.  Ras and Rap have several effectors in common, which are 

recognized through the canonical switch I sequence YDPTIED (residues 32-38 in Ras 

numbering) representative of most Ras subfamily members (Bos 1998; Feig 2003). Ral is 

unique in the subfamily in that it has a different switch I sequence YEPTKAD (residues 43-

49 in Ral numbering) and a unique set of effectors. The changes from I to K and E to A 

together reverse the overall electrostatic character of the effector binding site in Ral relative 

to other proteins in the Ras subfamily. A sequence space analysis (Casari et al. 1995) aimed 

at determining functionally important amino acid residues in Ral revealed 14 residues (3 in 

switch I and 11 elsewhere) that are conserved in eight Ral variants but not in other members 

of the subfamily (Table 1) (Bauer et al. 1999). Mutational experiments and binding studies 

showed that the two charge reversal residues were sufficient to render Ras specific for Ral 

target recognition and vice versa (Bauer et al. 1999). Of the three mutations in the switch I of 

Ral, the D to E mutation at residue 44 is conservative, but the mutations at residues 47 and 48 

reverse the overall electrostatic character of the target recognition site.  A sequence analysis 

study aimed at determining amino acid positions unique to Ral target recognition found that 

residues 47 and 48 are sufficient to define the distinct recognition properties of Ral relative to 

the other Ras-family members (Bauer et al. 1999).  This set of unique amino acid residues 

were obtained by using the sequence homology classification of the GTPases into 

subfamilies and then further analyzing the Ral sequence with respect to the other proteins in 

the Ras subgroup.  Although the authors did the mutational experiments to correlate residues 

at positions 47 and 48 with specific Ral target recognition, amino acid residues involved 

specifically in other functional roles were not determined.  Interestingly, one of the Ral-tree-

determinant residues Tyr 36 (residue 25 in the Ras numbering) was shown to be key in the 

specific interaction with Sec5 despite being outside the canonical Switch I (Fukai et al. 

2003).  Another important residue in this interaction is Glu38 (residue 27 in the Ras 

numbering) which is unique to Ral within the Ras subfamily but was not included as a Ral-

tree-determinant residue because it is also a Glu in some members of the Rho and Rab 

subfamilies. 
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In a study aimed to identify functionally important residues, one hundred GTPases in the Ras 

superfamily were expressed in their constitutively active forms (mutants equivalent to Q61L 

in Ras) and classified according to resulting changes in cell morphology (Heo & Meyer 

2003). The constitutively active form of Ras resulted in polar cell morphology, while Ral, 

Rap and R-Ras induced what the authors called the eyelash morphology. The double 

mutation L23F/K101L in Ras was sufficient to change the cellular phenotype from polar to 

eyelash morphology. The reverse mutations in Ral, Rap and R-Ras resulted in cells with 

polar morphology.  Interestingly, both of these functionally important residues are located 

outside of the switch regions. The Ral-tree-determinant residues (Bauer et al. 1999) and the 

switch-of-function residues (Heo & Meyer 2003) are depicted in Figure 1 and Table 2. 

 

The Ral-tree-determinant (Bauer et al. 1999) and the switch-of-function (Heo & Meyer 

2003) studies confirm that target recognition through switch I does not uniquely determine 

functional roles and that there are other binding sites involved (Herrman 2003; Ehrhandt et 

al. 2002).  For example, while Ras and Rap have the same target recognition sequence, they 

induce different cell morphologies when constitutively activated.  Conversely, Ral and Rap  

 

 

 
Figure 1:  Sequence alignments of Ral, Ras and Rap. Secondary structural elements are indicated by shading. 

Switch regions are boxed. The single amino acid difference between simian and human RalA (147) is in grey. 

Residues are numbered and labeled above their respective sequences. The 14 tree determinant residues (I18, 

M35, Y36, E44, K47, A48, K54, L57, I64, I78, N81, A103, T104, M172) are in dark blocks, and the two switch 

of function residues (F34, L112) are in white boxes. Black brackets under the Rap sequence indicate where the 

backbone of Rap is shifted relative to Ral and Ras. This figure is duplicated from Chapter 1 of this dissertation 

(where it is numbered Figure 18). 
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have different target recognition sequences but lead to the same cellular phenotype.  It is 

clear that functional boundaries, at least as defined by induced cell morphology, cannot be 

predicted by sequence homology alone (Heo & Meyer 2003). 

 

The crystal structure of Ral in complex with the Ral minimum binding domain of its effector 

Sec5 elucidated the structural features of switch I responsible for binding specificity in Ral 

(Fukai et al. 2003). We present the crystal structures of RalA bound to the GTP analogue 

GppNHp and to GDP. We provide a comparative analysis of the structures of Ras, Rap and 

Ral. The new structures reveal an overall catalytic domain that is very similar to those of its 

close family members, but with unique features in the switch regions, including the presence 

of a second Mg2+ ion bound to GppNHp. The Ral tree-determinant residues and the two 

switch-of-function residues converge to two putative binding sites that are present in at least 

 

 
Table 1: Summary of the residues determined to be functionally important in biochemical experiments and their 

identities in Ral, Ras and Rap. Only three fall in Switch regions. Note the numbering: Ral number is Ras plus 

11 until you reach 121, then its plus 12. Ras and Rap have the same numbering except the last lysine. 

Tree determinant residues 
Ral Ras Rap 
I18 V7 V7 
M35 I24 V24 
Y36 Q25 T25 
E44 D33 D33 
K47 I36 I36 
A48 E37 E67 
K54 Q43 E43 
L57 I46 V46 
I64 I53 L53 
I78 M67 M67 
N81 Q70 L70 
A103 D92 Q92 
T104 I93 I93 
M172 V160 V161 

Switch of function mutants 
F34 L23 F23 
L112 K101 I101 
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3 members of the Ras subfamily, with distinct features particular to each one. Furthermore, 

the dynamics in both switch I and switch II in Ras and Rap respond similarly in going from 

the GDP to the GppNHp-bound forms, with significant disorder-to-order transitions, 

particularly in switch II.  The new crystal structures presented here show that the switch 

regions in Ral have distinct dynamic responses in the presence of GppNHp. 

 

Results 

 

Ral has an additional 11 amino acid residues at the N-terminus relative to Ras and Rap 

(Figure 1), that interact constitutively with Phospholipase D (Jiang et al. 1995). The C-  

terminal region in GTPases extends 20-30 residues beyond the catalytic domain and serves as  

an anchor to the membrane, playing a key role in localization (Hancock 2003).  

Unfortunately, the C-terminal region interferes with expression in E. coli and can impair 

crystallization. Therefore, our crystal structures of RalA were obtained with a truncated 

carboxy-terminus (residues 1-178), in analogy to the crystal structures of H-Ras (residues 1-  

166) (Pai et al. 1990) and Rap2A (1-167) (Cherfils et al. 1997). These truncated versions of 

the GTPases will be referred to as Ral, Ras and Rap throughout this paper. Due to the 

additional 11 residues at the amino-terminus of Ral, one must subtract 11 from a residue  

number in Ral to obtain the analogous residue in Ras or Rap up to residue 122 which is an 

insertion in Ral and Rap relative to Ras. Beyond residue 122, it is necessary to subtract 12  

from the Ral numbering and 1 from the Rap numbering in order to obtain the analogous 

residue in Ras. Thus, the site of the truncation in Ral (residue 178) corresponds to residue 

166 in Ras and 167 in Rap (Figure 1). The Ral construct used for the complex with the Ral 

binding domain of Sec5 was slightly different and consisted of residues 9-183 (Fukai et al. 

2003). 

 

The catalytic domain in the GTPases consists of a six-stranded β-sheet (β1-β6), five α- 

helices (α1-α5) and ten connecting loops (L1-L10) (Milburn et al. 1990). Switch I includes 

L2 residues 30-38 in Ras and is the effector recognition site. Switch II consists of L4 and part 

of α2, spanning residues 60-70. L1 is the phosphate binding loop (P-loop) and in Ras 

consists of residues 10-17. The P-loop interacts substantially with the γ-phosphate of GTP, 
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Figure 2: Representative electron density for Switch I in the Ral-GppNHp crystal structure. Images show 2fo-fc 

maps (contoured at 1 σ) for molecule A on top and molecule B on bottom. Molecule A switch I is missing a 

stretch of four residues with the lone Lys in the middle. Attempts to bridge those gaps of one and two residues 

resulted in  negative difference density at  the 3σ level. These images were generated in Pymol (Delano 2002). 

 

 

but does not undergo major conformational changes upon hydrolysis (Wittinghofer & Nassar 

1996). In the GTP-bound form a Mg2+ ion bridges the β and γ phosphates of the nucleotide 

and is coordinated by a Ser residue in the P-loop (S17 in Ras), a Thr residue on switch I (T35  
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Figure 3: Representative electron density in for Switch II in the Ral-GppNHp crystal structure. Images show 

2fo-fc maps (contoured at 1 σ) of switch II in molecule A on top and molecule B on bottom. In molecule A, it is 

evident that residues 72 through 82 are missing between the visible G71 and F83. This region is disordered and 

no technique (including the use of NCS) produced electron density for it. In molecule B, after molecular 

replacement, the Switch was built like a bridge from either bank, meeting in the middle. These images were 

generated in Pymol (Delano 2002). 
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in Ras) and two water molecules (Wittinghofer & Nassar 1996). The catalytic activities of 

Ras and Rap GTPases have been shown not to be affected by the carboxy-terminal truncation 

(John et al. 1989; Cherfils et al. 1997; Nassar et al. 1995) and the carboxy-terminal 

truncation of RalA does not affect its Kd for Sec5 (Fukai et al. 2003). Even though the 

amino-terminus was present in the constructs of Ral used for the present study, the first ten 

residues are disordered and not observed in the electron density maps for any of the 

structures. 

 

The crystal structure of Ral bound to GppNHp 

 

Ral-GppNHp crystallizes with the symmetry of the tetragonal space group P4222 and unit 

 

 

 
Figure 4: Representative electron density in the Ral-GDP crystal (form 1) structure. Images show 2fo-fc maps 

(contoured at the 1 σ level) for both switches in molecule A of the Ral-GDP structure. Only molecule A is 

depicted because molecule B looks nearly identical. Both switches in both models have clear density except 

where three or four residues in switch II  (A72-74 & B71-74) are missing. Switch I is orange, with GDP in 

yellow and switch II in magenta. This image was generated in Pymol (Delano 2002). 
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cell parameters shown in Table 2. A full data set was collected to a resolution of 1.55 Å 

at100K at the SER-CAT synchrotron beamline, APS (Argonne, IL). Data collection and 

refinement statistics are also shown in Table 2. There are two molecules of Ral in the 

asymmetric unit, designated as A and B respectively, and each presents the switch regions in 

very different environments. In Molecule A both switches are relatively free of crystal 

contacts. As a result, switch I is partially disordered, with virtually no electron density for 

residues 46-49 (Figure 2). Switch II is completely disordered from residue 72 to 83 (Figure 

3). In Molecule B both switches are in contact with other Ral molecules in the crystal and are 

very well ordered (Figures 2 & 3). 

 

The switch I residues in Molecule B do not interact with the nucleotide in the way observed 

in Ras-GppNHp (PDB code 1CTQ), Rap-GTP (PDB code 3RAP), and in Ral-GppNHp/Sec5 

(PDB code 1UAD), although the GppNHp molecule itself is in a position that superimposes 

well with the nucleotide analogue in these structures. An unusual switch I conformation is 

stabilized primarily through a series of contacts across the interface between molecules A 

and B in the asymmetric unit (Figure 5). In this conformation, Y43 (32 in Ras numbering) is 
 
 

 
Figure 5: The asymmetric unit in the crystal structure of Ral-GppNHp. Switch I of molecule B packs against the 

two ordered helices α3 & α4 on molecule A in the asymmetric unit. GppNHp is yellow; with the Mg2+ ions pale 

green and their coordinating water molecules in red. This image was generated in Pymol (Delano 2002). 
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buried between the P45 ring and the molecular interface. The Oγ atom of T46 (35 in Ras 

numbering) is also involved in contacts across the molecular interface and is about 10 Å from  

the canonical Mg2+ ion. There is a water molecule coordinated to the Mg2+ ion in Ral where  

the Oγ of T35 is in Ras.  A further unusual feature in this region is the presence of a second 

Mg2+ ion coordinated to the γ-phosphate of the nucleotide (Figure 6). The first ion is in a  

 

 
Table 2: Data collection and refinement statistics for Ral-GppNHp, Ral-GDP crystal form 1 and Ral-GDP crystal 

form 2. 

 Ral-GppNHp Ral-GDP (1) Ral-GDP (2) 
Space Group P4222 P212121 P212121 
Unit cell (Å, º) a = 77.3 

b= 77.3 
c = 116.1 
α = 90 
β = 90 
γ = 90 

a = 53.6 
b= 62.1 
c = 112.7 
α =90 
β = 90 
γ = 90 

a = 52.6 
b= 61.5 
c =  112.9 
α = 90 
β =90 
γ = 90 

Temperature of data collection 100 K 100 K 293 K 
Resolution (Å) 25-1.55 (1.65-1.55) 35-1.50 (1.59-1.50) 30-2.0 (2.13-2.00) 
# reflections 49,223 (6,292) 59,462 (8,445) 21,102 (3,006) 
Completeness (%) 95 (82.5) 97.4 (93.4) 82.9 (80.1) 
Redundancy 13 (7) 7 (5) 4 (3) 
Rwork/Rfree (%) 21.3 / 23.8 (27.2 / 29.4) 20.2 / 21.8 (22.9 / 25.4) 18.9 / 23.1 (25.3 / 28.1) 
RMS Bond length deviation 
from ideal geometry (Å) 

0.01 0.01 0.01 

RMS Bond angle  deviation 
from ideal geometry(º) 

1.11 2.32 1.12 

Average I/σ 45 (2.5) 25 (5.5) 8.8 (1.7) 
Rsym (%) 5.3 (39) 7.1 (31) 10 (45) 
Ramachandran statistics 
 

96.2% in favored regions 
100% in allowed regions 

97.5% in favored regions 
100% in allowed regions 

98.2% in favored regions 
100% in allowed regions 

# protein atoms 2581 2624 2682 
# nucleotide atoms 64 56 56 
# Magnesium ions 4 2 2 
# water molecules 321 503 154 
 
The numbers in parenthesis describe the relevant value for the highest resolution shell. 

Rsym = Σ|Ii - <I>|/ΣI where Ii is the intensity of the ith term observed and <I> is the mean intensity of the 

reflections. 

Rwork = Σ||Fobs| - |Fcalc||/Σ|Fobs|, crystallographic R-factor calculated using 90% of the reflections against which 

the model was refined. 

Rfree = Σ||Fobs| - |Fcalc||/Σ|Fobs| calculated using the test set consisting of 10% of the total reflections, randomly 

selected from the original data set. 
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Figure 6: Detail of the Mg2+ ions bound to GppNHp in Ral-GppNHp molecule B. A) Showing the coordination 

of the ions in the absence of an electron density map. Ser 28 of the P-loop and Gly 71 in switch II are shown in 

magenta. B) Same model as in A with an overlaid anneal omit Fo-Fc electron density map contoured at the 3σ 

level. The two magnesium ions, the coordinated water molecules and the nucleotide were deleted from 

molecule B in the model. C) Model as in A with the overlaid final 2Fo-Fc electron density map contoured at the 

1σ level. These images were generated in Pymol (Delano 2002). 

 

 

position found in other GTPase conformation of switch I in this structure and by the high 

magnesium formate concentration found in the crystallization conditions (200 mM rather 

than the 5 mM MgCl2 usually included in the GTPase buffer solutions). This Mg2+ ion is 

present only in Molecule B where it is coordinated to the terminal oxygen atom of the 

nucleotide γ-phosphate and to five water structures, including Ras and Rap (Pai et al. 1990). 

The second Mg2+ ion is unique to the Ral-GppNHp structure presented here and may occupy 

a weak binding site, facilitated by the molecules (Figure 6), away from crystal contacts. This 

cluster of atoms is part of an H-bonding network that connects the main chain atoms of 

residues 71-73 in switch II to the side chain of Glu 44 in switch I.  It also serves to link 

switch II to main chain atoms in switch I through the γ-phosphate of the nucleotide and the 

canonical Mg2+ ion. 

 

The switch II residues 70-79 in molecule B form two β-strands connected by a type I hairpin 

turn at residues D74 and Y75 (Figure 7). G71 is at the beginning of the β-strand leading into 
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the turn. Its backbone N atom makes a good H-bond with one of the O atoms of the γ-

phosphate in GppNHp (2.7 Å), as does G60 in Ras and Rap bound to GTP or its analogues. 

Thus the initial part of switch II is anchored to the nucleotide in the “on” state of Ral, as 

expected (Wittinghofer & Nassar 1996). This interaction is also seen in Molecule A, even 

though residues 72-83 are disordered. Q72 (61 in Ras numbering) is turned away from the 

nucleotide and makes a good H-bond with the carbonyl O atom of A70 (2.9 Å). This 

carbonyl group is adjacent to N of G71 and therefore provides a link between Q72 and the γ-

phosphate of GppNHp. E73 is the first of the 4 residues in the type I turn (residue i), with its 

carbonyl O atom H-bonding to N of A76 (residue i+3) in a typical manner observed for two-

residue β-turns (Wilmot & Thornton 1988). D74 and Y75 constitute turn residues i+1 and 

i+2, the two central residues of the β-hairpin. While the side chain of D74 is exposed to 

solvent, interacting with bound water molecules, Y75 is completely buried in a hydrophobic 

pocket formed by crystal contacts. The second part of switch II, from residue 74 to 83, is in 

extensive crystal contacts and forms a 4-stranded β-sheet composed of switch II β-turns from  

 

 

 
Figure 7: A) The β-turn conformation in switch II of molecule B in the Ral-GppNHp structure. Switch II in a 

symmetry related molecule contributes to a four-stranded β-sheet that forms across the interface. B) Schematic 

drawing of the two β-strands that come together in the crystal contact. The image in panel A was generated in 

Pymol (Delano 2002). 
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two molecules related to each other by a two-fold symmetry axis in the crystal (Figure 7). 

The side chain of the last residue on the β-strand (R79) crosses over to interact with the 

carbonyl O atoms of D74 (turn residue i+1) and A76 (turn residue i+3) of the  symmetry 

related molecule, helping to stabilize switch II in a type I β-hairpin conformation (Mattos et 

al. 1994). The remainder of switch II is in a helical conformation and represents the 

beginning of helix α2, as it does in Ras and Rap. 

 

The crystal structure of Ral bound to GDP 

 

Ral-GDP crystallizes with the symmetry of the orthorhombic space group P212121 with two 

molecules in the asymmetric unit. Two slightly different crystal forms were obtained in this 

space group. The first (crystal form 1) is represented by crystals that grow within two weeks, 

are abundant and can be routinely reproduced. A data set using this first crystal form was 

collected to a resolution of 1.5 Å at the SER-CAT beamline at APS (Argonne, IL). A single 

crystal representing the second crystal form (crystal form 2) was found in a crystallization 

plate that was left undisturbed for over 6 months. This crystal grew in a crystallization drop 

that had previously contained crystals of crystal form 1. A room temperature data set was 

collected at our home laboratory to a resolution of 2.0 Å. Table 2 shows that although the 

unit cell parameters are very similar in the two crystal forms, there is a shrinking of the unit 

cell in form 2 relative to 1. The main difference between the two is that switch II is partially 

disordered in crystal form 1, but highly ordered in crystal form 2. No electron density is 

observed for residues 72-74 in molecule A and for residues 71-74 in molecule B of crystal 

from 1 (Figure 4).  Superposition of molecule A in the two crystal forms reveals that the 

ordering of switch II in form 2 is due to a shift in the relative positions of the molecules in 

the asymmetric unit, such that switch II is exposed to solvent in form 1 while it participates 

in extensive crystal contacts in form 2, where the molecules become more closely packed. In 

all four independent Ral-GDP models only one Mg2+ ion is observed interacting with the 

nucleotide as expected (Milburn et al. 1990). 

 

The switch I region for Ral-GDP is very similar in all four molecules. In addition to 

participating in extensive interactions across the molecular interface in the asymmetric unit,  
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Figure 8:  A) The asymmetric unit in the crystal structure of Ral-GDP in crystal form 2. This image was 

generated in Pymol (Delano 2002). 

 

 

the switch I residues are involved in several intramolecular interactions (Figure 8).  Y43 H-

bonds to Y51 (2.8 Å) and to K47 (3.1 Å), anchoring the two ends of the switch.  L32 is at the 

base of this site, in van der Waal’s contact with both tyrosine rings (3.8 Å in each case). T46  

is turned away from the nucleotide and its Oγ atom interacts with the Nε2 atom of Q72 in 

switch II (3.0 Å), while the main chain O atoms of Y43, E44, P45 and K47 all make H-bonds 

to water molecules that coordinate the nucleotide-bound Mg2+ ion. 

 

The conformation for the Ral-GDP switch II is described for the model derived from crystal 

form 2. In the absence of the γ-phosphate, G71 does not interact with the nucleotide as in the 

GppNHp-bound form and switch II moves away from the nucleotide. Residues 74 – 77 are 

involved in crystal contacts with the symmetry related molecule. Y75 is at the beginning of 

helix α2, which extends to residue G86, beyond the end of switch II. There is no indication 

of the β-turn conformation observed in the Ral-GppNHp structure. 
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Comparison between Ral-GDP, Ral-GppNHp and Ral-GppNHp/Sec5 

 

Other than in the switch regions, the overall structure of the uncomplexed Ral-GppNHp is 

very similar to that in the complex with Sec5. The root mean square deviation between the 

two structures is 0.67 Å for residues 11-178 and 0.47 Å when the two switch regions are 

excluded from the calculation. The discussion of the switch I region in an unpublished Ral-

GDP structure that was compared to the Ral-GppNHp/sec5 model indicates great similarity 

to our Ral-GDP structure (Fukai et al. 2003). Thus, it is not necessary to repeat the analysis 

here. In the Ral-GppNHp/Sec5 structure the switch II is partially disordered, but switch I 

interacts extensively with Sec5 and has well-defined electron density (Fukai et al. 2003). 

This interaction is composed of several important contacts that include the Ral tree-

determinant residues K47 and A48. Molecule A in our uncomplexed Ral-GppNHp structure 

shows a disordered switch I, demonstrating in conjunction with the structure of the complex 

that there is a disorder-to-order transition in switch I upon complex formation in Ral. 

Analysis of the switch conformations in GTPases have typically been compounded by the 

fact that these sites of protein-protein interactions are often found in crystal contacts. NMR 

experiments on Ras-GppNHp, however, have determined that both switch regions exhibit 

polysterism, with a small number of discrete well-ordered conformations in solution (Ito et 

al. 1997). These experiments suggest that each binding partner for Ras selects its favorite 

conformer from a set of pre-ordered conformations present in the uncomplexed protein. In 

Molecule B of the Ral-GppNHp structure, switch I exists in a conformation very different 

from that found in the complex, and which would cause the most severe clashes with Sec5 

(Figure 8). At the beginning of switch I the backbones of Ral-GppNHp and Ral-

GppNHp/sec5 superimpose well, but these structures diverge beyond D42. Thus, for most of 

the switch Ral-GppNHp/sec5 and Ral-GDP cluster much more closely than does the 

uncomplexed Ral-GppNHp structure. Whether or not this new switch I conformation has any 

biological relevance, it does attest to the plasticity of switch I in Ral, and to the ease with 

which it can be modulated by protein-protein interactions.  We propose that in Ral there is 

also selection of particular conformers by binding partners, although it is not possible to 

determine whether the lack of electron density for the switch regions in Molecule A of the 

Ral-GppNHp structure is a consequence of polysterism (with more than two or three distinct 
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Figure 9:  Switch I of Ral-GppNHp (blue), Ral-GDP (green) and Ral-GppNHp/Sec5 (brick red). The box shows 

an enlarged view of the area where Sec5 interacts most closely with switch I. The backbone of Sec5 is shown in 

gold. This image was generated in O then ray-traced with PovRay  (Jones et al. 1991; Persistence of Vision Pty. 

Ltd. 2004). 

 

 

conformers) or of complete disorder. In either case, since Ral interacts with effector proteins 

only in the GTP-bound state, the presence of this nucleotide must facilitate the selection of 

certain conformations complementary to target proteins that are not favored in the presence  

of GDP. 

 

The conformational differences in switch I between Ral-GppNHp, Ral-GDP and Ral-

GppNHp/Sec5 are shown in Figure 9. In Molecule B of the Ral-GppNHp structure, switch I  

exists in a conformation very different from that found in the complex, and which would  

cause the most severe clashes with Sec5. At the beginning of switch I the backbones of Ral-  

GppNHp and Ral-GppNHp/Sec5 superimpose well, but these structures diverge beyond D42.  

Thus, for most of the switch Ral-GppNHp/Sec5 and Ral-GDP cluster much more closely to 

each other than to the uncomplexed Ral-GppNHp structure. 

 

Switch II can best be compared between our Ral-GDP structure from crystal form 2 and 

Molecule B of Ral-GppNHp. There are two major differences between the switch II 

conformation in Ral-GDP and that in the Ral-GppNHp structure (Figure 10). In the Ral-GDP 
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structure G71 does not H-bond to the nucleotide, as it does in the Ral-GppNHp and Ral-

GppNHp/Sec5 where the γ-phosphate is present. In the second part of the switch II, residues 

75-79 change from an α-helical to a β-turn conformation in going from the GDP to the 

GppNHp-bound form. From residue 79 to the end of the switch at residue 83, the Ral-

GppNHp structure resembles the Ral-GDP helical conformation much more closely (Figure 

10).  In the Ral-GppNHp/Sec5 structure the first part of switch II is disordered, but it 

becomes ordered in the presence of crystal contacts from residue 77 onward (66 in Ras 

numbering), adopting a helical conformation similar to that found in the other two structures.  

 

Comparison between Ral-GppNHp, Ras-GppNHp and Rap-GTP 

 

The backbone conformation of Ral, Ras and Rap differ from one another primarily at the  

switch regions. The switch I backbone atoms superimpose well in Ras-GppNHp and Rap- 

GTP (Cherfils et al. 1997). Switch I in uncomplexed Ral-GppNHp is disordered in Molecule 

A and adopts an unusual conformation in Molecule B.  In the complex with Sec5 it is in a 

similar conformation to that found for Ras and Rap (Fukai et al. 2003). Although it is clear 

that the conformation of switch I in our Ral-GppNHp structure is stabilized by crystal 

contacts, the fact is that it is an accessible conformation. Whether or not it is of biological 

relevance in complexes with binding partners other than Sec5 remains to be determined. It 

appears that the switch I in Ral is distinct from that of its close family members primarily in 

 

 

 
Figure 10:  Switch II of Ral-GppNHp (blue) and Ral-GDP (green). This image was generated in O then ray-

traced with PovRay  (Jones et al. 1991; Persistence of Vision Pty. Ltd. 2004). 
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the dynamical transitions that occur upon ligand binding, in the electrostatic nature of its side 

chains and in the range of conformations that can be stabilized by protein-protein 

interactions. 

 

The switch II region differs significantly in all three proteins. The conformation of switch II 

observed in Molecule B of our Ral-GppNHp structure results in unique positioning of two 

Ral residues relative to the analogous residues in Ras and Rap. In Ras, R68 is tucked into the 

protein, making several H-bonds with carbonyl groups of switch II residues (Pai et al. 1990; 

Buhrman et al. 2003). Y71 stacks against the R68 residue. These two residues together dock 

onto a hydrophobic core composed of residues V7, V9, T58, F78 and Y96. The general 

features of this structure in Rap are similar to those of Ras, although the details vary. In Ral, 

R79 (68 in Ras numbering) is facing the outside of the protein, making good H-bonding 

interactions with backbone atoms of the symmetry-related switch II type I turn (Figure 7). 

Interestingly, Y82 (71 in Ras numbering) is also rotated outward in this structure, retaining 

its stacking interaction with R79. The flip of these two side chains from facing the interior of 

the protein in Ras and Rap to facing the exterior surface in Ral, is accompanied by a flip in 

the opposite direction for residue 78 (67 in Ras numbering), which in Ras and Rap is a 

methionine that protrudes from the protein surface, but in Ral is an isoleucine turned toward 

the protein core. F83 in Ral is also an important component of this core, making good van 

der Waals’ contact with I78 (3.5 Å) and with I18 (4.4 Å). Both I18 and I78 are Ral tree-

determinant residues (Figure 1). 

 

Two novel binding sites of protein-protein interaction on the surfaces of Ral, Ras and Rap 

 

The 11 Ral tree-determinant residues outside of switch I cluster in two distinct areas on the 

surface of Ral-GppNHp. The first is adjacent to the effector binding site containing switch I. 

Figures 11A & 12A depict a ribbon diagram of Ral with this cluster of residues shown 

explicitly. Figures 11B & 12C,D show an electrostatic potential surface of Ral in the same 

orientation, with switch I forming a ridge at the left of the figure. Following the surface to the 

right is a narrow groove and immediately after there is a ridge delineated by two Ral tree-

determinant residues, M35 and Y36, which together form the left edge to an extensive, but  
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Figure 11:  The proposed binding site near the switch I effector region.  A) Ribbon diagram of Ral-GppNHp 

with the secondary structural elements labeled. Ral tree-determinant residues are in blue, the switch-of-function 

residue F34 is in cyan. Other selected residues that contribute to the pocket are shown in violet. B) Electrostatic 

surface of Ral-GppNHp in the same orientation as that shown in figure 8A.  The location of switch I is indicated 

in green.  Residues shown in figure 8A are identified and labeled with their respective three-letter codes. The 

Ral tree-determinant residues are indicated by (*) and the switch-of-function residue by (+). C) Electrostatic 

surface of Ras-GppNHp. D) Electrostatic surface of Rap-GTP.  The orientation and labels are as described for 

figure 8A.  The numbering of the amino acid residues is relative to each protein as shown in figure 1. The 

cartoon was generated in O and ray-traced with PovRay; the electrostatic surface calculations were generated 

using the program GRASP except where noted (Nicholls et al. 1991). 
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Figure 12: Different views of the proposed binding site near Switch I. Clockwise from upper left:  a cartoon of 

RalA-GppNHp in the same orientation as Figure 8A with tree determinants depicted in purple and the switch of 

function F34 in orange; the same cartoon with a semitransparent surface; the same cartoon and semitransparent 

surface colored with electrostatic potentials (cf. Figure 11B); and the non-transparent electrostatic potential 

surface. The object of these panels is to provide the viewer with a feel for the orientation, then the surface 

contours around the proposed binding site; then the charges associated with those contours. The images in this 

figure were generated with Pymol (DeLano 2002). The electrostatic surfaces were calculated with APBS (Baker 

et al. 2001). 
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somewhat shallow groove that we propose is a secondary site of protein-protein interaction. 

These two residues would interact prominently with a binding partner that simultaneously 

occupied the switch I effector binding site to the left of this ridge in Figure 11B and the 

groove to the right. M35 and Y36 are in fact observed to interact with Sec5 in the Ral-

GppNHp/Sec5 structure, even though the truncated Sec5 protein binds only at switch I and 

does not reach into the putative secondary binding pocket. This pocket is lined by six 

hydrophobic residues: F34, V55, L57, I64, F169 and M172. Residue 34 is one of the two 

switch-of-function residues important in determining cell morphology, while residues 57, 64 

and 172 were identified as Ral tree-determinant. Some charged residues are also found at this 

site and in particular the Ral tree-determinant residue K54 is at the edge of the proposed  

pocket. The pocket is shown in Figures 11C & D for Ras and Rap respectively, with the 

analogous residues labeled on the surface, but with the correct numbering for each protein. 

The pocket in Ras has a large cavity at its center which is lined by L23 (Figure 11C). This is 

the switch-of-function residue, which in Ral and Rap is a Phe that essentially fills part of the 

groove, resulting in a much shallower pocket. In Rap, the pocket is even smaller than in Ral 

due to a shift of residues 42 to 46 into the cavity. The obstruction of the central cavity in Ral 

and Rap by the larger Phe residue is likely to change the nature of the interaction in the 

proposed site, perhaps leading to the eye lash morphology observed experimentally (Heo & 

Meyer 2003). In Ral, L57 is at the edge of the groove, making room for M172 to protrude to  

the surface and become accessible, whereas the Ras V160 and Rap V161 side chains are 

buried and not directly exposed. F156, which has been shown to be functionally important 

and conserved in all members of the Ras superfamily (Quilliam et al. 1995), interacts directly 

with L23 in Ras, F23 in Rap or F34 in Ral, helping to shape the pocket. In addition  

to the convergence of Ral tree-determinant residues to this site and the established functional 

significance of some of the residues already mentioned, further support for the presence of a 

binding site at this location comes from random mutagenesis studies that identify residues 43 

and 157 (54 and 169 in Ral numbering) as important in the interaction between Ras and the 

full-length cRaf-1 (Winkler et al. 1997) and from the fact that this is only one of two regions 

outside of the switches where there is a backbone shift in Rap relative to Ral and Ras (Figure 

1). The shifted residues are those that lead to and from loop L3, which was previously 

observed to undergo small conformational changes between Rap-GTP and Rap-GDP  
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Figure 13:  The proposed binding site modulated by switch II.  A-D as described in figure 8, but with the 

appropriate orientation. In B-D relevant secondary structural elements are indicated in green. The many 

hydrophobic residues that line the pocket are discussed in the text but not labeled in the figure in order to avoid 

cluttering.  Ser 22 and Arg 145 are indicated in violet. The cartoon was generated in O and ray-traced with 

Grasp; the electrostatic surfaces in this figure were generated in Grasp (Nicholls et al. 1991; Jones et al. 1991; 

Persistence of Vision Pty. Ltd. 2004). 
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Figure 14 : Intercalating residue stack between α3 and α4. Orientation of Ral is the same as in the preceding 

figure. The two helices have a series of intercalating hydrophobic residues which stack neatly all the way up, 

where the other switch of function residue, K101 (not shown), sits at the top. In Ras all these residues are 

hydrophobic; even the SOF is Leu.. This stacking appears to be a well conserved structural feature. In Ral, the 

change from I93 to T104 threatens to disrupt the stack, except for a compensating mutation in the form of R145. 

An H-bond forms between R145 and T104 which preserves the stack as well as – presumably – the nature of the 

pocket on the other side of helix 3. Furthermore, helix 3 is one of the places where Rap experiences a shift 

compared to Ras and Ral. This figure was generated from O and ray-traced with PovRay (Jones et al. 1991; 

Persistence of Vision Pty. Ltd. 2004). 
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(Cherfils et al. 1997). These changes would affect residues in the proposed binding site in 

Rap, perhaps linking optimal interaction with the molecular switch mechanism of the protein. 

 

The second site in which Ral tree-determinant residues cluster is modulated by switch II. It is 

located between switch II and helix α3 in a cleft lined by I78 and F83 in Ral or by R68 and 

Y71 in Ras and Rap. A ribbon diagram of Ral in an orientation that shows the pocket is 

presented in Figure 13A and the electrostatic surfaces of Ral, Ras and Rap in the same 

orientation are shown in Figure 13B, C and D respectively. At one end of the pocket, residue 

103 (92 in Ras) makes an interaction with the P-loop residue 22 (11 in Ras), which in turn is 

near the initial part of switch II. Residue 92 is Asp in Ras and Rap. Ala 103 in Ral was 

identified as a Ral tree-determinant residue.  Its presence causes variations in the pocket that 

could help modulate interactions with binding partners specific to Ral. At the other end of 

switch II, the pocket is delineated by an H-bond between switch II residue D80 (D69 in Ras) 

and helix α3 residue N110 (99 in Ras). The adjacent residue 81 (70 in Ras and Rap) has been 

identified as a Ral tree-determinant residue and faces the solvent in all three GTPases, where 

it could interact with binding partners occupying the site. The cleft that forms between switch 

II and helix α3 is shallow in Ras and Rap due to the presence of R68, which as described 

above, is tucked into the protein and forms the base of this pocket. In Ral the cleft is deep 

and lined by the Ral tree-determinant residue I78, by F83 and by F107 forming the bottom of  

the pocket. The positions of these three residues are modulated by the presence of a second 

layer of hydrophobic residues that include the Ral tree-determinant residue I18, as well as 

V20, F89 and I111. In addition to being modulated by a very different conformation of 

switch II in Ral relative to those observed in Ras and Rap this pocket can also be 

distinguished in Ral by a relatively neutral surface compared to the positively charged  

character due to the presence of R68 that lines the pocket in the other two GTPases (Figure 

13). Interestingly, this region also exhibits a shift in the Rap structure relative to Ral and Ras. 

The shift includes about half of helix α3 and all of Loop 7, spanning residues 94 through 109  

 (105 – 120 in Ral numbering) (Figure 1).  It seems to be a consequence of a Pro at residue 

95 in the middle of helix α3 causing a slight kink and the backbone shift in Rap relative to 

the other two GTPases. 
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The Ral tree-determinant residue T104 (I93 in Ras and Rap) and the switch-of-function 

residue L112 (K101 in Ras, I101 in Rap) are also part of helix α3, but face helix α4 on the 

opposite side from the pocket (Figure 13A). These two residues could add a dynamic 

component to the characteristics that modulate the binding site adjacent to switch II. There is 

a double and complementary mutation in Ral relative to Ras and Rap resulting in an H-bond 

between the Ral tree-determinant residue T104 and R145 in place of van der Waals’ 

interactions between two hydrophobic residues (Figure 14). This H-bond may affect the 

behavior of helix α3 in Ral relative to the other family members, thus altering the properties 

of the pocket between helix α3 and switch II. Similarly, there is a direct venue for changes in 

residue 112 (101 in Ras and Rap) to be propagated to the pocket, since the neighboring 

residue 111 in Ral is involved in modulating the conformation of the hydrophobic residues 

that line the groove adjacent to switch II. An alternative possibility that needs to be explored 

is the presence of a binding site between helices α3 and α4. 

 

In Ral-GDP (crystal form 2) the β-turn structure of switch II is not observed and I78 is turned 

toward the solvent. R79 faces into the pocket and forms a salt bridge with D80. Arg 113 from 

Loop 7 also moves to interact closely with D80. These three residues essentially form a lid 

over the pocket, making it inaccessible in the GDP-bound form of the GTPase. In Ras-GDP 

the switch II itself is closed over the pocket, again completely obstructing the site. This 

provides a mechanism through which interaction in the proposed site would be sensitive to 

the “on”/”off” state of the GTPases. 

 

Discussion 

 

Disorder to order transitions in the switch regions 

 

The crystal structure of uncomplexed Ral bound to GppNHp shows unprecedented views of 

the switch regions in a member of the Ras subfamily. While the crystal structures of Ras and 

Rap bound to GTP have well ordered switch I regions and partially ordered switch II  

(Menetrey & Cherfils 1999) (Table 3 & Figure 15), Ral-GppNHp exhibits disorder in both 

switches in Molecule A where they are unobstructed by crystal contacts. A disordered switch 
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I suggests a mode of target recognition in Ral where the presence of GTP does not pre-order 

the switch, but may serve to facilitate the selection of particular conformers complementary 

to target proteins. 

 

The wide range of conformational plasticity of switch I in Ral is exemplified by the complex 

with Sec5, where the conformation is very similar to that observed in Ras complexes; and by 

Molecule B in the Ral-GppNHp structure, where switch I is stabilized by crystal contacts to a 

radically different conformation away from the nucleotide (Figure 15). The crystal structures 

of Ral in complex with other binding partners such as RalBP1 (Cantor et al. 1995) and 

Exo84 (Moskalenko et al. 2003) will help elucidate the biologically relevant range of 

conformations adopted by switch I.  

 

Switch II in Molecule B of the Ral-GppNHp structure reveals a novel possible mode of 

interaction with binding partners. The switch II type I β-turn connects two antiparallel β- 

strands that pack against a similar structure from a symmetry-related molecule in the unit cell 

 (Figure 7).  This structure could easily be a mimic of the way switch II interacts in 

complexes with other proteins, since the resulting 4-stranded β-sheet involves primarily 

backbone interactions. R79 stabilizes the type I conformation of the β-turn and the turn 

residue Y75 is buried in the molecular interface. This residue in Ras (Y64) has been shown 

to be buried in the interface between Ras and Sos and to contribute significantly to binding 

 

 
Table 3: The only ordered switches that we see in Ral are in the presence of either noncrystallographic or 

crystallographic symmetry. I hope I can convince you that these are not just crystal packing artefacts, but rather 

that they have important implications in the differences between Ral and Ras. The switch regions in Ral 

experience disorder to order transitions as they go from solvent-exposed to protein-interacting; and this is NOT 

what was previously observed in Ras. 

  Switch I Switch II 
  A B A B 
Ral GppNHp disorder order* disorder order* 

Ral GDP order* order* disorder disorder 
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Figure 15: This diagram is meant to summarize the disorder-to-order transitions we see in Ral vs. those for Ras. 

In Ras, GTP ordered Switch I; but in Ral, Switch I remained disordered, and only became ordered in the 

presence of other protein contacts. 

 

 

affinity (Boriack-Sjodin et al. 1998). The fact that there is no resemblance to the β-turn 

conformation in the Ral-GppNHp/Sec5 structure is not inconsistent with our hypothesis that 

the β-turn structure is biologically relevant, since the conformation observed in the Ral-

GppNHp/sec5 structure could be explained by the fact that the truncated sec5 binds primarily 

at switch I and therefore does not affect the conformation of switch II. 

 

A unique environment for the γ-phosphate of GppNHp 

 

The structure observed for switch II in molecule B of the Ral-GppNHp crystal structure 

raises interesting questions regarding the role of Gln 72 (Q61 in Ras numbering) in GTP 

hydrolysis, since its relationship to the nucleotide is very different than it is in Ras. Rather 

than facing the nucleotide as it does in Ras-GppNHp, Q72 in our hypothetical switch II 

complex mimic is turned away from the nucleotide and in this conformation would be 

excluded from a direct role in the hydrolysis reaction.  Interestingly, while RalG23V shows a 

ten-fold decrease in intrinsic GTPase activity as does RasG12V, the mutant RalQ72L shows 

only a two-fold decrease in intrinsic GTPase activity compared to a 10-fold decrease in 

RasQ61L (Frech et al. 1990). The different effects of the Gln to Leu mutation on the intrinsic 

GTPase activities of Ral and Ras are consistent with different conformational properties of 

switch II. It appears that RalQ72L is constitutively active in the cell primarily due to its 

failure to respond normally to Ral-GAP (Emkey et al. 1991). This view is supported for Ras 

by recent computational studies showing that Q61 in Ras contributes to the preorganization  
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of the catalytic conformation of the active site in the Ras/RasGAP complex, which is 

configured to stabilize the transition state in the GTP hydrolysis reaction (Shurki & Warshel 

2004). The simulations rule out a direct participation of Q61 in GTP hydrolysis, either as a 

general base or through direct electrostatic or steric interaction with the transition state. An 

indirect or allosteric role for Q61 leaves more room for variations in the co-evolution of GAP 

proteins and residue 61 than if Q61 were required as a direct participant in the reaction. This 

co-variation could explain the presence of Thr rather than Gln as residue 61 in Rap proteins 

(Figure 1) and is consistent with the idea that each GTPase/GAP pair has a unique 

relationship to each other. The fact that Q72 H-bonds to the carbonyl group of residue 70, 

provides a link to G71 which in turn H-bonds to the γ-phosphate of the nucleotide. This 

network of interactions could conceivably provide a venue for the allosteric involvement of 

Q72 in the hydrolysis of GTP in the Ral-GppNHp/RalGAP complex. 

 

With switch I pulled away from the nucleotide and Q72 tucked into the β-turn of switch II, 

there is a fair amount of space around the γ-phosphate group of GppNHp. The second Mg2+ 

ion with five water molecules completing its coordination sphere occupies most of that space, 

bridging the nucleotide to residues in switch I. Although one could justifiably argue that the 

conformations of the switches stabilized by protein-protein interactions within the crystal 

facilitate the binding of Mg2+ which is present in high concentrations, it is also possible that 

the increased Mg2+ concentration found in the crystallization conditions could serve to 

facilitate the unusual structure of switch I. This conformation would not allow binding to 

sec5, but could possibly be complementary to another binding partner, such as Exo84. This 

would provide a mechanism for a second level of regulation of protein-protein interactions 

between Ral and similarly localized effectors in the cell. Transiently elevated concentrations 

of Mg2+ could mediate exquisite specificity of Ral-GTP for effectors that would otherwise 

compete for the same binding site. Regulation of cellular events by transient fluctuations in 

Mg2+ levels is not unprecedented (Rijkers et al. 1993). This type of modulation would be 

consistent with a disordered switch I in the uncomplexed form of Ral-GppNHp.  
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Secondary sites of protein-protein interaction 

 

The ability to truncate GTPase binding partners is essential in obtaining crystals of Ras 

proteins in complexes, including the complex between Ral and sec5 (Fukai et al., 2003). The 

drawback is that it is not possible to visualize the full range of interactions between the 

GTPase and its binding partners. As a result we have a good understanding of interactions at 

switch I, but little or no structural information on the location and extent of secondary 

binding sites. Raf, for example, has a cysteine rich region that has been shown through 

mutational analysis to interact with Ras at a secondary binding site involving switch II 

(Drugan et al. 1996). It is also known that Ras and Rap both interact with Raf through nearly 

identical switch I sequences, but that these interactions lead to diverse biological outcomes 

(Bos 1998).  Presumably distinct secondary binding sites in Ras and Rap could serve to 

convey functional specificity.   

 

We have identified two putative binding sites on Ral, Ras and Rap by mapping the 

convergence of several independently determined biochemical features onto grooves near to 

the switch regions on the surface of Ral-GppNHp. In addition, the two proposed sites also 

coincide with areas where the backbone of Rap deviates from those of Ral and Ras. It is 

extremely unlikely that this convergence would occur coincidentally without any functional 

significance.  The two sites together account for all 11 Ral tree-determinant residues found 

outside of switch I. The binding site adjacent to switch I contains the switch-of-function 

residue 34 and 6 Ral tree-determinant residues: 35, 36, 54, 57, 64 and 172. The site 

modulated by switch II and α3 includes the second switch-of-function residue 112 and the 

remaining 5 Ral tree-determinant residues: 18, 78, 81, 103 and 104 (Figure 1). Our proposed 

picture is one in which Ral is able to bind unique effectors not only through its differently 

charged switch I region, but also through unique conformational features of switch I and 

switch II that drastically change the properties of the new proposed binding sites from one 

GTPase to the next. Furthermore, the accessibility of the site adjacent to switch II is very 

different between the GTP and GDP-bound forms in the crystal structures of Ral and Ras, 

linking interactions at this site to the state of the bound nucleotide.  
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Although we have discussed the insights provided by our structures mainly in the context of 

effector proteins, much of it could also apply to interactions with GTPase activating proteins 

(GAPs) and guanine nucleotide exchange factors (GEFs). Whatever the specific details turn 

out to be, the structural analyses presented here significantly advance our understanding of 

the possible mechanisms through which GTPases accomplished their diverse biological roles 

in the cell.   

 

The crystal structures of Ral presented here reveal a catalytic domain that is very similar to 

those of its close family members and characteristic of all monomeric GTPases. The details 

of the structures, however, bring new perspectives to possible variations in the switch 

regions, provide a check to generalizations obtained from comparing Ras and Rap, and serve 

as the basis for a structural analysis in which seemingly unrelated sets of observations 

converge to delineate two putative binding sites that are present in at least 3 members of the 

Ras subfamily, with distinct features particular to each one. 

 

Are the switch conformations in the crystal biologically relevant? 

 

One of the exciting outcomes of structure is that it often opens new venues for further 

research. Our new structures of Ral are consistent with intriguing hypotheses. We present 

them here in the form of speculative ideas that may drive research in new directions. 

 

The first idea is that the β-turn conformation observed for Ral-GppNHp is biologically 

relevant. With Ras, there are correlations between switch conformations stabilized by crystal 

contacts and those by complex formation (Buhrman et al. 2003). Is this the same case with 

Ral? The 4-stranded β-sheet across Ral molecules within the crystal (described above) could 

easily be a mimic of the way switch II interacts in complexes with other proteins, since the 

interface involves primarily backbone interactions. R79 stabilizes the type I conformation of 

the β-turn also through backbone interactions. Furthermore, the turn residue Y75 is buried in 

the molecular interface in analogy toY64 in Ras, which has been shown to be buried in the 

interface between Ras and Sos and to contribute significantly to binding affinity (Boriack-

Sjodin et al. 1998). Most interestingly, the β-turn conformation brings the Ral tree-
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determinant residue I78 into proximity to other Ral tree-determinant residues in the site 

identified between switch II and α3, making it part of the hydrophobic core that lines this 

pocket and completely changing the electrostatic character of the pocket relative to Ras and 

Rap. The lack of resemblance to the switch II conformation found in the Ral-GppNHp/Sec5 

structure could be explained by the fact that the truncated Sec5 binds primarily at switch I 

and therefore does not affect the conformation of switch II, which is partially disordered in 

that structure (Fukai et al. 2003). 

 

Linnemann et al. showed that Ras’ Switch II is involved in the activation of RalGDS 

(Linnemann et al. 2002). The highly conserved Ras binding domain of RalGDS, which 

mediates association with Ras, is important but not sufficient to explain the stimulation of the 

exchange factor. Although a point mutation in the RBD of RalGDS, which abrogates binding 

to Ras, renders RalGDS independent to activated Ras, an artificially membrane-targeted 

version of RalGDS lacking its RBD could still be activated by Ras. The Switch II region of 

Ras is involved in the activation, because the mutant Y64W in this region is impaired in the 

RalGDS activation. A single point mutation within the RBD of RalGDS, which weakens the 

interaction to Ras more than 25-fold, almost completely disrupted the stimulation of RalGDS 

by Ras. On the contrary, a RalGDS protein, which was artificially targeted to the plasma 

membrane and lacked the RBD, could be activated by Ras, and the switch II region of Ras 

was involved in the activation of the effector. We speculate that inhibitory effects of Rap1 on 

Ras might be due mainly to a competition between these proteins for RalGDS (Linnemann et 

al. 2002). This is important because Switch I is the main effector binding region. It has been 

suggested that Switch I is the binding region, and Switch II may serve to regulate the bound 

effector. 

 

Strikingly, analysis of chimeras made between RalA and RalB reveals that high-affinity 

exocyst binding by RalA is due to unique amino acid sequences in RalA that are distal to the 

common effector-binding domains shared by RalA and RalB (Shipitsin & Feig 2004). In 

addition, the subclone of Sec5 which was published in a crystal structure complexed with 

RalA was the Ral minimal binding domain of Sec5 (Fukai et al. 2003). 
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The crystal structures of Ral in complex with binding partners other than Sec5 (eg. Exo84, 

RalBP1 and RalGAP) will help elucidate the biologically relevant range of conformations 

adopted by switch regions in Ral and the relevance of the conformations we observe near 

crystal contacts in the Ral-GppNHp structure.  Meanwhile, the idea that magnesium is a 

modulator of specificity in Ral can be tested, since the affinity of Sec5 or Exo84 for Ral-

GppNHp should be dependent on the magnesium concentration. In any case, in order to test 

the various aspects of the hypotheses presented here, it will be necessary to complement the 

structures with additional experiments that reveal the behavior of Ral both in solution and in 

the cell. 

 

Accession numbers 

 

The coordinates of Ral-GppNHp have been deposited in the Protein Data Bank with the entry 

code 1U8Y.  Coordinates for Ral-GDP have entry codes 1U8Z and 1U90 corresponding to 

crystal forms 1 and 2 respectively. 

 

Experimental Procedures 

 

Cell culture. The cDNA for wild-type, 206-amino acid simian Ral was provided by Larry 

Feig encoded in the pAT vector. RalA(wild type) mostly associated with the insoluble 

fraction, and crystallization trials with the yield were unsuccessful. A 178-amino acid version 

of Ral (Ral(ΔC)) was designed such that the C-terminal-truncation aligned with the 

homologous C-terminus of Ras166. The new cDNA was generated from the wild-type by 

PCR with mutagenic primers and cloned into the pET21a(+) vector (Novagen) then 

transformed into E. coli BL21 Rosetta cells. The cells were grown in standard LB broth at 37 

°C with shaking at 225 rpm to an OD600 of approx. 0.7-0.8 then induced to 0.15 mM IPTG 

for five hours at 32 °C with shaking. Bacteria were harvested by centrifugation for five 

minutes at 4000 rpm; the cell pellets were stored at -80 °C. The additional mutants Ral(ΔN) 

and Ral(ΔNΔC) were constructed but the former also associated with the insoluble fraction, 

and neither produced crystals. 
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Protein preparation. Frozen cell pellets from 6 L culture were thawed on ice and 

resuspended in 50 mL 20 mM HEPES pH 7.6 50 mM NaCl 5 mM MgCl2 1 mM DTT 5% 

glycerol 10 µM GDP with protease inhibitors (benzamidine, pefabloc, antipain, pepstatin, 

E64). The suspension was sonicated on ice for five cycles of 30 seconds on, 30 seconds off 

then centrifuged 20 minutes at 20 Krpm, 4 °C. Polyethylenimine was added to 0.02% to the 

supernatant to precipitate the genomic DNA; the PEI was added dropwise to the supernatant 

on ice with stirring and the mixture incubated under the same conditions for 20 minutes. It 

was recentrifuged 20 minutes at 20 Krpm, 4 °C. The supernatant was filtered through a glass 

filter and applied to an equilibrated 50 mL Q Sepharose FF column (Pharmacia, now GE 

Healthcare) for anion exchange at 5 mL/min. After washing to baseline, the column was run 

over a 0-40% 200 mL gradient where buffer A was 20 mM HEPES pH 7.6 50 mM NaCl 5 

mM MgCl2 1 mM DTT 5% glycerol 10 µM GDP and buffer B was identical but with 1 M 

NaCl. Ral typically began to elute at approx. 20% buffer B. Protein-containing fractions as 

determined by SDS-PAGE were pooled, filtered through a 0.22 µm filter and concentrated to 

less than 1 mL in UltraFree 5Ks. The protein was next applied at 1.3 mL/min to a 320 mL S-

100 gel filtration column (GE Healthcare) equilibrated in 20 mM HEPES pH 7.6 150 mM 

NaCl 5 mM MgCl2 1 mM DTT 5% glycerol 10 µM GDP. Ral typically began to elute at 

approx. 90 mLs, after a characteristic bi-lobed high MW contaminant peak. Protein-

containing fractions as determined by SDS-PAGE were pooled, diluted approx. 3-to-4-fold in 

buffer A (as above) and applied to a 5 mL Q Sepharose HP column (GE Healthcare) at 5 

mL/min. After washing to baseline, the flow rate was reduced to 1 mL/min and the column 

run over a 0-11%, 110 mL gradient (buffers A and B for anion exchange as above). Ral 

began to elute at 9-10% buffer B and continued to elute as the gradient finished. SDS-PAGE 

located the fractions containing clean Ral, typically the first third to half of all the fractions in 

the peak. Average yield from 6 L culture was approx. 50-80 mg Ral. At this point, the 

Ral(ΔC)-GDP could be exchanged into 10 mM HEPES pH 7.50 10 mM NaCl 5 mM MgCl2 

1 mM DTE 1 µM GDP for crystallization of the inactive form of the enzyme. 

 

Nucleotide exchange. Fractions containing pure Ral(ΔC) were pooled and concentrated to 

approx. 1 mL. The sample was applied to a desalting/buffer-exchanging NAP-1000 column 

(GE Healthcare) equilibrated in 32 mM Tris-HCl pH 8.0 200 mM ammonium sulfate 10 mM 



 75

DTT 0.1% n-octyl glucopyranoside, collecting 0.5 mL fractions. Two or three fractions 

typically contained >90% of the protein; these were located by a fast non-quantitative assay 

with BioRad reagent (200 µL reagent + 800 µL H2O + 4 µL protein sample; looked for 

visible color change as compared to a control tube where 4 µL buffer was added). The 

fractions were pooled and added to 100 U alkaline phosphatase beads (Sigma) with four 

times the moles of GppNHp as there were moles of Ral. This was incubated with gentle 

rocking at 37 °C for exactly 45 min, after which MgCl2 was added to 20 mM. The beads 

were removed by centrifugation for 3 min at 14 Krpm at 4 °C. The solution was passed over 

a second NAP-1000 column equilibrated in 10 mM HEPES pH 7.50 10 mM NaCl 5 mM 

MgCl2 1 mM DTE 1 µM GppNHp. The protein-containing fractions were again located by a 

fast non-quantitative BioRad assay, pooled, and diluted or concentrated as needed to achieve 

a final concentration of 25 mg/mL Ral(ΔC)-GppNHp. Final protein concentration was 

determined by A280 measurement using the theoretical extinction coefficient (ε) of 0.662 

mL/mg (as calculated by SWISSPROT) (Apweiler 2001). [Note:  A Ral solution measured 

by A280 assay to be 25 mg/mL is measured at approx. 30 mg/mL by the BCA assay with BSA 

as a standard. The A280 assay was strongly favored due to its speed, reliability, replicability 

and inexpense over other protein assays. Use of ε = 0.662 for Ral(ΔC) was consistent even 

though an empirical value for ε was not calculated.] 

 

Crystallization. Single crystals of Ral(ΔC)-GppNHp grew with the Hampton Research 

Peg/Ion screen condition #20 (0.2 M magnesium formate 20% PEG 3350) (Jancarik & Kim 

1991). The crystals grew in 2+2 hanging drops over a 0.5 mL reservoir at 18 °C. The earliest 

crystals were observed after seven days; they continued to grow larger over the next several 

weeks. Crystals were typically used approx. 4-5 weeks after setting the trays; these crystals 

were approx. 0.13 mm x 0.15 mm x 0.13 mm. As a cryoprotectant, successive additions of 

HR Peg/Ion #20 with 40% glycerol were made to raise the total concentration of glycerol in 

the drops to 10-15% in 2.5% increments, mixing either with gentle pipetting or stirring with 

dissection tools and waiting at least five minutes after each addition. The crystals were then 

flash-frozen in liquid nitrogen. 
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Unexpected results in crystallizing RalA-GDP. Ral(ΔC)-GDP crystallized with the HR 

Crystal Screen condition # 37 (100 mM sodium acetate pH 4.6 8% PEG 4000). These 

crystals grew in 4+4 or 5+5 hanging drops over 0.5 mL reservoirs at 18 °C. The earliest 

crystals were observed after four days and had a clustered needle morphology; each chard 

was approx. 1 x 0.125 mm. After several months, these crystals were replaced by some with 

a larger, more robust morphology. As a cryoprotectant, successive additions of 120 mM 

sodium acetate pH 4.6 10% PEG 4000 20% glycerol were made in the same manner as with 

the Ral-GppNHp crystals. Final glycerol content in the crystals was 15-20%. The crystals 

were flash-frozen in liquid nitrogen. 

 

Crystallization and data collection. Crystals of Ral-GppNHp and of Ral-GDP were obtained 

by the vapor diffusion method using 4 μL drops containing half protein solution and half 

reservoir over a 0.5 mL reservoir at 18 °C. The reservoir for Ral-GppNHp crystallization 

contained 0.2 M magnesium formate, 20% PEG 3350, and that for Ral-GDP crystallization 

contained 100 mM sodium acetate pH 4.6, 8% PEG 4000. A 40% glycerol solution was 

added to the drop until the crystals were in about 15% glycerol before transfer to liquid 

nitrogen. Diffraction data for Ral-GppNHp and for crystal form 1 of Ral-GDP were collected 

at 100 K at the SER-CAT ID-22 beamline at APS (Argonne, IL), using a Mar 135 CCD 

detector. The data were processed with HKL2000 (Otwinoski & Minor 1997) and the 

statistics are shown in Table I. Data for Ral-GDP crystal form 2 were collected at 4 °C with a 

Mar 345 phosphoimaging plate mounted on a GX-13 rotating anode generator running at 

40kV/50mA. Data were processed with HKL and the statistics are shown in Table I. 

 

Phasing and Refinement. Phases for all structures were obtained using the molecular 

replacement method with peak searches performed using AMoRe (Navaza, 1994) in the 

CCP4-4.2 software package (CCP4 1994).  The program Crystallography and NMR System 

(CNS) (Brunger et al. 1998) was used for all reciprocal space refinement, with randomly 

selected 10% of the unique reflections reserved for the calculation of Rfree (Brunger 1997).  

The program O was used for manual rebuilding of the models with visualization of Fo-Fc, and 

2Fo-Fc electron density maps (Jones et al. 1991). The self-rotation was calculated for the 
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initial data sets and noncrystallographic symmetry was used in the beginning stages of 

refinement. 

 

The Ral-GppNHp structure was first solved using a 2.5 Å resolution data set collected at 

100K on the Mar345 detector mounted on a GX-13 X-ray generator in our laboratory.  The 

search model used with the Ral-GppNHp data set truncated at a resolution of 3.0 Å was the 

1.26 Å structure of Ras-GppNHp (PDB code 1CTQ). A Matthews coefficient of 4.5, 2.2 and 

1.5 for 1, 2 and 3 molecules respectively, indicated the presence of two molecules of Ral-

GppNHp in the asymmetric unit. The first peak search identified the location of Molecule A, 

which was then held in place during a second peak search to identify Molecule B in the 

asymmetric unit. The Ras residues were mutated to those of Ral and after a round of rigid 

body refinement, simulated annealing was carried out with CNS using the mlf target function. 

The model was improved by iterative cycles of model building in O followed by positional 

and individual restrained B-factor refinement. This model was further refined against the 1.5 

Å data set collected at APS. Similar molecular replacement strategies were used to solve the 

structures for crystal forms 1 and 2 of Ral-GDP, using the Ral-GppNHp structure as the 

search model. The structures were checked with the online resource MolProbity as a final 

step (Lovell et al. 2003). The final R-factors are given in Table I. 
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CHAPTER 3 – The Ca2+-CaM-binding region in RalA is larger than previously 

described 

 

Summary 

 

Calmodulin is a ubiquitous calcium sensor found in numerous signaling pathways, and RalA 

is a Ras-related GTPase involved in signal transduction pathways including cell proliferation 

and differentiation, receptor endocytosis, vesicle exocytosis, cellular morphology and gene 

expression. We have successfully coexpressed recombinant RalA and CaM proteins in a 

bacterial system. RalA was analyzed with mass spectrometry and proved to be the proper 

protein exhibiting an empirical molecular weight within 1% of the value predicted by 

sequence. Ral-GDP-CaM and Ral-GppNHp-CaM complexes have been purified to a high 

degree and subjected to numerous sparse matrix crystal screens under several protein buffer 

conditions. We report that a short carboxy-terminal truncation made to RalA abrogates 

binding of RalA to CaM; therefore the CaM-binding domain in Ral is larger than previously 

believed. 

 

Introduction 

 

Ral is a Ras subfamily GTPase originally identified in cDNA library searches for Ras-like 

proteins (Chardin & Tavitian 1986; Bos 1998; Feig 2003). The interest stemmed from the 

fact that Ras has been found to contain one of two single amino acid mutations in 10-50% of 

human cancers (Valencia et al. 1991). GTPases are almost exclusively involved in signal 

transduction processes. RalA in particular is known to be involved in several signaling 

pathways including cell proliferation and differentiation, receptor endocytosis, vesicle 

exocytosis, cellular morphology and gene expression (Feig 2003; Appendix A). Ral carries 

out its functions on the plasma membrane where it is attached through a post-translational 

geranylgeranylation (Jilkina & Bhullar 1996). To date, we still do not understand all of the 

protein-protein interactions through which Ral carries out its functions. 
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The discovery that Calmodulin binds to the carboxy-terminus of RalA in the presence of 

calcium was a fortuitous one, as it was found in an experiment originally intended to purify a 

calcium-dependent ATPase using a calmodulin affinity column (Wang et al. 1997). 

Calmodulin is a ubiquitous, highly conserved calcium sensor protein that translates the 

calcium signal into a wide variety of cellular processes. Calmodulin-binding proteins play an 

important role in various physiological functions, including glycogen metabolism, secretion, 

muscle contraction, actin/cytoskeletal organization and cell division. In the presence of 

micromolar Ca2+, calmodulin undergoes a conformational change to a more helical structure 

which is the active conformation. The crystal structure of Calmodulin, first solved in 1985, 

showed that the protein consists of two globular lobes connected by a long exposed α-helix 

(Babu et al. 1985). Each lobe binds two calcium ions through helix-loop-helix domains. 

 

The Calmodulin-binding domain in RalA was localized to Ral’s carboxy-terminus which is 

elongated and unique in comparison to the archetypal Ras. A putative CaM-binding domain 

with the sequence SKEKNGKKKRKSLAKRIR was identified in the carboxy-terminal 

region of RalA at sequence position 183-200. Sequence analysis showed that this region had 

the propensity to form an amphiphilic alpha helix which was hydrophobic on one face and 

basic on the other (Wang et al. 1997). Also, CaM can block RalA from phosphorylation by 

cAMP-dependent protein kinase, cGMP-dependent protein kinase and Ca2+/phospholipid-

dependent protein kinase (Wang et al. 1997). 

 

The ensuing discovery that Calmodulin is able to stimulate the dissociation of GDP from 

RalA in a calcium-dependent manner up to three-fold was another surprise because the 

guanine nucleotide exchange factors for Ras subfamily proteins interacted with one or both  

 

 
#s            1         11       20        30        40        50        60        70        80        90      98 
RalA_P11233   MAANKPKGQNSLALHKVIMVGSGGVGKSALTLQFMYDEFVEDYEPTKADSYRKKVVLDGEEVQIDILDTAGQEDYAAIRDNYFRSGEGFLCVFSITEM 
                                  GXXXXGKS/T        F      T                     DTAGQE 
              N-terminus        PM1, or P loop      G1    PM2                     PM3 
 
#s             100       110       120       130       140       150       160       170       180       190       200   206 
RalA_P11233   ESFAATADFREQILRVKEDENVPFLLVGNKSDLEDKRQVSVEEAKNRAEQWNVNYVETSAKTRANVDKVFFDLMREIRARKMEDSKEKNGKKKRKSLAKRIRERCCIL 
                                        N/TKXD                        EXSAK                                           CAAX 
                                          G2                            G3                        CaM-binding region 

Figure 1: Primary structure of RalA indicating motifs highly conserved among Ras subfamily GTPases in red 

(with labels underneath) and the putative Calmodulin-binding region in Ral underlined in the carboxy-terminus. 

The accession number of RalA is indicated. 
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of the Switch regions – two highly variable domains which show great conformational 

changes not only across subfamily members but also within the same protein as it exchanges 

GDP for GTP (Wang & Roufogalis 1999). Unfortunately, virtually every structural study of 

Ras subfamily proteins has been performed with carboxy-terminal truncated constructs, as 

for some unknown reason, the carboxy-terminus interferes with expression in bacterial hosts 

and with crystallization trials. Furthermore, the available structural data on Ras subfamily 

GTPase carboxy-terminal regions suggests that they are disordered. For Ral, the sensitivity of 

GTP binding to calcium – the half maximum activation of Ral occurs at 80 nM calcium – is 

within the range of the increase in calcium from a resting level of about 20 nM to levels of 1 

µM or more in cells responding to incoming signals. 

 

Ultimately, it was shown that both Ral isoforms RalA and RalB bind Calmodulin (Clough et 

al. 2002). Results showed that both RalA and RalB interact specifically and directly with 

CaM in vivo in a calcium-dependent manner. Evidence suggests that RalA and RalB do not 

interact identically with CaM (Clough et al. 2002). 

 

Ras-independent activation of Ral had been observed, but CaM was the first agent that could 

tie Ral directly into well-characterized signal transduction pathways not involving Ras. 

Calcium signaling routed through CaM may be the means through which Gq/11-coupled 

receptors activate Ral (Bhattacharya et al. 2004a). The link between Ral signaling and 

 

 

 
Figure 2: Helical wheel projection of the putative 

CaM-binding region in RalA’s carboxy-terminus. 

Mostly positively charged residues cluster on one 

face of the helix while mostly aliphatic residues 

cluster on the opposite face.  Figure reprinted with 

permission from Wang et al. (Wang et al. 1997). 
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calcium signaling was cemented with the observation that an increase in the intracellular 

calcium concentration as regulated by phospholipase C (PLC) is necessary for Ral activity 

(Hofer et al. 1998). Also, a link between Ral signaling and calcium signaling had been found 

in other experiments studying the activation of endogenous Ral by various agonists. Wolthuis 

et al. 1998a had observed that the activation of RalA by α-thrombin could be inhibited by 

pretreatment of cells with the intracellular calcium chelator BAPTA-AM (1,2-bis(o-

aminophenoxy)ethane-N-N-N’-N’-tetraacetate), whereas the induction of intracellular 

calcium by stimulation of cells with ionomycin (stimulating a calcium influx) or thapsigargin 

(causing the release of calcium from internal stores) resulted in the rapid activation of RalA 

(Wolthuis et al. 1998a). These findings had suggested that elevation of intracellular calcium 

levels is the signal through which α-thrombin stimulates Ral. 

 

Until the discovery that CaM binds to Ral, virtually all previous work on the protein-protein 

interactions of Ras-related GTPases with their binding partners had been limited to studies of 

the highly variable switch regions. Switch I was known to coincide with the primary effector 

binding region, and several binding partners of Ras were known to interact with its Switch II 

region; but the rest of the surface of Ras was largely ignored despite several lines of evidence 

that important protein-protein interactions occur outside of the Switches. In the interests of 

studying binding sites on the Ras-related GTPases, solving the structure of the RalA-CaM 

complex would be important for two reasons. First, the interface between Ral and CaM – its 

location and extent – would be completely novel. Presuming CaM binds the carboxy-

terminal helix on Ral, we could verify that this region is indeed a helix and see where it 

orients relative to the core G domain. Also, virtually every structure of a Ras-related protein 

either as a monomer or in a complex with a binding partner has had the proteins truncated in 

order to facilitate expression and crystallization of the recombinant proteins – including the 

GTPases and the binding partners. Thus we have biochemical data that binding between Ras 

or Ral and its partners will greatly exceed the interface with one or both of the switch 

regions, but no structural verification. Second, we would gain insights into how and why 

CaM is able to stimulate GDP dissociation from Ral. Is Ral’s carboxy-terminal region 

helical, and where is this helix positioned in relation to the guanine nucleotide binding pocket 

such that an interaction with calcium-saturated CaM results in the dissociation of GDP? The 
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work presented herein details the successful expression and purification of Ral-GDP-CaM 

and Ral-GppNHp-CaM complexes. We have found that a short truncation made to the 

carboxy-terminus of Ral with the hope that it would increase the chances of success in 

crystallization actually had the effect of strongly decreasing Ral’s affinity for CaM. These 

results suggest that the putative CaM-binding domain in Ral is larger than previously 

believed. 

 

Results 

 

RalA and Calmodulin were successfully subcloned into complementary plasmid vectors and 

expressed in a bacterial host; furthermore, they have been purified to a high degree 

individually, mixed to form the Ral-CaM complex, then further purified to a homogeneous 

solution of protein complex. The process was not without its hurdles. First, wild type RalA 

has a propensity to associate with the insoluble fraction in preparations from bacterial 

cultures. A carboxy-terminal truncation results in the yield of a large amount of soluble Ral 

from the same plasmid vector in the same host cells. Supposing that something about the 

carboxy-terminus causes the expression difficulties, and since CaM binds Ral’s carboxy-

terminus, it was hypothesized that coexpressing the proteins would enhance the amount of 

Ral in the soluble fraction. Indeed, when coexpressing the proteins together, we saw an 

approximately 2-10-fold increase (judging from SDS-PAGE gels) in the yield of Ral in the 

soluble fraction. 

 

The second procedural hurdle was that Ral initially purified such that three bands of close 

molecular weights were observed in SDS-PAGE (Figure 3A). It was supposed that if one of 

the bands was genuine full-length RalA, the others were some combination of protease 

digests, translational readthrough products and/or non-Ral impurities that copurified with the 

Ral. In support of the hypothesis that one of the bands might be Ral which had been digested 

by a protease, an examination of the sequence of Ral using ExPASY ProtParam tools showed 

several trypsin cut sites in Ral’s carboxy-terminus (Apweiler 2001). However, treatment of 

cell suspensions and cytosolic extracts with greatly increased protease inhibitor 

concentrations and even an inhibitor specific for trypsin (soybean trypsin inhibitor to a 
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Figure 3: SDS-PAGE gels showing the development, analysis and resolution of the multi-banded Ral problem. 

The BioRad marker stack is in the first lane of all four gels. A) The first part of this gel shows the Ral sample 

after gel filtration and the CaM sample after hydrophobic interaction chromatography. B) This gel shows the 

state of the proteins after initial ion exchange chromatography. The Ral peak can be seen in the first five lanes, 

and the CaM peak in the latter half of the gel. C) This gel shows the Ral-CaM sample that was subjected to 

MS/MS. The first and last lanes are the BioRad synthetic marker stack (please refer to the caption of Figure 9 

for the details of this stack). The second lane is a standard of cytochrome C. The third lane is a standard of 

carbonic anhydrase. The next four lanes are increasing volumes of the same Ral-CaM sample. The next-to-last 

lane is the Ral-CaM sample again, followed by the aforementioned marker stack. These two bands were 

analyzed by MS/MS to be 25 and 23 kD in size. D) The Ral sample after affinity chromatography. 

 

 

maximum concentration of 10 µg/mL in the buffers) failed to show an improvement. For 

clarity, the heaviest of these three bands will henceforth be referred to as band A; the middle 

band, B; and the lightest band, C (Figure 3A). 

 

To narrow the list of possible problems, we analysed bands A and B by mass spectrometry. 
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Band C was not analysed by mass spectrometry because it could be somewhat separated from 

bands A & B by ion exchange chromatography with a fine gradient; thus by sacrificing about 

50% of the final protein yield, band C could be eliminated (Figure 3C). MS-MS showed two 

overlapping charge state envelopes, which is exactly the result expected since we observed 

two bands on SDS-PAGE (Figures 4 & 3C, respectively). Since the same molecular weight 

standards were run alongside every sample of Ral or CaM in the protein preparations, we 

were able to track the presence of bands A, B & C through and across preps. Deconvoluting 

the mass spectrum, we saw two strong peaks with corresponding molecular weights of 

23364.0 (band B) and 25053.0 g/mol (band A) (Figure 5). The molecular weight of wild type 

RalA as calculated from its amino acid sequence is 23570.8 g/mol using the aforementioned 

ExPASY ProtParam tools, so this was a clue that band B was the correct form of Ral 

(Apweiler 2001). Figure 3A shows that band A runs just over the 25 kD standard marker in 

SDS-PAGE and band B runs just under it; there is some variation across gels (as seen 

in Figure 3), but this is the general trend. 

 

 

 
Figure 4: MS/MS showed two overlapping charge state envelopes. 
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Figure 5: Deconvoluted mass spectrum of Ral solution subjected to MS/MS analysis. Peaks corresponding to 

protein molecular weights 23364.0 (band B) and 25053.0 (band A) g/mol were observed. 

 

 

The next step was to perform LC/MS on the two samples identified in MS/MS. LC/MS 

analysis of trypsin digests on each protein band (bands A & B) from SDS-PAGE showed that 

both were RalA (Figure 6 & Table 1; Figure 7 & Table 2; and Figure 8); it should be noted 

that the protein in the 23364 band was at least ten times more abundant than that in the 25053 

band. We had hoped that MS-MS would show one band that was clearly the correct size of 

Ral and one that was clearly not, and that LC-MS might show that one band had an intact 

carboxy-terminal region whereas the other band did not; but unfortunately, no database hits 

were found that corresponded to peptides in the carboxy-terminus (Figures 7 & 9). 

 

To rule out the possibility of translational readthrough errors, we used a single application of 

site-directed mutagenesis to insert a second stop codon after the reading frame of RalA’s 
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Figure 6: HPLC ion chromatogram of the 23364 band (band B)  from LC/MS analysis. Each peak corresponds 

to a peptide. 

 

 
Table 1: Sample LC/MS peptide hit scores for 23364 (band B). The full report is not included here due to its 

length. By far, the peptides identified in MS were matched to the RalA sequence. The best hit for an E. coli 

protein is included for completeness and to show the strength of the match to RalA. 
Source Sequence MH+ Charge XCorr 

RALA_HUMAN Ras-related protein Ral-A -.VIMVGSGGVGK.- 1004.23 2 2.4444 
RALA_HUMAN Ras-related protein Ral-A -.VIMVGSGGVGK.- 1004.23 1 2.5279 
RALA_HUMAN Ras-related protein Ral-A -.VIMVGSGGVGK.- 1004.23 2 2.3745 
RALA_HUMAN Ras-related protein Ral-A -.VIMVGSGGVGK.- 1004.23 2 2.6996 
RALA_HUMAN Ras-related protein Ral-A -.ADQWNVNYVETSAK.- 1625.72 2 2.7570 
RALA_HUMAN Ras-related protein Ral-A -.ADQWNVNYVETSAK.- 1625.72 3 3.5541 
RALA_HUMAN Ras-related protein Ral-A -.ADQWNVNYVETSAK.- 1625.72 3 4.2885 
RALA_HUMAN Ras-related protein Ral-A -.ADQWNVNYVETSAK.- 1625.72 2 2.8174 
RALA_HUMAN Ras-related protein Ral-A -.VKEDENVPFLLVGNK.- 1701.95 2 4.4259 
RALA_HUMAN Ras-related protein Ral-A -.VKEDENVPFLLVGNK.- 1701.95 1 2.1752 
RALA_HUMAN Ras-related protein Ral-A -.VKEDENVPFLLVGNK.- 1701.95 2 3.9378 
RALA_HUMAN Ras-related protein Ral-A -.EDENVPFLLVGNK.- 1474.64 2 2.9736 
RALA_HUMAN Ras-related protein Ral-A -.EDENVPFLLVGNK.- 1474.64 1 2.5056 
putative regulator [Escherichia coli O157:H7 

EDL933] -.M#QLEKMITEGSNAASAEIDR.- 2211.46 2 2.3992 
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Figure 7: HPLC ion chromatogram of the 25053 band (band A) from LC/MS analysis. 

 

 

 

 
Table 2: Sample LC/MS peptide hit scores for 25053 (band A).  The full report is not included here due to its 

length. Again, by far, the peptides identified in MS were matched to the RalA sequence; and again, the best hit 

for an E. coli protein is included for completeness and to show the strength of the match to RalA. 

Source Sequence MH+ Charge XCorr 
RALA_HUMAN Ras-related protein Ral-A -.VIMVGSGGVGK.- 1004.23 2 2.0985 
RALA_HUMAN Ras-related protein Ral-A -.VIMVGSGGVGK.- 1004.23 2 2.1140 
RALA_HUMAN Ras-related protein Ral-A -.ADQWNVNYVETSAK.- 1625.72 2 3.3435 
RALA_HUMAN Ras-related protein Ral-A -.ADQWNVNYVETSAK.- 1625.72 3 3.8141 
RALA_HUMAN Ras-related protein Ral-A -.ADQWNVNYVETSAK.- 1625.72 2 2.3390 
RALA_HUMAN Ras-related protein Ral-A -.VKEDENVPFLLVGNK.- 1701.95 2 3.9334 
RALA_HUMAN Ras-related protein Ral-A -.VKEDENVPFLLVGNK.- 1701.95 2 3.6379 
RALA_HUMAN Ras-related protein Ral-A -.EDENVPFLLVGNK.- 1474.64 2 2.5338 
RALA_HUMAN Ras-related protein Ral-A -.EDENVPFLLVGNK.- 1474.64 2 2.8352 
RALA_HUMAN Ras-related protein Ral-A -.VVLDGEEVQIDILDTAGQEDYAAIR.- 2733.97 2 2.9839 
RALA_HUMAN Ras-related protein Ral-A -.VVLDGEEVQIDILDTAGQEDYAAIR.- 2733.97 2 3.6073 
RALA_HUMAN Ras-related protein Ral-A -.VVLDGEEVQIDILDTAGQEDYAAIR.- 2733.97 2 2.3962 
RALA_HUMAN Ras-related protein Ral-A -.VVLDGEEVQIDILDTAGQEDYAAIR.- 2733.97 2 3.7205 

putative 3-oxoacyl-(acyl carrier protein) 
reductase [Escherichia coli  -.MQCDLACPQSVSALCEQIER.- 2225.58 2 2.1679 
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Figure 8: Sample data for a peptide sequence from LC/MS analysis of the 23364 band (band B) of Ral. Roughly 

speaking, the distance between the peaks in the figure correspond to the molecular weights of the amino acids in 

a peptide sequence from the trypsin digest. The peptide sequence .VVLDGEEVQIDILDTAGQEDYAAIR.- 

returned from this MS data matches an identical sequence in the human RalA sequence with a M+H of 2733.97, 

a charge state of 2, and an Xcorr of 5.1854. An Xcorr of 1.5 or greater is considered significant. 

 
 
 
cDNA in the plasmid vector. This helped to decrease the amount of band A present, in some 

preparations turning the three-band problem into a two-band one (Figure 3B). 

 

Finally, by increasing the stringency of the binding conditions during the affinity 

chromatography purification of Ral, it was possible to obtain pure Ral (Figures 3D & 9). Ral 

is bound to Calmodulin Sepharose (GE Healthcare) in a buffer containing 10 mM NaCl; by 

washing the column with an identical buffer containing 50 mM NaCl, the proteins 

representing bands A and C eluted. As seen in Figure 3D, Bands A and C did not bind the 

CaM Sepharose; as in Figure 3A, band B ran just under the 25 kD marker. 
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Sufficient quantities of RalA-CaM complex were obtained in each preparation from 6 L 

bacterial culture to set up a few hundred crystal screen wells. Table 3 shows the protein 

buffer conditions tested in sparse matrix screens for the RalA-CaM complex both in its GDP- 

and GppNHp-bound forms. When possible, attempts were made to test the same protein 

buffer conditions in parallel – that is, for both the Ral-GDP-CaM and Ral-GppNHp-CaM 

complexes. To ensure that RalA and CaM were tightly bound in the complex, we examined 

its behavior in solution with dynamic light scattering. DLS showed that the complex was 

pure and monodisperse with an estimated hydrodynamic radius of 1.6 nm (Figure 10). That 

value is lower than what we would expect of an approximately 40 kD complex, but the 

resolution power of the DynaPro 99E is limited and recommended by the manufacturer 

 

 

 
 

Figure 9: Chromatogram from AktaFPLC showing a typical profile for the elution of the Ral-CaM complex. 

Pure Ral is mixed with pure CaM in a 1:1.8 molar ratio and dialyzed against buffer overnight before 

concentrating and applying to the gel filtration column (equilibrated in dialysis buffer). The chromatogram 

shows the elution of the complex followed by elution of excess CaM. The inset is a denaturing gel run with 6 

µL protein from each of the fractions 1-13, preceded by 5 µL Bio-Rad Precision Plus marker stack (250, 150, 

100, 75, 50, 37, 25, 20, 15, 10). 
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Figure 10: Dynamic light scattering on Ral-GDP-CaM complex showed a peak containing 98.1% of the mass 

with a percent polydispersity of 13.5%. This indicates a monodisperse mixture of complex. If there was excess 

Ral, excess CaM or a low affinity complex between the two, there would not be a single peak. 

 
 
Table 3: Protein buffer conditions tried in crystal trials for RalA(wt)-CaM complex. The basic buffer is 20 mM 

Hepes pH 7.5 150 mM NaCl 1 mM CaCl2 1 mM MgCl2 1 mM DTE. Deviations from that recipe are indicated 

in the table below along with the protein concentrations during those trials. Whenever possible, buffer 

conditions were repeated for both the GDP- and GppNHp-bound forms of Ral in the complex. 

Ral-GDP-CaM Ral-GppNHp-CaM 
pH 7.5 10 mg/mL 25 mM NaCl pH 7.5 15 mg/mL 25 mM NaCl 
pH 7.5 15 mg/mL 0 NaCl 5 µM GDP pH 7.5 17 mg/mL 0 NaCl 
pH 7.0 15 mg/mL 25 mM NaCl pH 7.0 15 mg/mL 25 mM NaCl 
pH 7.4 15 mg/mL 25 mM NaCl  
pH 7.5 15 mg/mL 10 mM NaCl 5 µM GDP  
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(Protein Solutions) for determining mono- or polydispersity only - and not for estimating 

molecular weights. 

 

Both published crystal structures of Ral had carboxy-terminal truncations (Fukai et al. 2003; 

Nicely et al. 2004). Supposing that extra residues on the carboxy-terminus of Ral were 

hindering crystal formation, a truncation of Ral was made such that the last four amino acid 

residues were deleted. These four residues are the geranylgeranylation signal for post-

translational modification of Ral in eukaryotes (Jilkina & Bhullar 1996). Bacterial hosts do 

not have the molecular machinery to posttranslationally modify the eukaryotic RalA in such 

a manner, but the presence of the two Cys residues on a possibly disordered tail extending 

from the surface of the protein suggested we address the motif. By truncating the CCIL 

motif, we removed the possibility that the Cys residues might form bonds with Cys residues 

on other Ral molecules in solution, thus causing problems at the high protein concentrations 

used in crystallization trials. Additionally, this truncation had the benefit of clipping as close 

to the end of the putative CaM-binding region as possible while still preserving the ability of 

the region to form a helix; it was also hoped that by leaving the extra two amino acid residues 

after the putative CaM-binding domain, the electrostatic character of that domain would be 

preserved. The resulting construct, RalA(202), had a greatly decreased affinity for CaM. As 

previously mentioned, wild-type Ral was purified in affinity chromatography by binding to 

Calmodulin Sepharose (GE Healthcare) in the presence of 10 mM NaCl, then impurities 

washed off the column in the presence of 50 mM NaCl. RalA(202) was purified in the same 

manner, but was observed to elute from the column with the 50 mM NaCl buffer. 

 

Discussion 

 

The last four amino acid residues on RalA, which are outside of the putative CaM-binding 

domain as described by Wang & Roufogalis, exert an effect on its affinity for CaM. It may 

be a coincidence that these four residues also comprise the signal for post-translational 

modification in eukaryotes because bacteria lack the molecular machinery to isoprenylate 

proteins. However, the implication that the carboxy-terminus might serve a dual role – 

tethering the protein to membranes and serving somehow as a means to activate the protein 
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in a unique way – is exciting to say the least. In the process of post-translational geranyl-

geranylation, the -CCIL motif is recognized, -CIL cleaved and the remaining Cys 

isoprenylated (Kinsella et al. 1991; Jilkina & Bhullar 1996). It would be interesting to know 

if the loss of that single Cys residue is responsible for the difference in Ral’s affinity for 

CaM. It would be equally interesting to know if the substitution as it were of the 

geranylgeranyl moeity for the -CIL residues would restore any loss in binding affinity for 

CaM. Regardless, in this dual role of RalA’s carboxy-terminus, the binding of CaM and 

subsequent nucleotide exchange should not require the dissociation of the Ral-CaM complex 

from the membrane because biochemical experiments show that Ras GTPases must be on 

membranes to carry out their functions. 

 

A BLASTp search for bacterial homologues to the protein responsible for Ral’s 

geranylgeranylation, geranylgeranyl-transferase (also known as geranylgeranyl diphosphate 

synthetase (PubMed accession # O95749)) returns octaphenyl diphosphate synthase 

(PubMed accession # AAN82385) which is described as being responsible for the 

biosynthesis of cofactors and carriers including menaquinone and ubiquinone. Thus, for 

reasons not presently known, the CaM-binding region in RalA (SKEKNGKKKRKSLAKRIR) 

should be extended to include the full carboxy-terminus of the protein 

(SKEKNGKKKRKSLAKRIRERCCIL) for any relevant studies of the interactions between Ral 

and CaM. 

 

The bottleneck for crystal structure studies is growing the first protein crystal; and that is 

exactly the stage at which this project rests. A reason why RalA-CaM has not yet crystallized 

may be related to the osmolality of the buffer in which it must reside. The presence of Mg2+ 

is necessary for Ral, and the presence of Ca2+ is necessary for Calmodulin and the complex 

itself. Plus, NaCl is typically added at least in small concentrations to ensure the solubility of 

the proteins. However, with the aforementioned divalent cations also present (at 1 mM each), 

the Ral-CaM complex may not be reaching the points of saturation or super-saturation in the 

crystal drop. Assuming that Ral binds magnesium tightly enough to hold onto it through the 

final gel filtration step, it could be left out of the crystallization buffer altogether or at least 

decreased into the micromolar range so that there is only 1 mol of excess Mg2+ per mol of 
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RalA monomer. Calcium is absolutely necessary in the final protein buffer so that the 

proteins will bind, but the minimum concentration of calcium necessary is well below 1 mM. 

Calmodulin is calcium-saturated when calcium is in the micromolar range (Wallace & 

Cheung 1979). This corresponds perfectly with the fact that calcium fluctuations in the cell 

can peak at 1 µM or more. Furthermore, CaM achieves half maximum activation of Ral (in 

terms of nucleotide exchange) at a free calcium concentration of 80 nM (Wang & Roufogalis 

1999). Lastly, there is some precedence in the literature for the effects of divalent cations on 

crystal growth. Trakhanov & Quiocho tested the effects of nine divalent cations on the 

crystal quality of a test protein and found that eight inhibited crystal growth; only one 

promoted improvements in crystal size and morphology, and that was only in a narrow range 

of concentrations (Trakhanov & Quiocho 1995). Thus, decreasing the amount of calcium in 

the Ral-CaM complex buffer to 0.1 mM or even into the micromolar range could influence 

the success of future crystal trials. 

 

Alternately, an amino-terminal truncation of RalA should be considered. The amino-terminus 

is only 11 amino acids in length, but without PLD – the protein which binds there 

constitutively in the cell – the amino-terminus of Ral may be disordered. Truncating that 

disordered region could enhance the possibility of successful RalA-CaM complex crystal 

growth. This approach was used successfully to grow crystals of RalA (Chapter 2; Nicely et 

al. 2004). 

 

In summary, I have developed a method for coexpressing RalA and CaM, subcloning, 

expressing and purifying them to ultra-high purity in amounts required for crystal growth 

trials. I have screened several thousand reservoir conditions across several protein buffer 

conditions for both the GDP- and GppNHp-bound forms of Ral. I feel strongly that this 

protein complex is ready to crystallize, but it needs to be just on the edge of solubility so that 

it enters meta-stability in the drop. Further manipulation of the protein buffer constituents 

and their concentrations is the key. I believe the presence – albeit necessary – of the divalent 

cations Mg2+ and Ca2+ is causing problems. Decreasing their levels into the micromolar range 

is necessary, perhaps omitting excess magnesium entirely. Finally, pH will affect solubility 

and crystallization a great deal. Running an isoelectric focusing gel on Ral and CaM and on 
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the complex itself would reveal if the isoelectric points predicted by sequence analysis are 

similar to those determined empirically. This project to solve the structure of Ral-CaM is 

exciting because it will show the structural basis for a means of activation for a Ras-related 

GTPase never before seen. It will also highlight a large binding interface on Ral which is not 

known or characterized. Structures of truncated Ral with truncated binding partners such as 

the recent Ral-Sec5 structure show a binding interface at switch I of Ral. The eventual 

structure of the Ral-CaM complex may show that the entire interface consisting of both the 

switch I and II regions is completely altered with the intact carboxy-terminus present. In 

chapters 2, 4 and 5 of this dissertation, the approach is that binding sites on the proteins 

under study are unknown, and the MSCS method identifies possible sites of interaction. Then 

those sites can be more closely examined in conjunction with available biochemical and 

structural data about the protein and its relatives. Here, we know the interface between CaM 

and Ral exists and that it is outside of the switch regions; the goal is to find and characterize 

this interface. 

 

Experimental Methods 

 

Expression. BL21(DE3) cells carrying pRSF-1B-RalA(wt) and pET15b-CaM were grown to 

saturation in a 200 mL LB culture containing 50 µg/mL ampicillin and 30 µg/mL kanamycin 

overnight at 37 °C with shaking at 225 rpm. The following day, 6 L LB were innoculated 

with 28 mL of the overnight culture per L of the large culture. When the large cultures 

reached an OD600 of about 0.6, they were induced with a final concentration of 1 mM IPTG 

and the temperature decreased to 30 °C. After about five hours of induction, the culture was 

harvested by centrifugation at 5000 rpm for 5-10 minutes. The pellets were stored at -80 °C 

until use. 

 

Initial separation – Ion exchange. Pellets from 6 L culture were resuspended in 50 mL 20 

mM HEPES pH 7.6 50 mM NaCl 5 mM MgCl2 0.1 mM EGTA 1 mM DTT 2 % glycerol 5 

µM GDP with protease inhibitors (5 mM benzamidine, 1 mM pefabloc, 2 µg/mL antipain, 1 

µg/mL leupeptin, 1 µg/mL pepstatin A and 1 µg/mL E64; and optionally soybean trypsin 

inhibitor – see text). The mix was sonicated on ice for five cycles of 30 seconds on, 30 
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seconds off, then centrifuged at 20 krpm for 20 minutes at 4 °C. The soluble fraction was 

filtered through successively smaller pore sizes:  1.2, 0.8, 0.45 then 0.2 µm. The lysate was 

applied to a Q Sepharose FF 16/10 column (Pharmacia, now GE Healthcare) and run over a 

100 minute 0-40% B gradient at 1 mL/min, where buffer A was 20 mM HEPES pH 7.6 50 

mM NaCl 5 mM MgCl2 0.1 mM EGTA 1 mM DTT 2 % glycerol 5 µM GDP and buffer B 

the same but with 1 M NaCl. 2 mL fractions were collected. Fractions containing Ral and 

CaM were identified by SDS-PAGE and pooled separately. 

 

Gel filtration of Ral. The Ral pool was concentrated to 1 mL or less and applied to an S-100 

Sephacryl 26/60 column (GE Healthcare) equilibrated in 20 mM HEPES pH 7.6 150 mM 

NaCl 5 mM MgCl2 0.1 mM EGTA 1 mM DTT 2 % glycerol 5 µM GDP and run at 0.5 

mL/min. Fractions containing Ral could be identified by SDS-PAGE, and/or by choosing the 

last large peak on the chromatogram (as the vast majority of the impurities at this point are 

much larger in size). 

 

Hydrophobic interaction chromatography of Calmodulin. A 20 mL bed volume of phenyl 

Sepharose (Sigma) was poured and equilibrated in 50 mM HEPES pH 7.5 1 mM CaCl2. 

Calcium was added to the Calmodulin pool (from ion exchange) to 15 mM; then the CaM 

was applied to the column. The baseline A280 was restored with 50 mM HEPES pH 7.5 1 mM 

CaCl2, then with 50 mM HEPES pH 7.5 1 mM CaCl2 0.5 M NaCl, then again with 50 mM 

HEPES pH 7.5 1 mM CaCl2. The protein was eluted with 10 mM HEPES pH 7.5 10 mM 

EGTA, collecting fractions. Fractions containing Calmodulin were identified by monitoring 

the A280, pooled and stored at 4 °C. 

 

Affinity chromatography of Ral. The following buffers were used: A, 20 mM HEPES pH 7.5 

10 mM NaCl 1 mM DTT 1 mM MgCl2 1 mM CaCl2; B, 20 mM HEPES pH 7.5 50 mM NaCl 

1 mM DTT 1 mM MgCl2 1 mM CaCl2; E, 20 mM HEPES pH 7.5 25 mM EGTA 1 mM 

MgCl2 2 mM EGTA 1 mM DTE. A 10 mL bed volume of Calmodulin Sepharose (GE 

Healthcare) was poured into a column and equilibrated in buffer A. Calcium was added to the 

Ral pool (from gel filtration) to 5 mM, and the protein diluted with buffer A to bring the 

concentration of NaCl from 150 mM down to 50 mM or less. The protein was then applied to 
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the column. The baseline A280 was restored with buffer A, then buffer B; then the protein was 

eluted with buffer E, collecting fractions. Fractions containing Ral were identified by 

monitoring the A280, pooled and stored at 4 °C. 

 

Optional nucleotide exchange in Ral during affinity chromatography. At the point in affinity 

chromatography where the Ral pool had calcium added then was diluted, the GDP could be 

exchanged for GppNHp. In this case, instead of adding calcium, the Ral pool (from gel 

filtration) would be concentrated to a small volume, typically 100 µL or less. It would then 

be diluted to 2 mL in 32 mM Tris pH 8 200 mM ammonium sulfate 10 mM DTT 0.1% n-

octyl glucopyranoside. To this, 1 µL alkaline phosphatase (at 2000 U per 1 mL; Sigma) 

would be added along with about 1.5 mg GppNHp (Roche). The tube would be incubated 

with gentle mixing at 37 °C for 30 minutes. Then MgCl2 was added to 1 mM to help quench 

the reaction. The protein was then diluted with affinity chromatography buffer A to 100 mL 

and extra calcium added to 5 mM. 

 

Making the complex. At this point, the Calmodulin (from hydrophobic interaction 

chromatography) and the Ral (from affinity chromatography) were pure. Calcium was added 

to the Calmodulin pool to 15 mM and to the Ral pool to 5 mM. The proteins were quantified 

by spectrophotometer using an ε of 0.574 mL/mg for Ral and an ε of 0.152 mL/mg for 

Calmodulin (extinction coefficients determined by the ProtParam tools on the SwissProt 

website). Calmodulin was added to the Ral to give a 1.8:1 molar ratio so that Calmodulin was 

always in excess, but only slightly so, because if too much CaM was added, it would cause 

the peak of Calmodulin to overlap with the peak of Ral-CaM complex in the resulting gel 

filtration. The complex was dialyzed overnight at 4 °C in whatever buffer was to be 

employed in ensuing crystal screens (refer to text for details). 

 

Gel filtration of Ral-CaM complex. The Ral-CaM complex was removed from dialysis and 

concentrated to about 0.25 mL. It was then applied to a well-equilibrated S-100 Sephacryl 

26/60 column (GE Healthcare) and run at 0.5 mL/min. The complex typically began to elute 

at about 245 minutes; excess CaM began to elute at about 281 minutes. The beginning and 

end of the Ral-CaM peak was typically asymmetrical, probably owing to excess Ral at the 
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beginning and excess CaM at the end; thus only the fractions within the symmetrical part of 

the peak were pooled. The complex was concentrated to 15 mg/mL, quantifying by A280 with 

an ε of 0.389 mL/mg. 

 

Crystallization trials. Sparse matrix crystal screens were set up to make use of all available 

protein, keeping a constant 1:150 drop to well ratio (but not exceeding a 500 µL well 

volume). Priority was given in the following order, highest first: Nextal’s Peg-Ion screen, 

Nextal’s AmSO4 and Classics screens, Hampton Research’s Peg Ion Screen, Hampton 

Research’s Crystal Screens 1 & 2. Decisions on priority were based on the past success of 

Peg-Ion conditions in crystallizing Ras-related proteins, the prevalence of AmSO4 in crystal 

conditions of any protein complexes found in a review of Acta Cryst D for the past three 

years and the inclusiveness of Nextal’s screens (eg. Nextal’s Peg-Ion has 96 conditions, 

where Hampton Research’s has 48; and Nextal’s one Classics screen is equivalent to both 

Hampton Crystal Screens 1 & 2). The results of this review can be found in the laboratory 

supplement to this dissertation. Another important factor in deciding priority was the age of 

the screens: newer products were less likely to have been influenced by environmental 

conditions of the region including temperature and humidity, contaminated by repeated 

opening and closing or altered by the evaporation of PEGs and salts on the lids and mouths 

of the solution tubes. 

 

Dynamic light scattering analysis of the complex. DLS was performed on a sample of Ral-

GDP-CaM complex at a concentration of 2.2 mg/mL using a DynaPro 99E (laser wavelength 

of 824.7 nm) instrument from Protein Solutions running Dynamics V6 software, collecting 

ten acquisitions of ten seconds each. 

 

Mass spectrometric analysis of Ral (from gel filtration) – MS/MS: A solution of 

approximately 5.0 mg/mL Ral was subjected to MS/MS analysis by injecting into an LCQ 

Deca ion trap mass spectrometer (Thermo Finnigan, San Jose, CA) using an in-house 

manufactured electrospray interface operating in the positive ion mode at 2.2 kV. 
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Mass spectrometric analysis of Ral  - Reversed-phase microcapillary LC/MS/MS analysis of 

SCX fractioned peptides. A 12% denaturing polyacrylamide gel was run with the same 5.0 

mg/mL Ral sample in the MS/MS analysis. Slices containing either of the two proteins (of 

23364.0 and 25053.0 g/mol) were excised, lyophilized, digested with trypsin in-gel then 

extracted. The resulting peptide mixtures were separated by reversed-phase microcapillary 

liquid chromatography-tandem mass spectrometry (rp-µLC/MS/MS) using an Agilent 1100 

Series high-pressure capillary LC system (Agilent Technologies, Inc., Palo Alto CA) coupled 

to a LCQ Deca ion trap mass spectrometer (Thermo Finnigan, San Jose, CA) using the 

aforementioned electrospray interface.  A reversed-phase capillary column was manufactured 

in-house by slurry packing 5 μm 300 Å Jupiter C18 stationary phase (Phenomenex, Torrence, 

CA) into a 60 cm x 360 μm o.d. x 150 μm i.d., capillary (Polymicro Technologies Inc., 

Phoenix, AZ) incorporating a 2 μm retaining mesh in a HPLC stainless steel union (Valco 

Instruments Co., Houston, TX) containing a flame-pulled capillary tip. The mobile phases 

consisted of (A) 0.1% formic acid in water and (B) 0.1% formic acid in acetonitrile.  Each 

lyophilized peptide fraction was solubilized in 5% B/95% A to produce a sample 

concentration of ~ 1 µg/µl. After a volume of 8 µl was loaded onto the reversed-phase 

column, a gradient program held the flow rate of 1.5 µl/min at 5% B for 20 min, then 

initiated a linear gradient to 95% B over 90 min. After washing the column with 95% B for 

20 min the column was equilibrated with 5% B for 60 min prior to the next injection. The 

LCQ Deca was operated in the data-dependent MS/MS mode in which the four most intense 

ions detected in the precursor MS scan were selected for collision-induced dissociation 

(CID). A two minute dynamic m/z exclusion list for selected precursor ions was utilized to 

increase the detection of lower abundant peptides during gradient elution. Data were acquired 

in the m/z range 400-2000 using a normalized collision energy setting during CID of 45%. 

 

Mass spectrometric analysis of Ral  - Peptide identification. Peptides were identified by 

searching the tandem mass spectra against the E. coli protein database with the human Ral 

protein appended using TurboSEQUEST (Bioworks 3.1, Thermo Finnigan, San Jose, CA).  

The MDV protein database was manually constructed using MDV Serotype 1 Md5 strain 

downloaded from the National Center for Biotechnology Information (NCBI) website. Only 

tryptic peptides displaying a charge dependent cross-correlation score (Xcorr) of 2.0, 1.5, and 
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3.3, for +1, +2, and +3 charged species and a delta-correlation score (ΔCn) of at least 0.1 

were used for positive identification. The Xcorr of a peptide is based on the “fit” of the 

MS/MS data to the theoretical distribution of ions produced for the peptide, and the ΔCn is 

the “difference” between the top two Xcorrs for a given MS/MS spectrum. For proteins 

identified by only one peptide, each MS/MS spectrum was manually inspected to ensure 

acceptable ion coverage. 
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Chapter 4 – Multiple Solvent Crystal Structures of Lysozyme 

 

To be published as: 

Nathan I. Nicely, Paul D. Swartz, Kelly Daughtry, Greg Buhrman and Carla Mattos (2005) 

Multiple Solvent Crystal Structures of Lysozyme Journal #: pp. 

 

Summary 

 

The multiple solvent crystal structures method uses organic solvents to map the binding 

surfaces of proteins. In addition to identifying sites of protein-protein and protein-ligand 

interactions, the organic solvents give clues to specificity determinants within these sites. The 

full application of this method is presented here for hen egg white lysozyme. The crystal 

structures of lysozyme in cyclohexanone, dimethylformamide, dimethylsulfoxide, hexane, 

1,6-hexanediol, isopropanol, glycerol, trifluoroethanol and two enantiomers of bis-furan 

alcohol were used to locate protein-ligand interaction sites on the binding surface of 

lysozyme. A total of 11 solvent molecules bound to the protein in six sites. These organic 

solvent probes clustered in the active site cleft, strongly favoring subsite C, and 

superimposed well with the lysozyme inhibitors tri-N-acetylchitotriose and NAG6. The two 

organic solvent molecules found outside of the active site were in sites of significance – one 

bordering on the epitope for an antibody which binds lysozyme and the other at a crystal 

contact. The least squares superposition of the lysozyme models solved in the various organic 

solvents reveals the areas of plasticity within binding sites of the enzyme. Each solvent 

binding site identified on lysozyme had some physical properties it retained across the 

structures and some which changed, indicating structural plasticity around the binding sites. 

The superposition of the solvent-soaked structures also allowed for the visualization of a 

nearly complete first hydration shell. The patterns of water displacement by the organic 

solvent probes showed that there were no strongly conserved water molecules in the active 

site cleft and that the few moderately conserved water molecules in the active site cleft could 

be displaced by solvents. 
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Introduction 

 

The ability of proteins to interact with other macromolecules is central to biology, but the 

means through which they bind are not easily characterized. It is difficult to determine which 

regions on the total accessible surface of a protein will serve as binding sites. Binding sites 

on protein surfaces tend to have both hydrophobic and hydrophilic characters, often 

exhibiting hydrophobic patches interspersed in a hydrophilic region (Chothia & Janin 1975; 

Chakrabarti & Janin 2002). However, the most conserved residues within binding sites are 

polar in nature (Hu et al. 2000; Ma et al. 2001). For protein-small molecule binding, there 

appears to be an optimal volume and shape (Hajduk et al. 2005), and for protein-protein 

binding, the size of the recognition site is related to the conformational changes that occur 

upon association (Lo Conte et al. 1999). However, the database of protein-protein and 

protein-ligand complexes is skewed towards those that are amenable to structural 

determination; furthermore, many of those complexes are truncations or minimal binding 

domains. 

 

Several methods employing organic solvents as molecular probes have been developed to 

study protein binding sites, including the Multiple Solvent Crystal Structures (MSCS) 

method. The basis of the development for MSCS was a rationale for directed drug 

design/structure-based inhibitor design (Allen et al. 1996; Mattos & Ringe 1996). Crystals of 

the protein of interest are soaked in solutions of organic solvents, then flash frozen and 

subjected to crystal structure determination as in classical crystallography. At sufficient 

resolution, bound solvent molecules appear in the electron density maps. Organic solvents 

behave like ligands, acting accordingly as probes for functional groups. Also, they displace 

water molecules at sites of protein-protein and protein-ligand interactions, thus locating the 

major binding regions on protein surfaces. A variety of solvents are generally employed per 

protein so that the superpositions of the resulting structures reveal sites of significance. 

Typical organic solvents employed might include trifluoroethanol, a halogenated alcohol 

which disrupts hydrophobic contacts and stabilizes structures that rely on short-range 

hydrogen bonds (helices and turns); methanol, a probe for the serine side chain; 
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dimethylformamide, a probe for the peptide bond; or 1,6-hexanediol, a water-miscible 

alcohol with a long hydrocarbon chain. 

 

MSCS has a parallel in the empirical method of structural activity relationships by nuclear 

magnetic resonance structural determination (SAR by NMR) (Shuker et al. 1996). The 

NMR-based screening method is potentially more versatile and rapid (Mattos 2002; Byerly et 

al. 2002) but is subject to the same limitations as traditional NMR. MSCS also has analogs in 

the computational realm. One of the most well-known is the GRID method, in which probe 

groups such as water, a methyl group, an amine nitrogen, a carboxyl oxygen or a hydroxyl 

are positioned at the vertices of a grid superimposed onto the binding site of a protein 

(Goodford 1985). At each position, the interaction energy between solvent and protein is 

calculated using an empirical force field. The Multiple Copy Simultaneous Search (MCSS) is 

a computational method based on energy minimization and quenched molecular dynamics 

(Miranker & Karplus 1991). Multiple copies of a functional group such as acetonitrile, 

methanol, acetate or acetaldehyde are distributed in the binding site of interest. Energy 

minimization on the complex then yields local minima. 

 

One problem with the computational methods is that prior information about the binding 

surface of the protein in question is necessary. A problem with SAR by NMR is that not 

many secondary sites of interaction will be identified due to decreased affinities and rapid 

exchange times with the solvents. MSCS has been applied to several proteins to date, 

including the proteases elastase (Mattos manuscript in preparation) and thermolysin (English 

et al. 1999; 2001) and the signaling protein Ras (Buhrman et al. 2003). We present the first 

application of MSCS to a sugar-binding protein, lysozyme. Hen egg white lysozyme has 

served as the test case in numerous protein structural studies in the past several years owing 

to its ease of production and crystallization. In particular, lysozyme is readily available from 

several commercial sources, and its crystals grow in several conditions to a large size in all 

three dimensions, diffract to reasonably high resolution and tolerate a variety of stressful 

solvent environments. It was initially discovered in 1922 as an anti-bacterial agent in human 

mucus (Fleming 1922) and became the first enzyme to have its structure determined by x-ray 

crystallography (Blake et al. 1967). In hens’ egg white, lysozyme makes up 3.5% of the total 
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protein content where it serves to protect the developing embryo. Lysozyme degrades the 

polysaccharide that makes up the peptidoglycan cell walls of most Gram positive bacteria:  a 

peptidoglycan consisting of alternating subunits of N-acetylmuramic acid (NAM) and N-

acetyl-D-glucosamine (NAG). The structure has a three-stranded antiparallel β sheet, with 

both α and 3-10 helices (Blake et al. 1967). Two major subdomains are separated by the 

active site cleft. The active site has six subsites (labeled A through F) into which six hexose 

residues of the polysaccharide bind (Blake et al. 1967); lysozyme then catalyzes the 

hydrolysis of the 1,4-beta-linkages between residues located in subsites D and E (Pincus et 

al. 1977; Kumagai et al. 1993). 

 

Hen egg white lysozyme has had its crystal structure solved in 90% and 95% acetonitrile 

(Wang et al. 1998). Only one acetonitrile was found in the C subsite of those structures. No 

significant change occurred in the conformation of the active cleft when the acetonitrile 

molecule bound to the enzyme. Lysozyme has also been a subject of SAR by NMR (Liepinsh 

& Otting 1997). The probes methanol, methylene chloride, acetonitrile, acetone, isopropanol, 

t-butanol, urea, and dimethylsulfoxide all bound in subsite C of the active site cleft (Liepinsh 

& Otting 1997). Methanol and methylene chloride also showed nuclear overhauser effects 

(NOEs) with protons located at a second site in the interior of lysozyme. No other 

interactions are seen between any of the probes and the protein. Additionally, no tightly 

bound water molecules were found inside the active site cleft in experiments investigating 

the interaction of lysozyme with the paramagnetic probe TEMPOL (Niccolai et al. 2003). 

High TEMPOL accessibility was found for the residues D101, G102 and N103 in the active 

site of the apo-enzyme and residues A122, W123 and I124 comprising a surface patch 

elsewhere on the surface of NAG3-bound lysozyme (Niccolai et al. 2003). In bound 

lysozyme, the anomalous high paramagnetic attenuations of W62 and I98 were not observed 

anymore, while close to subsites E and F, residues T51, D52 and G54 considerably increase 

their accessibility to the paramagnetic probe (Niccolai et al. 2003). 

 

Lysozyme served as a case study in recent computational solvent mapping. Kortvelyesi et al. 

developed a mapping algorithm that improved over the established methods of GRID and 

MCSS; this new method shows a robustness against variations in the protein structure and 
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changes in energy parameters (Kortvelyesi et al. 2003). This computational mapping places 

clusters of different probes in the active site, then runs a molecular dynamics simulation to 

see which solvents bind and which diffuse away. Kortvelyesi et al. used the same eight 

solvents as Liepinsh & Otting. The lowest free energy clusters were found to be in subsite C 

for all solvents, although DMSO and methylene chloride were not as deeply inside the pocket 

as the other six ligands. Subsite C was able to accommodate most molecules in a number of 

rotational states. All ligands (with the exception of methylene chloride) bound in a number of 

conformations, in many cases forming a hydrogen bond with a nearby functional group, and 

the polar parts of the ligands point toward various polar patches on the protein even in cases 

where no explicit hydrogen bonds were formed. 

 

We show here that MSCS picks out the ligand binding site on this sugar-binding protein just 

as well as it found the ligand binding site for elastase (which has other proteins as ligands) 

and the protein-protein interface regions on Ras (a signaling protein). We analyze the results 

of the solvent mapping of the surface of lysozyme in terms of water structure, protein 

structure and solvent binding sites on the surface. 

 

Results 

 

Crystal manipulations and data collection 

 

Care was taken to ensure that all crystal crosslinking and soaking was consistent for the 

different solvents. Some solvent soaks degraded the high resolution limit of the data; none 

improved the resolution as observed for Ras (Buhrman et al. 2003). The models range in 

resolution from 1.55 to 1.89 Å and the solvent structure can be clearly seen in the electron 

density maps. The data collection and model refinement statistics for the lysozyme structures 

are shown in Table 1. 

 

 

 

 



Table I: Data collection and model refinement statistics for the 11 lysozyme crystal structures.

Solvent (% by 
volume)

Crosslinked 
aqueous

Cyclohexanone 
(Neat)

Dimethylform-
amide (70%)

Dimethylsulf-
oxide (50%) Glycerol (100%) Hexane (Neat)

1,6-Hexanediol 
(80%)

Isopropanol 
(80%)

R,S,R-bisfuran 
alcohol (50%)

S,R,S-bisfuran 
alcohol (50%)

Trifluoroethanol 
(40%)

Space Group P43212 P43212 P43212 P43212 P43212 P43212 P43212 P43212 P43212 P43212 P43212

Unit cell

a=b=78.28 Å a=b=78.49 Å a=b=78.74 Å a=b=78.44 Å a=b= 76.52 Å a=b=78.52 Å a=b=78.42 Å a=b=78.45 Å a=b=79.24 Å a=b=79.15 Å a=b=78.51 Å
c=37.23 Å c=36.98 Å c=37.22 Å c=37.03 Å c= 36.05 Å c=37.16 Å c=37.16 Å c=36.88 Å c=37.27 Å c=37.30 Å c=36.88 Å
α=β=γ=90º α=β=γ=90º α=β=γ=90º α=β=γ=90º α=β=γ=90º α=β=γ=90º α=β=γ=90º α=β=γ=90º α=β=γ=90º α=β=γ=90º α=β=γ=90º

Temperature 100 K 100 K 100 K 100 K 100 K 100 K 100 K 100 K 100 K 100 K 100 K

Resolution (Å)
27.68-1.55 26.91-1.55 27.80-1.80 33.5-1.8 26.24-1.52 30.88-1.55 26.98-1.60 30.71-1.89 28.02-1.55 33.74-1.60 30.72-1.60
(1.65-1.55) (1.65-1.55) (1.91-1.80) (1.91-1.80) (1.62-1.52) (1.65-1.55) (1.70-1.60) (2.01-1.89) (1.65-1.55) (1.70-1.60) (1.70-1.60)

# reflections 16796 (2447) 16961 (2454) 11031 (1577) 10823 (1429) 16341 (2206) 17161 (2524) 15567 (2233) 9360 (1297) 17221 (2449) 15749 (2237) 15472 (2210)
Completeness (%) 96.9 (97.1) 97.9 (97.2) 97.3 (95.6) 96.6 (88.0) 96.0 (88.2) 98.5 (98.1) 98.4 (96.5) 96.8 (91.6) 96.8 (94.0) 97.3 (93.7) 98.1 (95.0)

R-factor/R-free (%)
21.8/24.5 20.1/22.5 19.5/22.6 19.8/21.5 22.6/24.3 20.8/23.6 19.1/22.0 21.2/25.5 20.4/23.5 21.8/24.9 19.6/22.5
(25.8/30.8) (23.3/24.9) (22.4/28.2) (22.6/27.8) (27.5/27.7) (21.7/21.8) (20.0/25.3) (29.8/37.6) (23.4/27.4) (25.4/30.6) (23.3/26.6)

Bond length (Å) 0.005 0.004 0.004 0.005 0.008 0.004 0.004 0.005 0.005 0.005 0.005
Bond angle (º) 1.2 1.3 1.3 1.3 1.3 1.3 1.2 1.3 1.3 1.2 1.3
# protein atoms 1001+36 1001+21 1001+9 1001+65 1001+16 1001+26 1001+59 1001+36 1001 1001 1001+90
# sodium and 
chloride ions

1 1 1 1 1 1 1 1 1 1 2
2 1 1 2 1 1 2 1 1 1 4

# water molecules 179 158 92 112 118 120 153 93 70 138 165
# solvent molecules None 1 ACY 3 DMF None 2 GOL 1 HEX + 1 ACY None None 1 RSR (2 alts) 1 SRS 1 ETF
Ave B factor (A2) 25.2 23.2 25.6 24.7 26.3 19.2 18.8 28.4 23.3 28.5 21.3
Unit cell vol (nm3) 228 228 231 228 211 229 229 227 234 234 227
rmsd to fit native RR   - 0.012 0.014 0.013 0.031 0.013 0.013 0.013 0.014 0.013 0.016
rmsd to fit native NR   - 0.149 0.174 0.165 0.388 0.170 0.164 0.167 0.182 0.176 0.201
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Bound solvents 

 

Examination of the ten solvent-soaked structures of lysozyme reveal a total of 11 solvents 

(Table 1). The control structure obtained from crosslinked crystals in aqueous solution has no 

bound solvent molecules and there are no crosslinks visible in the electron density maps. The 

identities and corresponding structures of the 11 solvents are listed in Table 2. Solvent 

molecules could not be located in three of the solvent-soaked structures. In the CHX and 

HEX structures, some difference density could not be accounted for by the solvents  

themselves, but could be explained by the binding of acetate molecules which are present in 

the protein buffer and crystallization conditions. Figures 1 through 9 show coordination 

diagrams (with H-bonds and van der Waals interactions), 2fo-fc and fo-fc electron density 

maps for each of the 11 solvent molecules. Using electron density as a qualitative measure of 

fit, the best fit solvents are DMF901, DMF902 and RSR901 (Figures 2 & 7). Table 2 also  

 

 
Table 2: A total of 11 solvent molecules were located in the ten solvent-soaked structures of lysozyme. 

Abbreviations are as follows:  acetate (ACY), cyclohexanone (CHX), dimethylformamide (DMF), glycerol 

(GOL), trifluoroethanol (TFE, ETF), 1,6-hexanediol (HXD), dimethylsulfoxide (DMS) and isopropanol (IPR). 

Structure and 
residue 
number 

Solvent 
molecule type 

Average B factor 
of solvent (Å2) 

Average B factor 
of structure (Å2) 

Difference in 
B factor for 
solvent (Å2) 

CHX901 ACY 28 23.5 5 
DMF901 DMF 28 24.7 3 
DMF902 DMF 27 24.7 2 
DMF903 DMF 52 24.7 27 
GOL902 GOL 35 26.3 9 
GOL904 GOL 32 26.3 6 
HEX905 HEX fixed - - 
HEX906 ACY 25 19.2 6 
RSR901 RSR 24 23.5 0 
SRS901 SRS 29 28.5 0 
TFE901 ETF 36 21.3 15 

HXD None - - - 
DMS None - - - 
IPR None - - - 

(CHX) (No CHX) - - - 
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Figure 1: CHX solvent molecule 901. No cyclohexanone molecules were found in this structure, although this 

ACY molecule was found. Panels A, B and C show, respectively, a LigPlot diagram, the 2fo-fc map contoured 

at 1 σ, and fo-fc omit map (omitting the solvent molecule) contoured at 3 σ. The difference density (C) could 

not be explained by a water molecule, sodium or chloride ions, and was too small to be a CHX molecule. Ile98, 

which helps coordinate 901 (A), is out of the slab in the other panels (B & C). These figures were generated 

with LigPlot and Pymol (Wallace et al. 1995; DeLano 2002). 

 

 

 

 

 
Figure 2: DMF solvent molecules 901, 902 and 903. Panel A shows a LigPlot diagram detailing the hydrogen 

bonds and van der Waals interactions coordinating the solvent molecules. Panel B shows the 2fo-fc map 

contoured at 1 σ, and Panel C shows an fo-fc omit map (omitting the three solvent molecules) contoured at 3 σ. 

DMF901 and DMF902 are particularly good in terms of both electron density and in coordination to the protein 

structure. For DMF903, the two regions of significant difference density were too close to each other to be 

accounted for by water molecules; when a DMF molecule was placed there, it looked good in the electron 

density map. Despite the solid electron density for the solvent molecule, DMF903 has no apparent hydrogen 

bonds or van der Waals interactions with protein atoms nor DMF902. 
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Figure 3: GOL solvent molecule 902. Panels A, B and C show, respectively, a LigPlot diagram, the 2fo-fc map 

contoured at 1 σ, and fo-fc omit map (omitting the solvent molecule) contoured at 3 σ. GOL902 has good 

electron density, but there was some difference density at the ends of atoms O1 and O3 of the solvent molecule 

that could not be explained either by repositioning the solvent or by adding water molecules. One water 

molecule coordinated by the glycerol atom O3 was observed. 

 

 

includes columns showing the average B factors for each solvent molecule, the average B 

factor for the rest of the corresponding protein structures and the difference in the two 

numbers. An abnormally high B factor could indicate delocalization in the solvent molecule, 

although it could also indicate a poor fit. Using these B factor differences as a qualitative 

measure, the better fit solvents are DMF901, DMF902, RSR901 and SRS901; these solvent 

molecules all have average B factors nearly equal to the average B factor for their  

 

 

 
Figure 4: GOL solvent molecule 904. Panels A, B and C show, respectively, a LigPlot diagram, the 2fo-fc map 

contoured at 1 σ, and fo-fc omit map (omitting the solvent molecule) contoured at 2 σ. The three areas of 

difference density (C) were too close to each other to be explained by three water molecules, and the somewhat 

symmetrical nature of the electron density regions suggested a glycerol molecule. 
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Figure 5: HEX solvent molecule 905. Panels A, B and C show, respectively, a LigPlot diagram, the 2fo-fc map 

contoured at 1 σ, and fo-fc omit map (omitting the solvent molecule) contoured at 2 σ. This solvent falls exactly 

on a two-fold symmetry axis. It is placed such that atom C1 in the solvent molecule, with symmetry applied, 

falls in the same spot as atom C6 from the symmetry object; atom C2 falls on atom C5 from the symmetry 

object; and atom C3 coincides with atom C4 from the symmetry object. It may have been possible to fit the 

difference density better by disobeying that rule, but for the following reasons. First, HEX905 had to be 

excluded from refinement as the software (CNS) cannot perform model refinement calculations with bonded 

atoms at special positions. Second, it is clear that the hexane molecule is there. Third, if the placement is off, it 

is only by 0.2 Å or less. 

 

 

 

 

 

 

 
Figure 6: HEX solvent molecule 906, an ACY. Panels A, B and C show, respectively, a LigPlot diagram, the 

2fo-fc map contoured at 1 σ, and fo-fc omit map (omitting the solvent molecule) contoured at 3 σ. This 

difference density (C) in the active site cleft is reasonably well fit by an ACY molecule and not at all by a HEX 

molecule, water molecule, sodium or chloride ion. 
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Figure 7: RSR solvent molecule 901. Columns A, B and C show, respectively, a LigPlot diagram, the 2fo-fc 

map contoured at 1 σ, and fo-fc omit map (omitting the solvent molecule) contoured at 3 σ for both 

conformations of the solvent molecule – one across the top row and the other across the bottom row. This 

solvent molecule has good electron density for both orientations (middle column) and good coordination to the 

protein structure (first column). 

 

 

 
Figure 8: SRS solvent molecule 901. Panels A, B and C show, respectively, a LigPlot diagram, the 2fo-fc map 

contoured at 1 σ, and fo-fc omit map (omitting the solvent molecule) contoured at 3 σ. This solvent molecule 

has good electron density even though one of the endocyclic carbon atoms falls out of density (B), and it has 

excellent coordination (A). 
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Figure 9: TFE solvent molecule 901. Panels A, B and C show, respectively, a LigPlot diagram, the 2fo-fc map 

contoured at 1 σ, and fo-fc omit map (omitting the solvent molecule) contoured at 3 σ. 

 

 

corresponding protein structures (Table 2). 

 

The 11 solvents tend to cluster in three sites on the surface of lysozyme (Figure 10). Cluster 1 

consists of solvents CHX901(ACY), DMF901, RSR901, SRS901 and TFE901. This position 

coincides with subsite C (Figures 21 & 22) (Blake et al. 1967; Kumagai et al. 1993). The 

cluster binds to a pocket on the surface of lysozyme formed by the residues I58, N59, R61, 

W63, I98, A107 and W108 (Figures 11-16). The positions of particular atoms in the CHX, 

DMF and TFE molecules mimic similar atomic positions seen in the lysozyme inhibitor 

(Figures 12, 13 & 16). One of the oxygen atoms on CHX901(ACY) has a 2.9 Å bond to the 

backbone amide of N59 (Figure 1). There is a 3 Å bond from this ACY to a water molecule 

which has a 2.7 Å bond to the backbone of L56. The solvent molecule also exhibits van der 

Waals interactions with A107 and I98. CHX901(ACY) aligns very well with the inhibitor 

subunit in subsite C of the tri-N-acetylchitotriose-lysozyme structure (Figure 12) (Cheetham 

et al. 1992). DMF901 has a 2.8 Å bond to the backbone amide of N59 and van der Waals 

interactions with I58, A107 and W108 (Figure 2). The DMF oxygen atom aligns well with an 

oxygen atom in the inhibitor; nitrogen atoms on the two molecules are in the same vicinity, 

although not exact (Figure 13). RSR901 has a 3.2 Å bond to the side chain of W63, a 3.0 Å 

bond to the backbone amide of N59 and van der Waals interactions with A107, W108 and 
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I58 (Figure 7). Some of the oxygen atoms in RSR901 align with the inhibitor subunit (Figure 

14). SRS901 has a 3.0 Å bond to the backbone amide of N59, a 3.3 Å bond to W63 side 

chain and van der Waals interactions with W108, A107 and I58 (Figure 8). As with RSR901, 

some of the oxygen atoms in SRS901 align with the inhibitor (Figure 15). TFE901 has a 2.9 

Å bond to the backbone amide of N59, a 5 Å bond to the side chain of N59 and van der 

Waals interactions with W108, W63 and I98 (Figure 9). The oxygen and carbon atoms in this 

TFE molecule align with the inhibitor (Figure 16). Regarding the binding of inhibitors tri-N-

acetylchitotriose and NAG6 to lysozyme, for the tri-N-acetylchitotriose-lysozyme structure, 

the relevant NAG subunit’s (203) ring is bound in subsite C (PDB ID 1HEW; Cheetham et 

 

 

 
Figure 10: A cartoon of lysozyme showing the locations of the 11 solvent molecules. Note locations of the four 

clusters that fall in the active site cleft. All four positions align well with established subsites (C D E and F) for 

the inhibitors NAG6 (Von Dreele 2005) and tri-N-acetylchitotriose (Cheetham et al. 1992). The two clusters in 

subsites C and D are difficult to differentiate in this figure, because in this orientation of the model they overlap 

on the Z axis. In subsite C, only one of the alternate conformations for RSR901 is depicted. This figure and all 

following (except the alignment) were generated in Pymol (DeLano 2002). 
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al. 1992). There is a 3.0 Å H-bond from atom N2 of the NAG203 subunit to the carbonyl of 

A107. The nearest corresponding NAG subunit in the NAG6-lysozyme structure (subunit 

203) is shifted in comparison (Von Dreele 2005). It has a 3.5 Å H-bond from atom O7 to the 

side chain of W63 and a 2.8 Å H-bond from atom N2 to the carbonyl of A107. 

 

In the crystal structures of lysozyme complexed with the denaturants DMSO and 

guanidinium, the denaturant molecules both bound to subsite C (Mande & Sobhia 2000). 

 
 

Table 3: The six solvent binding sites located on lysozyme through MSCS are listed, including the designation 

for each site (first column), the solvent molecules which bind to the site (second column), the residues with 

which the solvent molecules in the site specifically interact (as shown in Figures 1 through 9), the amino acid 

residues which comprise the site in a more general fashion (fourth column) and a short description indicating 

the significance (fifth and last column). The residues which generally comprise each site also have indications 

to show their degree of conservation:  bolded are the absolutely conserved residues; in regular text, the 

moderately conserved residues; italicized are non-conserved residues. Lastly, underlined residues have side 

chains that adjust to the solvent environment. 

Site # Solvents residues with which 
the solvent molecules 
specifically interact 

residues that comprise 
the site as a whole 

Binding site 
description 

1 CHX901(ACY), 
DMF901, RSR901, 
SRS901, TFE901 

I58, N59, W63, I98, 
A107, W108 

I58, N59, R61, W63, 
I98, A107, W108 

Subsite C; see 
Figures 1, 2, 7, 8, 
9, 11-16 

2 GOL902, DMF902 D52, I58, N59, V109 E35, D52, L56, Q57, 
N59, R61, A107, 
W108, V109 

Subsite D; see 
Figures 2, 3, 17-19

3 DMF903 - E35, N44, D52, Q57 Subsite E; see 
Figures 2, 20 

4 GOL904 S36 F34, E35, S36, N37, 
A42, N44, Q57 

Subsite F and a 
three-fold crystal 
contact; see 
Figures 4, 21-23 

5 HEX905 A10, K13, R14, L129 A10, K13, R14, R128, 
L129 

Two-fold crystal 
contact; two-fold 
symmetry axis; see 
Figures 5, 24 

6 HEX906(ACY) G67, T69 N65, D66, G67, R68, 
T69, P70, S72 

Region where 
antibody binds; 
see Figures 6, 25 
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Unfortunately, we were unable to place any DMSO molecules reliably in the electron density 

in our DMSO-soaked structure. Binding of Mande & Sobhia's guanidinium molecule in 

subsite C mimics binding of the acetamido group of N-acetyl sugars in the inhibitor-

lysozyme complexes with similar chemical interactions, like our results with Cluster 1 in 

subsite C (Cheetham et al. 1992). The organic molecules used by Liepinsh & Otting 

interacted with the amide proton of N59 and protons on the side chains of W63, I98, A107, 

and W108 (Liepinsh & Otting 1997). Some weak NOEs were detected for acetone and 

isopropanol with additional atoms close to site C (residues W62, V109, and A110) (Liepinsh 

& Otting 1997). In the computational study by Kortvelyesi et al., the hydrophobic parts of 

the ligands in subsite C bound in a pocket formed by I98 and the non-polar portions of the 

W62, W63 and W108 side chains (Kortvelyesi et al. 2003). High TEMPOL accessibility was 

found for the residues D101, G102 and N103 in the active site of the apo-enzyme (Niccolai 

et al. 2003). Cluster 1 could be described as a “sticky” region which will interact with many 

functional groups (Figure 11). 

 

Site 2 is composed of the solvent molecules GOL902 and DMF902 and is located in subsite 

D in the active site cleft (Figures 17-19). It lies in a pocket formed by the residues E35, D52,  

 

 

  
Figure 11: Site 1 with all five solvents and the  Figure 12: Site 1 with CHX901(ACY) and tri-N- 

inhibitor tri-N-acetylchitotriose (Cheetham et al. acetylchitotriose 

1992). This and all successive electrostatic surfaces 

were calculated with APBS (Baker et al. 2001). 

 



 122

  
Figure 13: Site 1 with DMF901 and   Figure 14: Site 1 with RSR901 (in its first alternate  

tri-N-acetylchitotriose.    conformation) and tri-N-acetylchitotriose. 

 

  
Figure 15: Site 1 with SRS901 and   Figure 16: Site 1 with TFE901 and tri-N-acetylchitotriose. 

tri-N-acetylchitotriose. 

 

 

L56, Q57, N59, R61, A107, W108 and V109 (Table 3). This cluster of organic solvent 

molecules is about 3.9 Å away from the cluster in site 1. DMF902 has a 2.8 Å hydrogen bond 

to the backbone amide of V109, a 2.8 Å hydrogen bond to a water and van der Waals 

interactions with W108 and I58 (Figure 2). GOL902 has a 3.2 Å bond to the side chain of 

N59, bifurcated 3.4 Å hydrogen bonds to the side chain of D52, bifurcated 3.0 and 3.3 Å 

hydrogen bonds to the side chain of E35 and van der Waals interactions with D52 (Figure 3). 

Neither of these solvent molecules align well with the NAG202 inhibitor subunit from the 

NAG6-lysozyme structure (Figures 17-19) (Von Dreele 2005). 
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Figure 17: Site 2 with both solvent molecules and Figure 18: Site 2 with DMF902 and NAG6. 

the inhibitor NAG6 (Von Dreele 2005). 

 

  
Figure 19: Site 2 with GOL902 and NAG6.  Figure 20: Site 3 with DMF903 and the inhibitor NAG6 

(Von Dreele 2005). 

 

 

Site 3 is composed of the solvent molecule DMF903. It is located in subsite E in the 

lysozyme active site cleft in a surface feature formed by the amino acids E35, N44, D52 and 

Q57 (Figure 20). DMF903 exhibits a 3.0 Å hydrogen bond to D52 (Figure 2). This solvent 

molecule aligns somewhat with the NAG subunit 201 in the NAG6-lysozyme structure 

(Figures 20) (Von Dreele 2005). 

 

These three clusters of solvents bind to subsites C, D and E in the lysozyme active site cleft 

(Figures 10, 11, 17, 21 & 22). The three corresponding pockets all tend to be deep, having  



 124

 
Figure 21: All three clusters (1 2 & 3) with the Figure 22: All three clusters (1 2 & 3) with the inhibitor  

inhibitor NAG6 (Von Dreele 2005). The solvent- tri-N-acetylchitotriose (Cheetham et al. 1992). 

binding sites 1, 2 and 3 correspond to subsites 

A, B and C and occur left-to-right in this figure 

and Figure 22. 

 

 

relatively neutral or acidic (negative) charge characteristics coupled with sharp curvature 

(Figures 11 & 17). 

 

The remainder of the solvent binding sites are numbered for ease of reference but these 

numbers do not correspond to a rank or quality of fit. Solvent binding site number 4 is thus 

attributed to the solvent molecule GOL904 which binds in subsite F in the active site cleft 

(Figure 23). This falls near the amino acids E35 and S36 and occurs at a three-fold crystal 

contact. There is a distance of about 2.5 Å between the solvent molecule GOL904 and the 

reference lysozyme molecule. GOL904 is about 3.3 Å away from the first symmetry 

molecule and 3.2 Å to the second symmetry molecule. The full binding site is formed by the 

amino acids F34, E35, S36, N37, A42, N44 and Q57. The glycerol molecule shows 2.5 and 

2.9 Å bifurcated hydrogen bonds to the carbonyl of E35 and a van der Waals interaction with 

S36 (Figure 4). 

 

Solvent binding site 5 corresponds to the solvent molecule HEX905. This molecule falls on a 
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Figure 23: Site 4, showing solvent molecule GOL902 on the electrostatic potential surface of lysozyme. 

 

 

two-fold symmetry axis. The software used for the minimizations of the crystal structures 

was unable to refine bonded atoms at special positions; as a result, the atoms in this solvent 

molecule were fixed after placement and thus excluded from refinement. This hexane 

molecule binds in a pocket formed by the amino acids A10, K13, R14, R128 and L129 

(Figure 24). HEX905 has van der Waals interactions with L129, A10, K13 and R14, and with 

the same residues on a symmetry molecule (Figure 5). This solvent shows excellent shape 

 

 

  
Figure 24: Site 5, with HEX905 on the electrostatic Figure 25: Site 6, showing HEX906(ACY) on the of 

potential surface of lysozyme.   electrostatic potential surface surface of lysozyme. This 

      hexane molecule has excellent shape complementarity 

      which becomes more apparent when the symmetry  

      molecule is generated (not shown). 
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complementarity to the surface of the protein which becomes all the more apparent upon  

generation of the relevant symmetry molecule. Mande & Sobhia found a guanidinium  

molecule in this region interacting with the side chain and main chain nitrogen of His15 

(Mande & Sobhia 2000). Through-water interactions were observed for their guanidinium  

molecule with Arg14 (Mande & Sobhia 2000). 

 

Solvent-binding site 6 corresponds to HEX906, an acetate molecule. This molecule binds to a 

pocket formed by the amino acids N65, D66, G67, R68, T69, P70 and S72 (Figure 25). 

HEX902(ACY) shows a 2.8 Å hydrogen bond to the backbone amide of T69, a 3.2 Å 

hydrogen bond to the backbone amide of R68 and a van der Waals interaction with G67 

(Figure 6). This part of the surface of lysozyme is on the edge of the interface formed 

between lysozyme and the anti-lysozyme Fab HyHEL-5 antibody (Cohen  et al. 2005). The 

epitope for this antibody includes the residues E50, R45 and R68; the interface between 

lysozyme and the acetate have the residue R68 in common (Cohen  et al. 2005). 

 

Structural effects of the solvents 

 

The ten solvent-soaked lysozyme structures were compared to the control cross-linked 

structure solved in aqueous solution to look for any structural effects the differing solvent 

environments might have. The average B factor for the entire structure is reduced (compared 

to aqueous control at 25.2 Å2) in HEX (19.2) and HXD (18.8) and increased in IPR (28.4) 

and SRS (28.5) (Table 1). Predictably, the atoms in the protein that have increased B factors 

compared to the ‘coolest’ atoms in the structure (and compared to their analogues in the 

aqueous control) are the ones that are closer to the surface; for example, in a helix, the more 

mobile atoms are the ones located on the solvent-exposed side, and in a sheet, the more 

mobile atoms are the ones located at the end closer to the surface of the protein than to the 

core. Notably, the atoms in the HXD structure that are ‘cooler’ compared to the aqueous 

control are those in helices comprised by residues 5-15 and residues 119-125. These two 

helices are located most distally from the active site cleft. In the aqueous control, the amino 

acids in the loops have the higher B factors compared to those involved in secondary 

structural elements and/or in the core of the protein; this trend is continued in every solvent- 
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Figure 26: Stick representation of the ten superimposed lysozyme solvent-soaked structures plus the aqueous 

control structure. This view is the same orientation as Figure 10. Invariant residues are colored in gray; solvent 

molecules are shown in cyan for reference; residues that reorient in different solvent environments are in red 

(R14 D18 N19 R21 N44 R45 N59 R61 W62 R73 N77 K97 D101 N103 R112 K116 Q121 R125 R128 L129). 

For comparison, two residues important for catalysis (E35 & D52) which are invariant are colored in blue; and 

two residues important for binding substrate (W62 & D101) which reorient are colored in green. Some of these 

amino acid residues are near solvents: R14 N44 N59 K97 D101 R125 L129. Only one side chain that reorients 

is absolutely conserved: N59. Most side chains that reorient that are only moderately conserved: R14 D18 R21 

N44 W62 K97 D101 N103 R112 L129. 

 

 

soaked structure. The unit cell volume is decreased in GOL (211 nm3) (compared to aqueous 

at 228) and slightly increased in RSR and SRS (234 for both) (Table 1). The resolutions of 

the DMF (1.80 Å), DMS (1.80 Å) and IPR (1.89 Å) structures are lower than  that of the 

control (1.55 Å) (Table 1). 

 

There are no noteworthy adjustments in loop, sheet or helix motifs in the solvent-soaked 

structures, but several amino acid side chains adjust to the solvents (Figure 26). Two such 
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residues were W62 and D101 which were also found to be important in mutational studies 

(Figure 26) (Kumagai et al. 1993). W62 has acceptable electron density for all the structures. 

The side chain of W62 is in the same orientation in the IPR- and DMS-soaked structures, 

which is different from the conformation found in all the other structures. D101 has 

acceptable electron density on average; it is good in some of the structures and not so good or 

absent in others. The side chain of D101 is found in a different conformation in each 

structure but generally there are two positions it tends to adopt. 

 

A multiple sequence alignment of a small group of seven lysozyme homologues shows that 

about 75% of the residues are nonetheless conserved (Figure 27). Mutations in E35, D52, 

W62 or D101 have been shown to cripple lysozyme’s activity (Kumagai et al. 1993). E35 

and D52 are believed to be directly involved in catalysis; neither of these residues reorients 

to the differing solvent environments, yet both are absolutely conserved. E35 is quite 

invariable in its conformation; there is a slight shift in the backbone of E35 in the GOL-

soaked structure but it is not enough to be considered significant, especially considering that 

the backbone shift is systemic and probably related to the decrease in unit cell volume 

compared to the other lysozyme structures. Even with the backbone shift observed in the 

GOL-soaked structure, the side chain orientation of E35 does not change. D52 shows some 

slight movements across the structures, but there are no significant reorientations (Figure 26). 

Again, there is a slight shift in the GOL-soaked structure’s backbone. Some of the solvents 

bind near the catalytic residues. DMF903 (solvent binding site 3) binds near E35 but do not 

interact with it. GOL902 and DMF902 (solvent binding site 2) bind near D52. GOL902 is at 

a good distance to make make van der Waals contact with D52. In comparison to E35 and 

D52, which are essential to catalysis, non-adjusting to environment and absolutely conserved, 

W62 and D101 are essential, have side chains that adjust to differing solvent environments 

and are only moderately conserved (Figures 26 & 27). 

 

In denaturant complexes with lysozyme, a peptide flip occurred at Arg73 (Mande & Sobhia 

2000). The peptide flipped only partially in the presence of DMSO and completely in the 

presence of guanidinium (Mande & Sobhia 2000). The side chain of Trp62 also exhibited  

shifts in the denaturant complexes as well as in some lysozyme-sugar complexes (Cheetham 
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------------------------------------------------------------------------ 

1 Gallus gallus (Hen) 1WTNA 

2 Homo sapiens (Human) lysozyme 1LZ1 

3 Mus musculus (Mouse) NP_059068 

4 Bos taurus (Bovine) NP_851342 

5 Anopheles stephensi (Mosquito) BAC82382 

6 Pan troglodytes (Chimpanzee) NP_001009073  

7 Danio rerio (Zebrafish) NP_631919   

 

red: absolutely conserved (ClustalW) 

purple: somewhat conserved hydrophobic (ClustalW) 

gold: somewhat conserved charged (ClustalW) 

blue: somewhat conserved for HEWL (manual) 

 

                                1111111111222222222233333333334444444 44455555555 

                       1234567890123456789012345678901234567890123456 78901234567 

1 ---------------------KVFGRCELAAAMKRHGLDNYRGYSLGNWVCAAKFESNFNTQATNRN-TDGSTDYGILQ 

2 ---------------------KVFERCELARTLKRLGMDGYRGISLANWMCLAKWESGYNTRATNYNAGDRSTDYGIFQ 

3 MKTLLTLGLLLLS---VTAQAKVYERCEFARTLKRNGMAGYYGVSLADWVCLAQHESNYNTRATNYNRGDQSTDYGIFQ 

4 MKALVILGFLFLS---VAVQGKVFERCELARTLKKLGLDGYKGVSLANWLCLTKWESSYNTKATNYNPSSESTDYGIFQ 

5 MKVYATVLLAIVASCCALAGAKTFSKCDLAKALANNGIA---KASLPDWICLVQHESAFSTSATNKN-KNGSKDYGIFQ 

6 MKALIVLGLVLLS---VTVQGKVFERCELARTLKRLGMDGYRGISLANWMCLAKWESGYNTRATNYNAGDRSTDYGIFQ 

7 MRLAVVFLCLAWM---SSCESKTLGRCDVYKIFKNEGLDGFEGFSIGNYVCTAYWESRFKTHR--VRSADTGKDYGIFQ 

 

                                            111111111111111111111111111111 

  556666666666777777777788888888889999999999000000000011111111112222222222 

  890123456789012345678901234567890123456789012345678901234567890123456789 

1 INSRWWCNDGRTPGSRNLCNIPCSALLSSDITASVNCAKKIVSDGNGMNAWVAWRNRCKGTDVQAWIRGCRL------- 

2 INSRYWCNDGKTPGAVNACHLSCSALLQDNIADAVACAKRVVRDPQGIRAWVAWRNRCQNRDVRQYVQGCGV------- 

3 INSRYWCNDGKTPRAVNACGINCSALLQDDITAAIQCAKRVVRDPQGIRAWVAWRAHCQNRDLSQYIRNCGV------- 

4 INSKWWCNDGKTPNAVDGCHVSCSELMENDIAKAVACAKHIVSE-QGITAWVAWKSHCRDHDVSSYVEGCTL------- 

5 INNKFWCDSS---YGANDCKMACSNLLNDDITDDIKCAKMIFKR-HGFNAWYGWKDHCKGKTLPS-VSACF-------- 

6 INSRYWCNDGKTPGAVNACHLSCSALLQDNIADAVACAKRVVRDPQGIRAWVAWRNRCQNRDVRQYVQGCGV------- 

7 INSFKWCDDG-TPGGKNLCKVACSDLLNDDLKASVGCAKLIVKM-DGLKSWETWDSYCNGRKMSRWVKGCEQRKQSLRA 

 

------------------------------------------------------------------------ 

Figure 27: A multiple sequence alignment of lysozyme homologues from seven different animals. Alignments 

were performed with ClustalW (Thompson et al. 1994). 
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et al. 1992; Mande & Sobhia 2000). The side chain conformations of both Arg73 and Trp62 

adjust to the different solvent environments in our structures (Figure 26). The conformation 

of Arg73 varied in all 11 structures and had good electron density in eight of the 11. The side 

chain conformation of Trp62 had good electron density in seven of the 11 structures and was 

in the same orientation for all except the isopropanol- and DMSO-soaked structures, which 

exhibited their own orientation for the side chain. Other side chains exhibiting noticeable 

movements in the denaturant complexes include Arg14 and His15 in the guanidinium 

complex and Arg45, Val109 and Arg112 in the DMSO complex (Mande & Sobhia 2000). In 

our structures, we saw side chain adjustments in Arg14, Arg45 and Arg112; Arg14 and 

Arg112 showed different side chain conformations in the structures, where Arg45 adopted 

the same conformation in nine of the 11 structures. 

 

Highly conserved residues tend to be found in protein binding sites (Hu et al. 2000), and 

these tend to be surrounded by moderately conserved residues (Keskin et al. 2005). 

Therefore it is prudent to ask if the amino acid residues that define the pockets which bind 

the 11 solvents are conserved. Table 3 shows that all six of the solvent binding sites, 

especially the first four (corresponding to subsites C, D, E and F) match these criteria. The 

other two, sites 5 & 6, are composed mostly of moderately conserved residues. These two 

sites are regions of protein-protein interaction:  site 5 is at a symmetry axis and site 6 is near 

the interface between lysozyme and its antibody HyHEL-5 (Table 3). Binding sites also tend 

to exhibit a degree of hydrophobicity so that solvating water molecules are excluded (Bogan 

& Thorn 1998; Fernandez & Scott 2003). We see the same patterns emerging from our 

solvent binding sites, especially the clusters of solvents in subsites C, D and E (Table 3). For 

example, solvent cluster 1 which binds in subsite C is composed of four highly conserved 

residues; only one of those is polar, but the two Trp residues at least have the capacity to 

make hydrogen bonds and salt bridges. Subsite C is also composed of two moderately 

conserved aliphatic residues which would influence the hydrophobicity of the surface 

features they generate. 
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Water effects of the solvents 

 

The two structures with the greatest number of crystallographic water molecules are the 

aqueous control with 179 and the TFE-soaked structure with 165 water molecules (Table 1). 

RSR has the least number of water molecules at 70 followed by DMF with 92 (Table 1). 

However, it should be noted that there is a correlation between the resolution of a crystal 

structure and the number of water molecules observed (Mattos 2002). This correlation is poor 

in our data. For example, the glycerol structure at 1.52 Å has 118 water molecules, a number 

comparable to the DMSO structure with 112 water molecules at 1.80 Å. Another way to 

compare is to look at structures at similar resolutions, for example, GOL at 1.52 Å and the 

cross-linked aqueous control at 1.55 Å; the former has only 118 water molecules compared 

to the latter’s 179. The conclusion to be drawn is that the solvent environment exerts strong 

effects on the hydration of the protein. Sixty-four water molecules are mostly conserved in 

all 11 structures; ‘mostly’ means that only one or two of the structures do not have a 

particular water molecule (Figure 28). There is one position conserved in all the structures 

worth noting because it is occupied by a water molecule in every structure except two. In the 

DMF-soaked structure, there is no electron density to support the placement of a water 

molecule; and the aqueous control structure showed some slight positive difference density 

for just a water molecule in that particular site. Chloride ions do not have a much bigger 

footprint in electron density maps compared to water molecules, but the difference density 

taken together with an apparent coordination sphere suggested that it was a chloride ion. All 

11 lysozyme structures had primary hydration shells, and the aforementioned aqueous control 

and TFE structures have more water molecules built into their secondary hydration shells. 

 

Of the 64 mostly conserved water molecules, 32 are strictly conserved (Figure 29). That is to 

say, they are found in all 11 structures except when they are displaced by solvents. This 

number is close to that obtained in the acetonitrile-soaked crystal structures of lysozyme 

(Wang et al. 1998). These water molecules can be considered an integral part of the protein 

structure, as reflected in the writings of Edsall & McKenzie: “It may not be unreasonable to 

treat a water molecule that is clearly defined by a high-occupancy and low-temperature factor 

in the X-ray refinement, or that is indicated by a high peak in the computed energy map for a 
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Figure 28: Cartoon of lysozyme indicating all 11 bound solvent molecules (in a total of six binding sites) and 

the 64 ‘mostly’ conserved water molecules. 

 

 

water probe, as part of the protein macromolecule itself” (Edsall & McKenzie 1983). Not all 

of these strictly conserved water molecules occur deep within crevices on the protein surface.  

 

In fact, most of them are associated with loops on the protein surface (Figure 29). In general, 

each solvent molecule replaces a conserved water molecule; again, this is in agreement with 

the acetonitrile-soaked crystal structures of lysozyme (Wang et al. 1998). This is also in 

agreement with the observation that guanidinium ions displaced two water molecules from 

the active site and one from a secondary binding site elsewhere on the protein surface in 

studies of lysozyme’s interactions with denaturants (Mande & Sobhia 2000). 

 

Of the 32 strictly conserved water molecules, six are involved in an H-bonding network 
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Figure 29: Cartoon of lysozyme indicating the 32 strictly conserved water molecules. 

 

 

(Figure 30). Water molecules W334, W354, W331 and W330 (numbered according to the 

aqueous control structure) are in the core of the protein, whereas W341 and W215 are on the 

surface. This channel composed of W334, W354, W331 and W330 extends from underneath  

the active site cleft to the surface on the opposite side of the protein (Figure 30). None of 

these water molecules interact with E35 or D52, and none could be the attacking water 

molecule in hydrolysis of the substrate. In agreement, no tightly bound water molecules were 

found inside the active site cleft in experiments investigating the interaction of lysozyme 

with the paramagnetic probe TEMPOL (Niccolai et al. 2003). 

 

Of the 64 mostly conserved water molecules, 32 were strictly conserved. The other 32 can be 

thought of as ‘displaceable’ water molecules (Figure 31). Four of these are close to the active 

site cleft (Figure 32). W208 is replaced by RSR901 & SRS901, and displaced by HEX (that 
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Figure 30: Cartoon of lysozyme indicating the water channel formed by W334, W354, W331, W330, W341 and 

W215. The inhibitor NAG6 is also indicated (Von Dreele 2005). Hydrogen bonding distances are indicated in 

blue for the water molecules to each other. 

 

 

is to say, in the HEX structure, this water was not present); tri-N-acetylchitotriose has an 

oxygen atom on its inhibitor close to W208 (Cheetham et al. 1992). W332 is replaced by 

DMF901, RSR901, SRS901, TFE901, and CHX901(ACY); tri-N-acetylchitotriose also has 

an oxygen atom on its inhibitor close to W332 (Figure 32) (Cheetham et al. 1992). W205 is 

replaced by DMF902 & GOL902 and displaced by HEX. NAG6 has an oxygen atom on its 

inhibitor close to W205. Finally, W245 is replaced by DMF903; the tri-N-acetylchitotriose-

lysozyme structure also has a water in this position, where in the NAG6-lysozyme structure, 

the inhibitor has an oxygen atom directly on this position. 

 

Of the 32 displaceable water molecules, there are many which are displaced by solvents – 

meaning they do not appear in the structures soaked in certain solvents. These water 
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Figure 31: Cartoon of lysozyme indicating the Figure 32: Cartoon of lysozyme’s active site cleft 

displaceable water molecules.   indicating the four displaceable water molecules (W208, 

      W332, W205 and W245). 

 

 

molecules tend to be located at basic regions on the surface. Only one (W223) occurs at a 

crystal contact. Several others (W207, W238, W268, W283, W300 and W363) are near 

crystal contacts but have no hydrogen bonding interactions with their respective symmetry 

molecules. Only one acetonitrile molecule was found in the C subsite of the acetonitrile 

solvent-mapping of lysozyme, where it replaced two water molecules in the same region and 

bound to the backbone amide of Asn59 and the carbonyl of Ala107 (Wang et al. 1998). 

 

Looking at lysozyme’s entire active site cleft rather than just a particular subsite or just the 

surface features associated with E35 and D52, there are a number of water molecules 

residing in the cleft. That number ranges from five to 19 for the 11 structures presented in 

this work (the aqueous control had 19 water molecules); the sum total of water molecules in 

the cleft for all 11 structures is 134. When depicted on a cartoon of the protein structure, it 

can be seen that the locations of these 134 water molecules trace the positions of the 

inhibitors NAG6 and tri-N-acetylchitotriose (Figure 33) (Cheetham et al. 1993; Von Dreele 

2005), although not as cleanly as the pattern observed for elastase (Mattos & Ringe 2001b). 

Most interestingly, the best alignments are seen for the acetamido groups of the N-acetyl 

sugars of the inhibitors (Figure 33). 
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Figure 33: Cartoon of lysozyme 

depicting water molecules from the 

aqueous control structure and the ten 

solvent-soaked structures which reside 

in the active site cleft. The model is 

rotated and slabbed such that this view 

is facing the side of the cleft. The total 

134 water molecules over 11 

structures (ten solvent-soaked and one 

aqueous control) trace the locations of 

the inhibitors NAG6 and tri-N-

acetylchitotriose. The water molecules 

align particularly well with the 

locations of the side groups extending 

from the NAG subunits of the 

inhibitors. 
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Discussion 

 

There are three main issues arising from the analysis of this application of MSCS to 

lysozyme. The first involves the actual binding of the organic solvent molecules to the 

protein. Eleven solvent molecules were identified in a total of six binding sites. In the 

application of MSCS to elastase, there were few bound organic solvent molecules – typically 

five to 15 solvent molecules per model (Mattos, manuscript in preparation). The electron 

density of the unit cell determined crystallographically is averaged over the time required to 

collect the data and over all the molecules of the crystal lattice. Therefore if we are able to 

identify and verify the placements of solvent molecules bound to the protein surface, it shows 

that the solvent molecules have bound specifically to sites on the protein. It is important then 

to be consistent in building the crystal structures, to be stringent with decisions to place 

solvent molecules and to verify those molecules with methods including the careful 

examination of omit maps as in this work (English et al. 1999). That having been said, the 

identification of solvent molecules bound to the surfaces of proteins is important because 

interactions between proteins and solvent molecules that occur at many sites on the protein 

are generally weak, usually occurring because the solvents are present in high concentrations. 

That there were only a few binding sites in our experiments signifies that binding of the 

solvent molecules to the protein is specific, even if the binding events are of low affinity. In 

further support of this observation, the orientation of all 11 solvent molecules was well 

established in their electron densities; that is to say, there was no ambiguity for the solvents 

in their interactions with specific amino acid residues in the protein. The presence of just a 

handful of binding sites is consistent with the view that there are only a few 'hot spots' on the 

surface of a protein that provide the majority of its binding affinity (Clackson & Wells 1995; 

English et al. 2001). 

 

Nine of the 11 identified solvent molecules bound in subsites within the active site cleft: five 

were in subsite C, two subsites D, and one apiece in subsites E & F. The fact that subsite C 

binds five solvent molecules whereas subsite D binds just two and subsite E only one is 

consistent with the fact that the cleavage step takes place between subunits bound in subsites 

D and E. Binding of n-acetyl sugars into subsites A-C and E-F forces a residue into site D 
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and the sugar will only fit into site D if severely distorted (Diamond 1974). Furthermore, the 

positions and orientations of the solvents in subsites C and E mimicked the positions of the 

acetamido groups on the hexose subunits of inhibitors, but not in subsite D. Our results 

illustrating the fact that organic solvent molecules mimic natural ligands are parallel to those 

achieved with structure-activity relationships by NMR (SAR by NMR) experiments. Small 

organic molecules that bound to proximal subsites of a protein were linked together and 

optimized to produce high-affinity ligands (Shuker et al. 1996). Conceivably, the least 

structurally variable but amphipathic binding sites on lysozyme – the subsites within the 

active site cleft – have evolved to bind the functional groups on the hexose subunits rather 

than the sugar rings themselves. 

 

Subsite C bound several different types of solvent molecules. These results are similar to 

those observed for other proteins subjected to MSCS experiments. In elastase, the S1 subsite 

bound all seven probes that were employed (Mattos, manuscript in preparation). Elastase’s 

subsite S4 bound four different solvents and S3’ bound three (Mattos, manuscript in 

preparation). Within the active site of thermolysin, all of the experimental probe molecules 

employed (phenol, isopropanol, acetone and acetonitrile) were observed to bind in the main 

specificity pocket (the S1' subsite) (English et al. 1999; English et al. 2001). Two of the 

seven bound dioxane molecules in the solvent mapping of subtilisin Carlsberg were in the 

active-site region, one in the P2 and another bridging the P1’ and P3’ pockets (Schmitke et 

al. 1997); similar results were alluded to in the probing of subtilisin Carlsberg with 

acetonitrile (Fitzpatrick et al. 1994; Schmitke et al. 1997). In all cases, the solvent molecules 

almost invariably bind to the active sites (and subsites) in these probed proteins. These 

subsites have some traits in common that might help to make them ‘sticky.’ For example, in 

lysozyme and thermolysin, subsites C and S1’ (respectively) are both relatively hydrophobic 

(English et al. 2001). In contrast, all of the probe molecules in the experiments with 

thermolysin were polar but not charged. Of the five solvents that bound in lysozyme’s subsite 

C, four are polar and not charged; the exception is the acetate molecule which at least has a 

compensating electrostatic interaction with a backbone amide in the pocket. It seems that 

amphipathicity in substrate binding pockets on proteins may be a common feature; the 

conserved geometry of a pocket plays more of a role in binding than conserved electrostatic 
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features, consistent with the ability to predict pockets on protein surfaces intended for 

substrate binding from geometry alone (Vakser & Aflalo 1994). This calls into question the 

fact that most bound organic solvent molecules outside the active sites on these proteins tend 

to be located at crystal contacts. The binding of solvent molecules at crystal contacts could be 

a side effect of the solvent molecules being sheltered from solvent channels in the crystal. On 

the other hand, all of the crystal contact binding sites observed in this work on lysozyme 

exhibited amphipathicity with some small amount of shape complementarity. It could be that 

the additional protection from solvent channels in the crystal afforded by nearby protein 

molecules compensated for the lack of ideal ‘pocket’-type geometry at a  site, resulting in the 

binding of the organic solvent molecules. 

 

The second main issue to arise in this work is the nature of the water structure (the hydration 

pattern) of the protein. There were very few conserved water molecules in the active site 

cleft. In general, water molecules were excluded from the cleft, and the water molecules that 

did appear in the electron density were displaced implicitly by the changed solvent 

environments or replaced explicitly by actual solvent molecules. In general, each solvent 

molecule displaced a bound water molecule. The only water molecules bound in the active 

site cleft either were not conserved, indicating mobility and sensitivity to the solvent 

environment; or they could be replaced by solvent molecules or by specific atoms on known 

inhibitors of lysozyme. Furthermore, some of our structures at the same resolutions have very 

different numbers of water molecules visible in the electron density maps; and some with the 

same number of water molecules are to different resolutions. Thus the solvent environment 

affects the overall hydration of the protein; the water molecules that would appear because 

they occupy a particular spot at hydrogen-bonding distance from a donor or acceptor end up 

being displaced or becoming too mobile to appear in the electron density. The presence of 

organic solvents lowers the dielectric constant of the liquid milieu, resulting in less favorable 

polar interactions between the solvent and the protein surface. None of our solvent-soaked 

structures at the same resolution as the aqueous control structure (CHX HEX and RSR) had 

as many water molecules built into them as the control. One solvent-soaked structure at a 

higher resolution than the control (GOL) still did not have as many water molecules as the 

control, seeming to flout the trend between higher resolution structures and more visible 
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water molecules (Carugo & Bordo 1999) except for the significant presence of the organic 

solvent. Many of the water molecules that hydrated the proteins in the solvent environments 

were significantly altered in their positions; out of a maximum total of 92 water molecules 

(the minimum number found in a solvent-soaked structure), only 32 were strictly conserved 

across all 11 structures. If we allow some latitude in the definition of ‘conserved’ so that at 

least eight of the structures must have the water molecule in question, that number rises only 

to 64 – or only one water molecule for every two amino acid residues in the protein. 

 

There are six strictly conserved water molecules, four in particular, that are part of a water 

channel through the core of the protein and residing under the active site cleft; such buried 

conserved water molecules were similarly observed in the solvent mapping of subtilisin 

Carlsberg (Fitzpatrick et al. 1994). For a water molecule to be strictly conserved across so 

many varying solvent environments implies that it is integral to the protein structure; even if 

it does not play a role in the enzymatic role of catalyzing a reaction, a water molecule – 

especially a partially buried one – can contribute to the stabilization of the protein structure. 

In agreement, many crucial water bridges between different regions of lysozyme are 

conserved even when the level of hydration is reduced well below that required for activity 

(Nagendra et al. 1998). Only five of the 32 strictly conserved water molecules were found in 

the active site cleft, with two on the perimeter. Four water molecules were found in the active 

site cleft which could be replaced by solvent molecules. Excellent alignments are seen for 

these water patterns and the atomic positions of our bound solvents with the acetamido 

groups of the N-acetyl sugars on the inhibitors, as described above. Two of these four water 

molecules are replaced by oxygen atoms on the lysozyme inhibitor tri-N-acetylchitotriose 

(Cheetham et al. 1992); a third is conserved in the same inhibitor-bound lysozyme structure. 

Alternately, two of these four water molecules are replaced by oxygen atoms on the inhibitor 

NAG6 (Von Dreele 2004). The loss of activity that accompanies the dehydration of lysozyme 

was suggested to be caused by the removal of functionally important water molecules from 

the active-site region and the reduction in the size of the substrate binding cleft (Nagendra et 

al. 1998). The presence of some water molecule in the active site is certainly necessary to 

fulfill the role of  hydrolysis of the substrate, but based on our observations of the hydration 

pattern of lysozyme across the varying solvent environments, such a water molecule is not 
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conserved. These observations about the presence and conservation of water molecules in the 

active site are consistent with observations that hot spot residues are protected from contact 

with bulk solvent (Bogan & Thorn 1998). Put succinctly, the theory put forth by Bogan & 

Thorn says that protein-protein interfaces are dehydrated regions on the proteins’ surfaces. 

The solvent mapping of lysozyme shows that the same phenomenon occurs for the protein-

substrate interface between lysozyme and its inhibitors. In NMR-based structural studies of 

lysozyme investigating the interaction of lysozyme both free and bound to the inhibitor 

(NAG)3 with its molecular environment, no tightly bound water molecules were found inside 

the enzyme active site (Niccolai et al. 2003). This is in agreement, once again, with the ideas 

that protein binding sites are dehydrated in that they are protected from bulk solvent (Bogan 

& Thorn 1998) or that the removal of water molecules from those sites is energetically 

favorable (Fernandez & Scott 2003). 

 

The rest of the strictly conserved water molecules tended to be located at loops rather than 

associating with sheets or helices. Similar results were seen in the solvent mapping of 

elastase: conserved water molecules tended to be found in deep crevices such as might be 

formed on the surfaces of proteins by the twists and turns made by loop structures (Mattos 

2002). The conserved hydration of loops may be reflective of the ability of the protein to 

remain solubilized in a variety of environments. Alternately it could signify the propensity of 

sheets and helices to favor the interactions that hold together the tertiary structure of the 

protein over specific interactions with water molecules that would keep it hydrated; that is to 

say, the interactions between protein and water can change and the protein will still be 

hydrated, but the tertiary structural interactions cannot change without hindering the 

enzymatic activity. 

 

The third important issue to discuss is structural plasticity in regions of binding. Structural 

adjustments occur in areas of plasticity in response to changes in the protein environment. 

From the literature, we know that highly conserved residues tend to be found in protein 

binding sites (Hu et al. 2000) and these tend to be surrounded by moderately conserved 

residues (Keskin et al. 2005). Polar residues are more likely to be conserved, and these tend 

to be fairly rigid (Ma et al. 2001). Statistically, conserved residues at protein-protein 
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interfaces correlate with experimental alanine scanning hot spots (Keskin et al. 2005). These 

hot spot residues would presumably be polar. Structural plasticity occurs in hot spot regions 

(Delano 2002). The O-ring hypothesis says that hotspot residues tend to occur in the centers 

of interface regions and are surrounded by residues that serve to occlude bulk solvent (Bogan 

& Thorn 1998). The anchor residue hypothesis says that some residues, the strictly conserved 

ones, are surrounded by ones that act like cushions; the mechanism for molecular recognition 

requires one of the interacting proteins, usually the smaller of the two, to anchor a specific 

side chain in a structurally constrained binding groove of the other protein (Rajamani et al. 

2004). 

 

The picture emerging is that binding sites on proteins and in particular, enzymes, have highly 

conserved, inflexible residues at their centers. They are surrounded by moderately conserved 

residues which help to exclude bulk solvent from the area and display flexibility. Once a 

ligand docks into the center of the interface at the anchor residue(s), an induced fit process 

involving an ordering of the peripheral amino acid residues and a tightening of the atomic 

packing further contributes to forming the final high affinity complex. Table 3 shows the 

relationships between the conservation of residues and their plasticity. The inverse trend 

between flexibility and conservation is met roughly for our data. Neither of the known 

catalytically critical amino acid residues, E35 and D52, reoriented to the solvent 

environments. The side chains of two amino acid residues found to be important in 

mutational studies (Kumagai et al. 1993), W62 and D101, were found to adjust to the 

different solvent environments. E35 and D52 are in the cleft; W62 and D101 are on the 

periphery. Furthermore, the close examination of subsite C across the varying crystal 

structures showed that the pocket itself is rather invariant, but the walls of the cleft leading to 

the pocket vary to a large degree. The reorientation of plastic side chains on the periphery of 

the cleft can render the rigid subsite pocket readily accessible from the solvent or can hinder 

access to it. The edge of the cleft is malleable, allowing potential ligands to approach the 

active site cleft in the proper orientation for the sugar substrate; then, if the molecule is not a 

sugar, it cannot fit the more rigid 'anchored' pockets and diffuses away. If it is a sugar, it fits 

and catalysis occurs. 
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Designing a ligand with full shape and/or charge complementarity can be challenging. 

Calculations of binding site shape, surface area, volume, curvature and charge distribution 

can vary a large degree depending on the freedom of the residues that define the site. 

Therefore knowledge about the plasticity of a binding site can help in ligand design. Being 

armed with information about the flexibility of a binding site can prevent the exclusion of 

ligands on the basis of strict geometry in screens, when such ligands might fit the binding site 

well with some conformational changes on the part of the protein. Ligands themselves, 

whether proteins or small organic molecules, can be chosen which have structures that are 

rigid or flexible. A very malleable protein would adopt its shape to match that of many 

ligands and would bind many of them with similar affinities. 

 

In conclusion, recent theories regarding protein-protein binding and the interfaces 

responsible for binding may be applicable to protein-substrate binding as well. The geometry 

of the binding sites is the main difference; predicting protein-substrate binding sites solely on 

geometrical constraints is somewhat successful, and adding in what is known about the 

hydrophobicity of surface patches on the protein along with the geometry is very successful 

at predicting sites of interaction. The possibility that adding in information about the 

plasticity of the binding site under examination may prevent the exclusion of potential 

ligands which might fit within the range of possible conformations of the site. Importantly, 

the theme of dehydrated interfaces does not require that water molecules cannot participate in 

the induced fit of a complex once the initial docking has taken place; and, protein sites 

intended for protein-substrate interfaces may be dehydrated to the same degree as sites 

intended for protein-protein interactions. 

 

The MSCS technique shines a light not only on the experimental functionality map of a 

protein in terms of which solvent probes bind where, but also on the water structure of a 

protein and the plasticity of structural elements in regions of potential binding. First, solvent 

structures allow us to identify regions of potential significance, specifically binding sites. 

This is illustrated by the way the organic solvent molecules mimic the positions and 

orientations of functional groups on the inhibitors in the active site cleft. Organic solvent 

molecules bind specifically to the protein surface, albeit with low affinities. Second, 
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comparing multiple structures from varying solvent environments allows us to probe the 

range of plasticity for a given binding site. Third, we can examine the hydration of a protein 

along with its identified binding sites to see if any water molecules are strictly conserved and 

should be considered as part of the protein structure or if any water molecules are displaced 

by solvent molecules thus indicating a dehydratability which could signify a binding site. 

With sufficiently high resolution and completeness of data, it becomes feasible and 

recommended to refine the occupancies of solvating molecules, including both water and 

organic solvent molecules, as well as the occupancies of the side chains of the plastic 

residues that can be identified. Concomitantly, for such side chains, it becomes easier to 

determine if they are truly disordered and rotationally free, or if they at least have one 

conformation with a significant occupancy, or if they show multiple alternate conformations. 

 

Accession numbers 

 

The atomic coordinates for the refined models will be deposited into the Protein Data Bank 

with accession codes to be assigned at the time of submission. 

 

Experimental Methods 

 

Crystal growth and solvent soaks 

 

Lysozyme crystals were grown at a protein concentration of 20 mg/mL in 0.01 M acetate 

buffer pH 4.2 with 7% w/v sodium chloride as the precipitant using the sitting drop vapor 

diffusion method (Hampton Research ‘industry method’). Chemical crosslinking was 

achieved by transferring crystals to 1% gluteraldehyde solution in 0.01 M HEPES pH 7.2 

with 9% sodium chloride via serial dilution and allowing them to soak in the final solution 

for 90 minutes. Crystals were then exposed to organic solvents by transferring them via serial 

dilution to a solution containing varying concentrations of organic solvent in 0.01 M acetate 

buffer pH 4.2 with 9% sodium chloride and allowing them to soak in the final solution for 90 

minutes. In the case of solvents which had limited solubility with water, hexane for example, 

crosslinked crystals were directly transferred to neat solvent and allowed to soak for 90 
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minutes. Treated crystals were collected, exposed to cryoprotectant consisting of 20% v/v 

solution of glycerol in 0.01 M acetate buffer pH 4.2 with 9% w/v sodium chloride and 

immediately flash frozen using liquid nitrogen. 

 

Data collection and model building 

 

Diffraction data were collected at 100 K at the SER-CAT ID-22 beamline at the Advanced 

Photon Source (Argonne, IL) on a Mar 165 CCD detector. Phases for all structures were 

obtained by using the molecular replacement method with the previously published lysozyme 

structure 193L as the search model (Vaney et al. 1996). The program Crystallography and 

NMR System (CNS) (Brunger et al. 1998) was used for all reciprocal space refinement, with 

a randomly selected 10% of the unique reflections reserved for the calculation. The program 

O (Jones et al. 1991) was used for manual rebuilding of the models with visualization of Fo-

Fc and 2Fo-Fc electron density maps. The structures were checked with MolProbity (Lovell 

et al. 2003) then superimposed with lsqman (Kleywegt 1996). Final analyses were done in O 

(Jones et al. 1991) and Pymol (Delano 2002). 
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CHAPTER 5 – Concluding remarks 

 

The biological functions of proteins depends on their physical interactions with other 

molecules. Binding sites, or interfaces, on protein surfaces are difficult to characterize in 

broad terms, though. With binding site analyses accomplished for the crystal structures of 

Ral and lysozyme independently, it becomes judicious to review the results obtained. We can 

classify proteins based on their modes of complexation into three categories: protein-

substrate, constitutive protein-protein and transient protein-protein interactions. Protein-

substrate interfaces tend to be small relative to the total surface area of the protein, exhibit 

good shape complementarity to the substrate and show few or no conformational adjustments 

upon binding. Binding interfaces in cases of constitutive protein-protein association can be 

small or large and are often found in homodimers. It is not uncommon for such interfaces to 

be extensively interdigitated, ensuring tight binding. Again, minor or no conformational 

changes tend to be observed upon binding in this category. Transient protein-protein 

associations can also exhibit small or large interfaces, but this group of interactions shows 

the greatest variation in shape complementarity between binding partners, interface size 

relative to the overall size of the protein and conformational changes upon or during binding. 

Disorder-to-order transitions in individual amino acid residues up to large segments are 

found in this group. 

 

Lysozyme typifies the first category. The active site cleft where saccharides bind is largely 

pre-formed, showing good shape complementarity to the substrate. No large conformational 

changes occur upon binding as deduced from biochemical experiments. Ral on the other hand 

bridges all three categories. It has a constitutive association with PLD (Chapter 1; Appendix 

A); its nucleotide binding cleft binds GDP or GTP tightly and specifically (Chapter 1; 

Appendix A); and most relevant to our studies, a large part of its total accessible surface area 

is involved in signaling interactions (Chapter 2; Jurnak 1985; Feig 2003). This chapter aims 

to compare and contrast the binding site characteristics for Ral and lysozyme. Specifically, it 

is a comparison of the multiple solvent crystal structures (MSCS) of Ras with the analysis of 

the Ral surface and with the pattern observed in the MSCS of Lysozyme. 
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Ral results 

 

Ral is a signaling protein similar to Ras and Rap (Jurnak 1985). It is involved in several 

distinct intracellular signaling pathways, some of which overlap with Ras-mediated pathways 

(Feig 2003). Ral, Ras and Rap are relatively small proteins, consisting of 189 residues for 

Ras and 206 for Ral owing to its extended amino-terminal and carboxy-terminal regions 

(Milburn et al. 1990; Valencia et al. 1991). The proteins experience large conformational 

changes in their two switch regions depending on whether they have bound the nucleotides 

GDP or GTP and depending on which binding partner they are interacting with, if any. 

Switches I & II undergo either partial or complete disorder-to-order transitions upon protein-

protein interaction, resulting in a complex interface comprising more than two (‘on’ or ‘off’) 

conformational states (Menetrey & Cherfils 1999). Such disorder-to-order transitions 

contribute a large enthalpic gain upon binding that compensates for any loss in entropy (Lo 

Conte et al. 1999). These conformational changes are extensive considering the size of the 

proteins:  switches I & II are about eleven and 14 amino acids long, respectively, in Ral 

(Nicely et al. 2004). This means that about 10% of the residues making up the protein 

experience a large structural shift depending on the protein’s nucleotide- and partner-bound 

states; these amino acid segments form a continuous strip on the molecular surface, and the 

resulting conformational differences span a region of more than 40 Å (Milburn et al. 1990). 

Such a significant degree of conformational change is not typical of protein structure 

databases. In fact, Lo Conte et al. wrote that the protein-protein interfaces of GTPases with 

their binding partners “… are often unusually large” (Lo Conte et al. 1999). But their basis 

for comparison, the available structures in the Protein DataBank, is skewed toward protein 

complexes that are amenable to structure determination by crystallographic & NMR 

techniques. Furthermore, proteins employed in structural studies are often engineered 

truncations of the wild-types; therefore the full, functional associations between binding 

partners may not be represented. 

 

In comparing binding sites on Ral, Ras and Rap, it is useful to examine five regions in 

particular. The first two are the switch regions. The next site is the one from Chapter 2 which 

has the switch-of-function residue F34 lining the bottom of the pocket. The fourth site 
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Figure 1: A superposition of the cartoons depicting the crystal structures of Ral-GppNHp (hi), Ral-GDP (lo) and 

Ras-GppNHp can be seen in panel (a). Semi-transparent surface representations colored by electrostatic 

potential are shown for b) Ral-GppNHp,  c) Ral-GDP and d) Ras-GppNHp. The core G domains are largely 

similar, so those are all in white (a); similarly a GppNHp is shown in yellow (a). The switch regions vary a 

great deal, so they are differently colored. Switch I is blue for Ral-GppNHp (a, b), cyan for Ral-GDP (a, c) and 

green for Ras-GppNHp (a, d). Switch II is orange for Ral-GppNHp (a, b), purple for Ral-GDP (a, c) and pink 

for Ras-GppNHp (a, d). The object of this figure is to depict what potential binding partners might see on the 

effector binding region of Ral and Ras; hence, the orientation of the proteins is the same in all four panels. 

Differences in the switch regions for Ral-GppNHp (b) versus Ral-GDP (c) and for Ral-GppNHp (b) versus Ras-

GppNHp (d), both in a conformational sense (a) and in a surface sense (b, c, d). This and all successive images 

were generated with Pymol (Delano 2002a); electrostatic potential surfaces were calculated with APBS (Baker 

et al. 2001). 
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(pocket 2) is the region between switch II and helix α3. The final site (pocket 3) is the region  

between helices α3 and α4. 

 

Switch I is the primary effector binding 

region for Ras-related GTPases. It is 

composed of residues 40-50 in Ral (29-39 

in Ras and Rap). In Ras, the presence of 

GTP alone is sufficient to stabilize switch 

I; in Ral, additional protein-protein 

contacts are necessary for order in the 

switch (Scheidig et al. 1990; Nicely et al. 

2004). In the complex with Sec5 Ral's 

switch I is in a similar conformation to 

that found for Ras and Rap (Fukai et al. 

2003). The charge reversal in switch I 

owing to the Ral tree determinants K47, 

A48 changes the overall electrostatic 

nature of switch I from negatively charged 

in Ras (Figure 1d) to positively charged in 

Ral (Figure 1b) (Bauer et al. 1997); it 

appears that the positively charged K47 

helps to mitigate the overall negative 

charge of the area, but it does not have the 

ability on its own to completely change 

the charge character of the whole 

 

 
Figure 2: Surface representations colored by 

electrostatic potential of a) Ral-GppNHp and b) 

Ral-GDP with the Ral tree determinant residuess 

K47 & A48 indicated. In c) Ras-GppNHp, the 

corresponding residues are I36 and E37. 
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effector binding region. Ral-GDP (Figure 1c) has some neutral and positively charged 

regions around switch I which disappear due to conformational changes in Ral-GppNHp 

(Figure 1b). Importantly, these Ral tree determinants are in quite different locations relative 

to the core G-domain of the GTPases. The structures in Figures 1 and 2 were superimposed 

so that the core G-domains overlapped, and the graphics in the figures generated with the 

proteins in the same orientations. Yet in both Ral structures, in this orientation switch I 

crosses in front of the protein (Figure 2a, b) whereas in Ras it arcs high (Figures 1d, 2c), 

resulting in the formation of a deep pocket on the underside of the switch. Also, in Ral, the 

tree determinant residues K47, A48 are presented more obviously to potential binding 

partners in features that extend outwards from the protein surface. 

 

The solvent-mapping of the surface of Ras clearly indicates its effector binding region 

(Figure 3b), including the pocket underneath switch I mentioned in the preceding paragraph. 

Five solvents in particular interact with switch I nearby the Ral tree determinant residues, 

including the aforementioned K47 and A48 as well as E44 (Ras residues I36, E37 & D33, 

respectively) (Figure 4). Ras D33 exhibits van der Waals interactions with the bisfuran 

alcohol R,S,R enantiomer numbered 1211 in its structure (henceforth abbreviated in the style 

‘RSR1211’) (Buhrman 2005). Ras I36 shows van der Waals interactions with RSR1206 and 

makes a 2.5 Å hydrogen bond to O2 of glycerol molecule 1997 (GOL1997) (Buhrman 2005). 

Ras E37 has van der Waals interactions with RSR1214 and cyclopentanol 2001 (CPT2001) 

and also has a 2.5 Å hydrogen bond to O2 of GOL1997 (Buhrman 2005). As described, in 

Ral-GppNHp (Figure 4b), the corresponding residues E44, K47 and A48 are in quite 

different positions on the surface. First, there is the obvious result that the interactions 

supported by these three residues in Ras with solvent molecules (Figure 3b) would be 

impossible in Ral, as the residues change identities. Second, the surface features which 

promote binding of the solvents in Ras (Figure 4a) are completely altered in Ral (Figure 4b) 

with the possible exception of the pocket in which CPT2001 binds. 

 

A ridge composed of the Ral tree determinant residues M35 & Y36 separates switch I from 

the next binding site to be discussed (Figure 5). The site is discussed in detail in Chapter 2. 

Put briefly, this site is an extensive but somewhat shallow groove. It is lined by six 
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Figure 3: The surface of Ras-GppNHp colored by electrostatic potential (a) is the same graphic as panel (d) in 

Figure 1; the surface is semi-transparent so that switch I (green), switch II (pink) and GppNHp (yellow) can be 

seen. The same surface in the same orientation is shown with bound solvents indicated (b). 

 

 

 
 

Figure 4: Surface representations of Ras-GppNHp (a) and Ral-GppNHp (b) colored by electrostatic potential is 

depicted with the solvent molecules which bind to the switch I region in the MSCS of Ras: RSR1206, 

RSR1211, RSR1214, CPT2001 and GOL1997. Beneath the semi-transparent surface, the Ral tree determinants 

D33, I36 and E37 can be seen. 
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hydrophobic residues, four of which are tree determinant residues (Figure 5) (Bauer et al. 

1999). The cavity in the center of the site is lined by the switch of function residue F34 (Heo 

& Meyer 2003). In Ras and Rap, this residue is L23 and as a result, the shape of the cavity is 

altered. Evidence that this region may be a secondary site of binding comes from both 

biochemical and structural studies. F156, which has been shown to be functionally important 

and conserved in all members of the Ras superfamily (Quilliam et al. 1995), interacts directly 

with L23 in Ras, F23 in Rap or F34 in Ral, helping to shape the pocket. Also, random 

mutagenesis studies identified the Ras residues Q43 and Y157 (K54 and F169 in Ral 

numbering) as important in the interaction between Ras and the full-length cRaf-1 (Winkler 

et al. 1997). Furthermore, this is one of two regions outside of the switches where there is a 

backbone shift in Rap relative to Ral and Ras (Cherfils et al. 1997). The character of this 

pocket does not change appreciably in Ral-GppNHp to Ral-GDP, as seen in (Figure 5a, b); 

looking at the cartoons of the proteins with the relevant residues indicated (Figure 5c), it can 

be seen that no significant changes occur in the region. However, the pocket changes a great 

deal in comparing Ral-GppNHp (Figure 5a) to Ras- GppNHp (Figure 5d). In Ras, the pocket 

in the center of the site is clearly ellipsoid. In Ral, the pocket is equally as deep but its edges 

are less well defined owing to side chain reorientations; it can be seen in the cartoons of Ral 

and Ras (Figure 5f) that a slight shift in the loop containing K54 (Ras Q43) contributes to the 

difference in surface features. In the structural realm, the application of the MSCS method to 

Ras showed that this pocket in Ras binds two solvents, GOL1998 and RSR1209 (Figure 5e) 

(Buhrman 2005). GOL1998 makes a 2.9 Å hydrogen bond to the OH of Y157. Y157 is one 

of the amino acid residues important for Ras’ interaction with Raf1 (Winkler et al. 1997). 

 

RSR1209 has van der Waals interactions with L23 and V44. L23 is one of the switch-of-

function residues (Heo & Meyer 2003). The pocket largely retains its deep ellipsoid shape in 

the aqueous (Figure 6a), GOL- (Figure 6b) and RSR-soaked (Figure 6c) structures of Ras. 

Also, it is similarly charged and deep in all three structures. Some side chain rotations in the 

RSR-soaked structure result in a small positively-charged patch on the lip of the pocket 

which may facilitate binding of RSR1209 (Figure 6c). This indicates that the structure of the 

region in general is conserved in addition to the conservation of the mentioned amino acid 

residues. 
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Figure 5: Site 1 on Ral and Ras. Surface representations colored by electrostatic potential of a) Ral-GppNHp, b) 

Ral-GDP and d) Ras-GppNHp; e) this Ras-GppNHp surface includes all bound solvent molecules from the 

MSCS of Ras. Cartoon superpositions are shown for c) Ral-GppNHp and Ral-GDP and f) Ral-GppNHp and 

Ras-GppNHp. Nearby, switch I is colored and labeled according to the scheme set forth in Figure 1. 

Additionally, several important residues are shown in these panels. The relevant Ral tree determinant residues 

(M35 Y36 L57 I64 M172; Ras residues I24 Q25 I46 L53 V160) are in magenta, the switch of function residue 

(F34; Ras L23) in green and another important residue for this pocket in black (V55; Ras V44); additionally, 

K54 and F169 (Ras Q43, Y157) are shown in cyan because in Ras, these residues were found to be critical for 

its interaction with cRaf1 (Winkler et al. 1997). 

 

 

Switch II contains residues 70-83 in Ral, corresponding to residues 59-72 in Ras and Rap; 

however, it should be noted that the extent of change in switch II for Ras actually covers a 

shorter region (Milburn et al. 1990). The length of each switch region in each GTPase (and 
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Figure 6: The core of site 1 in Ras-GppNHp, which in 

this figure can be seen to be a small pocket, largely 

retains its deep ellipsoid shape in the aqueous (a) and 

GOL- (b) and RSR-soaked (c) structures. Also, it is 

similarly charged and deep in all three structures. Some 

side chain rotations in the RSR-soaked structure result in 

a small positively-charged patch on the lip of the pocket 

which may facilitate binding of RSR1209 (c). 
 

 

thus the extent of conformational change for 

each GTPase) must be determined empirically 

by superimposing the GTP- and GDP-bound 

structures and looking for divergences (Cherfils 

et al. 1997). The conformation of switch II 

largely contributes to the nature of the next 

binding site to be examined. It is located 

between switch II and helix α3 in a cleft lined 

by I78 and F83 (Ras and Rap residues R68 and 

Y71) and is discussed in detail in Chapter 2 

(Figure 7). This cleft is also lined by Ral tree 

determinant residues, which in Ras and Rap are 

oriented differently due to a very different 

conformation of switch II (see Chapter 2). The 

switch II conformation in Ras and Rap places 

R64 at the bottom of this pocket, making it 

shallow compared to the pocket in Ral. The site is also connected to the guanine nucleotide 

binding site, as the tree determinant residue A103 (Ras, Rap D92) makes an interaction with 

the P-loop residue S22 (Ras A11), which in turn is near the initial part of switch II. The cleft 

is shallow in Ras and Rap due to the presence of R68 (Ral R79), which is tucked into the 

protein and forms the base of this pocket. In Ral the cleft is deep and lined by the Ral tree-

determinant residue I78, by F83 and by F107 forming the bottom of the pocket (Figure 7a, c). 
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Interestingly, this region also exhibits a shift in the Rap structure relative to Ral and Ras. The 

cleft changes shape between Ral-GppNHp (Figure 7a) and Ras-GppNHp (Figure 7d); again, 

the changes are due mainly to an altered switch II conformation (Figure 7f) and some side 

chain rearrangements. 

 

The character of this pocket changes from Ral-GDP (Figure 7b) to Ral-GppNHp (Figure  

 

 

 
 

Figure 7: Site 2 on Ral and Ras. A surface representation colored by electrostatic potential of Ral-GppNHp is 

shown in panel (a), Ral-GDP in panel (b) and Ras-GppNHp in panels (d) & (e); panel (e) also includes all the 

bound solvent molecules from the MSCS of Ras. Switch II is colored and labeled according to the scheme set 

forth in Figure 1. Additionally, several important residues are indicated. The relevant Ral tree determinant 

residues (I78 N81 A103, and I18 shown but not labeled; Ras A67 A70 D92, V7) are in magenta and other 

important residues for this pocket in black (V20 D68 F83 F89 F107 I111; Ras V9 D57 M72 F78 Y96 I100). 
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7a); the cleft, clearly visible in Ral-GppNHp, is less defined and more broad in Ral-GDP 

Figure 7b) due to the different conformation of switch II (Figure 7c). In Ral-GDP, the β-turn 

structure of switch II is not observed and I78 is turned toward the solvent (Figure 7c). R79 

faces into the pocket and forms a salt bridge with D80. R113 from L7 also moves to interact 

closely with D80. These three residues essentially form a lid over the pocket, making it 

inaccessible in the GDP-bound form of the GTPase (Figure 7b). In Ras-GDP the switch II 

itself is closed over the pocket, again completely obstructing the site. This provides a 

mechanism through which interaction in the proposed site would be sensitive to the 

“on”/”off” state of the GTPases. Structural evidence that this could be a secondary site of 

interaction on Ral comes in the fact that several solvents bind the cleft in Ras (Figure 7e). 

RSR1217 has van der Waals interactions with Q95 & Q99. HXD1870 has van der Waals 

interactions with Q95 & Y96, and a 2.7 Å hydrogen bond to Nε2 of Q99. DMF1510 has van 

der Waals interactions with Q95 and Y96. TFE1252 has van der Waals interactions with 

Q95. HEX1620 has van der Waals interactions with Q95, Y96 and Q99. 

 

The Ral tree-determinant residue T104 (Ras, Rap I93) and the switch-of-function residue 

L112 (Ras K101, Rap I101) are part of helix α3 and are on the side of the opposite switch II, 

facing helix α4 (Figure 8c). This region between helices α3 and α4 is the last binding site to 

be examined. On the surface, the site is composed of the residues Q91 H94 Q95 T104 A105 

R108 Y137 R145 Q148 and W149. The shape of this site is somewhat invariant between Ral-

GppNHp (Figure 8a) and Ral-GDP (Figure 8b) (see also Figure 8c), and between Ral-

GppNHp (Figure 8a) and Ras-GppNHp (Figure 8d) (see also Figure 8f), but there is a slight 

charge difference where the tree determinant T104 is located. This is where the stack of 

intercalating hydrophobic residues between helices α3 & α4 occurs in Ras and Rap (see 

Chapter 2 Figure 14). The polar Ral tree determinant residue T104 threatens to disrupt the 

stack except for a compensating mutation in R145; T104 and R145 hydrogen bond to each 

other in place of van der Waals’ interactions between two hydrophobic residues. These two 

residues could add a dynamic component to the characteristics that modulate the binding site 

adjacent to switch II; this hydrogen bond may affect the behavior of helix α3 in Ral relative 

to the other family members, thus altering the properties of the pocket between helix α3 and 

switch II. Similarly, there is a direct venue for changes in residue L112 (Ras K101, Rap 
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I101) to be propagated to the pocket, since the neighboring residue I111 in Ral is involved in 

modulating the conformation of the hydrophobic residues that line the groove adjacent to 

switch II. Several solvents bind to this site in the MSCS of Ras (Figure 8e) (Buhrman 2005). 

GOL1995 has van der Waals interactions with H94 and a 2.6 Å hydrogen bond to Nε2 of 

Q95. GOL1999 has van der Waals interactions with H94 and a 2.8 Å hydrogen bond to the 

OH of Y137. HEX1621 has van der Waals interactions with H94, Q91 & Y137. TFE1251 

has van der Waals interactions with Q95. DMF1513 has van der Waals interactions with 

Y137, L133 & H94. 

 

Conserved water molecules in switches I & II are impossible to identify without super-

imposable structures, and it is not informative to superimpose the Ral and Ras structures we 

currently have because the switches are in different conformations in all. However we can 

see how well the switch regions are hydrated. Both switches in the Ral-GppNHp structure 

have several water molecules associated with them, but it is important to remember that 

switch I here is the interface between two molecules in the asymmetric unit and switch II in 

this model is the interface between symmetry-related molecules in the unit cell. The 

population of water molecules hydrating the switches is evenly split between those 

coordinated to backbone atoms and those coordinated to side chain atoms. In Ral-GDP, 

switch I is well hydrated considering the high number of intermolecular contacts that occur 

between the two molecules in the asymmetric unit in the region. Switch II on the other hand 

shows only five ordered crystallographic water molecules. In Ras-GppNHp, switch I is well 

hydrated but switch II is poorly hydrated, and that is looking at all eight solvent-soaked 

structures and the aqueous control. Water appears to play a role in modulating protein-protein 

contacts through the switch regions. This hydration pattern is reflective of the order of the 

switches in the crystal: switch I adopts an ordered conformation upon Ras binding GTP, 

whereas switch II remains partially disordered until a binding partner stabilizes the region. 

 

In the Ral-GppNHp structure, there are two water molecules bound to the surface directly at 

the location of F34 in binding site 1: W627 and W681 (B factors of 32 and 57 Å2 

respectively). There are also water molecules bound at the locations of two other 

hydrophobic residues in the region: W625 at V55 (52 Å2) and W914 at V56 (43 Å2). The B 
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factors of these water molecules are higher than that of the average protein structure (26 Å2). 

Site 2 is well hydrated, possibly owing to deep cleft shape of the site; such a feature affords 

otherwise mobile water molecules some protection from solvent channels in the crystal. In 

the Ral-GppNHp structure, site 3 exhibits hydration characteristics similar to pocket 1 in that 

the region is sparsely populated by water molecules. In the Ral-GDP structure, site 1 has only 

three water molecules, but those three are identical in position to three of the four in Ral-  

 

 

 
 

Figure 8: Site 3 on Ral and Ras. A surface representation colored by electrostatic potential of Ral-GppNHp is 

shown in panel (a), of Ral-GDP in panel (b) and of Ras-GppNHp in panels (d) and (e); panel (e) also includes 

all bound solvent molecules from MSCS of Ras. Several important residues are shown in these panels. The 

relevant Ral tree determinant residue (T104; Ras 93) is in magenta, a switch of function residue (L112; Ras 

K101) in green and other important residues for this pocket in black (I111 R145; Ras I100 L133). 
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GppNHp (627, 681 and 914 by Ral-GppNHp numbering). The only three water molecules in 

site 1 in the Ras-GppNHp MSCS structures correspond to the same three water molecules  

seen in the Ral-GDP and Ral-GppNHp structures; but these three water molecules do not 

occur in all nine of the MSCS structures. These three water molecules have average B factors 

of about 35, 42 and 44 Å2 – values elevated over the average for the whole protein structures. 

The solvents discussed elsewhere in this chapter (RSR1209 and GOL1998) have the 

capability to displace at least one of those water molecules; in fact, in the two corresponding  

Ras-GppNHp structures (RSR- and GOL-soaked), none of the water molecules hydrating site 

1 appear. In the solvent structures of Ras, the hydration patterns of sites 2 and 3 are not 

appreciably different; similarly, the observed solvents in those areas would displace several 

of the water molecules in site 2 and all of the water molecules in site 3. 

 

Lysozyme results 

 

In contrast to Ral and Ras, lysozyme is an extracellular lock-and-key enzyme with a 

preformed active site exhibiting few small or no conformational changes. It is about as small 

as Ral, though, consisting of 129 amino acid residues. It is a 14 kD protein that catalyzes the 

hydrolysis of a polysaccharide formed from alternating units of N-acetylglucosamine (NAG) 

and N-acetylmuramic acid (NAM). The enzyme is ovoid and consists of two domains linked  

by a long α-helix; the active site of lysozyme lies between these two domains. The lower 

amino-terminal lobe (residues 40-88) consists of some helices and is mostly antiparallel β-

sheet. The second lobe is made up of residues 1-39 & 89-129 having a largely α-helical 

secondary structure. The active site cleft is well defined and divided into six subsites (A 

through E) which correspond to the binding sites of each sugar subunit in a contiguous 

NAM-NAG polymer (Diamond 1974). The MSCS method was applied to lysozyme 

employing ten solvents: cyclohexanone (CHX), dimethylformamide (DMF), 

dimethylsulfoxide (DMS), glycerol (GOL), hexane (HEX), 1,6-hexanediol (HXD), 

isopropanol (IPR), trifluoroethanol (TFE) and two enantiomers of a bisfuran alcohol (RSR & 

SRS). 

 

Eleven solvent molecules, including two serendipitous acetate molecules, bound to six 
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distinct sites on the protein surface (see Table 3 in Chapter 4). The solvents tended to cluster 

in subsites C (ACY, DMF, RSR, SRS, TFE), D (GOL, DMF), E (DMF) and F (GOL) of the 

active site cleft. Subsite F also is near the point of a three-fold symmetry axis crystal contact. 

Both of the remaining solvent molecules bound at sites of significance as well. One bound at 

the site of a two-fold symmetry axis crystal contact and the other at a site where the Fab 

HyHEL-5 antibody binds lysozyme (Cohen et al. 2005). Two residues known to be critical 

for lysozyme's function, E35 and D52, did not reorient to the solvent environments; two 

other residues known to be important, W62 and D101, did adjust to the different solvent 

environments. Interestingly, in the first crystal structure of lysozyme to be solved, W62 was 

noted for having its side chain not visible in the electron density map, suggesting some 

rotational freedom (Blake 1967). 

 

Of 64 mostly conserved water molecules, 32 were strictly conserved (appeared in all 11 

structures except where replaced by a solvent) even in the presence of 100% hexane or 100% 

glycerol. There were six strictly conserved water molecules, four in particular, that were part 

of a water channel through the core of the protein and residing under the active site cleft. 

Only five of the 32 strictly conserved water molecules were found in the active site cleft, 

with two on the perimeter. This is consistent with observations that hot spot residues are 

protected from contact with bulk solvent (Bogan & Thorn 1998). The other 32 water 

molecules can be thought of as ‘displaceable’ (appeared in at least eight structures and may 

be replaced by a solvent). Of the displaceable water molecules, four are close to the active 

site cleft. Two of these four water molecules are replaced by oxygen atoms on the lysozyme 

inhibitor tri-N-acetylchitotriose (Cheetham et al. 1992); a third is conserved in the same 

inhibitor-bound lysozyme structure. Alternately, two of these four water molecules are 

replaced by oxygen atoms on the inhibitor NAG6 (Von Dreele 2004). The sum total of water 

molecules in the cleft for all 11 structures is 134. The locations of these 134 water molecules 

trace the positions of the inhibitors, although not as cleanly as the pattern observed for 

elastase (Mattos, manuscript in preparation). Most interestingly, excellent alignments are 

seen for these water patterns and the atomic positions of our bound solvent molecules with 

the acetamido groups of the N-acetyl sugars in the inhibitors. In general, each solvent 

molecule displaces a bound water molecule. There are no well ordered water molecules  
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Figure 9: Lysozyme solvent binding site 1/subsite C in a) aqueous milieu b) CHX901(ACY) c) DMF901 d) 

RSR901 in its first conformation e) RSR901 in its second conformation f) SRS901 g) TFE901 h) tri-N-

acetylchitotriose and i) NAG6. These surfaces colored by electrostatic potentials show that solvent binding site 1 

is deep, curved and spherical in addition to being located inside a deep cleft between two large domains. This 

binding site is rather invariant across all the structures. 
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Figure 10: Overlay of solvents and inhibitors bound in solvent-binding site 1/subsite C. The positions and 

orientations of the solvents mimic closely the positions of the acetamido side chains from the hexose subunits of 

the inhibitors. Shown are tri-N-acetylchitotriose (yellow), NAG6 (green), DMF901 (blue), RSR901 (orange), 

SRS901 (pink), CHX901(ACY) (grey) and TFE901 (cyan). It would be more informational to depict this 

grouping on the electrostatic surface, but the pocket is too deep and the resulting image too cluttered. 

 

 

around the periphery of the active site cleft, but there are some in the cleft which were found 

to be replaced by solvents or by specific atoms on known inhibitors of lysozyme. 

 

Solvent binding site 1 is equivalent to subsite C. The site is deep, spherical pocket within the 

active site cleft between the two large domains (Figure 9). The pocket itself is largely 

invariant in both its shape and its charge pattern (Figure 9). The entrance to the pocket - that 

is, the sides of the cleft above the pocket - change owing to side chain adjustments. The  
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shape changes but not so much the charge. V109 and R61 in particular are quite mobile. 

V109 was another residue noted in the manuscript for the first published crystal structure of 

lysozyme to have its side chain not visible in the electron density map, suggesting a degree of 

rotational freedom (Blake 1967). The entrance to this pocket (the sides of the cleft) varies 

from being narrow in the aqueous structure to slanted and more open in the DMF, RSR, SRS 

 

 

 
 

Figure 11: Lysozyme solvent binding site 2/subsite D in a) aqueous milieu b) GOL902 c) DMF902 and d) 

NAG6. Solvent-binding site 2 is an negatively charged site within the binding site cleft, adjacent to subsite C 

which is clearly a pocket. 
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and HEW structures. In NAG6-bound lysozyme, D48 rotates over the top of the cleft. This 

may help seat the substrate firmly in the subsite. The solvents in subsite C are bound in 

orientations that reflect the acetamido side chain from the hexose subunit of tri-N-  

acetylchitriose in the subsite (Figure 10). The oxygen atoms in particular adopt similar 

atomic positions in relation to the protein. The other ring oxygen atoms on the bisfuran 

alcohols also orient in about the same position as the alcohol oxygen atom of the hexose 

subunit of the tri-N-acetylchitotriose. NAG6 does not align well in this subsite with tri-N-

acetylchitotriose or our solvent molecules. 

 

Similar to site 1, solvent binding site 2, equivalent to subsite D, is more or less accessible due 

to reorientations of side chains at the entrance to the cleft; the shape and charge of the bottom 

of the site is less invariant than site 1 (Figure 11). V109 again plays a role as well as R61 and 

 

 

 
Figure 12: Overlay of solvents and inhibitor bound in solvent binding site 2/ subsite D. These solvents do not 

mimic the position of the inhibitor NAG6 well, which is in keeping with the observation that subsite D does not 

bind the sugar subunit as well as the other subsites (Kuhara et al. 1982). a) GOL902 (pale green), DMF902 

(blue), NAG6 (spring green); b) same as (a) depicted on the surface of the protein. NAG6 appears to violate the 

surface because this is the surface of the native lysozyme; in the NAG6-bound lysozyme, some minor local side 

chain rearrangement on the periphery of the cleft results in an altered surface. 



 169

D48. At the bottom of this site, a slight movement of the side chain of D52 results in the 

'bump' feature seen in the GOL structure. In the other three structures, D52 moves more out 

of the way. This site is very negatively charged, especially compared to site 1 (subsite C). In 

contrast to site 1, the solvents bound in site 2 do not mimic the positions and orientations of 

the inhibitor NAG6 well (Figure 12). This observation is in agreement with the available data 

on the binding energies of the subsites as discussed in Chapter 4. As our solvent molecules 

are not in any way tied into the other five subsites (as would be in a sugar polymer), their 

positions and orientations are not distorted like the sugar subunits in the inhibitor-bound 

lysozyme structures. 

 

Solvent binding site 3 is equivalent to subsite E and is a negatively charged site adjacent to 

subsite D in the active site cleft; it occurs on a bump but still has a concavity to it which can 

facilitate some shape complementarity in terms of van der Waals interactions (Figure 13). 

This site looks the same in the aqueous control and the solvent structures but is quite 

different in the NAG6 structure, mostly due to differences in charge distribution. In the first 

three structures, the site is evenly negatively charged; but in the NAG6 structure, the negative 

patch is broken up. The even negative charge comes mostly from backbone carbonyl oxygens 

and the side chains of N44 and Q57. In the structure solved in aqueous solution, the side 

chain of Q57 rotates so that the amide functional group points into the core of the protein; 

with only the carbonyl facing outward, the surface is thus more evenly negatively charged. 

N44 is in a different orientation altogether owing to a shift in the backbone in that segment. 

The solvent molecules bound in this site somewhat mimic the inhibitor NAG6, particularly 

with respect to the oxygen atom extending from the hexose subunit from NAG6 in this site 

and the nitrogen atom of its acetamido side chain (Figure 14). 

 

Solvent binding site 4 is equivalent to subsite F and binds one organic solvent molecule, a 

GOL (Figure 15). The site is positively charged, much like the overall character of the 

surface of the protein outside the cleft. The site exhibits some concavity and occurs at a 

convergence of three 'channels' across the surface. Also, importantly, it is a point of crystal 

contact, falling at a three-fold symmetry axis. 
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Figure 13: Lysozyme solvent-binding site 3/subsite E in a) aqueous milieu b) DMF902 and c) NAG6. This 

binding site is a negatively charged site adjacent to subsite D in the active site cleft; it occurs on a bump but still 

has a concavity to it which can facilitate some shape complementarity in terms of van der Waals interactions. 

 

 

 

 

 
Figure 14: Overlay of solvents and inhibitor bound in solvent-binding site 3/ subsite E. These solvents 

somewhat mimic the inhibitor, particularly with respect to that oxygen atom and the nitrogen (only in the 

DMF). a) DMF903 (blue) and NAG6 (spring green); b) same as (a) but on the surface.  
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Solvent binding site 5 binds one solvent molecule, a HEX (Figure 16). It is a somewhat broad 

cleft on the surface with an amphipathic neutral/negatively charged character. There are 

changes in the features that jut out from the surface in this area, notably N37 and N44, 

although the GOL molecule does not exhibit any interactions with those residues. Solvent 

binding site 5 falls on a two-fold symmetry axis; the first three carbon atoms of the hexane 

molecule bound here are mirrored on one molecule by the latter three carbons from a 

symmetry-related molecule. Appropriately, this hexane was built in a symmetrical fashion 

with each carbon having an occupancy of 0.5. The electrostatic potential surface of lysozyme 

shows the pocket in which this hexane binds to be ellipsoid in shape (Figure 16). Upon 

generation of the symmetry molecule, a well-formed ovoid cavity can be observed. It is into 

this cavity which the hexane neatly fits via van der Waals interactions. 

 

Solvent binding site 6 was identified by an acetate molecule which bound in the HEX-soaked 

structure. This binding site is a nicely formed pocket on the surface of the protein (Figure 

17). In the aqueous structure it appears to be relatively neutral, whereas in the HEX-soaked 

structure it adopts some slight negative charge in the bottom of the pocket, in contrast to the 

 

 

 
Figure 15: Solvent-binding site 4/subsite F in a) aqueous milieu and b) GOL904. This site exhibits an 

amphipathic neutral/negatively-charged character. 
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Figure 16: Solvent-binding site 5 in a) aqueous milieu and b) HEX905. This is a site of crystal contact: a two-

fold symmetry axis passes through the site. It is quite positive like the majority of the surface outside of the 

active site cleft. Pairing of the two molecules in question about this symmetry axis results in the formation of an 

ellipsoid pocket into which this hexane molecule fits nicely via van der Waals interactions. 

 

 

 

 
Figure 17: Solvent-binding site 6 in a) aqueous milieu and b) HEX906(ACY). This acetate molecule has one of 

its oxygens pointing into the pocket, which is deep, spherical, and negatively charged compared to the 

surrounding area which is somewhat positively charged. The acetate molecule inserts into the pocket as well as 

it can while being held off by van der Waals interactions. 
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positive charges around the entrance to the pocket. This might facilitate some binding of the  

acetate molecule, which has one of its oxygen atoms facing into the pocket. The charge 

difference of the site between the aqueous and hexane structures cannot be explained readily 

in terms of structural conformational differences. The only apparent change in the structures 
 

 

 
Figure 18: Solvent-binding site 6, the solvent molecule HEX902(ACY) with the binding of the antibody 

HyHEL-5 superimposed (Cohen et al. 2005). Lysozyme is shown in its electrostatic surface representation; the 

acetate molecule is shown on the surface in cyan, and the bound HyHEL-5 antibody in green. 
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is in G67 which is slightly shifted (by only 0.3 Å) toward the pocket; apparently that shift is 

enough to significantly alter the calculation of the electrostatic potential surface across the 

region. This is part of the region where the HyHEL-5 antibody binds lysozyme (Figure 18) 

(Cohen et al. 2005). This acetate molecule binds on the periphery of the interface between 

HyHEL-5 and lysozyme nearly in the same site where a tyrosine on the antibody binds 

(Figure 18). 

 

Discussion 

 

A general picture of protein binding sites is emerging. A discussion of what makes a region 

on a protein surface a binding site revolves around structural plasticity, including the 

conservation of certain critical amino acid residues, and the hydration – or lack thereof – of 

the region in question. 

 

PLASTICITY 

 

Plasticity is a way of describing how a binding site changes shape on a protein; in our work, 

this can be examined by looking at multiple conformations of amino acid residues at binding 

sites and studying a binding site across solvent structures or across similar protein structures. 

All three binding sites on Ral and all six on lysozyme show small, structurally invariant 

centers with flexible residues on their peripheries. For Ral, the specific side chains which 

could serve as the anchors may very well be the Ral tree determinant residues. Highly 

conserved residues tend to occur at binding sites (Hu et al. 2000). By definition, the Ral tree 

determinant residues are highly conserved (Bauer et al. 1997). As an example, in Ral at 

binding site 1, F34 is an important and highly conserved aromatic amino acid. This binding 

site fits the anchor residue hypothesis: the residue in the bottom of the pocket changes 

identity between Ral and Ras but not its position. The residues around the periphery of the 

site change both their identity and their positions. A common inference is that residues must 

be conserved for a reason; and in the case of Ral, since the majority of the biochemically 

relevant residues (tree determinant and switch of function residues)  occur outside the switch 

regions, secondary sites of protein-protein interaction may occur on other parts of the 
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GTPase. The subsites in the active site cleft of lysozyme also fit the anchor residue 

hypothesis; the residues in the bottom of the pockets tend to be relatively invariant, but the 

residues forming the walls of the cleft leading into the pockets show conformational freedom. 

This is especially evident with subsite C: the spherical pocket itself does not change, but the 

walls of the cleft leading into it create a range of openings for the substrate, from straight and 

narrow to angled and broad. While on the topic of shape, recall that large and flat interfaces 

are commonly seen in protein heterodimers; whereas, most enzymes have deep pockets on 

their surface in which substrates can bind. The binding site for nucleotide in Ral and Ras is a 

deep pocket which is a perfect fit for GDP/GTP. The cleft binds guanine nucleotides 

specifically over adenosine nucleotides and binds it so tightly as to be considered a 

constitutive association (except when stimulated by a GEF to let it dissociate). On the other 

hand, binding site 1 in Ral is relatively large and flat, with the ellipsoid pocket (lined by F34) 

right in the middle. 

 

The disorder-to-order transitions observed in Ral and Ras for the switch regions upon 

protein-protein contact may also occur through an induced fit process in keeping with the 

anchor residue hypothesis, or they may occur through a process in which the switches 

transiently adopt ordered or semi-ordered conformations while bound to GTP, at which times 

potential binding partners may maneuver themselves into favorable positions for their 

complementary surfaces to match the switch. For Ral and lysozyme, although no properties 

were consistent for all the binding sites, each individual binding site had some properties it 

retained across the different structures and some which changed. By comparing similar 

structures, we can delineate such regions of plasticity. Based on our results, binding sites 

exhibit some degree of structural plasticity, even if the conformational changes that occur are 

small and localized. These conformational changes tend not to involve conserved residues at 

the core of the site, but rather moderately conserved and nonconserved residues around the 

periphery of the binding site. 

 

(DE)HYDRATION 

 

Protein binding sites are also tightly coupled to solvation effects – that is, the ability of a 
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surface patch to become desolvated. Our data indicate that there are few crystallographic 

water molecules residing in binding sites and that those which are present can be displaced 

by solvent molecules or inhibitors, and presumably natural binding partners as well. The 

water molecules that bound in the active site cleft of lysozyme could be displaced by solvent 

molecules. Similarly, water molecules hydrating the binding sites on Ral outside of the 

switch regions could also be displaced by solvents. Our results are in agreement with Bogan 

& Thorn who put forth the ‘O-ring’ hypothesis which says that hot spot residues tend to 

cluster in the center of protein-protein interfaces; and these hot spots are surrounded by 

residues that most likely serve to occlude bulk solvent from the region (Bogan & Thorn 

1998). The O-ring pattern could merely indicate that side chain atoms on the periphery of a 

binding site are more easily replaced by water in a nondisruptive manner than atoms in the 

center of the interface, but the result is the same: binding sites are dehydrated (Delano 

2002b). Also, a correlation was found between dehydrons (defectively packed and preformed 

backbone hydrogen bonds) and sites for protein complexation: dehydrons occur in spots on 

the surface that are sensitive to perturbations in the solvent environment, specifically to the 

removal of water (Fernandez & Scott 2003).  

The earliest observations about protein binding sites was that the hydrophobicities of regions 

on the surfaces of complementary protein surfaces determine which proteins associate 

meaningfully as opposed to those that associate transiently (Chothia & Janin 1975; Tsai et al. 

1996); and certainly, a patch on the surface of a protein which was hydrophobic in nature 

would most likely not be well hydrated. Thus, that interfaces tend to be dehydrated ties into 

the amino acid contents of interface regions and into the ability of water to mediate 

interactions. 

 

Our results have shown that no water molecules or only displaceable ones occur at protein-

substrate and protein-protein interfaces corresponding to our binding sites. At binding site 1, 

there are three conserved water molecules across all the Ral and Ras structures. These water 

molecules have elevated B factors compared to the average B factor of the protein structures. 

Plus, in the Ras solvent structures, the solvent molecules displace those water molecules. 

Displaceable water molecules were found at the six organic solvent binding sites in 

lysozyme. There were no well-ordered water molecules around the periphery of the active 
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site cleft, but there were four conserved water molecules in the cleft which were found to be 

replaced by solvents or by specific atoms on known inhibitors of lysozyme. Conversely, each 

solvent in general displaced a bound water molecule. 

 

It is difficult to say if there are displaceable water molecules bound at the switch regions of 

Ral and Ras without more structures for comparison. In those regions, we see significant 

disorder-to-order transitions. Water appears to play a role in modulating protein-protein 

contacts through the switch regions. The switch regions are well hydrated, especially in the 

presence of protein-protein contacts. This hydration trend is reflective of the order of the 

switches in the crystal. The switches tend to be disordered until a complex is formed; so 

whether binding occurs by fluctuations between semi-ordered states or by an induced fit 

process, water molecules help mediate the protein-protein contacts. That several water 

molecules help to mediate the protein-protein contact is not unusual. It would seem that the 

two types of binding – water molecules in an interface where a disorder-to-order transition is 

observed and those in an interface where few conformational changes occur – are different in 

the ways they utilize water. In one case, there is a largely pre-formed binding site. It has to be 

dehydrated and display a certain degree of shape and charge complementarity to whatever is 

going to bind there, whether it be another protein (binding partner) or a substrate. Such is the 

case with lysozyme’s active site cleft or with the binding sites outside the switch regions on 

Ral. In the other case, there are disorder-to-order transitions. Switch I is disordered, or 

perhaps as with Ras, randomly changing from one semi-ordered conformation to another, 

thus presenting potential binding partners with optional surfaces for binding. Perhaps there is 

an induced fit mechanism where the switch becomes ordered as the binding event occurs. 

Either way, water molecules seem to facilitate ordering interactions between binding 

partners. The ability of water to mediate shape complementarity in protein interactions ties 

into the structural plasticity of binding sites. They ensure shape complementarity between 

surfaces as well as provide polar interactions between the binding partners (Lo Conte et al. 

1999). Protein-protein binding sites seem to rely mainly on this kind of hydrophobic and 

hydrophilic complementarity between binding partners. With water molecules ‘smoothing 

out the bumps’ as it were, shape complementarity does not appear to be critical (Larsen et al. 

1998; Lo Conte et al. 1999; Fernandez & Scott 2003). Water molecules can also smooth out 
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inexact charge complementarities between binding partners. A charge on a ligand can be 

effectively dispersed by an array of hydrogen bonds, including through-water hydrogen 

bonds, to other polar groups on the protein or substrate. 

 

THE SIGNIFICANCE OF MSCS 

 

The MSCS method is able to distinguish the active site of lysozyme from the rest of the 

protein surface and it provides experimental information on the types of functional groups 

that might be incorporated in a high affinity ligand, showing areas of plasticity that can more 

easily accommodate changes in the process of ligand optimization. The positions and 

orientations of bound solvents in the active site mimicked the positions and orientations of 

the acetamido sidechains of the hexose subunits in known inhibitors. Nine of the 11 solvent 

molecules which bound to lysozyme were in the active site cleft. Five of them bound in 

subsite C, which has the most favorable binding energy of all the six subsites for lysozyme's 

natural substrate (Kuhara et al. 1982). The solvents binding in the subsites C and E adopted 

positions and orientations reflecting the atoms and their positions of tri-N-acetylchitotriose 

and NAG6. Such alignment is poor in subsite D, though, in keeping with the fact that the 

binding energy of substrate into subsite D is poor (Kuhara et al. 1982). Solvent binding sites 

outside of the active sites tend to be regions of crystal contacts in lysozyme, similar to results 

obtained for elastase and thermolysin (Chapter 4; Mattos, manuscript in preparation; English 

et al. 1999, 2001). In the MSCS of Ras, many solvent molecules bound to the switch regions; 

and in Ras crystal structures, there are correlations between switch conformations stabilized 

by crystal contacts and those by complex formation (Buhrman 2005). Therefore solvent-

mediated stabilization of disordered regions may reveal biologically relevant conformations; 

this has already been demonstrated for Ras’ switch II region (Buhrman et al. 2003). 

 

Our successes with MSCS are important for several reasons. First, the experimental 

functionally map of a protein structure allows us to identify regions of potential significance. 

Our solvent binding sites correlate to substrate active sites and other protein-protein 

interfaces, including antibody epitopes and crystal contacts. Second, comparing multiple 

structures from varying solvent environments allows us to probe the range of plasticity for 
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any binding site on a given protein. This is key because in previous works, such as the 

developments of the anchor residue, the O-ring or the dehydron hypotheses, it was necessary 

to pore over databases of disparate protein structures. With MSCS, we can explore the 

plasticity exhibited by one protein of interest as it exists in a single crystal form, thus 

eliminating bias that might arise due to differential packing. We see that all of the solvent 

binding sites have some structurally invariant and some plastic components. Lastly, we can 

examine the complete hydration pattern of a protein. Careful analysis of that along with the 

identified solvent binding sites will show any water molecules that are strictly conserved and 

should be considered as part of the macromolecule; it will also indicate water molecules 

which are displaced by solvent molecules thus indicating a dehydratability which could 

signify genuine sites of protein-ligand interaction. Protein binding sites are crucial to protein 

functions. It is critical that proteins bind their ligands with affinities and specificities 

carefully tuned to their functions. Thus it is important that better tools are developed to 

predict, identify and characterize binding sites because with an implicit understanding of the 

nature of protein-ligand interactions, we can better target proteins involved in diseases, 

engineer nanomachinery and genetically modify organisms (including ourselves) among 

other applications. To understand protein binding sites, it may be useful to study their 

behaviors in order to complement what we know about their physical descriptions. With 

techniques like MSCS, we can gain more insight into the behaviors of these dynamic 

macromolecules. 
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APPENDIX A – RAL SIGNAL TRANSDUCTION: A REVIEW OF THE 

LITERATURE 

 

Ras 

 

The history of the Ras family of proteins dates back almost five decades to observations that 

viruses could cause tumor formation in mice and rats. The viral genes responsible were 

called Ras, for rat sarcoma, and turned out to be mutated versions of genes that encode 

enzymes with intrinsic GTPase activity (Ehrhardt et al. 2002 is an excellent review). In 10%-

50% of human tumors, one of the three endogenous Ras genes, H-ras, K-ras, or N-ras, is 

activated by a somatic point mutation leading to the substitution of a single amino acid, 

usually in position 12 or 61 (Valencia et al. 1991). The Ras small G-protein superfamily 

contains over 100 members that are generally classified by structural similarity into six 

subfamilies:  Ras family GTPases (e.g. Ras, Rap and Ral), Rho family GTPases (Rho, Rac 

and CDC42), ADP-ribosylation factor (Arf) family GTPases (Arf1–Arf6, Arl1–Arl7 and 

Sar), Rab family GTPases (>60 members, e.g. Rab5), Kir/Rem/Rad family and Ran family 

GTPases (Bhattacharya et al. 2004a). Figure 1 demonstrates the relationships among the 

subfamilies of the Ras superfamily in terms of their evolutionary divergences. The small 

GTPases are monomeric G-proteins with molecular masses over the range 20–30 kDa. In 

general, Ras family GTPases regulate cell signalling events that lead to alterations in gene 

transcription; Rho family GTPases function as regulators of the actin cytoskeleton and can 

also influence gene transcription; Rab and Arf family GTPases control the formation, fusion 

and movement of vesicular traffic between different membrane compartments of the cell; and 

Ran GTPases regulate both microtubule organization and nucleocytoplasmic protein 

transport. Comparison of the three-dimensional structures of Ras and of the G-domain of 

bacterial elongation factor Tu (EF-Tu) (Jurnak et al. 1985) reveals that the two G-domains 

share a conserved topology and that 65% of the residues are structurally equivalent (Valencia 

et al. 1991). This is the closest E. coli homologue to Ras (Valencia et al. 1991). 

 

Small G-proteins share several biochemical and functional properties with the α subunits of 

heterotrimeric GPCRs (G-protein-coupled receptors), which form the largest group of 
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Figure 1:  A rooted dendrogram showing the relation of the subfamilies within the Ras superfamily of GTPases. 

In a dendrogram, the branch lengths are proportional to the estimated divergence along each branch. Not all of 

the 39 (or more) Rabs are depicted. The Pubmed accession numbers are denoted for each protein shown 

(alignment: Thompson et al. 1994; dendrogram: Felsenstein 1989). 
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integral membrane receptor proteins and mediate diverse physiological processes, including 

vision, olfaction, inflammation, immunity, cognition, pain perception, cardiac function and 

neurotransmission (Bhattacharya et al. 2004a). Guanine nucleotides with two or three 

phosphates bind to Ras with an affinity that is in the order of 1011 M-1 in the presence of 

Mg2+ at 4 °C, whereas the affinity to GMP is six orders of magnitude lower (John et al. 

1990). With few exceptions, GTP hydrolysis seems to be used mostly for regulation by 

guanine nucleotide-binding proteins (GNBPs) (Vetter & Wittinghofer 2001). Ras-related 

GTPases differ from the larger heterotrimeric GPCRs in that they have effector domains, 

guanine nucleotide binding domains and GTPase activity within a single polypeptide. Both 

small monomeric and large heterotrimeric GTPases have GTPase activity, function in signal 

transduction pathways and are anchored into membranes by post-translationally added lipid 

moieties. More recently, it has also become apparent that GPCR signalling through 

heterotrimeric G-proteins leads to the activation of both Ras and Rho family GTPases. There 

are two primary mechanisms by which GPCRs activate Ras/MAPK signalling:  via signals 

initiated by classical heterotrimeric G-protein effectors such as the second-messenger-

dependent protein kinases, and via the transactivation of receptor tyrosine kinases 

(Bhattacharyaet al. 2004a). 

 

The canonical pathway leading to activation of Ras begins with the dimerization of a receptor 

tyrosine kinase (RTK) upon binding a hormone signal such as epidermal growth factor 

(EGF). The RTK recruits the adaptor proteins Grb2 and SOS to the membrane. SOS acts as a 

guanine nucleotide exchange factor for Ras, propagating the hormone signal downstream. 

Ras activates at least three different effector pathways during early development. Ras-Raf 

interaction leads to the activation of Raf kinase and subsequent triggering of the MEK-ERK 

cascade, stimulating mitogenesis; Ras-PI3K interaction stimulates lipid kinase activity of 

phosphoinositol-3-kinase, resulting in the activation of a network of downstream effectors, 

which include AKT S6 kinase, several isoforms of PKC, Bad and Rac GEFs, resulting in 

increased cell survival (Feinstein 2004). These downstream pathways have the general 

cellular effects of regulating mesodermal gene expression. Ras-RalGDS interaction 

stimulates the Ras-related GTPase Ral – the subject of this dissertation – leading to 
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regulation of the actin cytoskeleton, gene expression, receptor endocytosis and delivery of 

vesicles to the membrane (exocytosis) among other effects. 

  

‘Molecular switches’ and the GTPase cycle 

 

All of these GTPases function as molecular switches that control eukaryotic cell function by 

cycling between their two interconvertible forms, a GDP-bound ‘off’ form and a GTP-bound 

‘on’ form (Bhattacharya et al. 2004a) (Figure 2). GTPases have a high affinity for their 

nucleotides and a low intrinsic GTP hydrolysis rate, so they tend to stay ‘off’ or ‘on’ until 

triggered to change their state by guanine nucleotide exchange factors (GEFs) and GTPase 

activating proteins (GAPs). Guanine nucleotide release from guanine nucleotide binding 

proteins is slow. GEFs accelerate it by several orders of magnitude (Vetter and Wittinghofer 

2001). The mechanism of GEF action involves a binary nucleotide-free complex, which is 

 

 

Figure 2:  Ras, Ral and related GTPases must cycle through their GTP- and GDP-bound forms. When bound to 

GTP, they are considered ‘active’ or ‘on’ and will bind to and activate downstream effectors. Some of the 

general effects that Ral activation causes are listed on the right; of these, only RalBP1, filamin and the exocyst 

can be considered true effectors. For example, Ral binds PLD constitutively, regardless of its nucleotide; and 

activated Ral is known to regulate gene expression through the transcription factor NF-κB, but the intermediate 

steps are unknown. 
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stable in the absence of nucleotide. Thus GEFs cause GTPases to release their nucleotides, 

upon which the GTPase binds another. Since GTP is ten times more abundant in the cell than 

GDP, odds favor the protein binding GTP. In principle, these reactions are fast and fully 

reversible, so that the GEF merely acts as a catalyst to increase the rate at which equilibrium 

between the GDP- and GTP-bound forms of the protein is reached (Vetter and Wittinghofer 

2001). The GTPases then are able to bind to downstream molecules thus propagating and 

amplifying the signal. The GTPase reaction for most GNBPs is slow and would not be 

suitable for most biological signal transduction processes which require complete 

inactivation within minutes after GTP loading (Vetter and Wittinghofer 2001).  The GTPase 

is turned ‘off’ when a GAP binds and stabilizes the transition state for hydrolysis of the bond 

between the β- and γ-phosphates of the bound GTP. Biochemical experiments showed that 

GAPs supply an arginine finger into the active site. This provides an explanation for the 

inability of oncogenic mutants of Ras to hydrolyze GTP. 

 

Ral 

 

The RalA gene was discovered by screening a λgt10 cDNA library constructed from 

poly(A)+ RNA of B95-8, a cell line of simian B-lymphocytes immortalized in vitro by 

Epstein-Barr virus infection, with eight labelled degenerate nucleotide primers corresponding 

to the highly conserved DTAGQE motif in Ras subfamily GTPases (Chardin & Tavitian 

1986). The DTAGQE motif made a particularly good molecular hallmark since it is not 

found in the α subunits of G proteins. This new gene was named RalA, for Ras-like. The 

open reading frame of 618 base pairs coded for a 206 amino acid protein with an expected 

molecular weight of 23.5 kD, though RalA purified from human platelets migrates in SDS-

PAGE as a 26-28 kD protein  (Wildey et al. 1993). Chardin and Tavitian soon found a 

human homologue of RalA along with a second isoform of Ral, named RalB, by performing 

a moderate stringency hybridization using the simian RalA cDNA probe with a human 

pheochromocytoma library (Chardin & Tavitian 1989). RalB shares about 85% amino acid 

identity with RalA (Figure 3). Currently, Ral homologues have been isolated in a number of 

mammals including mouse, chicken, human, rat and dog. A Ral homologue, EmRal, has even 
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Figure 3: Cartoon representation of RalA. Sheets are indicated in green, helices in red and loops in yellow, with 

the bound nucleotide in cyan and the coordinating magnesium ion in yellow. The locations of residues which 

are different between RalA and RalB have been colored blue to illustrate first, that they are highly identical in 

primary structure, and second, that most of the differences are localized to one face of the protein. Note the 

orientation of the figure; the importance of this region of Ral will be addressed in Chapter 2 of this work. This 

image was generated from O using the Ral-GppNHp structure from Nicely et al. then ray-traced with PovRay 

(Nicely et al. 2004; Jones et al. 1991;  Persistence of Vision Pty. Ltd. 2004). 

 

 

been found in the parasite Echinococcus multilocularis (Spiliotis & Brehm 2004). The 

human RalA and RalB genes are present in different chromosomes (Rousseau-Merck et al. 

1988; Hsieh et al. 1990). RalA is located on chromosome 7p15-22 and RalB on chromosome 

2cen-q13 (Rousseau-Merck et al. 1988; Hsieh et al. 1990). Ral expression varies by tissue 

type. Northern blot analyses showed that both RalA and RalB were widely expressed in rat 
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tissues with the highest mRNA levels in the testes and lower levels in the brain, adrenal and 

pituitary glands, kidney and ovary (Wildey et al. 1993). Ral mRNA levels were lowest in 

muscle tissues, particularly skeletal muscle. However, similar studies by another group 

showed that Ral is ubiquitously expressed but is especially abundant in brain, testis and 

platelets (Olofsson et al. 1988). 

 

Measurements of the binding constants of Ral show distinct differences from the well-

characterized H-Ras. Guanine nucleotide binding proteins are not stable without nucleotide 

for the time needed to do equilibrium dialysis, so the binding constant of RalA for GDP was 

determined by measuring the association and dissociation rate constants, then calculating the 

binding constant (Frech et al. 1990). The association rate constant for RalA is 1.1 x 108 min-1 

M-1 in a standard buffer with excess Mg2+. The dissociation rate constant is 4.1 x 10-4 min-1, 

thus a binding constant of 2.6 x 1011 M-1 can be calculated. The dissociation rate constants 

for Ras and RalA are the same at 37 °C:  7.9 x 10-3 min-1. At 21 °C, RalA’s dissociation rate 

constant for GDP is 4.1 x 10-4 min-1 and Ras’ 7.0 x 10-4 min-1. The increase in rate constant in 

going from 21 to 37 °C is 19-fold for RalA versus 11-fold for Ras; therefore the activation 

energy for binding must be different between Ras and Ral (Frech et al. 1990). Frech et al. 

also measured the GTP hydrolysis rate of wild type and mutant RalA proteins by 

preincubating the protein with γ-32P-GTP, starting the reaction by adding magnesium and 

measuring the initial Pi production. Wild type RalA hydrolyses GTP with a burst-type 

behavior at a rate of 72 x 10-3 min-1. This is faster than the GTPase rate of Ras which 

proceeds at 28 x 10-3 min-1; the Ral mutant equivalent to Ras(Q61L) has a GTPase rate of 33 

x 10-3 min-1, a 10-fold decrease. The Ral mutant equivalent to Ras(G12V) hydrolyzed GTP at 

a rate of 7 x 10-3 min-1, and the Ral mutant equivalent to Ras(G12V,A59T) had a rate of 

8.5x10-3 min-1; thus both Ral mutants containing a mutation equivalent to Ras(G12V) had a 

10-fold decrease in GTPase activity. Similar decreases were found for Ras. In summary, the 

GDP exchange rate of RalA is slower than for Ras, especially at 21 °C in the absense of 

magnesium. RalA exchanges GDP with a t½ of 90 min at 37 °C in the presence of 

magnesium and has a low GTPase activity (0.07 min-1 at 37 °C) (Frech et al. 1990). 

Substitutions in the phosphate binding site do not have dramatic effects on the GDP 

exchange rates. In Ral, a G12V mutation reduces the dissociation rate constant by two, which 
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is similar in direction but not magnitude to the effect on Ras. The double mutant G12V,A59T 

shows a similar decrease of the rate constant (with and without magnesium ion). This is in a 

sharp contrast to Ras where this double mutation leads to a three-fold increase of the GDP 

dissociation rate. The Q61L mutation increases the GDP dissociation rate of Ras five-fold but 

has little effect on Ral in the presence of Mg2+. In the absence of Mg2+, a two-fold increase of 

the dissociation rate is obtained, showing that the bound magnesium ion plays a role in 

stablizing the seating of the nucleotide (Frech et al. 1990). Most importantly, mutant Rals 

displayed altered nucleotide exchange kinetics and GTPase activities; but the effects of the 

substitutions are less pronounced than in the Ras proteins. 

 

By transfection of tumor DNA in NIH/3T3 cells it is possible to detect transforming Ras 

genes in 10-50% of human tumors; however, Ral expression vectors did not induce foci 

when tested in the same assay (Frech et al. 1990). RalA(Q72L) is a mutation that is 

analogous to the oncogenic Ras(Q61L); the protein has a defective intrinsic GTPase activity 

(Frech et al. 1990). Constitutively active RalA is not transforming in fibroblasts but it 

strongly enhances the transforming activities of activated Ras and Raf-1 (Ehrhardt et al. 

2002). 

 

Ral activation 

 

The first known Ral GEF, RalGDS (guanine nucleotide dissociation stimulator), was initially 

identified as a gene homologous to the CDC25 family (Albright et al. 1993). The 115 kD 

mammalian GDS protein was found using sequences derived from the yeast Ras GDS 

proteins as probes in a mammalian library screen. The encoded protein stimulated the 

dissocation of guanine nucleotides from the RalA and RalB GTPases at a rate at least 30-fold 

faster than the intrinsic nucleotide dissociation rate. Named RalGDS, the GEF was at least 

20-fold more active on RalA and RalB than on any other GTPase tested, including H-Ras, N-

Ras, K-Ras, R-Ras, Rap1A, Rap2, RhoA, RhoB, CDC42, Rab3A and Ypt1 (Albright et al. 

1993). RalGDS specifically interacts with the active form of Ras, and RalGDS can compete 

with NF1 and Raf for binding to the effector loop of Ras (Hofer et al. 1994). The interaction 

of RalGDS’ carboxy-terminal segment with Ras was specific, dependent on activation of Ras 
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by GTP and blocked by a mutation that affected Ras effector function (Kikuchi et al. 1994). 

These observations estabablished the RalGDS family members as true effector proteins of 

Ras. Consistent with Ras being required for activation of RalGDS, EGF receptor activation 

of Ral is inhibited by dominant negative Ras mutants (Bhattacharya et al. 2004a). 

Interestingly, although RalGDS binds the Ras isoforms H-Ras, K-Ras, R-Ras and Rap1A in a 

yeast two hybrid library screen (Spaargaren & Bischoff 1994), it is only activated by H-Ras 

in transient cotransfections (Urano et al. 1996). When activated H-Ras was included in a 

transfection with RalGDS, levels of Ral-GTP rose by about a third compared to transfection 

of RalGDS alone; no changes in the levels of Ral or RalGDS were observed. In contrast, 

constitutively activated forms of R-Ras or Rap1A had no significant effect on the activity of 

RalGDS (Urano et al. 1996). 

 

RalGDS was re-discovered in a screen for Ras-binding proteins that specifically interact with 

a Ras effector loop mutant that uncouples Ras from activation of Raf1 (White et al. 1996). Of 

the three Ras effector pathways – RalGDS, Raf and PI3K – it was found that a mutation of 

just two amino acids in Ras alters it such that it will bind one of these three effectors and not 

the other two (Ramocki et al. 1998). Specifically to this discussion, Ras(G12V,E37G) will 

bind RalGDS but not Raf or PI3K. The G12V mutation renders Ras constitutively active, 

which is necessary because Ras-GDP will not bind RalGDS (nor Raf, nor PI3K). The E37G 

is a mutation in the effector binding domain which was found through a combination of 

sequence analysis of Ras subfamily members and random mutagenesis. 

 

However, it must be noted that these three effector pathways of Ras do not appear to be 

distinct. Recent evidence shows that PI3K through its effector PI3K-dependent kinase 1 

(PDK1) will enhance Ral GEF catalytic activity, suggesting crosstalk in Ras effector 

pathways immediately downstream of Ras itself (Tian et al. 2002). PI3K generates the 

second messenger molecules phosphoinositide-3,4-diphosphate and phosphoinositide-3,4,5-

triphosphate (PIP3). PDK1 binds PIP3; PDK1 then phosphorylates a variety of cellular 

protein kinases of the AGC family. PDK1 increased RalA-GTP levels about four-fold in a 

transfection assay in HEK 293 cells (transfecting the cDNA encoding the kinase). 

Transfection of Ral cDNA alone showed that about 10% of the Ral was bound to GTP. With 
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cotransfection of Ral and RalGDS cDNAs, that ratio rose to 18%. With cotransfection of Ral, 

RalGDS and constitutively active PI3K cDNAs, it rose to 25%. And with all those plus 

PDK1, about 35% of the Ral was bound to GTP; this level is comparable to cotransfection of 

Ral with RalGDS and constitutively activated Ras (Tian et al. 2002). These results fit in 

nicely with the central tenet of signal transduction:  a signal is amplified as it is propagated 

downstream. One research group has claimed that PDK1 is required for RalGDS-stimulated 

activation of Ral (Takaya et al. 2004). It is believed that the non-catalytic amino-terminus of 

PDK1 mediates the formation of an EGF-induced complex with the amino-terminus of 

RalGDS thereby relieving its auto-inhibitory effect on the catalytic domain of RalGDS. In in 

vitro assays of Ral activation, RalGDS(ΔN) displayed higher GEF activity than RalGDS 

even though they were expressed at similar levels (Tian et al. 2002). This would support the 

idea that the amino-terminus of RalGDS has an auto-inhibitory effect. That PDK1 binds the 

amino-terminus suggests that it relieves the inhibition, and that is how it complements Ras-

induced activation of RalGEF and thus Ral. Expression of only the amino-terminal peptide of 

RalGDS bound to PDK1 in cells blocked binding of PDK1 to RalGDS and interfered with 

Ral activation by EGF. Rusanescu et al. describe experiments suggesting that Ras binding to 

RalGDS may not be sufficient for activation upon ligand stimulation; they found conditions 

where Ras bound RalGDS but did not activate it (Rusanescu et al. 2001; Tian et al. 2002). It 

remains to be determined how EGF promotes the association of PDK1 with RalGDS. The 

process clearly requires PI3K activity, since it is blocked by PI3K inhibitors. It is also not 

known whether PDK1 binds directly to RalGDS or through an intermediary protein (Tian et 

al. 2002). 

 

The involvement of PDK1 in the activation of Ral may be related to localization on the 

plasma membrane. Takaya et al. observed that the spatial regulation of RalA is conducted by 

a mechanism distinct from the temporal regulation conducted by the Ras-dependent plasma 

membrane recruitment of Ral GEFs (Takaya et al. 2004). Although it has been reported that 

H-Ras but not K-Ras activates Ral (Xu et al. 2003), Takaya et al. found that both H-Ras and 

K-Ras served as plasma membrane docking sites for Rlf and RalGDS (Takaya et al. 2004). 

This is consistent with previous evidence that K-Ras will bind to but not activate RalGDS, 

but Takaya et al. looked for further meaning. Supposing that K-Ras should activate RalGDS 
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if it is going to bind it at all, their observations could be taken to indicate that plasma 

membrane recruitment of Ral GEFs is not sufficient for RalA activation. This would imply 

the presence of another activator(s) of Ral GEFs that is stimulated by H-Ras but not K-Ras. 

Takaya et al. argue that PDK1 fulfills these criteria. First, PDK1 binding to RalGDS 

stimulates the GEF activity of RalGDS (Tian et al. 2002). Second, H-Ras is known to be a 

more potent stimulator of PI-3K than K-Ras (Yan et al. 1998). 

 

Several Ral GEFs have been identified in addition to RalGDS. First, a yeast two hybrid 

screen using constitutively active Ras as the bait identified a novel protein which shared 69% 

amino acid homology with RalGDS; thus it was designated Rgl, for RalGDS-like, and found 

to have GEF activity specific for Ral (Kikuchi et al. 1994; Ikeda et al. 1995). Second, 

screening of a mouse embryonic cDNA library using the  yeast two-hybrid system isolated 

the cDNA of a novel Rap1A-interacting protein. The open reading frame encoded for an 84 

kD protein that shared approximately 30% identity with RalGDS and Rgl. It was named Rlf, 

for RalGDS-like factor. In the yeast system, Rlf interacted with Rap1a, H-Ras and R-Ras, but 

not with Rac and Rho (Wolthuis 1996). Third, a new subfamily of Ral GEFs was found using 

a bioinformatic approach:  a family of differentially expressed GEFs was identified by 

database sequence homology searching. These proteins shared the core catalytic domain of 

other Ras family GEFs but lacked the catalytic non-conserved domain that is believed to 

contribute to Sos1 integrity. The new GEFs were named RalGPS 1A, 1B, and 2, for RalGEFs 

with PH (pleckstrin homology) domain and SH3 (Src homology) binding motif (Rebhun et  

al. 2000). The RalGPS proteins do not possess a Ras-GTP-binding domain, suggesting that 

they are activated in a Ras independent manner. They promote GTP loading of Ral, bind to 

the SH3 domain-containing adapter proteins Grb2 and Nck, and require their PH domain for 

activity. Another RalGPS protein was found by searching the dbEST database for new 

cDNAs coding polypeptides sharing some homology with an exchange domain homologous 

to the carboxy-terminal domain of the yeast Ras GEF Cdc25p. The highest similar sequence 

was completely sequenced from a mouse library and found to encode a polypeptide 

containing a truncated Cdc25 domain and PH domain. The full length cDNA coded for a 590 

amino acid protein containing a well conserved Cdc25/RasGEF domain, a PXXP motif, and 

a PH domain in the C-term region. A Blast analysis with this cDNA revealed two human 
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cDNAs coding for related proteins. The first turned out to be RalGPS1 as identified by 

Rebhun et al. (Rebhun et al. 2000). The  second was therefore named RalGPS2. Neither 

RalGPS1 nor 2 were able to activate Ras. Similarly, transfection experiments in HEK293 

cells showed that RalGPS2 does not increase Ras-GTP or Rap1a-GTP, but it is able to 

activate RalA (Martegani et al. 2002). Fourth, the Ral GEF Rgr induces phosphorylation of 

ERKs, p38 and JNK kinases, and increases the levels of the GTP-bound forms of Ral and 

Ras in vivo (Hernandez-Muñoz et al. 2000). Rgr has specific exchange activity on Ral in 

vitro, although it lacks a Ras-interacting domain at its carboxyterminal end like the other 

family members (D’Adamo et al. 1997). Not surprisingly, activation of Ras by Rgr was 

undetectable in vitro. 

 

Activated versions of Ras, Rap1, Rap2, R-Ras and TC21 can interact with the various 

RalGEFs, but Rap1, K-Ras, N-Ras and R-Ras cannot activate RalGDS. Rosário et al. showed 

that TC21, another Ras-related GTPase, is able to activate Ral GEFs (Rosário et al. 2001). 

Expression of constitutively active TC21 led to the activation of RalA. Activation of the Ral 

pathway by TC21 was required for TC21-stimulated DNA synthesis but not a transformed 

morphology. Inhibition of Ral signaling blocked DNA synthesis in tumor cell lines 

containing activating mutations in TC21, demonstrating for the first time that this pathway is 

required for the proliferation of human tumor cells. Using the Ral binding domain of RalBP1 

conjugated to GST, pulldowns showed that TC21-transformed NIH3T3 clones consistently 

exhibited elevated levels of Ral-GTP compared to parental untransformed cells. Insertion of 

the T46S TC21 mutant inhibited the activation of Ral by TC21. For confirmation that the Ral 

pathway was required for TC21-induced DNA synthesis, they coinjected an expression 

vector for the Ral binding domain of RalBP1 with an expression vector for constitutively 

active TC21 into quiescent Swiss 3T3 fibroblasts. Expression of active TC21 resulted in a 

strong stimulation of DNA synthesis that was partially inhibited by expression of the RalBD, 

indicating competition between endogenous RalBP1 and the expressed RalBD for TC21 

(Rosário et al. 2001). 

 

In A14 fibroblasts, Ral activation is completely dependent on Ras (Wolthuis et al. 1998b). 

Stimulation of A14 fibroblasts by insulin, endothelin, EGF or PDGF (working on both RTKs 
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and serpentine receptors) stimulates RalA to exchange its nucleotide about 3-5-fold. This 

activation correlated with the activation of Ras; dominant negative Ras(S17N) expression 

completely inhibited Ral activation induced by these agonists. Any agonists which did not 

activate Ral, such as tetradecanoylphorbol-13-acetate (TPA), also did not activate Ras. 

Treatment of cells with EGF causes Ral to move to the membrane (Gildea et al. 2002); this is 

consistent with observations that Ral activation, whether by Ras-mediated pathways or other 

direct receptor-mediated interactions, occurs on membranes. Treatment of platelets with 

enough α-thrombin to induce aggregation stimulated RalA activation up to six-fold (Wolthuis 

et al. 1998a). 

 

Nitric oxide (NO) activates Ras, Rap1 and Ral in a time- and concentration-dependent 

manner (Mittar et al. 2004). Nitric oxide (NO) is a short-lived free radical, which serves as a 

cellular messenger in many physiological and pathological processes such as vasodilation, 

host defense, synaptic plasticity, and inhibition of smooth muscle growth. The oxidized form 

of NO, the nitrosonium ion (NO+), is known to react predominantly with cysteine residues of 

proteins forming nitrosothiols (R-S-NO). Some of the proteins whose functions are regulated 

by modification of cysteine residues are Ras, calcium-dependent potassium channels, N-

methyl-D-aspartate receptor, caspases, and mammalian and bacterial transcription factors. 

Using activation-specific probes, it was found that exogenous NO provided at a 

concentration range of 30–100 μM activated Ral in Jurkat and PC12 cells within 10 minutes 

(Mittar et al. 2004). The expression of dominant negative Ras failed to inhibit the activation 

of Ral by NO. Oxidative and nitrosative agents are known to modulate the functions of 

proteins by modifying cysteine residues that are strategically located at catalytic or allosteric 

sites. There is a reversible interaction between NO and Ras on C118, resulting in Ras 

activation via GDP/GTP exchange. Ras C118 is in the highly conserved [N/T]KXD motif, 

where the X is C118. Rap also has a Cys at amino acid number 118; however, Ral has a Ser 

residue at that position rather than a Cys. Hence there is a need for a better mechanistic 

understanding about this molecular redox trigger. 

 

Ral GEFs can be activated entirely independently of Ras GTPases as well; a RalGDS mutant 

lacking a Ras binding domain was able to activate RalB (Hofer et al. 1998). Cotransfection 
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of RalGDS cDNA with RalB cDNA in COS-7 cells substantially increased the amount of 

precipitated Ral-GTP. Overexpression of an activated Ras mutant (G12V) had very little 

effect on the activation of RalB, and a RalGDS mutant lacking the Ras-interacting domain 

was able to activate RalB. These results suggest that Ral can be activated by RalGDS by Ras-

dependent and Ras-independent mechanisms (Hofer et al. 1998). This may occur from direct 

interactions between the Ral GEF and membrane-bound receptors; in support of this 

hypothesis, it was observed that RalGDS binds β-arrestin. β-arrestins are proteins involved in 

the uncoupling of GPCRs from heterotrimeric GTP-binding proteins in response to G 

protein-coupled receptor phosphorylation. RalGDS bound β-arrestin in yeast two hybrid 

screens and co-immunoprecipitated from human polymorphonuclear neutrophilic leukocytes 

(PMNs) (Bhattacharya et al. 2002). Under basal conditions, RalGDS was localized to the 

cytosol and remained inactive in a complex formed with β-arrestins. Activation of the Gi-

coupled chemoattractant N-formylmethionyl-leucylphenylalanine (fMLP) receptor leads to 

both Ras-dependent and Ras-independent activation of Ral (Bhattacharya et al. 2004b). Ral 

is required for the initiation of a number of fMLP receptor-stimulated neutrophil responses 

including cytoskeletal reorganization required for chemotaxis (Bhattacharya et al. 2004a). In 

response to fMLP receptor stimulation, β-arrestin–Ral-GDS protein complexes dissociated 

and RalGDS translocated with β-arrestin from the cytosol to the plasma membrane, resulting 

in the Ras-independent activation of the Ral effector pathway required for cytoskeletal 

rearrangement. Translocation and binding of β-arrestin to the receptor is correlated with the 

dissociation of the β-arrestin–RalGDS complex. Since Ral is localized to the inner leaflet of 

the plasma membrane, redistribution of RalGDS to the plasma membrane overcomes the 

spatial paradox for RalGDS localization, allowing RalGDS to be appropriately localized to 

activate Ral-dependent reorganization of the cytoskeleton. The subsequent re-association of 

β-arrestin–Ral-GDS complexes is associated with the inactivation of Ral signalling. One 

unresolved issue is whether GPCRs function as GEFs for small GTPases or whether they 

recruit protein complexes that also contain small GTPase GEFs and effector proteins 

(Bhattacharya et al. 2004a). 

 

Physiological concentrations of low density lipoprotein (LDL) sensitize blood platelets to α- 

thrombin- and collagen-induced secretion, and after prolonged contact trigger secretion 
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independent of other agonists. LDL activates Rap1 and Ral but not Ras, as assessed by 

specific precipitation of the GTP-bound enzymes (Hackeng et al. 2000). LDL was unable to 

activate ERK2 in accordance with the absence of Ras activation. Ral may take part in 

signaling routes initiated by LDL that initially enhance the sensitivity of platelets to other 

agonists and later trigger LDL-dependent secretion. Wolthuis et al. 1998a reported the 

concurrent activation of Ral and Rap1, rather than Ras, in platelets stimulated by different 

agonists, suggesting that Ral might be a signalling molecule downstream of Rap1 in platelets 

(Wolthuis et al. 1998a). Rap1 activates Ral in cotransfection experiments with Rlf in Cos7 

cells (Zwartkruis et al. 1998). Therefore Rap1 may have taken over the function of Ras in 

platelets. 

 

Isoprenylation 

 

The incorporation of isoprenoid precursors labelled with 3H indicated that Ras and Ral are 

modified by isoprenyl groups (Kinsella et al. 1991). It turns out that the carboxy-termini of 

all Ras proteins contain signal sequences that promote their association with the plasma 

membrane. The CAAX motif (Where A is an aliphatic amino acid and X is anything) signals 

three post-translational modifications: isoprenylation, AAX proteolysis and 

carboxymethylation (Reuther & Der 2000). The result is that all Ras proteins are localized to 

the plasma membrane where they function to convey signals into the cell. Whether 

differences in the ways in which Ras proteins are transported to the plasma membrane result 

in differences in function is not clear. 

 

In 1991 it was reported that Ras was post-translationally modified by a 15-carbon moiety and 

Ral by a 20 carbon moiety (Kinsella et al. 1991). Thus where Ras is isoprenylated by the 

addition of a farnesyl group, Ral is geranylgeranylated (Figure 4). Addition of geranylgeranyl 

pyrophosphate to a reaction mixture with 3H-mevalonolactone inhibited incorporation of 

radioactivity into RalA and RalB, suggesting that both proteins were geranylgeranylated 

(Jilkina & Bhullar 1996). Both modifications have the effect of anchoring the proteins to 

membranes, although for reasons that are not clear Ras tends to associate exclusively with 

the plasma membrane whereas Ral tends to be found partly on the plasma membrane and 
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partly in cytoplasmic vesicles (Feig et al. 1996; Bos 1998; Bielinski et al.1993; Volknandt  et 

al. 1993). Ras mutants with the CAAX motif deleted or disrupted are not isoprenylated and 

do not associate with the plasma membrane; these mutants have been shown to be effective 

dominant negatives (Feig 1999). These findings suggest that inhibitors of the CAAX-

signaled proteolysis and carboxylmethylation may be used in combination with farnesyl 

transferase inhibitors as a novel approach to blocking oncogenic Ras function for cancer 

treatment. 

 

Using the model wherein Ras becomes activated by SOS upon SOS’s recruitment to the 

plasma membrane by Grb2, Kishida et al. found that a mutant Ras lacking its CAAX signal 

would not activate Ral. RalGDS stimulated the exchange reaction of the post- translationally  

 

 

 
Figure 4:  Diagram outlining the post-translational modification of Ral. The first Cys in Ral’s carboxy-terminal 

CCIL motif is exploded into its atoms to outline how the geranylgeranylpyrophosphate moeity is attached to 

this Cys’ sidechain, after which the remaining CIL amino acids are cleaved from the protein. 
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lipid modified form of Ral but not the unmodified form in response to EGF in COS cells 

 (Kishida et al. 1997). The RalGDS action on Ral was enhanced by active Ras but not a Ras 

mutant which was not post-translationally modified. This showed that colocalization of Ras-

Ral GEF-Ral on the membrane was necessary for the propagation of signals. 

 

The same research group under the authorship of Matsubara et al. generated a mutant 

RalGDS with an appended carboxy-terminal CAAX sequence identical to Ras’ (Matsubara et 

al. 1999). This RalGDS-CAAX chimera translocated predominantly to the plasma 

membrane, and its presence there was sufficient to activate Ral independent of the activation 

state of Ras. Confirming that activation and propagation of the hormone signals downstream 

through Ral occur on membranes, the use of GFP:RalGDS fusion proteins (and confocal 

microscopy) provided direct in vivo evidence that RalGDS and Rlf translocated from the 

cytoplasm to the plasma membranes of confluent MDCK cells 14 hrs after microinjection of 

an expression vector for the fusion protein; insertion of the T46S and Y51C mutants of TC21 

completely abolished both TC21-induced plasma membrane translocation and 

coimmunoprecipitation of the Ral GEFs with TC21 (Rosário et al. 2001). Finally, RalGDS 

(wild type) did not stimulate the dissociation of GDP from Ral in the absence of Ras-GTP in 

a reconstitution assay using liposomes, but RalGDS-CAAX could stimulate it without Ras. 

Thus Ras is responsible for recruiting RalGDS to the membrane where Ral is located. This 

system has precedent, as Grb2/SOS usually resides in the cytoplasm and is brought to the 

membrane by dimerization of RTKs; the catalytic exchange activity of SOS is unaltered by 

the association of SOS with EGF receptor, suggesting that translocation alone may be 

responsible for sending the signal downstream (Egan et al. 1993). 

 

To determine the location of endogenous Rgr in RK13 cells upon transformation, a green 

fluorescent protein(GFP)-Rgr fusion protein was used to track the movement of Rgr 

(Hernández-Muñoz et al. 2003). Increasing amounts of expression resulted in the enhanced 

localization of Rgr to the plasma membrane. The immunofluorescence analysis of the 

subcellular localization of the normal, endogenous protein indicated that this GEF is present 

in the endomembrane network. When the GFP-Rgr fusion protein is overexpressed in 
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NIH3T3 cells, fluorescence appears not only in the perinuclear region but also in the cytosol 

and in the plasma membrane (Hernández-Muñoz et al. 2003). 

 

Ral inactivation 

 

The molecular identity of a GTPase-activating protein (GAP) for Ral remains unknown (Feig 

et al. 1996; Quilliam et al. 2002). Partial purification of proteins with Ral GAP activity has 

been reported, but no group has successfully identified and cloned a Ral GAP gene. 

Specifically, Emkey et al. identified the presence of a Ral GAP in the cytosolic fractions of 

rat brain and testis tissue (Emkey et al. 1991). This Ral GAP was distinguished from Ras 

GAPs by its behavior in two chromatography systems and by the fact that the two GAP 

proteins did not stimulate the GTPase activity of each others target GTP binding proteins. 

The Ral GAP failed to promote the GTPase activity of mutant RalA(Q72L) containing amino 

acid substitutions that in Ras lead to GAP-insensitive proteins (Emkey et al. 1991). Also, 

Bhullar & Seneviratne showed the activity of a Ral GAP in platelet extracts (Bhullar & 

Seneviratne 1996). The addition of platelet cytosolic or detergent solubilized particular 

proteins stimulated the intrinsic GTPase activity of RalA by at least six-fold with maximal 

effect observed at pH 6.5. Thus, some unidentified RalGAP is distributed equally in the 

cytosolic and particulate fractions of platelets. The molecular weight of this Ral GAP was 

estimated to be 34 kD. It did not stimulate the intrinsic GTPase activity of Ras, CDC42 or 

Rab3A, indicating a specificity for Ral (Bhullar & Seneviratne 1996). 

 

Beginning with the discovery that the bifunctional virulence factor Exoenzyme S (ExoS) 

ADP-ribosylates Ral (Fraylick et al. 2002b), a short succession of papers showed that ExoS-

modified Ral loses its ability to bind its effector RalBP1 (Fraylick et al. 2002a) and that its 

ability to become activated is impaired (Rocha et al. 2003). The opportunistic pathogen 

Pseudomonas aeruginosa utilizes a contact-dependent type III secretory mechanism to deliver 

the ExoS directly into susceptible eukaryotic cells. ExoS is a bifunctional molecule that 

contains an amino-terminal GTPase activating (GAP) activity for low molecular weight G-

proteins of the Rho family and a carboxy-terminal ADP-ribosyltransferase activity which 

preferentially targets low molecular weight GTPases in the Ras and Rab subfamilies. 
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Bacterial translocation of ExoS into epithelial cells is associated with diverse effects on cell 

function, including inhibition of growth, alterations in cell morphology and effects on 

adherence processes. In examining the ADP-ribosylation and functional effects of ExoS on 

RalA, ExoS was found to ADP-ribosylate endogenous RalA and recombinant 

RalA(ΔCAAX) at multiple sites, with R52 identified as the preferred site of ADP-

ribosylation (Fraylick et al. 2002a). To determine whether the ADP-ribosylation of RalA by 

ExoS can directly affect RalA function, binding of purified His-tagged RalA(ΔCAAX) to the 

Ral-binding domain of RalBP1 (Ral’s first identified effector – see next section) was assayed 

following its ADP-ribosylation in vitro by purified ExoS. Two shifts in the molecular mass 

of RalA were detected following the coculture of HT-29 epithelial cells with an ExoS-

producing P. aeruginosa strain, which was consistent with cellular RalA being a substrate of 

bacterially translocated ExoS and having at least two sites of ADP-ribosylation. 

Stoichiometry analyses of RalA(ΔCAAX) revealed that 2.15 mol of ADP-ribose was 

incorporated per mole of RalA, which was consistent with the detection of two to three sites 

of ADP-ribosylation of cellular RalA by bacterially translocated ExoS. RalA binding to 

GST-RBD was found to be blocked by the ADP-ribosylation of RalA by ExoS in vitro, 

confirming the potential for ExoS to directly interfere with RalA binding to its downstream 

effector RalBP1. 

 

RalBP1 

 

The first identified effector of RalA was found using a yeast-based interaction assay with 

constitutively active RalA as the bait. The novel cDNA clone was named RalA-binding 

protein (RalBP1) (Cantor et al. 1995) (Figure 5). RalBP1 bound specifically to the active 

GTP-bound form of RalA and not to RalA with a point mutation in its putative effector 

domain (as determined by sequence alignments with the well-characterized Ras). 

Contemporaneously, RalBP1 was discovered by another group using similar methods and 

given a different name, RLIP, for RalA-interacting protein (Jullien-Flores et al. 1995). 

RalBP1 contained a Rho-GTPase-activating protein domain that interacted preferentially 

with Rho family member CDC42 (Cantor et al. 1995; Jullien-Flores et al. 1995). Since 

CDC42 has been implicated in bud site selection in yeast and filopodium formation in 
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mammalian cells, Ral may function to modulate the organization of the actin cytoskeleton 

and regulate cytoskeleton polarity through its interaction with RalBP1 (Cantor et al. 1995). 

However, expression of RalBP1 affects neither Rac- nor CDC42-dependent Jun N-terminal 

kinase activity (Nakashima et al. 1999). The GAP region of RalBP1 was not required for 

binding to Ral (Jullien-Flores et al. 1995). 

 

Since the initial observation that RalBP1 has GAP activity for CDC42 and Rac1 (Figure 5), a 

series of interesting and even surprising observations about functions of RalBP1 has come to 

light. First, the carboxy-terminal domain of RalBP1 is involved in EGF-receptor endocytosis 

via an interaction with the protein POB1; internalization of EGF and insulin was not affected 

by full-length RalBP1, but was inhibited by its carboxy-terminal region which binds directly 

to Ral and POB1 (Nakashima et al. 1999). POB1 (partner of RalBP1) was the first identified 

protein to interact with RalBP1 (Ikeda et al. 1998). It was found by yeast two hybrid 

screening with RalBP1 as the bait. POB1 consists of 521 amino acids, shares homology with 

Eps15 (an EGF receptor substrate) and has two proline-rich motifs. POB1 interacts with 

RalBP1 through its carboxy-terminal region; the binding domain of RalBP1 to POB1 is 

distinct from its binding domain to RalA and POB1 did not compete with constitutively 

active RalA for binding to RalBP1 (Ikeda et al. 1998). POB1 also did not affect the GAP  

 

 

Figure 5:  Diagram showing the three effector pathways of activated Ras and some of the effects of activated 

Ral. 
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activity of RalBP1 on Rac1. Proline-rich motifs have been described as general cognate  

ligands for numerous SH3-containing adaptor proteins. Among SH3-containing proteins, 

Grb2 was found to bind POB1 specifically (Ikeda et al. 1998). With this result and the 

presence of the homologous region to Eps15, it was suggested that a RalBP1-POB1 complex 

could be recruited to the EGF receptors on the plasma membrane (Figue 6). A demonstrated 

function of POB1 in the cell was found in yeast two hybrid screens using POB1 as the bait. It 

was found that POB1 binds mouse ASAP1 (a homologue of human PAG2) (Oshiro et al. 

2002). PAG2 is a paxillin-associated protein with Arf GAP activity. POB1 forms a complex 

with PAG2 in intact cells, suggesting that POB1 interacts with PAG2 through its proline-rich 

motif, thereby regulating cell migration. 

 

Another link between RalBP1 and receptor endocytosis is the observation that RalBP1 binds 

 

 

 
Figure 6:  Ral, RalBP1 and POB1 transmit the signal from the receptors to Epsin and Eps15, thereby regulating 

ligand-dependent receptor-mediated endocytosis. This figure was reprinted with permission from Nakashima et 

al. (Nakashima et al. 1999). 
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activin receptor-interacting protein 2 (ARIP2) (Matsuzaki et al. 2002). [For more detail 

please refer to the Endocytosis section.] Also, RalBP1 binds to the µ-adaptin subunit of the 

heterotetrameric adaptor protein-2 (AP2) adaptor complex required for clathrin-mediated 

endocytosis (Jullien-Flores et al. 2000), linking Ral to the regulation of the clathrin-mediated 

endocytosis of transferrin, activin, insulin, and epidermal growth factor (EGF) receptors 

(Nakashima et al. 1999; Matsuzaki et al. 2002). In a search for partners of RalBP1, Jullien-

Flores et al. found that µ2, the medium chain of the AP2 complex interacts with RalBP1. A 

constitutively active Ral mutant interfered with the endocytosis of EGF receptors as well as 

the endocytosis of transferrin reeptors in HeLa cells. Trapping Ral in its GTP bound form 

would stabilise the association of µ2-RalBP1 with membranes and thus disrupt the dynamic 

cycle of AP-membrane interactions, viz. association and dissociation, that are required for 

coated pits assembly and disassembly. Therefore, overexpression of active Ral leads to 

inhibition of clathrin-dependent endocytosis of transferrin and EGF receptors. When 

signaling receptors such as EGFR are stimulated, the activation of Ral would result in 

additional local recruitment of AP2 and formation of new coated pits. This model neatly 

explains how receptors would be activated, then sequestered in vesicles (“activated receptors 

engulfed in coated pits”) and re-initialized. POB1, REPS1 (Yamaguchi et al. 1997) and other 

Ral and RalBP1 interacting proteins may participate in the regulation of AP2 dynamics. 

REPS1, for RalBP1-associated Eps-homology domain protein (Yamaguchi et al. 1997; Xu et 

al. 2001) is known to bind RalBP1, although the function of REPS1 is unknown to date. 

 

Finally, RalBP1 was found to act as an ATP-dependent transporter of 4-hydroxynonenal (4-

HNE) (Figure 2), a relatively stable and toxic end product of lipid peroxidation which has 

been implicated in cell cycle signaling mechanisms (Sharma et al. 2002). Cells metabolize 4-

HNE through its conjugation to gluathione which is catalyzed by glutathione S-transferases 

(Alin et al. 1985). 4-HNE and its GSH-conjugate (GS-HNE) are also substrates for aldose 

reductase, which catalyzes their NADPH dependent reduction to corresponding alcohols 

(Srivastava et al. 1995; 1998). GS-HNE is inhibitory to GSTs, and to sustain the GST-

mediated cellular mechanisms of detoxification, it must be removed from cells through ATP-

dependent transport (Ishikawa et al. 1989; Awasthi et al. 2000). Sharma et al. demonstrated 

that RalBP1 is the major transporter of GS-HNE in erythrocytes and plays a role in the 
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regulation of the intracellular concentration of 4-HNE (Awasthi et al. 2000; Sharma et al. 

2001). DNP-SG ATPase, a transport protein which catalyzes ATP-dependent primary active 

transport of various GSH-conjugates as well as cationic amphiphilic drugs such as 

doxorubicin (DOX), was identical with RalBP1 (Awasthi et al. 2000). Cells with induced 

RalBP1 expression show accelerated efflux of GS-HNE and acquire resistance to 4-HNE- or 

H2O2-induced apoptosis through this mechanism. Studies with inside-out oriented vesicles 

(IOVs) prepared from human erythrocyte membranes also indicate that the majority of GS-

HNE transport from erythrocytes is catalyzed by RalBP1 and that this transport can be 

inhibited by antibodies against RalBP1 (Sharma et al. 2001). It has been shown that about 

70% of the transport of GS-HNE from erythrocytes is mediated by this transporter (Sharma 

et al. 2001; 2002). 

 

The links between RalA, POB1 and EGF receptors initially caused some confusion. EGF 

activates Ral through RalGDS, and activated Ral induces the translocation of RalBP1 to the 

membrane (Ikeda et al. 1998). But activated EGF receptors can directly recruit RalBP1 to the 

membrane via POB1 (Ikeda et al. 1998). Is POB1 best characterized as upstream or 

downstream of Ral? Probably it is best to imagine that a cell in an un-EGF-activated state has 

unactivated EGF recetors and unactivated Ral on the plasma membrane, and RalBP1-POB1 

complexes in the cytoplasm. Upon stimulation with EGF, the EGF receptor tyrosine kinases 

dimerize and recruit RalBP1-POB1 to the membrane. Meanwhile, the Ras-RalGDS pathway 

activates Ral, which further recruits RalBP1-POB1 to the membrane. Once on the membrane, 

RalBP1 and/or POB1 have some functional consequence, such as 4-HNE transport or 

receptor endocytosis. It is an attractive idea to think that perhaps recruitment of RalBP1-

POB1 to the membrane by RTKs is synergistic to recruitment by activated Ral, but that Ral 

is necessary to fully activate RalBP1 once on the membrane. Futhermore, given the wide 

array of effects observed for RalBP1 against its original characterization as a GAP, the fact 

that binding of Ral to RalBP1 has no effect on its GAP activity (Ikeda et al. 1998), and the 

fact that no one to date has demonstrated a direct effect of Ral on either CDC42 or Rac1, it 

may be that RalBP1’s basal non-Ral-GTP-activated function is to help silence the pathway 

downstream of Ral-RalBP1. Upon recruitment to the membrane and activation by Ral-GTP, 

it takes on any number of other functions owing to its many different domains, including the 
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aforementioned receptor endocytosis and ATP-dependent transport. This idea is supported by 

the fact that RalBP1 binds ASAP1/PAG2, which is an Arf GAP (Oshiro et al. 2002). 

 

Exocyst and exocytosis 

 

The exocyst is a multisubunit complex which regulates polarized secretion, docking secretory 

vesicles to regions of the plasma membrane involved in active exocytosis (Moskalenko et al. 

2002; Novick & Guo 2002) (Figure 7). It includes Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, 

Exo70 and Exo84. In yeast, the exocyst directs vectorial targeting of secretory vesicles to 

sites of rapid membrane expansion. The mammalian exocyst has been directly implicated in 

the targeting of Golgi-derived vesicles to the baselateral membrane of polarized epithelial 

cells and to the growth cones of differentiating PC12 cells. Mammalian exocyst components 

are present as distinct subcomplexes on vesicles and the plasma membrane. Delivery of 

cytoplasmic vesicles to discrete plasma-membrane domains is critical for establishing and 

maintaining cell polarity, synapse formation and synaptic plasticity, neurite differentiation, 

controlled release of neurotransmitters, enzymes, hormones, and cytokines, and regulation of 

levels of plasma membrane receptors, transporters, and lipids, and regulated exocytosis 

(Brymora et al. 2001; Moskalenko et al. 2003). This regulation is crucial in situations such as 

directing polarized incorporation of new membrane in epithelial cells and modulating the 

strength of synaptic transmission in neurons. Although much is known about the cellular 

machinery responsible for docking and fusion of secretory vesicles once at the plasma 

membrane, far less is understood about mechanisms responsible for targeting secretory 

vesicles to specific plasma membrane domains (Moskalenko et al. 2003). 

 

A direct interaction between RalA and the exocyst complex was first shown by Brymora et 

al. (Figures 2 & 7) who were investigating RalA signaling in neuronal cells using a pulldown 

assay in which recombinant GST-RalA was loaded with either GDP or GTP, bound to an 

affinity matrix and used to isolate RalA-binding proteins (Brymora et al. 2001). Eight 

proteins were isolated that bound to RalA in a GTP-dependent manner, and these were 

identified by Matrix-assisted laser desorption ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) as members of the exocyst complex. Followup experiments showed 
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Fig. 7:  Interactions between the exocyst and small GTP-binding 

proteins. In yeast, the Rab GTPase Sec4p interacts with the exocyst 

protein Sec15p on the secretory vesicles; Rho1 and Cdc42 GTPases 

interact with exocyst protein Sec3p; Rho3 interacts with Exo70p. In 

mammalian cells, the Ral GTPase, which probably also resides on 

vesicles, interacts with exocyst protein Sec5p. The interactions found 

in budding yeast are indicated by blue arrows; the interaction found in 

mammalian systems is indicated by the red arrow. This figure was 

reprinted with permission from Novick & Guo (Novick & Guo 2002). 

 

 

that Ral bound the Sec5 (Moskalenko et al. 2002) and Exo84 (Moskalenko et al. 2003) 

subunits of the exocyst. The double mutant Ral(G23V,D49N) served as the bait in a yeast 

two-hybrid screen of mouse embryo cDNA libraries. This Ral mutant is uncoupled from 

RalBP1 but retains the ability to regulate a number of biological activities, including NF-kB 

activation (Henry et al. 2000). Five clones were identified, all encoding overlapping 

fragments of the mouse homologue of rat Sec5.  Ral-GTP but not Ral-GDP interacts directly 

with GST-Sec5. Pertubration of Ral signalling, either by constitutive expression of an 

activated Ral variant, inhibition of native Ral or Ral-effector interactions, or inhibition of Ral 

expression by RNAi, results in the mis-sorting of basolateral membrane proteins to the apical 

surface of polarized epithelial cells. RalA appears to regulate exocytosis by a Sec5-

dependent, RalBP1-independent mechanism. 

 

A high complexity yeast two-hybrid screen for Ral(G23V)-interacting proteins resulted in the 

isolation of the previously characterized Ral-interacting proteins RalBP1 and Sec5, and 

revealed a novel candidate Ral effector, Exo84. Like Sec5, the interaction of Ral with Exo84 

is direct and selective for the GTP-bound conformation of the GTPase. Remarkably, the Ral 

binding domain of Exo84 completely overlaps with a pleckstrin homology (PH)1 domain, 

and Ral-GTP competes with phosphatidylinositol 3,4,5-trisphosphate for interaction with 

Exo84. Cell fractionation data and analysis of exocyst complex assembly suggests that, as in 

yeast, a significant fraction of Sec5 and Exo84 is present in distinct subcomplexes. Ral 

GTPases may function at the interface between these subcomplexes through dual effector 

interactions to regulate assembly of the full exocyst complex during a vesicle-targeting event. 
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Iterative pairwise analysis (yeast two hybrid) revealed a specific interaction between human 

Exo84 and human RalA and RalB. Coimmunoprecipitation analysis using Ral effector 

domain variants reveals that the Ral-Exo84 interaction requires an intact Ral effector domain 

and reveals a pattern of mutation sensitivity identical to that previously observed with Ral-

Sec5 interactions. 

 

Both RalA and RalB bind the exocyst, but only RalA enhances the rate of delivery of E-

cadherin and other proteins to their site in the basolateral membrane of MDCK cells 

(Shipitsin & Feig 2004). One reason for this difference is that RalA binds more effectively to 

the exocyst complex than active RalB does both in vivo and in vitro. Another reason is that 

active RalA localizes to perinuclear recycling endosomes, where regulation of vesicle sorting 

is thought to take place, while active RalB does not. Strikingly, analysis of chimeras made 

between RalA and RalB reveals that high-affinity exocyst binding by RalA is due to unique 

amino acid sequences in RalA that are distal to the common effector-binding domains shared 

by RalA and RalB. Moreover, these chimeras show that the perinuclear localization of active 

RalA is due in part to its unique variable domain near the carboxy-terminus. This distinct 

localization appears to be important for RalA effects on secretion because all RalA mutants 

tested that failed to localize to the perinuclear region also failed to promote basolateral 

delivery of E-cadherin. One of these inactive mutants maintained binding to the exocyst 

complex, suggesting that RalA binding to the exocyst is necessary but not sufficient for RalA 

to promote basolateral delivery of membrane proteins. Consistent with this difference, only 

active RalA, not active RalB, promotes vesicle trafficking expected of a regulator of exocyst 

function, i.e., delivery of membrane proteins to the basolateral surface of cells. 

 

The properties, functions and behaviors of the exocyst have been most well characterized in 

yeast, but a mammalian homologue of Sec5 has been identified and shown to specifically 

bind Ral-GTP and not Ral-GDP (Sugihara et al. 2002). Ral is known to influence the readily 

releaseable pool of synaptic vesicles in the brain (Polzin et al. 2002). The presynaptic nerve 

terminal contains hundreds of synaptic vesicles, but only a small number of these vesicles are 

docked and fusion competent. This population of vesicles, referred to as the readily 

releasable pool, is thought to be in equilibrium with the majority of vesicles that comprise the 
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reserve pool such that the RRP is replenenished following a release event. The probability of 

release upon depolarization is proportional to the size of the RRP. Thus, regulating the 

equilibrium between the RRP and the reserve pool is an effective means of modulating 

synaptic strength (Sudhof 2000 has an excellent review). Expression of a dominant negative 

Ral mutant in transgenic mice suppresses the enhancement (refilling) of the RRP induced by 

PKC and calcium, thus implicating Ral function in the regulation of neurosecretion. 

 

The RalA-exocyst complex is the key sensor/effector for exocytosis in PC12 cells. 

Permeabilized, cytosol-depleted PC12 cells show robust Ca2+-dependent secretion and are 

capable of secretion in response to nonhydrolyzable GTP analogues (Wang et al. 2004). 

Incubation of permeabilized PC12 cells with soluble RalA, but not RhoA or Rab3A, strongly 

inhibits GTP-dependent exocytosis (Wang et al. 2004). A Ral-binding fragment from Sec5 

showed a similar inhibition. Point mutations in both RalA(E38R) and the Sec5(T11A) 

fragment, which abolish the RalA-Sec5 interaction, also abolished the inhibition of GTP-

dependent exocytosis. Finally, Ral has been shown to regulate the thrombin-induced 

exocytosis of von Willebrand factor (Rondaij et al. 2004). von Willebrand factor (vWF) is 

synthesized by endothelial cells and stored in specialized vesicles called Weibel-Palade 

bodies (WPBs). In addition to Ca2+-elevating secretagogues such as histamine and thrombin, 

release of WPB is also observed after administration of cAMP-raising substances such as 

epinephrine and vasopressin. Activation of Ral was observed 15 to 20 minutes after 

stimulation of endothelial cells with epinephrine, forskolin, or dibutyryl-cAMP. A cell-

permeable peptide comprising the carboxy-terminal part of Ral reduced both thrombin-

induced and epinephrine-induced vWF secretion supporting a crucial role for Ral in this 

process. 

 

Antibody injection studies have shown that in mammalian cells the exocyst complex is 

involved in directing Golgi-derived vesicles to the basolateral but not the apical membrane of 

polarized epithelial cells (Feig 2003). Direct proof of the involvement of Ral proteins in 

basolateral membrane delivery came from inhibition studies in which either RalA expression 

was suppressed by RNA-mediated interference (RNAi) or the function of both Ral proteins 

was inhibited by expressing the Ral-binding domain of one of the Ral target proteins (Feig 
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2003). In both cases, membrane proteins normally destined for the basolateral membrane 

made it to the plasma membrane; however, polarized sorting was perturbed and the proteins 

were found on both surfaces of epithelial cells. Moreover, when RalA was depleted from 

cells, the exocyst complex was partially disassembled. These findings argue that active RalA 

promotes the assembly of the exocyst complex, which then, by an undefined mechanism, 

promotes the polarized delivery of membrane components. A problem with this argument, 

however, is that the expression of a GTPase-deficient, constitutively activated RalB protein 

did not enhance the basolateral delivery of membrane proteins in this study (Feig 2003); 

instead, it perturbed polarized sorting in a manner similar to that observed when Ral activity 

was inhibited. This could be due to a requirement for Ral proteins to cycle between their 

GDP-bound and GTP-bound states to augment membrane delivery. Alternatively, the high 

levels of active Ral generated in these transient transfection experiments might have removed 

limiting amounts of Sec5 from key functional sites in the cell, making this active RalB allele 

actually function as a dominant-negative protein. In support of this model, the expression of 

active RalA at lower levels (comparable to those of endogenous Ral in cells) does in fact 

stimulate the rate of delivery of membrane proteins to the basolateral surface of epithelial 

cells in a manner dependent on Sec5 binding (M. Shipitsin and L.A. Feig, unpublished – see 

Feig 2003). 

 

Phospholipase D  & endocytosis 

 

Ral has been linked to endocytosis through a constitutive interaction with phospholipase D 

(PLD) (Figure 2). PLD hydrolyzes phosphatidylcholine to produce phosphatidic acid (PA), a 

known mitogen. PA metabolites are diacylglycerol (DAG) and lysophosphatidic acid (LPA). 

DAG activates protein kinase C (PKC) isoforms, and LPA induces a wide range of effects 

including mitogenesis (Moolenaar 1995). PLD activity is elevated in response to extracellular 

stimuli, oncogenic signals such as the tyrosine kinase activity of v-Src, stress fiber formation, 

and in membrane trafficking and vesicular transport (vesicle formation in the Golgi). PA has 

been reported to activate signaling molecules such as the GAPs for Ras, Rac and Arf (Tsai et 

al. 1989), phosphatidylinositol-4-kinase (which leads to the production of 
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phosphatidylinositol-4,5-bisphosphate (PIP2), a substrate for PLC-γ and a cofactor for PLD) 

and Raf. Another suspected role for PA is facilitating vesicle budding and transport. 

 

Receptor-mediated endocytosis is a process in which eukaryotic cells continuously 

internalize receptor-bound ligands together with other plasma membrane proteins and lipids 

as well as extracellular solutes (Steinman et al. 1983; Trowbridge et al. 1993). The basic 

features of the pathway involve the internalization of receptor-ligand complexes via clathrin-

coated pits to yield coated vesicles that rapidly lose their coats and fuse with a heterogeneous 

tubulovesicular network collectively referred to as early endosomes (Nakashima et al. 1999). 

 

Receptor endocytosis was found to be dependent on PLD and Ral (Shen et al. 2001). In 

response to EGF, the EGF receptor is endocytosed and degraded (Haigler et al. 1978). A 

substantial lag period exists between endocytosis and degradation, suggesting that 

endocytosis is more than a simple negative feedback. In EGFR cells that overexpressed either 

wild type RalA or the dominant negative allele of RalA(S28N), overexpression of wild type 

RalA increased the rate of receptor loss from the plasma membrane in response to EGF, 

whereas overexpression of the dominant negative RalA substantially reduced EGF-induced 

receptor internalization. Receptor endocytosis and degradation was decreased when the 

PKCα inhibitor Gö6976 was present; in contrast, the PKCδ inhibitor rotterlin had no effect. 

EGF-induced receptor degradation was accelerated by overexpression of PLD1 and retarded 

by overexpression of catalytically inactive mutants of PLD1. These data suggest a role for 

PLD in signaling that facilitates receptor endocytosis. It may be that the role PLD plays in 

receptor endocytosis is the same that it plays in vesicle transport from Golgi membranes – 

that being the stimulation of vesicle formation (Shen et al. 2001). 

 

Also, Ral mutants – both dominant negative and constitutively active – disrupted the 

endocytosis of receptors (Nakashima et al. 1999). Expression of either Ral(G23V) or 

Ral(S28N), which are constitutively active and dominant negative forms, respectively, in 

A431 cells blocked internalization of epidermal growth factor (EGF). Expression of 

Ral(G23V) or Ral(S28N) in CHO-IR cells inhibited internalization of insulin. Internalization 

of EGF and insulin was not affected by full-length RalBP1, but was inhibited by its carboxy-
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terminal region which binds directly to Ral and POB1. Deletion mutants of POB1 inhibited 

internalization of EGF and insulin. However, internalization of transferrin was unaffected by 

Ral, RalBP1, POB1 and their mutants. Epsin and Eps15 have been reported to be involved in 

the regulation of endocytosis of the receptors for EGF and transferrin. The EH domain of 

POB1 bound directly to Epsin and Eps15. Taken together with the observation that EGF and 

insulin activate Ral, these results suggest that Ral, RalBP1 and POB1 transmit the signal 

from the receptors to Epsin and Eps15, thereby regulating ligand-dependent receptor-

mediated endocytosis (Nakashima et al. 1999). Thus expression of Ral(G23V) and 

Ral(S28N) in A431 and CHO-IR cells inhibits EGF- and insulin-dependent endocytosis 

(Nakashima et al. 1999). These results indicate that the GTPase cycle is critical for the 

regulation of receptor endocytosis by Ral. 

 
The 11 unique amino acid residues on Ral’s amino-terminus were found to be responsible for 

binding PLD (Jiang et al. 1995). Ral was found to bind the PLD isoform PLD1 and not 

PLD2 (Luo et al. 1997). Immobilized RalA precipitated PLD1 from SF9 insect cells 

overexpressing PLD1 and from a purified PLD1 preparation (Luo et al. 1997). However, 

other experimental results disagree. One research group argues that Ral may regulate EGF 

receptor endocytosis through its interaction with PLD1 and PLD2 (Shen et al. 2001); another 

found that Ral and PLD2 together regulate mGluR endocytosis (Bhattacharya et al. 2004b). 

Metabotropic glutamate receptors (mGluRs) comprise a unique family of G-protein-coupled 

receptors (GPCRs) that is presynaptically and postsynaptically localized to modulate 

excitatory neurotransmission (Nakanishi 1994; Dale et al. 2002). Ral, RalGDS and PLD2 

constitutively associate with class 1 mGluRs and regulate constitutive mGluR endocytosis. 

Consistent with the observation that both Ral and RalGDS are complexed to class 1 mGluRs, 

mGluR1a activation by agonist increases Ral GDP-for-GTP exchange as demonstrated by a 

3.7-fold increase in [35S]GTPγS binding to GST-RalA (Bhattacharya et al. 2004b). 

Moreover, both Ral and PLD2 are colocalized with mGluRs in endocytic vesicles in both 

human embryonic kidney 293 (HEK 293) cells and neurons. The interaction between group 1 

mGluRs, Ral, RalGDS, and PLD2 is constitutive and not inducible by agonist treatment. The 

formation of an mGluR-scaffolded RalGDS/Ral/PLD2 protein complex function would 

provide a novel alternative adaptor mechanism for GPCR endocytosis that does not appear to 
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require β-arrestin. A general role for Ral in GPCR endocytosis has yet to be fully described, 

and it is not clear what functional role PLD2 plays in regulating clathrin-coated vesicle-

mediated endocytosis (Shen et al. 2001; Koch et al. 2003, 2004). 

 

Despite binding PLD constitutively, Ral has no effect on the activity of PLD. PLD1 

precipitated from cell lysates with an immobilized GST-RalA fusion protein is active (Luo et 

al. 1998). This suggests the presence of an additional activating factor in the active RalA-

PLD1 complexes. Because Arf stimulates PLD1, Luo et al. looked for the presence of Arf in 

the active RalA-PLD1 complexes isolated from v-Src and v-Ras-transformed cell lysates. 

Low levels of Arf protein were detected in RalA-PLD1 complexes. However, if GTPγS was 

added to activate Arf and stimulate translocation to the membrane, high levels of Arf were 

precipitated by RalA from cell lysates. Deletion of the 11 N-terminal amino acid residues on 

Ral abolished the ability of RalA to precipitate PLD activity and prevented the association 

between RalA and Arf. The factor between Ral and Arf was not expected to be RalBP1 

because the D49N effector domain RalA mutant, which does not bind RalBP1, associated 

with Arf more strongly than with wild type RalA. Thus Luo et al. proposed that a ternary 

complex of Arf-Ral-PLD or a quaternary one of Arf-Ral-PLD-unknown was responsible for 

their observations. Such a complex would be consistent with a role for vesicle movement in 

the transduction of intracellular signals. It may also be relevant that vesicular invaginations 

along the plasmid membrane known as caveolae are enriched with signalling molecules 

including Src and Ras. Luo et al. speculated that the formation of “signaling vesicles” may 

occur in reponse to PLD1 activation caused by recruitment of Arf into a RalA-PLD1 

complex. 

 

PLD activity was found to be mediated by Ral (Voss et al. 1999). Phorbol ester activation of 

PKC will stimulate PLD in HEK-293 cells expressing the M3 muscarinic receptor. PKC, but 

not muscarinic receptor-induced PLD stimulation in HEK-293 cells is strongly and 

specifically reduced by expression of the dominant negative RalA(G26A) as well as by 

dominant negative Ras(S17N). In contrast, overexpression of RalGDS specifically enhanced 

PKC-induced PLD stimulation. First, PLD stimulation by the RTK agonists (EGF, PDGF 

and insulin) was prevented by PKC inhibition and PKC down-regulation. Second, expression 
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of dominant RalA and Ras mutants strongly reduced RTK-induced PLD stimulation. Third, 

overexpression of RalGDS largely potentiated PLD stimulation by the RTK agonists. Fourth, 

using the RalBP1 Ral binding domain as an activation-specific probe for Ral proteins, it was 

demonstrated that RalA is activated by phorbol ester and RTK agonists. Taken together, this 

all shows that RTK-induced PLD stimulation in HEK-293 cells is mediated by PKC and a 

Ras/Ral signaling cascade (Voss et al. 1999). 

 

It was known that Ral was involved in the activation of PLD by Src kinase.. Activation of 

PLD by Src was mediated by Ras and its effector RalGDS, but not by the Ras effectors Raf1 

and PI3K (Jiang et al. 1995). PLD activity could be precipitated from v-Src-transformed cell 

lysates with immobilized RalA protein and an anti-Ral antibody. A mutation to Ral’s effector 

domain did not reduce the ability of RalA to complex with PLD, although deletion of the 

amino-terminal region did. RalA contributes to Src-induced PLD activation, but is not 

sufficient for it (Jiang et al. 1995). 

 

Growth hormone activation of Ral and PLD is Src-dependent in NIH-3T3 cells (Zhu et al.  

 

 

 
Figure 8:  Diagrammatic summary of the mechanism of p44/42 MAP kinase activation by GH in NIH-3T3 cells. 

Actual demonstrated pathways are indicated by the solid lines and a potential pathway by the dotted line. This 

figure was modified from the original in Zhu et al. (Zhu et al. 2002). 
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Figure 9:  Ras appears to have the ability to activate PLD1 through two pathways. This figure was modified 

from the original in Xu et al. (Xu et al. 2003). 

 

 

2002) (Figure 8). Full activation of RalA and RalB by GH required the combined activity of  

c-Src and JAK2, both kinases activated by GH independent of the other. Ras was also 

activated by GH and was required for the GH-stimulated formation of GTP-bound RalA and 

RalB, suggesting the necessity of RalGDS or another Ras-activated Ral GEF; however, the 

failure of Ras(S17N) to inhibit completely GH-stimulated formation of RalA-GTP and RalB-

GTP indicates that GH also utilizes Ras-independent pathways to participate in Ral 

activation. Activation of RalA by GH subsequently resulted in increased phospholipase D 

activity and the formation of its metabolite, phosphatidic acid. GH-stimulated RalA-

phospholipase D-dependent formation of phosphatidic acid was required for activation of 

p44/42 MAPK and subsequent Elk-1-mediated transcription stimulated by GH. Furthermore, 

PLD activity was found to be elevated in Raf-transformed cells; this increased PLD activity  

was inhibited by dominant negative Ral (Frankel et al. 1999). In an example of crosstalk, it 

seems Raf can activate PLD in a Ral and Rho dependent mechanism (Urano et al. 1996). 

RalGDS is known to regulate choline kinase (CK), but there is no direct link between PLD 

and CK (Molina et al. 2002). That is to say, both PLD and CK were downstream of Ras, so 

higher activities in PLD and CK correlated; but no effect of one on the other was found, 

suggesting a lack of cross-talk between these two agents in downstream pathways. 

 

How can Ral ‘regulate’ PLD but not activate it? This apparent contradiction was clarified by 

the discovery that full activation of PLD requires synergistic activation by both Ral and 

another Ras-related GTPase, Arf6 (Xu et al. 2003) (Figure 9). RalA was immunoprecipitated 
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from lysates of Ras-transformed NIH 3T3 cells and then subjected to Western blot analysis 

with antibodies raised against Arf6. Elevated levels of Arf6 were detected in the RalA 

immunoprecipitates from the cell lysates. These data indicate that H-Ras stimulates the 

association between RalA and Arf6 and that Arf6 contributes to the elevation of PLD activity 

in Ras-transformed cells. An Arf6(T27N) dominant negative mutant reduced the elevated 

PLD activity in the Ras-transformed cells relative to a control (non-transformed cells).  

 

Neither activated RalA nor activated Arf was able to elevate PLD activity by itself; however, 

a combination of activated RalA and activated Arf was able to elevate PLD activity in NIH 

3T3 cells (Xu et al. 2003). These data suggest a model whereby H-Ras stimulates the 

activation of both RalA and Arf6, which together lead to the elevation of PLD activity, or 

whereby via Ras, RalA-PLD complex is activated, leading to the recruitment of the PLD 

activator Arf6 into an active RalA-PLD-Arf6 complex. H-Ras appears to activate two 

parallel pathways leading to the activation of a GEF for RalA and an as-yet unspecified Arf 

GEF. The activation of RalA-PLD by Ras-RalGDS  is proposed to recruit activated Arf6 into 

the RalA-PLD1 complex; or alternatively, activated Arf6 recruits the activated RalA-PLD1 

complex. Activated Arf6, now in a RalA-PLD1-Arf6 complex, would activate PLD1 (Xu et 

al. 2003). 

 

Arf6 and PLD are known to stimulate vesicle formation in the Golgi. Also, Arf1 and Arf6 

have recently been shown to regulate GPCR endocytosis (Bhattacharya et al. 2004a). 

Specifically, Claing et al. showed that Arf6 regulates the internalization of the β2AR (Claing 

et al. 2001). Expression of constitutively active and dominant-negative Arf6 mutants 

significantly attenuates β2AR internalization. β2AR activation promotes the formation of a 

complex between β-arrestin, Arf6 and ARNO. β-arrestin may function as a scaffold to 

promote ARNO-dependent Arf6 activation, facilitating β2AR endocytosis. Whereas Arf1 

dominant-negative mutants have no effect on the internalization of the β2AR, Arf1 may 

contribute to regulating the endocytosis of the m-opioid receptor. Yeast two-hybrid screens 

with the carboxy-terminal tail of the m-opioid receptor identified PLD2 as a m-opioid 

receptor-interacting protein. The activity of PLD2 and Arf plays a key role in regulating the 

endocytosis of the m-opioid receptor. Many GPCRs, including metabotropic glutamate 
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receptors, can activate PLD1/2. Recently, Bhattacharya et al. have demonstrated that 

metabotropic glutamate receptors function as scaffolds for the recruitment of Ral, RalGDS 

and PLD2, and that Ral and PLD2 activity are essential for the constitutive endocytosis of 

these receptors in both fibroblasts and neurons (Bhattacharya, Babwah and Ferguson, 

unpublished results – see Bhattacharya et al. 2004a). Thus PLD2 may represent a novel 

endocytic adaptor mediating the internalization of many GPCRs either independently or in 

concert with β-arrestin activity. 

 

Without regard to PLD, RalGDS has been also shown to bind β-arrestin, leading to 

cytoskeletal rearrangement and the endocytosis of the β-adrenergic receptor (βAR) 

[previously mentioned in Ral activation] (Bhattacharya et al. 2002). In response to formyl-

Met-Leu-Phe (fMLP) receptor stimulation, β-arrestin–Ral-GDS protein complexes 

dissociated and RalGDS translocated with β-arrestin from the cytosol to the plasma 

membrane, resulting in the Ras-independent activation of the Ral effector pathway required 

for cytoskeletal rearrangement. Further tying Ral into endocytic processes is the fact that 

RalBP1 binds activin receptor-interacting protein 2 (ARIP2) (Matsuzaki et al. 2002). A novel 

mouse Postsynaptic density 95/Discs large/Zona occludens-1 (PDZ) protein, ARIP2, was 

found to interact with ActRIs by its PDZ domain and with RalBP1 at its carboxy-terminal 

region (Matsuzaki et al. 2002). ARIP2 was found to have one PDZ domain in the NH2-

terminal region and interact specifically with ActRIIs among the receptors for the 

transforming growth factor beta family by the PDZ domain. Importantly, ARIP2 regulates 

the translocation of ActRIIs and controls endocytosis of ActRIIs in a Ral-dependent manner. 

A complex with ActRIIs, RalBP1 and POB1 regulates the endocytosis of ActRIIs. ARIP2 

may be a scaffolding protein that unites ActRIIs with the regulatory proteins required for 

endocytosis. Expression of RalBP1-(499-647), which lacked both the Rho-GAP homology 

domain and the Ral binding domain, reduced ARIP2-mediated ActRII endocytosis. 

Furthermore, expression of both Ral(G23V) (constitutively active) and Ral(S28N) (dominant 

negative) inhibited ARIP2-mediated endocytosis of ActRIIs. These results are in complete 

agreement with the effects of the Ral in EGF and insulin receptor endocytosis and indicate 

that the GDP-GTP exchange of Ral is critical for the regulation of receptor-mediated 

endocytosis via the Ral/RalBP1-dependent pathway.  
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In an interesting and puzzling addition to the involvement of the Ras-RalGDS-Ral pathway 

with PLD and receptor endocytosis, Goi et al. published observations that Src activity is Ral-

dependent (Goi et al. 2000).  c-Src is a membrane-associated tyrosine kinase that can be 

activated by many types of extracelular signals and can regulate the function of a variety of 

cellular protein stubstrates. EGF and β-adrenergic receptors activate c-Src by different 

mechanisms leading to the phosphorylation of distinct sets of Src substrates (Goi et al. 2000). 

EGF receptors, but not β2-adrenergic receptors, activate Src by a Ral-dependent mechanism. 

This would require that Ral is upstream of Src, whereas the previously discussed publications 

clearly place Src upstream of Ral. Probably the truly complex nature of the actual 

intracellular interactions is confusing the issues and making experiments and testable 

hypotheses difficult to design. With so much crosstalk between signalling pathways along 

with positive and negative feedback loops, simplistic upstream-downstream models of signal 

transduction fail. 

 

Calmodulin 

 

The discovery that Calmodulin binds to the carboxy-terminus of RalA was a fortuitous one 

(Figures 2 & 10), as Wang et al. originally intended to purify a calcium-dependent ATPase 

using a calmodulin affinity column (Wang et al. 1997). Calmodulin is a ubiquitous, highly 

conserved calcium sensor protein that translates the calcium signal into a wide variety of 

cellular processes. Calmodulin was originally described as a cyclic 3',5'-nucleotide 

phosphodiesterase activator (Cheung 1970). Its action on phosphodiesterase was observed as 

early as 1967 (Cheung 1967). Cheung wrote, “It is believed that the active form of 

phosphodiesterase is a metal-enzyme complex and that the mechanism of inhibition is via 

chelating the metal ion in the enzyme.” Calmodulin turned out to be a multifunctional 

modulator, mediating the effects of Ca2+ in a variety of cellular reactions and processes 

(Wallace & Cheung 1979). In the presence of micromolar Ca2+, Calmodulin undergoes a 

conformational change to a more helical structure which is the active configuration. The 

crystal structure of Calmodulin, first solved in 1985, showed that the protein consists of two 

globular lobes connected by a long exposed α-helix (Babu et al. 1985). Each lobe binds two 

calcium ions through helix-loop-helix domains. Calmodulin-binding proteins play an 
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important role in various physiological functions, including glycogen metabolism, secretion, 

muscle contration, actin/cytoskeletal organization and cell division. 

 

A polypeptide of molecular weight 28 kD (p28) was observed on SDS-PAGE to have 

coeluted with Ca2+-ATPase during a calmodulin-affinity column preparation from 

erythrocyte membranes (Wang et al. 1997). p28 was further purified, and eight tryptic 

peptides from p28 were separated by reverse phase HPLC and sequenced. A search of the 

Swiss-prot database with the resulting sequences identified the peptides as having originated 

from the 23.6 kD Ras-related protein RalA. The two peptides were consistent with expected 

tryptic digestion products of RalA. An amino acid content analysis, pI analysis and guanine 

nucleotide binding properties of p28 matched the results for RalA. Biotinylated CaM 

overlays showed binding of CaM to purified p28 in the presence of 1 mM CaCl2 but not in 5 

mM EGTA, indicating a calcium dependency on the interaction between CaM and p28. 

Recombinant RalA was also found to bind biotinylated CaM in the presence of calcium. A 

putative CaM-binding domain with the sequence SKEKNGKKKRKSLAKRIR arranged in 

an amphiphilic α-helix was identified in the carboxy-terminal region of RalA at sequence 

position 183-200. An axial helical wheel projection showed four hydrophobic residues  

 

 

 
Figure 10:  Diagram showing an alternate means of activating Ral via calcium-stimulated Calmodulin, some of 

the resulting crosstalk, and an alternate effector pathway of Ral. This is the same figure as Figure 5, but with 

overlays showing crosstalk in calcium signalling pathways. 
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(LGIA) on one side of the wheel and nine strongly basic residues on the other 

 (KKRKKKKRK). These are the characteristic features of CaM-binding domains:  a 

hydrophilic/basic composition with the propensity to form an amphiphilic helix. The 

synthesized peptide corresponding to the aforementioned CaM-binding domain in RalA 

(P18) competed with p28 for binding to CaM-agarose resin in the presence of calcium. 

Finally, circular dichroism spectroscopy was performed on CaM alone, P18 alone and the 

CaM-p18 complex. P18 has no obvious secondary structure but exists as a random coil in 

aqueous solution. CaM shows a cd spectrum typical of helical proteins, with minimum 

ellipticity at 222 and 208 nm. Upon the formation of CaM-P18 complex, a further decrease in 

negative mean residue ellipticity at 222 and 208 nm is observed. This suggests that the 

addition of P18 to calmodulin at 1:1 ratio reduces to a significant extent the α-helical content 

in the complex. In fact, this piece of evidence would argue against a meaningful interaction 

between the two:  P18 should form an amphiphilic helix in order to bind CaM, so the 

ellipticity should increase. Despite this, Wang et al. claimed that the circular dichroism 

results provide direct evidence for an interaction between P18 and CaM and that this 

interaction results in a less α-helical content in the complex (Wang et al. 1997). Finally, CaM 

can block RalA from phosphorylation by cAMP-dependent protein kinase, cGMP-dependent 

protein kinase and Ca2+/phospholipid-dependent protein kinase (Wang, Khan and Roufogalis, 

unpublished results – see Wang et al. 1997). 

 

Ca2+-CaM was found to enhance GTP binding to RalA threefold (Wang & Roufogalis 1999). 

The stimulation was calcium-dependent, with half maximum activation occuring at 180 nM 

calmodulin and 80 nM free calcium concentration (Wang & Roufogalis 1999). 32P-GTP 

binding activity of RalA was determined using a spin column filtration assay in the absence 

and presence of CaM. Spin column chromatography elminates the possibility that CaM at 

high concentration might alter RalA binding to nitrocellulose membranes and generate false 

results. The omission of calcium completely abolished any stimulatory effect of CaM. 

Calcium alone does not affect GTP binding to RalA. The sensitivity of GTP binding of 

calcium (half max activation at 80 nM) is within the range of the increase in calcium from a 

resting level of about 20 nM to levels of 1 µM or more in cells responding to incoming 

signals. 
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Figure 11:  This signal transduction schematic outlines what is known about Ral signalling thus far in the 

literature review, and at the time of its original publication, it was a good figure summarizing what was known 

about Ral signalling. This figure was reprinted with permission from Hofer et al. (Hofer et al. 1998). 

 

 

Ultimately, it was shown that both Ral isoforms RalA and RalB bind Calmodulin (Clough et 

al. 2002). To determine whether the Ral-CaM interaction occurs in a eukaryotic system and 

whether RalB binds CaM, Clough et al. performed a yeast two-hybrid assay using RalA and 

RalB as bait to test for interaction with CaM (Clough et al. 2002). Results showed that both 

RalA and RalB interact specifically and directly with CaM in vivo in a calcium-dependent 

manner. The speed and degree of positive colony formation suggest that RalA and RalB do 

not interact identically with CaM. 

 

This may be the pathway through which Gq/11-coupled receptors activate Ral (Bhattacharya 

et al. 2004a). Ras-independent activation of Ral had been observed, but CaM was the first 

agent that could tie Ral directly into well-characterized signal transduction pathways not 

involving Ras (Figure 11). The link between Ral signalling and calcium signalling was 

cemented with the observation that an increase in the intracellular calcium concentration as 

regulated by phospholipase C (PLC) is necessary for Ral activity (Hofer et al. 1998) (Figure 
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11). When Rat-2 fibroblasts were serum starved for 24 hours and then stimulated with fetal 

calf serum, LPA or EGF, Ral was rapidly activated. LPA stimulates Gi and then Ras. LPA 

also stimulates Gq, and in turn PLC (Figure 11). EGF activates Ras through the Grb2-SOS 

pathway. PLC generates two second messengers:  inositol 1,4,5-trisphosphate, which releases 

calcium from internal stores, and DAG, which is an activator of PKC. Ionomycin elevates the 

concentration of intracellular calcium, and 12-O-tetradecanoylphorbol 13-acetate (TPA) 

activates PKC. Treatment with ionomycin activated Ral, whereas treatment with TPA had no 

effect. Experiments with an inhibitor of agonist-induced PLC activity showed that an LPA or 

EGF-induced increase in Ral-GTP levels was blocked in cells that had been pre-treated with 

that inhibitor. Thus PLC activity is necessary for Ral activation by these mitogens. Also, a 

link between Ral signalling and calcium signalling had been found in other experiments 

studying the activation of endogenous Ral by various agonists. Wolthuis et al. had observed 

that the activation of RalA by α-thrombin could be inhibited by pretreatment of cells with the 

intracellular calcium chelator BAPTA-AM (1,2-bis(o-aminophenoxy)ethane-N-N-N’-N’-

tetraacetate), whereas the induction of intracellular calcium by stimulation of cells with 

ionomycin (stimulating a calcium influx) or thapsigargin (causing the release of calcium 

from internal stores) resulted in the rapid activation of RalA (Wolthuis et al. 1998a). These 

findings had suggested that elevation of intracellular calcium levels is the signal through 

which α-thrombin stimulates Ral. Furthermore, depleting cells of PKC by long term phorbol 

ester treatment increased PLD activity in Raf-transformed cells, inducating that Raf-induced 

PLD activity is not dependent on PKC (Frankel et al. 1999). Thus PLD activation is 

dependent on Ral and Rho, but not PKC. 

 

Lastly, Calmodulin-activated RalA is dissociated from synaptic vesicles. This association 

with synaptic vesicle regulation links calcium signalling and Ras signalling to exocytosis via 

Ral (Park et al. 1999). It was speculated that the disappearance of RalA from the synaptic 

vesicles causes termination of signal pathway through RalA (Park et al. 1999). Then, in 

contrast to Wang & Roufogalis, Park (2001) published a paper stating that calcium alone 

stimulated GTP binding in Ral and that Ca2+-CaM inactivated Ral by increasing its GTPase 

activity. First, the observation that calcium alone activated Ral was contrary to published 

research. In that light, Park should have tried to determine a calcium-binding region on Ral 
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or found other independent evidence of calcium’s involvement. Second, it does not make 

sense that calcium would activate Ral and Ca2+-CaM would inactivate it because CaM is 

ubiquitous. There will never be an environment in the cell in which there would be elevated 

calcium levels without calcium-activated CaM. Since the calcium also causes CaM to bind to 

Ral – a point Park does not dispute – how can it be expected that calcium levels in a cell 

would increase, in which case there would be both activation and inactivation of Ral 

concurrently? Park et al. deserves some attention, though, because the existence of the 

calcium-sensitive Ras GEF RasGRF might suggest that there are Ral-specific homologs of 

RasGRF; or perhaps phosphorylation by calcium-dependent kinases might regulate the 

activity of Ral or Ral GEFs or Ral GAPs (Wolthuis et al. 1998b). 

 
Gene expression 

 

Several lines of evidence implicate Ral in the control of gene expression (Figures 2, 5 & 10). 

First, activated Ral is sufficient to induce NF-κB transcription factor activity. Specifically, it 

was found that Ral activation of cyclin D1 expression is NF-κB dependent and is mediated 

by NF-κB binding sites in the cyclin D1 promoter (Henry et al. 2000). The effects of 

activated Ral were tested on the regulation of luciferase reporter genes with promoter 

elements consisting of ternary complex factor-serum response factor binding sites, NF-κB 

binding sites, or the 5' flanking sequences of the cyclin D1 gene. Transient expression of a 

GTPase-defective RalB variant (RalB(G23V)) was not sufficient to induce expression of a 

luciferase gene with an upstream fusion to three tandem repeats of the c-Fos SRE. In 

contrast, expression of RalB(G23V) was sufficient to induce expression of luciferase 

reporters driven by two tandem repeats of an NF-κB binding site or the human cyclin D1 

promoter. The levels of activation of these reporters by RalB(G23V) were comparable to 

those observed upon expression of oncogenic Ras (G12V) and a Ras variant 

(Ras(G12V,E37G)) that can activate Ral GEFs but not Raf1. Expression of a GTPase-

defective RalA variant (G23V) yielded results similar to those observed with RalB(G23V). 

The Ral effector mutant RalB(G23V,D49N) has severely impaired RalBP1 binding activity 

but can still associate with active PLD1. Truncation of 11 amino acids from the amino 

terminus of Ral eliminates association of Ral with PLD activity but not with RalBP1. Neither 
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of these mutations affects Ral-dependent induction of NF-κB-dependent gene expression. In 

contrast, impairing guanyl nucleotide association (RalB(S28N)) or blocking lipid 

modification by a truncation of the four carboxy-terminal amino acids (RalB(G23V) 

ΔCAAX) blocks Ral activation of NF-κB. Taken together, these observations suggest that 

Ral activation of NF-κB and cyclin D1 is independent of association with either RalBP1 or 

PLD1 (Henry et al. 2000). 

 

In summary of the work by Henry et al., expression of activated Ral in quiescent rodent 

fibroblasts was sufficient to induce activation of NF-κB-dependent gene expression, cyclin 

D1 transcription and accumulation of cyclin D1 protein. NF-κB and cyclin D1 are two key 

convergence points for mitogenic and survival signaling (Henry et al. 2000). The regulation 

of cyclin D1 transcription by Ral is dependent on NF-κB activation and is mediated through 

an NF-κB binding site in the cyclin D1 promoter. Ral activation of these responses is likely 

through an as yet uncharacterized effector pathway, as we find activation of NF-κB and the 

cyclin D1 promoter by Ral is independent of association of Ral with active phospholipase D1 

or Ral-binding protein 1, two proteins proposed to mediate Ral function in cells. Activation 

of NF-κB and cyclin D1 expression by Ral is independent of Ral association with either 

PLD1 or RalBP1 and likely proceeds through a novel effector pathway. Ral-dependent 

regulation of NF-κB and cyclin D1 provides a mechanistic explanation for the positive role 

of Ral proteins in the regulation of proliferation and oncogenic transformation (Henry et al. 

2000). The mechanism by which Ral can regulate NF-κB has not been identified. 

 

The Ral GEF Rgr enhances the gene expression activity of the serum response element (Sre) 

and Jun (Hernandez-Muñoz et al. 2000). Rgr induces phosphorylation of ERKs, p38 and 

JNK kinases, and increases the levels of the GTP-bound forms of Ral and Ras in vivo. 

Similarly, as the ERKs are part of the MAPK signalling pathway, growth hormone-

stimulated RalA-PLD-dependent formation of phosphatidic acid was required for activation 

of p44/42 MAPK and subsequent Elk-1-mediated transcription (Zhu et al. 2002). 

 

An activated version of the Ras effector Rlf can induce the phosphorylation of serines 63 and 

73 of the transcription factor c-Jun (Ruiter et al. 2000). c-Jun is critically involved in the 
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regulation of proliferation and differentiation as well as cellular transformation induced by 

oncogenic Ras. Ras-mediated phosphorylation of c-Jun is abolished by inhibitory mutants of 

the Ral GEF-Ral pathway. 

 

In an example of positive feedback, activated Ral causes phosphorylation of STAT3; STAT3 

in turn expresses the RalGDS gene (Senga et al. 2001). Senga et al. showed that STAT3 

inversely regulates activation of Ral through induction of expression of RalGDS (Senga et al. 

2001). LIF (a member of the interleukin-6 (IL-6) cytokine family) treatment of M1 cells 

showed that RalGDS was expressed, but Rgl and Rlf were not; this result was confirmed by 

Northern Blot analysis. Analysis of the induction of RalGDS in a cell line (M1/Y705F) that 

expresses a dominant negative form of STAT3 showed a much weaker response of RalGDS 

expression when stimulated with LIF. Similar results were obtained for a cell line (M1/JAB) 

that expresses a JAK inhibitor (JAB/SOCS1/SSI-1). LIF also activates the Grb1/MAPK 

pathway; however, experiments with a MEK inhibitor had no effect on induction of RalGDS 

mRNA, indicating that the Grb2/MAPK pathway is dispensable for the up-regulation of 

RalGDS expression. Activation of RalA was not detected in either M1/Y705F or M1/JAB, 

indicating that activation of RalA could be downstream of the JAK/STAT3 signaling 

pathway rather than via MAPK pathway. It might be more appropriate to view the expression 

of RalGDS as positive feedback into the signaling pathway, rather than being ‘downstream’ 

or ‘upstream’ of the intermediate signaling molecules. Also, a protein synthesis inhibitor, 

CHX, diminished the activation of RalA, which indicated that de novo protein synthesis is 

required for the activation of RalA. The expression of RalGDS and a subsequent activation 

of RalA were clearly suppressed by a dominant negative form of STAT3, indicating that 

RalGDS/RalA signaling requires the activation of the JAK/STAT3 pathway. 

 

Ral causes the phosphorylation of the Forkhead transcription factor AFX (Kops et al. 1999b; 

Ruiter et al. 2001). AFX belongs to a small subset of the Forkhead family of transcription 

factors (Kops & Burgering 1999a). The forkhead transcription factors are phosphorylated and 

regulated by the phosphatidylinositol 3-kinase-protein kinase B pathway. PKB 

phosphorylates AFX on S193 and S258 in response to insulin; this results in a transcriptional 

inactivation of AFX by means of nuclear exclusion. Phosphorylation of the forkhead 
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transcription factor AFX is regulated in response to Ral signaling and insulin treatment 

(Kops & Burgering 1999a; Ruiter et al. 2001). Expression of an activated form of Ral in 

quiescent rodent fibroblasts is sufficient to induce activation of NF-kB-dependent gene 

expression and cyclin D1 transcription; the regulation of cyclin D1 transcription by Ral is 

dependent on NF-kB activation and is mediated through an NF-kB binding site in the cyclin 

D1 promoter (Henry et al. 2000). The Ras-Ral pathway provokes phosphorylation of 

threonines 447 and 451 in the carboxy-terminus of AFX. Inhibition of the Ral signaling 

pathway abolishes AFX-mediated transcription, while activation of Ral augments AFX 

activity. Thus Ral-mediated phosphorylation of T447 and T451 is required for proper activity 

of AFX. The components downstream of Ral responsible for the phosphorylation of AFX are 

unknown. Henry et al. proposed that a balance between Ras-Ral-mediated activating and 

PI3K-PKB-induced inactivating signals determines the response of AFX on transcription. 

 

RalBP1 binds heat shock factor 1 (HSF1) (Hu & Mivechi 2003). HSF1 regulates the rapid 

and transient expression of heat shock genes in response to stress. Using a yeast two hybrid 

screening system, RalBP1 was identified as an HSF1-interacting protein. Transient 

cotransfection of HSF1 and RalBP1 into hsf1/ mouse embryo fibroblasts represses HSP70 

expression. Furthermore, transient cotransfection of HSF1 and the constitutively active form 

of RalA (G23V), an upstream activator of the RalBP1 signaling pathway, increases the heat-

inducible expression of HSP70, whereas the dominant negative form (RalA28N) suppresses 

HSP70 expression (Hu & Mivechi 2003). The RalPB1-HSF1 interaction occurs at 37 °C, and 

RalBP1-HSF1 heterocomplexes dissociate after heat shock. 

 

Recently, it was shown that Ral causes the phosphorylation of FOXO4 (Essers et al. 2004). 

Forkhead transcription factors of the FOXO class are negatively regulated by PKB/c-Akt in 

response to insulin/IGF signalling, and are involved in regulating cell cycle progression and 

cell death. In contrast to insulin signalling, low levels of oxidative stress generated by 

treatment with H2O2 induce the activation of FOXO4. Cells have developed numerous 

antioxidant systems to prevent excess generation of reactive oxygen species (ROS) as the 

highly reactive nature of ROS will easily result in ROS-induced adverse modifications of 

protein, lipid or DNA. Normally, ROS-induced modification or damage is either repaired, as 



 227

in the case of chromosomal DNA damage, or removed by degradation and subsequent 

resynthesis. In the case of excessive damage or ineffective repair, cell death (apoptosis) is 

triggered. Thus, cells require both a stringent homeostasis mechanism for ROS and efficient 

repair to tolerate levels of ROS required for normal cell function that will otherwise result in 

certain cell death. Consistent with its role in normal growth factor-induced signalling, ROS 

generation by exogenous sources such as H2O2 treatment has been shown to trigger most of 

the signalling pathways downstream of growth factor receptors (Finkel 2000). For example, 

ROS have been shown to activate members of the JNK/p38 stress kinase family, MAPKs, PI-

3K signalling, NF-B and many more. Activation by ROS of some of these signalling 

cascades has been implicated primarily in the induction of apoptosis (JNK/p38), whereas 

others have been implicated in cell survival (PI-3K). In summary of Essers et al., an increase 

in ROS levels (treatment of cells with H2O2) induces activation of Ral, which in turn leads to 

the phosphorylation and activation of the stress kinase JNK (Essers et al. 2004). Active JNK 

induces the phosphorylation of T447 and T451 on FOXO4. Phosphorylation of these residues 

is essential for FOXO4 transcriptional activity as shown by mutational analysis  (Ruiter et al. 

2001; Essers et al. 2004). 

 

Concurrently, it was found that Ral binds to the transcription factor ZONAB (Frankel et al. 

2005). To identify novel RalA effector proteins, Frankel et al. performed a yeast two-hybrid 

screen using a novel system, the reverse Ras recruitment system (rRRS) (Hubsman et al. 

2001) and found that RalA interacts with a Y-box transcription factor, ZO-1-associated 

nucleic acid-binding protein (ZONAB) that binds to the SH3 domain of ZO-1 (Balda & 

Matter 2000), in a GTP-dependent manner. This system employs a RalA bait localised to 

membranes rather than in the nucleus as used in conventional two-hybrid analysis. ZONAB 

regulates the expression of genes with inverted CCAAT boxes such as the proto-oncogene 

ErbB-2 in a cell density-dependent manner (Balda & Matter 2000) and was also recently 

found to associate with the cell division kinase 4 (CDK4) and play a role in regulating 

epithelial cell proliferation and cell density (Balda et al. 2003). The RalA−ZONAB 

interaction results in a relief of transcriptional repression of a ZONAB-regulated promoter. 

Additionally, expression of oncogenic Ras alleviates transcriptional repression by ZONAB in 

a RalA-dependent manner. (Frankel et al. 2004). RalA and ZONAB colocalise at 
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intercellular junctions, and RalA binding regulates ZONAB function in a cell density-

dependent manner (Frankel et al. 2004). Recombinant glutathione S-transferase (GST)-

ZONAB pulls down recombinant S-His-RalA only when it is in the GTP-bound state. Similar 

results were obtained using S-His-RalA recombinant RalA to pull down GST-ZONAB, 

showing that the interaction between RalA and ZONAB is direct and not mediated by 

another protein. 

 

Finally, Ras(G12V,E37G) routes its control of transcription through RalGDS (Dalziel et al. 

2004). Ras(G12V) influences cellular glycosylation; specifically, transfection of Ras(G12V) 

increases CMP-Neu5Ac: Galbeta1,4GlcNAc alpha2,6-sialyltransferase I (ST6Gal I) activity 

in rodent fibroblasts. Results obtained with H-Ras(G12V) partial loss of function mutants 

Ras(G12V,T35S) (Raf signal only), Ras(G12V,Y40C) (PI3-kinase signal only) and 

Ras(G12V,E37G) (RalGEFs signal only) suggest that the Ras induction of the mouse ST6Gal 

I gene transcription is primarily routed through Ral GEFs. 

 

Cancer 

 

By transfection of tumor DNA in NIH/3T3 cells it is possible to detect transforming Ras 

genes in 10-50% of human tumors (Valencia et al. 1991; Vetter & Wittinghofer 2001). The 

identification of Ral and its similarity to Ras prompted a series of experiments to determine if 

it would cause cellular transformation like Ras. Frech et al. showed that constitutively active 

RalA would not transform cells (unlike constitutively active Ras), but that functional RalA 

was required for Ras-mediated transformation (Frechet al. 1990). RalA(Q72L) expression 

vectors did not induce foci when tested by transfection of tumor DNA in NIH 3T3 cells 

(Frech et al. 1990; Urano et al. 1996). Molecular mechanisms imply Ral-mediated signaling 

in tumorigenesis is the least characterized compared to the enormous amount of data 

accumulated on the cancer connection of MEK/ERK and PI3K pathways (Feinstein 2005).  

 

A cooperativity of RalGDS with Raf in cellular transformation has been observed (White et 

al. 1996). Furthermore, this cooperativity did not function through the MAPK pathway 

downstream of Raf. RalGDS was isolated from a screen for Ras-binding proteins that 
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specifically interact with a Ras effector loop mutant that uncouples Ras from activation of 

Raf. RalGDS did not significantly enhance MAP kinase activation by activated Raf, 

suggesting that the cooperativity in focus formation is due to a distinct pathway acting 

downstream of Ras and parallel to Raf. That is to say, there is a cooperativity in focus 

formation between ectopically expressed RalGDS and Raf, but the convergence does not 

happen at the level of MAP kinase activation. There appeared to be no contribution by either 

RalA or RalB to focus formation by Ras and Raf. How can RalGDS contribute but Ral not? 

Urano et al. published at the same time as White et al.; Urano observed that a Ral mutant did 

cooperate with a Ras mutant to transform cells (Urano et al. 1996; White et al. 1996). 

 

The overall message of Urano et al. is that Ral itself won’t cause transformation, but Ral 

enhances the transforming activities of Ras or Raf. Urano tested the ability of activated RalA 

to produced transformed foci upon transfection of NIH 3T3 cells. RalA(Q72L) failed to 

produce transformed foci. However, transfection of active RalA stimulated the focus-forming 

ability of Ras(Q61L) about four-fold, and that of a partially transforming allele of Raf about 

three-fold. How does Ral then enhance cellular transformation by Ras? Expression of 

activated Ral failed to activate Erk2 either on its own or induced by EGF. So Ral does not 

potentiate cellular transformation by enhancing the Ras/Raf/MEK/ERK cascade. A dominant 

inhibitory form of RalA suppresses the transforming activities of both RasH and Raf. They 

employed a dominant inhibitory RalA(S28N) mutant, analogous to Ras(S17N) that has been 

shown to interfere with Ras GEF activation of endogenous Ras (Farnsworth & Feig 1991). 

Transfection of RalA(S28N) into NIH 3T3 cells generated much fewer g418-resistant 

colonies than the control fector, and those cells that did grow failed to express measurable 

Ral(S28N) protein above endogenous Ral levels. These results are consistent with Ral 

function being required for proliferation. Transfection of Ral(S28N) also inhibited focus 

formation induced by Ras(Q61L), indicating that active Ral is necessary for full Ras 

transforming activity. Knowing that Ral is involved in the activation of PLD by Src (jiang 

1995), Ral may facilitate oncogenic transformation by promoting the generation of second 

generation messenger molecules. PLD hydrolyzes phosphatidylcholine to produce 

phosphatidic acid, a known mitogen. PA can be further metabolized to diacylglycerol, which 

activates protein kinase C (Urano et al. 1996). Also, dominant negative Ral was able to 
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restore the levels of fibronectin and CD44 in Ras-transformed cells (Ladeda et al. 2001). Ral 

plays an essential role in EGF-mediated cell motility (Gildea et al. 2002). 

 

EGF stimulates motility in human tumor cell lines which harbor activating H-Ras(G12V) via 

a novel signal transduction pathway mediated by RalA and RhoA but independent of Rac1 

and Cdc42. Vectors that expressed either a wild type or dominant negative RalA fused to 

GFP were transfected into T24 cells, which were then treated with EGF. Using confocal 

scanning laser microscopy, it was found that EGF induced a shift in localization of the RalA-

GFP fusion protein from the cytoplasm to the membrane. The lack of an effect on Rac1 and 

CDC42 was surprising, since the Ral effector RalBP1 has GAP activity on them. This 

confirmed that RalA is activated by EGF and that this activated RalA is capable of binding 

RalBP1 in the system. This was the first demonstration of an essential role for Ral in EGF-

mediated cell motility and its potential contribution to tumor metastasis in human cancer 

(Gildea et al. 2002). Lastly, the Ras-RalGDS-Ral pathway will stimulate spontaneous 

metastatic activity of transformed cells (Tchevkina et al. 2005). Metastasis is the spread of 

cells from the primary tumor to distant organs and their persistent growth. The metastatic 

ability of cells could be dramatically enhanced by RalA stimulation or, conversely, hampered 

by RalA suppression. Furthermore, during in vivo selection, cells acquire high metastatic 

properties as a result of endogenous RalA activation. The ability of RalA to induce 

metastasis was demonstrated in spontaneously transformed as well as in virus-transformed 

fibroblasts. Tumor cells with activated endogenous RalA gene are preferably selected in vivo 

and acquire high metastatic capacity. The Ral GEF pathway - which seemed previously to 

play a secondary role in Ras transformation - was found to be the most essential for Ras 

induced oncogenic potential in human cancers. 

 

Oncogenic H-ras inhibits the differentiation of muscle cells independently of their continued 

proliferation (Weyman et al. 1997; Olson et al. 1987). Ramocki et al. found that a Ras 

effector loop mutant, Ras(G12V,E37G), which would selectively bind to and activate 

RalGDS but neither Raf nor PI3K, inhibited the conversion of MyoD-expressing C3H10T1/2 

mouse fibroblasts to skeletal muscle; thus this Ras mutant is defective in cellular 

transformation (Ramocki et al. 1998). To date, all of the major Ras effectors have been tested 
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for a role in the Ras-mediated inhibition of skeletal myogenesis, and none have been able to 

duplicate the effects of oncogenic Ras expression in this system. This confirms the 

observation that active Ral will not cause cancer, but functional Ral is necessary for active 

Ras to cause it. 

 

Although Ral itself won’t cause cancer, constitutively active RalGDS will (Ward et al. 2001). 

Ward et al. wanted to investigate the contribution of RalGEF and ERK activation to the 

development of experimental metastasis in vivo and associated invasive properties in vitro. 

Each of the three canonical Ras effector pathways (Raf-MEK-extracellular signal-regulated 

kinase family, PI3K, and Ral GEFs) contributes distinct properties to the metastatic 

phenotype. Following lateral tail vein injection, 3T3 cells transformed by constitutively 

active Raf or MEK produced lung metastasis that displayed circumscribed, noninfiltrating 

borders. In contrast, 3T3 cells transformed by Ras(G12V,E37G) formed aggressive, 

infiltrative metastasis. Dominant negative RalB inhibited Ras(12V,37G)-activated invasion 

and metastasis, demonstrating the necessity of the Ral GEF pathway for a fully transformed 

phenotype. Moreover, 3T3 cells constitutively expressing a membrane-associated form of 

RalGEF (RalGDS-CAAX) formed invasive tumors as well, demonstrating that activation of a 

RalGEF pathway is sufficient to initiate the invasive phenotype. Despite the fact that 

Ras(G12V,E37G) expression does not elevate ERK activity, inhibition of this kinase by a 

conditionally expressed ERK phosphatase demonstrated that ERK activity was necessary for 

Ras(G12V,E37G)-transformed cells to express matrix-degrading activity in vitro and tissue 

invasiveness in vivo. Therefore, these experiments revealed an essential interaction of the 

RalGEF and ERK pathways to produce a malignant phenotype. The generality of the role of 

the RalGEF pathway in metastasis is supported by the finding that Ras(G12V,E37G) 

increased the invasiveness of epithelial cells as well as fibroblasts. In summary, Ward et al. 

showed that dominant negative RalB will inhibit the formation of aggressive infiltrative 

metastasis by Ras(G12V,E37G). Second, they showed that active RalGDS causes cancer but 

active RalA does not. Perhaps RalB is responsible for the RalGDS-mediated cancer (Ward et 

al. 2001). 

 

In the work by Tchevkina et al., only the RalGDS activating mutant was capable to confer 
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enhanced metastatic properties (Tchevkina et al. 2005). In parallel to the results of Ramocki 

et al., RalGDS-mediated transformation does not cause all of the effects of Ras-mediated 

transformation (Ramocki et al. 1998; Zhang & Lodish 2004). Expression of another Ral 

GEF, Rgr, in transgenic mice leads to the generation of various pathological alterations in 

cells, specifically fibrosarcomas (Jimenez  et al. 2004). Furthermore, a cooperativity of 

RalGDS with Raf was demonstrated in transformation; this cooperativity does not occur 

through the MAPK pathway (White et al. 1996).The later observation that Raf will cause 

morphologic and growth transformation supports this involvement with the Ral pathway, as 

Ral is more strongly implicated in control of the actin cytoskeleton than Ras itself (Collette et 

al. 2004). Collette et al. found that Raf activation of the ERK mitogen-activated protein 

kinase pathway alone was sufficient to cause morphologic and growth transformation of the 

fibroblasts and was necessary and sufficient to alter cathepsin L expression and targeting 

(Collette et al. 2004). In contrast, transformation and upregulation of cathepsin L expression 

in the epithelial cells required the activity of all three Ras effectors. Thus activation of the 

Ras-Ral pathway can have consequences on the morphology of a cell not exclusively through 

Ral. 

 

A dominant negative mutant of RalB was able to inhibit the formation of aggressive 

infiltrative metastasis caused by Ras(G12V,E37G) (Ward et al. 2001). This constitutively 

Ras mutant binds to and activates RalGDS but neither PI3K nor Raf. How is it possible that 

constitutively RalA will not cause cancer, but dominant negative RalB can prevent it? It turns 

out that RalA and RalB collaborate to maintain tumorigenicity (Chien & White 2003). It 

would be interesting to see the results of experiments in which the transformation of cells 

was tested by constitutively active RalA, constitutively active RalB or a combination of both. 

 

RalA and RalB were found to collaborate to maintain tumorigenicity through regulation of 

both proliferation and survival.by Chien & White. Remarkably, this task is divided between 

these highly homologous isoforms. RalB is specifically required for survival of tumour cells 

but not normal cells. RalA is dispensable for survival, but is required for anchorage-

independent proliferation. Reducing the 'oncogenic burden' in human tumour cells relieves 

the sensitivity to loss of RalB. These observations establish Ral GTPases as crucial 
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components of the cellular machinery that are exploited by factors that drive oncogenic 

transformation. The selective sensitivity of tumour cells versus normal cells to loss of RalB 

reveals an Achilles' heel with potential for exploitation by targeted therapy approaches. 

siRNA-mediated inhibition of RalA and RalB together reversed the cell-death phenotype 

seen on loss of RalB alone. This result suggests that RalA and RalB have antagonistic 

functions in the regulation of cell survival. RalB is essential for the survival of a variety of 

tumour-derived cell lines in culture. However, RalB is not limiting for the survival of non-

cancerous, proliferating epithelial cells. By contrast, RalA seems to be dispensable for cell 

proliferation in adherent cultures but is required for tumour cells to maintain the ability to 

proliferate in the absence of matrix association. The coupling of RalA and RalB regulatory 

function was revealed by the observation that inhibition of RalA can relieve the sensitivity of 

tumour cells to loss of RalB (Chien & White 2003) 

 

A recent and exciting discovery was that cells transformed by Ras(G12V,E37G) are 

susceptible to reovirus (Norman et al. 2004). Mammalian reovirus is a small, nonenveloped 

icosahedral virus with a segmented double-stranded RNA genome. Found ubiquitously in the 

environment, most humans have been infected with reovirus, although infections are usually 

subclinical and go unnoticed. The reovirus is able to duplicate its genome in infected cells 

but can only synthesize its proteins in transformed cells. An exciting characteristic of 

reovirus is that it is naturally oncolytic. As a result, reovirus is currently in clinical trials as a 

potential cancer therapy. 

 

Ral’s association with PLD and Arf6 is also linked to cancer. Cells overexpression the EGF 

receptor, when treated with EGF, become transformed; EGFR transformation in these cells is 

dependent on Ral and PLD (Lu et al. 2000). Cells overexpressing the EGF receptor, when 

treated with EGF, become transformed. This transformation is dependent on Ras and Ral. 

PLD activity in these cells is also elevated. This would be analogous to having the oncogenic 

Ras mutant which we know causes transformation. Also, three different RalA mutants 

blocked EGF-induced transformation:  an amino-terminal deletion (defective in binding to 

PLD), D49N (defective in binding to RalBP1), and S28N (dominant negative). 
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It has also been shown that Arf6 plays a role in cancer invasiveness (Hashimoto et al. 2004). 

In most human breast cancer cell lines, there is a direct correlation between their in vivo 

invasive phenotypes and in vitro invasion activities. Arf6 is localized at the invadopodia of 

the cultured breast cancer cells MDA-MB-231, and its suppression by a small-interfering 

RNA duplex effectively blocks the invasive activities of the cells, such as invadopodia 

formation, localized matrix degradation and Matrigel transmigration but not the cell-adhesion 

activity. The GTP hydrolysis-defective mutant Arf6(Q67L) and the GTP-binding defective 

mutant Arf6(T27N) both blocked these invasive activities but not cell adhesion, suggesting 

the necessity of continued activation and cycling of the Arf6 GTPase cycle in invasion. 

Among the different human breast cancer cell lines that we examined, cell lines with high 

invasive activities expressed higher amounts of Arf6 protein than those in weakly invasive 

and noninvasive cell lines, although no notable correlation was found between Arf6 mRNA 

expression levels and invasive activities. Moreover, Matrigel-transmigration activity of all of 

these invasive cells was blocked effectively by an Arf6 small-interfering RNA duplex. 

Hence, Arf6 appears to be an integral component of breast cancer invasive activities, and we 

propose that Arf6 and the intracellular machinery regulating Arf6 during invasion should be 

considered as therapeutic targets for the prevention of breast cancer invasion. (Hashimoto et 

al. 2004) This once again links Ral and PLD to cancer despite the initial observation that 

constitutively active Ral does not transform cells. 

 

Caveolin-1 (CAV1), an essential structural constituent of caveolae that plays an important 

role in cellular processes such as transport and signaling, has been implicated in the 

development of human cancers. However, it is unclear whether CAV1 is acting like an 

oncogene or tumor suppressor gene. Sunaga et al. discovered that CAV1 differentially 

regulates RalA and RalB depending on the cancer cell type (Sunaga et al. 2004). CAV1 

knockdown by small interfering RNA against CAV1 led to reduced RalA, but not RalB, 

levels. 

 

Most of the links between Ral and cancer have been investigated at the signaling level above 

Ral – in how it becomes activated or the level at which it is expressed. The connections 

involving Arf6 are at the same level as Ral, showing means through which Ral might 
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contribute to cancer. There is also some evidence of how Ral contributes to oncogenesis in a 

downstream fashion. Inhibition of RalA binding to Sec5 prevents filopod production by 

tumor necrosis factor-α and interleukin-1 and by activated forms of RalA and CDC42 

(Sugihara et al. 2002). 

 

Lastly, Oxford & Theodorescu wrote an excellent review discussing the tools for studying 

carcinoma cell migration and evidence for regulation of carcinoma cell motility by specific 

Ras superfamily members (Oxford & Theodorescu 2003). 

 

Cellular morphology 

 

The effects that Ral has on cellular morphology are often difficult to separate from its effects 

on transforming cells. For example, Ral attenuates G2 arrest (Agapova et al. 2004). In p53-

deficient cells, the expression of activated Ras attenuates the DNA damage-induced arrest in 

G1 and G2. Agapova et al. studied Ras-mediated effects on the G2 checkpoint in two human 

cell lines, MDAH041 immortalized fibroblasts and Saos-2 osteosarcoma cells (Agapova et 

al. 2004). The transduction of the Ras mutants that retain certain functions [Ras(G12V,T35S) 

(Raf signal only), Ras(G12V,Y40C) (PI3-kinase signal only) and Ras(G12V,E37G) 

(RalGEFs signal only)] as well as the activated or dominant-negative mutants of RalA 

(G23V and S28N, respectively) revealed that the activation of Ras-Ral GEFs-Ral pathway 

was responsible for the attenuation of the G2 arrest induced by ethyl metanesulfonate or 

doxorubicin. The activated RalA(G23V,D49N) mutant, which cannot interact with RalBP1, 

retained the ability to attenuate the DNA damage-induced G2 arrest. Activation of the Ras-

Ral signaling affected neither the level nor the intracellular localization of cyclin B1 and 

CDC2 but interfered with the CDC2 inhibitory phosporylation at Y15 and the decrease in the 

cyclin B/CDC2 kinase activity in damaged cells. The revealed function of the Ras-Ral 

pathway may contribute to the development of genetic instability in neoplastic cells. 

 

After Ral was initially found to bind filamin (Ohta et al. 1999), it was found that Ral (and not 

Ras or Rap) is capable of triggering filopodia formation by doing so (Feig 2003; Feinstein 

2005) (Figure 2). Filamin is an actin filament-crosslinking protein that also links membrane 
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and other intracellular proteins to actin (Ohta et al. 1999). Filamin efficiently crosslinks actin 

filaments and is a docking site for various cell surface receptors and certain intracellular 

proteins involved in signal transduction or endocytosis. Genetic evidence shows that filamin1 

in particular is an essential component for stabilization of the cell surface and for efficient 

translocational motility of melanocytic, neuronal and other cells. RalA binds filamin in a 

GTP-specific manner, and RalA-GTP elicits actin-rich filopods on surfaces of Swiss 3T3 

cells and recruits filamin into the filopodial cytoskeleton (Ohta et al. 1999). Either a 

dominant negative RalA construct or the RalA-binding domain of filamin1 specifically 

blocks CDC42-induced filopod formation, but a CDC42 inhibitor does not impair RalA’s 

effects. RalA does not generate filopodia in filamin-deficient human melanoma cells, 

whereas transfection of filamin1 restores the functional response. Ohta et al. claim that their 

results suggest that RalA is therefore a downstream intermediate in CDC42-mediated filopod 

production and uses filamin in this pathway, that CDC42 acts through RalA to induce 

filopodia because a dominant negative inhibitor of RalA blocked the formation of filopodia 

induced by CDC42. Ral binds RalBP1, which is a GAP for CDC42 and Rac. However, these 

same results imply that RalA does not activate Rac. How can RalA be upstream AND 

downstream of CDC42? Table 1 is a summary of their findings. 

 

With the lack of any effect of Ral on CDC42 or Rac1 shown, it is not known if the nucleotide  

bound by Ral has any bearing on RalBP1’s activity. Perhaps RalBP1’s default function is as 

a GAP for CDC42, keeping the whole pathway “off.” When Ral is activated, it binds RalBP1 

causing it to have other cellular effects eg. ATP-dependent transport of 4-HNE or exerting 

 

 
Table 1:  Summary of findings on Ral and Cdc42 mutated either to their dominant negative or constitutively 

active forms and the resulting phenotypes as regards the formation of filopodia (Ohta et al. 1999). 

These mutant proteins… … generate filopodia or not? 
active Cdc42 filopodia 
active Ral filopodia 
inactive Cdc42 no filopodia 
inactive Ral no filopodia 
active Cdc42 + inactive Ral no filopodia (neither by cotransfection nor 

microinjection) 
active Ral + inactive Cdc42 LOTS of filopodia 
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effects by binding POB1 or ASAP1/PAG2. 

 

Arf6 and Ral were recently identified as important factors of cell invasiveness participating 

in localized matrix degradation and Matrigel transmigration (Hashimoto et al. 2004). 

However, the role of the Ral pathway in causing cancer by virtue of its interaction with 

filamin was diminished by the aforementioned observation that dominant negative RalB 

efficiently inhibits Ras(G12V,E37G)-mediated metastasis without affecting the associated 

cell motility (Ward et al. 2001). 

 

Heo & Meyer studied the effects that similar GTPases have on morphology by identifying 

the minimal number of amino acid changes that would be necessary to have one protein 

switch its function to that of a related protein; their definition of ’function’ was as how the 

protein affects the resulting cell morphology (Heo & Meyer 2003). Heo & Meyer felt that a 

step toward an understanding of specificity would be the identification of a minimal number 

of amino acids that can be exchanged in a signaling protein so that its current function is 

switched to the function of a related protein, rather than generating dominant negative or 

constitutively active versions of proteins. A representative subset of 100 of the human small 

GTPases were mutated to a predicted constitutively active form (equivalent to Ras Q61L) 

and expressed in NIH 3T3, HeLa and Swiss3T3 cell lines. Fifty-six of the expressed small 

GTPase constructs triggered no significant morphology changes, while 44 induced marked 

morphology changes. The induced morphologies were clearly distinguishable from each 

other and fell into only nine distinct classes. Cells transfected with Ras family small GTPases 

showed two distinguishable morphology classes. The oncogenic Ras induced a marked 

polarized morphology with membrane ruffles and strong actin staining at a polar end of the 

cells, while cells transfected with most of the remaining members showed cell spreading 

combined with hairlike filopodia formation with pronounced polymerized actin ”boutons” at 

their ends (Figure 12). The spreading of these cells has a resemblance to eyelashes. An 

algorithm was developed that did not use sequence homology boundaries but used instead a 

strategy to measure a conservation and a divergence distance for each of the  amino acid 

positions. Our algorithm did not make the structural assumption that switch-of-function sites 

are part of known or predicted effector interaction surfaces. The main assumption was that 
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Figure 12: One hundred Ras superfamily GTPases were expressed in their constitutively active forms 

(equivalent to Q61L) then classified according to their changes in cell morphology, as seen in these photos. Ras 

produced a polar morphology. Ral, Rap and R-Ras produced an eyelash morphology. The double mutant Ras 

L23F,K101L, which changed the Ras residues to Ral ones, produced an eyelash morphology like Ral. Similarly, 

Ral F34L,L112K produced a polar morphology. This figure was reprinted with permission from Heo & Meyer 

(Heo & Meyer 2003). 
 

 

proteins in a morphology class have diverged by speciation and gene duplication and that 

each amino acid position relevant for the divergent function of two classes has been under 

independent selective pressure to remain conserved within one functional class and to 

become divergent in the other functional class. The amino acid changes that would switch the 

polar cell morphology induced by Ras to the eyelash type morphology induced by RalA were 

predicted. The mutation of RalA that induced eyelashes led in all cases to mutant proteins 

with a near complete switch of function so that they now induced a polar morphology (Figure 

12). In the reverse experiment, Ras with exchanged amino acids at the same two positions 

also showed a marked switch of function to the eyelash phenotype (Figure 12). Contrary to 

expectations, the relevant residues were mostly outside known interaction surfaces and were 

structurally far apart from each other. 

 

Another way in which Ral’s effect on cellular morphology has been demonstrated is that 

active Ral disrupts the regular array of ommatidia in fly eyes (Sawamoto et al. 1999). 

Activated Ral results in a ‘rough’ eye phenotype. Transgenic Drosophila were generated that 
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overexpressed wild type or mutated Ral during eye development (Sawamoto et al. 1999). 

Wild type had no developmental defects. Expression of a constitutively activated Ral did not 

affect cell fate determination in the larval eye discs but caused severe disruption of the 

ommatidial organiation later in pupal development. Phalloidin staining showed that activated 

Ral perturbed the cytoskeletal structure and cell shape changes during pupal development. 

One ommatidium contains eight photoreceptors. The rhabdomeres, or light-sensitive 

organelles of the photoreceptors, are arranged in a characeristic trapezoid. Activated Ral 

disrupts the regular geometrical array (the shapes) of the ommatidia and the regular 

orientation of the individual ommatidia. Interestingly, similar observations were made when 

Rgr-overexpressing cells grew morphologically transformed and in a disorganized manner 

(Hernandez-Muñoz et al. 2000). 

 

CNK2, a scaffold protein, is known to interact with Raf and the Ral GEF Rlf (Lanigan et al. 

2003). Although, CNK2 does not affect the activity of Ral. Connector enhancer of KSR 

(CNK) is a multidomain protein that participates in Ras signaling in Drosophila eye 

development. CNK2 interacts with Raf, Ral and Rlf. CNK2 interaction was mapped to the 

GEF domain of Rlf. The ability of CNK2 to interact with both Ras effector proteins Raf and 

Rlf suggests that CNK2 may integrate signals between MAPK and Ral pathways through a 

complex interplay of components. CNK2 interacts with Rlf and Ral itself, yet does not 

mediate Ral activity; but there must be some functional consequence of the interaction, even 

if it turns out to be a negative or inhibitory one. Lanigan et al. examined Rlf localization in 

the cell in an attempt to clarify (Lanigan et al. 2003). Experiments (HA-tagged proteins 

expressed; cells lysed; ultracentrifuge; resolve cytosol from membrane fractions; immunoblot 

with anti-HA) suggest that CNK2B does not affect Raf localization in the cell, but Rlf may 

increase CNK2 membrane localization. At the least, these observations support a model 

wherein CNK2 acts as a scaffold protein in Ras signaling. 

 

The discovery of a RalBP1 homologue in Xenopus provided more evidence of Ral’s role in 

cytoskeleton development. A constitutively activated form of Xenopus RalB(G23V) induced 

bleaching of the animal hemisphere and disruption of the cortical actin cytoskeleton 

(Lebreton et al. 2004). The artificial targeting of RalBP1 to the membrane induced a similar 
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phenotype to that of activated RalB. 

 

Other effects of Ral 

 

Ral has been implicated in several other cellular processes. The data are either too 

preliminary or too vastly different from previously characterized effects to include these 

observations under other headings. For instance, the association of Ral with dense granules 

suggests a potential role for Ral in regulating the release of storage contents from this 

granule. Platelets contain three recognized populations of secretory granules: α granules, 

dense granules and lysosomes. GTP-binding proteins of molecular weight 24-27 kD were 

detected in the dense granule fraction of human platelets when nitrocellulose blots containing 

proteins separated by SDS-PAGE were incubated with radiolabelled GTP (Mark et al. 1996). 

Isoelectric focusing and 2-D polyacrylamide gel electrophoresis resolved the dense granule 

27 and 24 kD GTP-binding proteins into four distinct forms each. Immunoblotting did not 

find Rap2 or CDC42, but did find Ral. 

 

In a final example of Ral’s interconnectivity in multitudinous signalling pathways, RalA, 

which is not ADP-ribosylated by C3, will inhibit ADP-ribosylation of RhoA by C3 

(depending on its source) in human platelet membranes and rat brain lysate. Inhibition occurs 

with both Ral-GDP and Ral-GTP (Wilde et al. 2002). A direct interaction of RalA with C3 

was verified by precipitation of the transferase with GST-RalA-sepharose. The Kd was 12 

nM as determined by fluorescence titration. RalA increased the activity of C3 by about five-

fold. C3 decreased activation of PLD by RalA. This data indicate that several C3 

exoenzymes directly interact with RalA without ADP-ribosylating the GTPase. The 

interaction is of high affinity and interferes with essential functions of C3 and RalA. 

 

Known structural features of Ral and other Ras subfamily members 

 

The approximately 20-kD domain that carries out the basic function of nucleotide binding 

and hydrolysis - called the G domain - has a universal structure (Vetter and Wittinghofer 

2001) (Figure 13). The G-domain fold consists of a mixed six-stranded β sheet flanked by 
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five α helices, as seen in Figure 13. It will be useful to refer to the sequence alignments in 

Figures 14, 15 & 16 during the following discussion of highly conserved motifs among Ras-

related proteins. 

 

First among the highly conserved motifs across Ras subfamily GTPases is the 

GXXXXGK[S/T] motif, spanning residues 10-17 in Ras; it is known as the 

phosphate/magnesium ion-binding loop, or the P-loop (Valencia et al. 1991). Some of the 

most important contributions to nucleotide binding are made by the interactions of the β- and 

γ-phosphates with the P-loop. In Ras, the P-loop site adopts a stable loop structure with the 

side chain of K16 noncovalently closing the loop by interacting with the main-chain carbonyl 

groups of G10 and A11 (Pai et al. 1989). Kl6 is also in contact with the β- and γ-phosphate 

oxygens and is presumably involved in catalysis (Pai et al. 1990; Reinstein et al. 1990). 

Second, the DTAGQE motif covers residues 57-62 in Ras and also helps to coordinate the γ-

phosphate and magnesium ion. D57 and G60 appear to be essential for all G-proteins. D57 is 

coordinated to Mg2+ via a water molecule in the triphosphate structure (Pai et al. 1990). It has 

been postulated that Q61 is involved in catalysis because the side chain of Q61 is able to 

adopt a conformation in which it is close to a water molecule thought to attack the γ- 

phosphate (Pai et al. 1990). Substitution of Q61 by another residue indeed reduces GTPase 

activity and renders the protein oncogenic (Der et al. 1986). The RaplA and Rap2 proteins 

have T61 instead of Q61, suggesting that these proteins have a different mechanism for the 

GTPase cleavage step. Subunits of heterotrimeric G-proteins also have Gln in this position, 

like Ras, and it has been found that the substitution of this Gln by Arg significantly reduces 

the GTPase rate (Graziano & Gilman 1989; Masters et al. 1986). In elongation factor Tu the 

corresponding residue is His84, also involved in GTP hydrolysis but not in substrate binding 

(Cool & Parmeggiani 1991). After GTP hydrolysis, it serves as the second negatively 

charged ligand of Mg2+ in the Ras-GDP complex and is thus an important element of the 

conformational change as seen in time resolved crystallographic studies (Schlichting et al. 

1990). Likewise, G60 is hydrogen-bonded to the γ-phosphate and also involved in triggering 

a conformational change when the γ-phosphate is hydrolyzed. Third, the [N/T]KXD is 

comprised of residues 116-120; it is known as a guanine base binding loop. The Nl16 side 

chain in Ras interacts both with the hydroxyl group of the T144 side chain and with the 
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Figure 13:  Cartoon representation of the G-domain, which carries out the basic function of nucleotide binding 

and hydrolysis. The G-domain fold has a universal structure and is highly conserved among Ras superfamily 

GTPases, consisting of a mixed six-stranded β sheet (green) flanked by five α helices (red). The bound GDP is 

shown in purple and the coordinating magnesium ion in yellow. There are some structural variations among the 

superfamily members in the G-domain, but the largest differences are found in the two highly variable regions 

known as the Switch regions. The blue worms indiciate the switch regions of the Ras superfamily members H-

Ras (1q21), RalA (1u90), Rap2A (1kao), Arf6 (1e0s), Arl3 (1fzq), Ran (1byu), Cdc42 (1an0) and Rab5a (1n6h), 

to show how much they vary. The pictured structures are all GDP-bound proteins. Similar large conformational 

changes are seen within a protein upon exchanging GDP for GTP. This image was generated in O then ray-

traced with PovRay (Jones et al. 1991; Persistence of Vision Pty. Ltd. 2004). 



Rab1A_NP_004152  ----------------------------------------------------------------------------------------------MSSMNPEYDYLFKLLLIGDSGVGKSCLLLRFADDTYTE-SYISTIGVDFKIRTIELD-GKTIKLQIWDTAGQERFRT--ITSSYY 
Rab1B_CAG38493   -------------------------------------------------------------------------------------------------MNPEYDYLFKLLLIGDSGVGKSCLLLRFADDTYTE-NYISTIGVDFKIRTIELD-GKTIKLQIWDTAGQERFRT--ITSSYY Figure 14:  A
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Rab2A_P61019     ---------------------------------------------------------------------------------------------------MAYAYLFKYIIIGDTGVGKSCLLLQFTDKRFQP-VHDLTIGVEFGARMITID-GKQIKLQIWDTAGQESFRS--ITRSYY 
Rab2B_NP_116235  ---------------------------------------------------------------------------------------------------MTYAYLFKYIIIGDTGVGKSCLLLQFTDKRFQP-VHDLTIGVEFGARMVNID-GKQIKLQIWDTAGQESFRS--ITRSYY 
Rab6A_P20340     --------------------------------------------------------------------------------------------MSTGGDFGNPLRKFKLVFLGEQSVGKTSLITRFMYDSFDN-TYQATIGIDFLSKTMYLE-DRTVRLQLWDTAGQERFRS--LIPSYI 
Rab6B_NP_057661  --------------------------------------------------------------------------------------------MSAGGDFGNPLRKFKLVFLGEQSVGKTSLITRFMYDSFDN-TYQATIGIDFLSKTMYLE-DRTVRLQLWDTAGQERFRS--LIPSYI 
Rab7_NP_004628   -------------------------------------------------------------------------------------------------MTSRKKVLLKVIILGDSGVGKTSLMNQYVNKKFSN-QYKATIGADFLTKEVMVD-DRLVTMQIWDTAGQERFQS--LGVAFY 
Rab13_NP_002861  -------------------------------------------------------------------------------------------------MAKAYDHLFKLLLIGDSGVGKTCLIIRFAEDNFNN-TYISTIGIDFKIRTVDIE-GKKIKLQVWDTAGQERFKT--ITTAYY 
Rab14_P61106     ----------------------------------------------------------------------------------------------MATTPYNYSYIFKYIIIGDMGVGKSCLLHQFTEKKFMA-DCPHTIGVEFGTRIIEVS-GQKIKLQIWDTAGQERFRA--VTRSYY 
Rab24_Q969Q5     --------------------------------------------------------------------------------------------------MSGQRVDVKVVMLGKEYVGKTSLVERYVHDRFLVGPYQNTIGAAFVAKVMSVG-DRTVTLGIWDTAGSERYEA--MSRIYY 
Rab37_AAH16615   ----------------------------------------------------------------------------MTGTPGAVATRDGEAPERSPPCSPSYDLTGKVMLLGDTGVGKTCFLIQFKDGAFLSGTFIATVGIDFRNKVVTVD-GVRVKLQIWDTAGQERFRS--VTHAYY 
Rab38_NP_071732  ------------------------------------------------------------------------------------------------MQAPHKEHLYKLLVIGDLGVGKTSIIKRYVHQNFSS-HYRATIGVDFALKVLHWDPETVVRLQLWDIAGQERFGN--MTRVYY 
Rab41_NP_940892  ---------------------------------------------------------------------------------------MAGPGPGPGDPDEQYDFLFKLVLVGDASVGKTCVVQRFKTGAFSE-RQGSTIGVDFTMKTLEIQ-GKRVKLQIWDTAGQERFRT--ITQSYY 
Kir_AAC50067     -------------------------MTLNNVTMRQGTVGMQPQQQRWSIPADGRHLMVQKEPHQYSHRNRHSATPEDHCRRSWSSDSTDSVIS--SESG---NTYYRVVLIGEQGVGKSTLANIFAGVHDSMDSDCEVLG-EDTYERTLMVDGESATIILLDMWENKGENE-WLHDHCM 
Gem_P55040       -------------------------MTLNNVTMRQGTVGMQPQQQRWSIPADGRHLMVQKEPHQYSHRNRHSATPEDHCRRSWSSDSTDSVIS--SESG---NTYYRVVLIGEQGVGKSTLANIFAGVHDSMDSDCEVLG-EDTYERTLMVDGESATIILLDMWENKGENE-WLHDHCM 
Rad_A49334       ------------------------------------------------MPVDERDLQAALTPGALTAAAAGTGTQGP--RLDWPEDSEDSLSSGGSDSD---ESVYKVLLLGAPGVGKSALARIFGGVED--GPEAEAAG--HTYDRSIVVDGEEASLMVYDIWEQDG-GR-WLPGHCM 
Rem_AAH39813     -------------------------MTLNTEQEAKTPLHRRASTPLPLSPRGHQPGRLSTVPSTQSQHPRLGQSASLNPPTQKPSPAPDDWSSESSDSEGSWEALYRVVLLGDPGVGKTSLASLFAGKQE--RDLHEQLG-EDVYERTLTVDGEDTTLVVVDTWEAEKLDKSWSQESCL 
Rem2_Q8IYK8      MDTETTALCPSGSRRASPPGTPTPEADATLLKKSEKLLAELDRSGLPSAPGAPRRRGSMPVPYKHQLRRAQAVDELDWPPQASSSGSSDSLGSGEAAPAQK-DGIFKVMLVGESGVGKSTLAGTFGGLQG--DSAHEPENPEDTYERRIMVDKEEVTLVVYDIWEQGDAGG-WLRDHCL 
tc21_P62070      -------------------------------------------------------------------------------MAAAG------WRDGSG------QEKYRLVVVGGGGVGKSALTIQFIQSYFVTDYDP---TIEDSYTKQCVIDDRAARLDILDTAGQEEFGA--MREQYM 
N-Ras_AAM12633   ------------------------------------------------------------------------------------------------------MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDP---TIEDSYRKQVVIDGETCLLDILDTAGQEEYSA--MRDQYM 
H-Ras_CAG47067   ------------------------------------------------------------------------------------------------------MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDP---TIEDSYRKQVVIDGETCLLDILDTAGQEEYSA--MRDQYM 
K-Ras_AAM12631   ------------------------------------------------------------------------------------------------------MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDP---TIEDSYRKQVVIDGETCLLDILDTAGQEEYSA--MRDQYM 
R-Ras_P10301     ----------------------------------------------------------------------------MSSGAASGTGRGRPRGGGPGPGDPPPSETHKLVVVGGGGVGKSALTIQFIQSYFVSDYDP---TIEDSYTKICSVDGIPARLDILDTAGQEEFGA--MREQYM 
RalA_P11233      -------------------------------------------------------------------------------MAAN-----KPKGQNS-------LALHKVIMVGSGGVGKSALTLQFMYDEFVEDYEP---TKADSYRKKVVLDGEEVQIDILDTAGQEDYAA--IRDNYF 
RalB_P11234      -------------------------------------------------------------------------------MAAN-----KSKGQSS-------LALHKVIMVGSGGVGKSALTLQFMYDEFVEDYEP---TKADSYRKKVVLDGEEVQIDILDTAGQEDYAA--IRDNYF 
Rap1A_P62834     ------------------------------------------------------------------------------------------------------MREYKLVVLGSGGVGKSALTVQFVQGIFVEKYDP---TIEDSYRKQVEVDCQQCMLEILDTAGTEQFTA--MRDLYM 
Rap2A_P10114     ------------------------------------------------------------------------------------------------------MREYKVVVLGSGGVGKSALTVQFVTGTFIEKYDP---TIEDFYRKEIEVDSSPSVLEILDTAGTEQFAS--MRDLYI 
Rap2B_P61225     ------------------------------------------------------------------------------------------------------MREYKVVVLGSGGVGKSALTVQFVTGSFIEKYDP---TIEDFYRKEIEVDSSPSVLEILDTAGTEQFAS--MRDLYI 
TC10_NP_036381   ------------------------------------------------------------------------------------------------MAHGPGALMLKCVVVGDGAVGKTCLLMSYANDAFPEEYVP---TVFDHYAVSVTVGGKQYLLGLYDTAGQEDYDR--LRPLSY 
Cdc42_CAD92551   ------------------------------------------------------------------------------------------------------MQTIKCVVVGDGAVGKTCLLISYTTNKFPSEYVP---TVFDNYAVTVMIGGEPYTLGLFDTAGQEDYDR--LLRPSY 
Rac1_NP_008839   ------------------------------------------------------------------------------------------------------MQAIKCVVVGDGAVGKTCLLISYTTNAFPGEYIP---TVFDNYSANVMVDGKPVNLGLWDTAGQEDYDR--LRLPSY 
Rac2_P15153      ------------------------------------------------------------------------------------------------------MQAIKCVVVGDGAVGKTCLLISYTTNAFPGEYIP---TVFDNYSANVMVDSKPVNLGLWDTAGQEDYDR--LRPLSY 
RhoA_P61586      ----------------------------------------------------------------------------------------------------MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVP---TVFENYVADIEVDGKQVELALWDTAGQEDYDR--LRPLSY 
RhoB_P62745      ----------------------------------------------------------------------------------------------------MAAIRKKLVVVGDGACGKTCLLIVFSKDEFPEVYVP---TVFENYVADIEVDGKQVELALWDTAGQEDYDR--LRPLSY 
RhoC_P08134      ----------------------------------------------------------------------------------------------------MAAIRKKLVIVGDGACGKTCLLIVFSKDQFPEVYVP---TVFENYIADIEVDGKQVELALWDTAGQEDYDR--LRPLSY 
RhoG_P84095      ------------------------------------------------------------------------------------------------------MQSIKCVVVGDGAVGKTCLLICYTTNAFPKEYIP---TVFDNYSAQSAVDGRTVNLNLWDTAGQEEYDR--LRTLSY 
Rnd1_BAB17851    ----------------------------------------------------------------------------------MKERRAPQP----------VVARCKLVLVGDVQCGKTAMLQVLAKDCYPETYVP---TVFENYTACLETEEQRVELSLWDTSGSPYYDN--VRPLCY 
Rnd2_P52198      -------------------------------------------------------------------------------------------------ME-GQSGRCKIVVVGDAECGKTALLQVFAKDAYPGSYVP---TVFENYTASFEIDKRRIELNMWDTSGSSYYDN--VRPLAY 
Rnd3_P61587      ----------------------------------------------------------------------------------MKERRASQKLSSKSIMDPNQNVKCKIVVVGDSQCGKTALLHVFAKDCFPENYVP---TVFENYTASFEIDTQRIELSLWDTSGSPYYDN--VRPLSY 
Arf1_CAI23120    -------------------------------------------------------------------------------------MGNIFANLFKGLFGK---KEMRILMVGLDAAGKTTILYKLK--LGEIVTTIPTIGFNVETVE-----YKNISFTVWDVGGQDKIRP--LWRHYF 
Arf3_NP_001650   -------------------------------------------------------------------------------------MGNIFGNLLKSLIGK---KEMRILMVGLDAAGKTTILYKLK--LGEIVTTIPTIGFNVETVE-----YKNISFTVWDVGGQDKIRP--LWRHYF 
Arf4_NP_001651   -------------------------------------------------------------------------------------MGLTISSLFSRLFGK---KQMRILMVGLDAAGKTTILYKLK--LGEIVTTIPTIGFNVETVE-----YKNICFTVWDVGGQDRIRP--LWKHYF 
Arf5_NP_001653   -------------------------------------------------------------------------------------MGLTVSALFSRIFGK---KQMRILMVGLDAAGKTTILYKLK--LGEIVTTIPTIGFNVETVE-----YKNICFTVWDVGGQDKIRP--LWRHYF 
Arf6_NP_816931   -------------------------------------------------------------------------------------MG--LLDRLSVLLGLK-KKEVHVLCLGLDNSGKTTIINKLKPSNAQSQNILPTIGFSIEKFK-----SSSLSFTVFDMSGQGRYRN--LWEHYY 
Arl1_P40616      -------------------------------------------------------------------------------------MGGFFSSIFSSLFGT---REMRILILGLDGAGKTTILYRLQ--VGEVVTTIPTIGFNVETVT-----YKNLKFQVWDLGGQTSIRP--YWRCYY 
Arl2_NP_001658   -------------------------------------------------------------------------------------MG--LLTILKKMKQK--ERELRLLMLGLDNAGKTTILKKFN--GEDIDTISPTLGFNIKTLE-----HRGFKLNIWDVGGQKSLRS--YWRNYF 
Arl3_NP_004302   -------------------------------------------------------------------------------------MG--LLSILRKLKSAP-DQEVRILLLGLDNAGKTTLLKQLA--SEDISHITPTQGFNIKSVQ-----SQGFKLNVWDIGGQRKIRP--YWKNYF 
Arl4_AAM12604    -------------------------------------------------------------------------------------MGNGLSDQTSILSNLPSFQSFHIVILGLDCAGKTTVLYRLQ--FNEFVNTVPTKGFNTEKIKVTLGNSKTVTFHFWDVGGQEKLRP--LWKSYT 
Sar1A_NP_057187  --------------------------------------------------------------------------------MSFIFDWIYSGFSSVLQFLGLYKKTGKLVFLGLDNAGKTTLLHMLKDDRLGQHVPTLHPTSEELTIAG-------MTFTTFDLGGHVQARR--VWKNYL 
Ran_TVHUC3       -----------------------------------------------------------------------------------------------MAAQGEPQVQFKLVLVGDGGTGKTTFVKRHLTGEFEKKYVATLG--VEVHPLVFHTNRGPIKFNVWDTAGQEKFGG--LRDGYY 

 
Rab1A_NP_004152  RGAHGIIVVYDVTDQESFNNVK-QWLQEIDRYAS----EN-VNKLLVGNKCDLTT----KKVVDYT--------TAKEFADSLGI--PF-LETSAKN-ATNVEQSFMTMAAEIKKRMGPGATAGGAE-----------KSNVKIQ-------------STPVKQSGG---GCC----- 
Rab1B_CAG38493   RGAHGIIVVYDVTDQESYANVK-QWLQEIDRYAS----EN-VNKLLVGNKSDLTT----KKVVDNT--------TAKEFADSLGI--PF-LETSAKN-ATNVEQAFMTMAAEIKKRMGPGAASGG-E-----------RPNLKID-------------STPVKPAGG---GCC----- 
Rab2A_P61019     RGAAGALLVYDITRRDTFNHLT-TWLEDARQHSN----SN-MVIMLIGNKSDLES----RREVKKE--------EGEAFAREHGL--IF-METSAKT-ASNVEEAFINTAKEIYEKIQEGVFDINNE-----------ANGIKIGPQHAATNAT--HAGNQGGQQAG--GGCC----- 
Rab2B_NP_116235  RGAAGALLVYDITRRETFNHLT-SWLEDARQHSS----SN-MVIMLIGNKSDLES----RRDVKRE--------EGEAFAREHGL--IF-METSAKT-ACNVEEAFINTAKEIYRKIQQGLFDVHNE-----------ANGIKIGPQQSISTSVGPSASQRNSRDIGSNSGCC----- 
Rab6A_P20340     RDSTVAVVVYDITNVNSFQQTT-KWIDDVRTERG----SD-VIIMLVGNKTDLAD----KRQVSIE--------EGERKAKELNV--MF-IETSAKA-GYNVKQLFRRVAAALPG---MESTQDRSR-----------EDMIDIK-------------LEKPQEQPVSEGGCSC---- 
Rab6B_NP_057661  RDSTVAVVVYDITNLNSFQQTS-KWIDDVRTERG----SD-VIIMLAGNKTDLAD----KRQITIE--------EGEQRAKELSV--MF-IETSAKT-GYNVKQLFRRVASALPG---MENVQEKSK-----------EGMIDIK-------------LDKPQEPPASEGGCSC---- 
Rab7_NP_004628   RGADCCVLVFDVTAPNTFKTLD-SWRDEFLIQASPRDPEN-FPFVVLGNKIDLEN----RQVATK---------RAQAWCYSKNN--IPYFETSAKE-AINVEQAFQTIARNALKQ-ETEVELYNEF-----------PEPIKLD-------------KNDRAKASAESCSC------ 
Rab13_NP_002861  RGAMGIILVYDITDEKSFENIQ-NWMKSIKENAS----AG-VERLLLGNKCDMEA----KRKVQKE--------QADKLAREHGI--RF-FETSAKS-SMNVDEAFSSLARDILLKSGGRRSGNGNK-----------PPSTDLK-------------TCDKKNTN----KCSLG--- 
Rab14_P61106     RGAAGALMVYDITRRSTYNHLS-SWLTDARNLTN----PN-TVIILIGNKADLEA----QRDVTYE--------EAKQFAEENGL--LF-LEASAKT-GENVEDAFLEAAKKIYQNIQDGSLDLNAA-----------ESGVQHKPSAPQGGRL---TSEPQPQREG--CGC------ 
Rab24_Q969Q5     RGAKAAIVCYDLTDSSSFERAK-FWVKELRSLEE----G--CQIYLCGTKSDLLEEDRRRRRVDFH--------DVQDYADNIKA--QL-FETSSKT-GQSVDELFQKVAEDYVS---VAAFQVMTE-----------DKGVDLG-------------Q---KPNPYFYSCCHH---- 
Rab37_AAH16615   RDAQALLLLYDITNKSSFDNIR-AWLTEIHEYAQ----RD-VVIMLLGNKADMSS----ERVIRSE--------DGETLAREYGV--PF-LETSAKT-GMNVELAFLAIAKELKYRAG-----HQAD-----------EPSFQIR-----------DYVESQKKRSS---CCSFM--- 
Rab38_NP_071732  REAMGAFIVFDVTRPATFEAVA-KWKNDLDSKLSLPNGKP-VSVVLLANKCDQGK----DVLMNNGL-------KMDQFCKEHGF--VGWFETSAKE-NINIDEASRCLVKHILAN-ECDLMES-IE-----------PDVVKPH-------------LTSTKVASC--SGCAKS--- 
Rab41_NP_940892  RSANGAILAYDITKRSSFLSVP-HWIEDVRKYAG----SN-IVQLLIGNKSDLSE----LREVSLA--------EAQSLAEHYDI--LCAIETSAKD-SSNVEEAFLRVATELIMRHG-GPLFSEKS-----------PDHIQLN-------------SKDIGEGWG--CGC------ 
Kir_AAC50067     QVGDAYLIVYSVTDRASFEKAS-ELRIHVRRARQTED----IPIILVGNKSDLVR----CREVSVS--------EGRACAVVFD---CKFIETSAAV-QHNVKELFEGIVRQVRLRRDSKEKNERRL--------AYQKRKESMPRKARRFWGKIVAKNNKNMAFKLKSKSCHDLSVL 
Gem_P55040       QVGDAYLIVYSITDRASFEKAS-ELRIQLRRARQTED----IPIILVGNKSDLVR----CREVSVS--------EGRACAVVFD---CKFIETSAAV-QHNVKELFEGIVRQVRLRRDSKEKNERRL--------AYQKRKESMPRKARRFWGKIVAKNNKNMAFKLKSKSCHDLSVL 
Rad_A49334       AMGDAYVIVYSVTDKGSFEKAS-ELRVQLRRARQTDD----VPIILVGNKSDLVR----SREVSVD--------EGRACAVVFD---CKFIETSAAL-HHNVQALFEGVVRQIRLRRDSKEANARRQ--------AGTRRRESLGKKAKRFLGRIVARNSRKMAFRAKSKSCHDLSVL 
Rem_AAH39813     QGGSAYVIVYSIADRGSFESAS-ELRIQLRRTHQADH----VPIILVGNKADLAR----CREVSVE--------EGRACAVVFD---CKFIETSATL-QHNVAELFEGVVRQLRLRR--RDSAAKEP--------PAPRRPASLAQRARRFLARLTARSARRRALKARSKSCHNLAVL 
Rem2_Q8IYK8      QTGDAFLIVFSVTDRRSFSKVP-ETLLRLRAGRPHHD----LPVILVGNKSDLAR----SREVSLE--------EGRHLAGTLS---CKHIETSAAL-HHNTRELFEGAVRQIRLRRGRNHAGGQRPDPGSPEGPAPPARRESLTKKAKRFLANLVPRNAK--FFKQRSRSCHDLSVL 
tc21_P62070      RTGEGFLLVFSVTDRGSFEEIY-KFQRQILRVKDRDE----FPMILIGNKADLDH----QRQVTQE--------EGQQLARQLK---VTYMEASAKI-RMNVDQAFHELVRVIRKFQEQECPPSPEP-------------------------------TRKE--KDKKGCHCVIF--- 
N-Ras_AAM12633   RTGEGFLCVFAINNSKSFADIN-LYREQIKRVKDSDD----VPMVLVGNKCDLPT-----RTVDTK--------QAHELAKSYG---IPFIETSAKT-RQGVEDAFYTLVREIRQYRMKKLNSS----------------------------------DDGT--QGCMGLPCVVM--- 
H-Ras_CAG47067   RTGEGFLCVFAINNTKSFEDIH-QYREQIKRVKDSDD----VPMVLVGNKCDLAA-----RTVESR--------QAQDLARSYG---IPYIETSAKT-RQGVEDAFYTLVREIRQHKLRKLNPP----------------------------------DESG--PGCMSCKCVLS--- 
K-Ras_AAM12631   RTGEGFLCVFAINNTKSFEDIH-HYREQIKRVKDSED----VPMVLVGNKCDLPS-----RTVDTK--------QAQDLARSYG---IPFIETSAKT-RQGVDDAFYTLVREIRKHKEKMSKDG----------------------------------KKKK--KKSK-TKCVIM--- 
R-Ras_P10301     RAGHGFLLVFAINDRQSFNEVG-KLFTQILRVKDRDD----FPVVLVGNKADLES----QRQVPRS--------EASAFGASHH---VAYFEASAKL-RLNVDEAFEQLVRAVRKYQEQELPPSP-P-------------------------------SAPR--KKGGGCPCVLL--- 
RalA_P11233      RSGEGFLCVFSITEMESFAATA-DFREQILRVKEDEN----VPFLLVGNKSDLED----KRQVSVE--------EAKNRAEQWN---VNYVETSAKT-RANVDKVFFDLMREIRARKMEDSKEKNGK-------------------------------KKRKSLAKRIRERCCIL--- 
RalB_P11234      RSGEGFLLVFSITEHESFTATA-EFREQILRVKAEED---KIPLLVVGNKSDLEE----RRQVPVE--------EARSKAEEWG---VQYVETSAKT-RANVDKVFFDLMREIRTKKMSENKDKNGK-------------------------------KSSKN-KKSFKERCCLL--- 
Rap1A_P62834     KNGQGFALVYSITAQSTFNDLQ-DLREQILRVKDTED----VPMILVGNKCDLED----ERVVGKE--------QGQNLARQWCN--CAFLESSAKS-KINVNEIFYDLVRQINRKTPVEK-------------------------------------------KKPKKKSCLLL--- 
Rap2A_P10114     KNGQGFILVYSLVNQQSFQDIK-PMRDQIIRVKRYEK----VPVILVGNKVDLES----EREVSSS--------EGRALAEEWG---CPFMETSAKS-KTMVDELFAEIVRQMNYAAQPDK-------------------------------------------DDPCCSACNIQ--- 
Rap2B_P61225     KNGQGFILVYSLVNQQSFQDIK-PMRDQIIRVKRYER----VPMILVGNKVDLEG----EREVSYG--------EGKALAEEWS---CPFMETSAKN-KASVDELFAEIVRQMNYAAQPNG-------------------------------------------DEGCCSACVIL--- 
TC10_NP_036381   PMTDVFLICFSVVNPASFQNVKEEWVPELKEYAPN------VPFLLIGTQIDLRDDPKTLARLNDMKEKPICVEQGQKLAKEIGA--CCYVECSALT-QKGLKTVFDEAIIAILTPKKHTVKKRIGS---------------R------------------------CINCCLIT--- 
Cdc42_CAD92551   PQTDVFLVCFSVVSPSSFENVKEKWVPEITHHCPK------TPFLLVGTQIDLRDDPSTIEKLAKNKQKPITPETAEKLARDLKA--VKYVECSALT-QRGLKNVFDEAILAALEPPETQPKR-----------------------------------------------KCCIF--- 
Rac1_NP_008839   PQTDVFLICFSLVSPASFENVRAKWYPEVRHHCPN------TPIILVGTKLDLRDDKDTIEKLKEKKLTPITYPQGLAMAKEIGA--VKYLECSALT-QRGLKTVFDEAIRAVLCPPPVKKRKR----------------------------------------------KCLLL--- 
Rac2_P15153      PQTDVFLICFSLVSPASYENVRAKWFPEVRHHCPS------TPIILVGTKLDLRDDKDTIEKLKEKKLAPITYPQGLALAKEIDS--VKYLECSALT-QRGLKTVFDEAIRAVLCPQPTRQQKR----------------------------------------------ACSLL--- 
RhoA_P61586      PDTDVILMCFSIDSPDSLENIPEKWTPEVKHFCPN------VPIILVGNKKDLRNDEHTRRELAKMKQEPVKPEEGRDMANRIGA--FGYMECSAKT-KDGVREVFEMATRAALQARRGKKK-----------------------------------------------SGCLVL--- 
RhoB_P62745      PDTDVILMCFSVDSPDSLENIPEKWVPEVKHFCPN------VPIILVANKKDLRSDEHVRTELARMKQEPVRTDDGRAMAVRIQA--YDYLECSAKT-KEGVREVFETATRAALQKRYGSQNGCI--------------------------------------------NCCKVL--- 
RhoC_P08134      PDTDVILMCFSIDSPDSLENIPEKWTPEVKHFCPN------VPIILVGNKKDLRQDEHTRRELAKMKQEPVRSEEGRDMANRISA--FGYLECSAKT-KEGVREVFEMATRAGLQVRKNKRR-----------------------------------------------RGCPIL--- 
RhoG_P84095      PQTNVFVICFSIASPPSYENVRHKWHPEVCHHCPD------VPILLVGTKKDLRAQPDTLRRLKEQGQAPITPQQGQALAKQIHA--VRYLECSALQ-QDGVKEVFAEAVRAVLNPTPIK-RGR----------------------------------------------SCILL--- 
Rnd1_BAB17851    SDSDAVLLCFDISRPETVDSALKKWRTEILDYCPS------TRVLLIGCKTDLRTDLSTLMELSHQKQAPISYEQGCAIAKQLGA--EIYLEGSAFTSEKSIHSIFRTASMLCLNKPSPLPQKSPVR---------------SLSKRLLHLPSRSELISS--TFKKEKAKSCSIM--- 
Rnd2_P52198      PDSDAVLICFDISRPETLDSVLKKWQGETQEFCPN------AKVVLVGCKLDMRTDLATLRELSKQRLIPVTHEQGTVLAKQVGA--VSYVECSSRSSERSVRDVFHVATVASLGRGHRQLRRTDSR---------------RGMQRSAQLSGRPDRGNEG-EIHKDRAKSCNLM--- 
Rnd3_P61587      PDSDAVLICFDISRPETLDSVLKKWKGEIQEFCPN------TKMLLVGCKSDLRTDVSTLVELSNHRQTPVSYDQGANMAKQIGA--ATYIECSALQSENSVRDIFHVATLACVNKTNKNVKRNKSQ---------------RATKRISHMPSRPELSAVATDLRKDKAKSCTVM--- 
Arf1_CAI23120    QNTQGLIFVVDSNDRERVNEAREELMRMLAEDELRD-----AVLLVFANKQDLPN-AMNAAEITDK--------LGLHSLRHRN---WYIQATCATS-GDGLYEGLDWLSNQLRNQK------------------------------------------------------------- 
Arf3_NP_001650   QNTQGLIFVVDSNDRERVNEAREELMRMLAEDELRD-----AVLLVFANKQDLPN-AMNAAEITDK--------LGLHSLRHRN---WYIQATCATS-GDGLYEGLDWLANQLKNKK------------------------------------------------------------- 
Arf4_NP_001651   QNTQGLIFVVDSNDRERIQEVADELQKMLLVDELRD-----AVLLLFANKQDLPN-AMAISEMTDK--------LGLQSLRNRT---WYVQATCATQ-GTGLYEGLDWLSNELSKR-------------------------------------------------------------- 
Arf5_NP_001653   QNTQGLIFVVDSNDRERVQESADELQKMLQEDELRD-----AVLLVFANKQDMPN-AMPVSELTDK--------LGLQHLRSRT---WYVQATCATQ-GTGLYDGLDWLSHELSKR-------------------------------------------------------------- 
Arf6_NP_816931   KEGQAIIFVIDSSDRLRMVVAKEELDTLLNHPDIKHR---RIPILFFANKMDLRD-AVTSVKVSQL--------LCLENIKDKP---WHICASDAIK-GEGLQEGVDWLQDQIQTVKT------------------------------------------------------------ 
Arl1_P40616      SNTDAVIYVVDSCDRDRIGISKSELVAMLEEEELRK-----AILVVFANKQDMEQ-AMTSSEMANS--------LGLPALKDRK---WQIFKTSATK-GTGLDEAMEWLVETLKSRQ------------------------------------------------------------- 
Arl2_NP_001658   ESTDGLIWVVDSADRQRMQDCQRELQSLLVEERLAG-----ATLLIFANKQDLPG-ALSSNAIREA--------LELDSIRSHH---WCIQGCSAVT-GENLLPGIDWLLDDISSRIFTAD--------------------------------------------------------- 
Arl3_NP_004302   ENTDILIYVIDSADRKRFEETGQELAELLEEEKLSC-----VPVLIFANKQDLLT-AAPASEIAEG--------LNLHTIRDRV---WQIQSCSALT-GEGVQDGMNWVCKNVNAKKK------------------------------------------------------------ 
Arl4_AAM12604    RCTDGIVFVVDSVDVERMEEAKTELHKITRISENQG-----VPVLIVANKQDLRN-SLSLSEIEKL--------LAMGELSSSTP--WHLQPTCAII-GDGLKEGLEKLHDMIIKRRKMLRQQKKKR--------------------------------------------------- 
Sar1A_NP_057187  PAINGIVFLVDCADHERLLESKEELDSLMTDETIAN-----VPILILGNKIDRPEAISEERLREMFGLYGQTTGKGSISLKELNARPLEVFMCSVLK-RQGYGEGFRWMAQYID---------------------------------------------------------------- 
Ran_TVHUC3       IQAQCAIIMFDVTSRVTYKNVP-NWHRDLVRVCEN------IPIVLCGNKVDIKD-----RKVKAK---------SIVFHRKKN---LQYYDISAKS-NYNFEKPFLWLARKLIGDPNLEFVAMPALAP--------------PEVVMDPALAAQYEHDLEVAQTTALPDEDDDL--- 
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main-chain amide of V14 in the P-loop, forming a bridge between three of the nucleotide-

binding loops; N116 also interacts weakly with the N7 atom of the guanine ring. T116 in 

place of N116 can only partially fulfill such a multiple role, suggesting differences in 

nucleotide-binding properties and in local architecture when N116 is absent, as in most Rho 

proteins. The main role of K117 appears to be hydrophobic interaction between its aliphatic 

side chain and the aromatic ring of the guanine base. K117 interacts only weakly with O1’ of 

the ribose ring. D119 is the only totally conserved residue in this motif. Its side chain forms a 

bifurcated hydrogen bond to the endocyclic NH and the exocyclic NH2 group of the guanine 

base. It also interacts with the side chain of the strictly conserved S145. Fourth, the EXSAK 

motif is composed of residues 143-147 and makes further contributions to guanine base 

binding. The three-dimensional structure of Ras shows indirect interactions between the 

nucleotide and this motif:  the main-chain amide of A146 makes a strong hydrogen bond 

with O6 of the guanine base, and the side chain of S145 forms a hydrogen bond to the side 

chain of D119. A146 seems to be conserved for steric reasons. The aliphatic side chain of 

K147 makes a strong aliphatic interaction with F28 that in turn interacts with the base. 

Replacement of this Lys by Leu or Met apparently preserves this hydrophobic interaction. 

 

 

 

Ral-#s                         1         11       20        30        40        50        60        70        80        90     97 

Ras-#s                                    1        10        20        30        40        50        60        70        80    86 
H-Ras_CAG47067  --------------------------MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPTIEDSYRKQVVIDGETCLLDILDTAGQEEYSAMRDQYMRTGEGFLCVFAINNT 
K-Ras_AAM12631  --------------------------MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPTIEDSYRKQVVIDGETCLLDILDTAGQEEYSAMRDQYMRTGEGFLCVFAINNT 
N-Ras_AAM12633  --------------------------MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPTIEDSYRKQVVIDGETCLLDILDTAGQEEYSAMRDQYMRTGEGFLCVFAINNS 
R-Ras_P10301    MSSGAASGTGRGRPRGGGPGPGDPPPSETHKLVVVGGGGVGKSALTIQFIQSYFVSDYDPTIEDSYTKICSVDGIPARLDILDTAGQEEFGAMREQYMRAGHGFLLVFAINDR 
tc21_P62070     ---------------MAAAGWRDGSGQEKYRLVVVGGGGVGKSALTIQFIQSYFVTDYDPTIEDSYTKQCVIDDRAARLDILDTAGQEEFGAMREQYMRTGEGFLLVFSVTDR 
RalA_P11233     ---------------MAANKPKGQNSLALHKVIMVGSGGVGKSALTLQFMYDEFVEDYEPTKADSYRKKVVLDGEEVQIDILDTAGQEDYAAIRDNYFRSGEGFLCVFSITEM 
RalB_P11234     ---------------MAANKSKGQSSLALHKVIMVGSGGVGKSALTLQFMYDEFVEDYEPTKADSYRKKVVLDGEEVQIDILDTAGQEDYAAIRDNYFRSGEGFLLVFSITEH 
Rap1A_P62834    --------------------------MREYKLVVLGSGGVGKSALTVQFVQGIFVEKYDPTIEDSYRKQVEVDCQQCMLEILDTAGTEQFTAMRDLYMKNGQGFALVYSITAQ 
Rap2A_P10114    --------------------------MREYKVVVLGSGGVGKSALTVQFVTGTFIEKYDPTIEDFYRKEIEVDSSPSVLEILDTAGTEQFASMRDLYIKNGQGFILVYSLVNQ 
Rap2B_P61225    --------------------------MREYKVVVLGSGGVGKSALTVQFVTGSFIEKYDPTIEDFYRKEIEVDSSPSVLEILDTAGTEQFASMRDLYIKNGQGFILVYSLVNQ 
 
Ral-#s           100       110        120       130       140       150        160       170       180       190       200   206 
Ras-#s            90        100        110       120        130        140       150       160       170          180        189 
H-Ras_CAG47067  KSFEDIHQYREQIKRVKDSDD-VPMVLVGNKCDLAA-RTVESRQAQDLARSYG-IPYIETSAKTRQGVEDAFYTLVREIRQHKLRKLNPP---DESG--PGCMSCKCVLS 
K-Ras_AAM12631  KSFEDIHHYREQIKRVKDSED-VPMVLVGNKCDLPS-RTVDTKQAQDLARSYG-IPFIETSAKTRQGVDDAFYTLVREIRKHKEKMSKDG---KKKK--KKSK-TKCVIM 
N-Ras_AAM12633  KSFADINLYREQIKRVKDSDD-VPMVLVGNKCDLPT-RTVDTKQAHELAKSYG-IPFIETSAKTRQGVEDAFYTLVREIRQYRMKKLNSS---DDGT--QGCMGLPCVVM 
R-Ras_P10301    QSFNEVGKLFTQILRVKDRDD-FPVVLVGNKADLESQRQVPRSEASAFGASHH-VAYFEASAKLRLNVDEAFEQLVRAVRKYQEQELPPSP-PSAPR--KKGGGCPCVLL 
tc21_P62070     GSFEEIYKFQRQILRVKDRDE-FPMILIGNKADLDHQRQVTQEEGQQLARQLK-VTYMEASAKIRMNVDQAFHELVRVIRKFQEQECPPSPEPTRKE--KDKKGCHCVIF 
RalA_P11233     ESFAATADFREQILRVKEDEN-VPFLLVGNKSDLEDKRQVSVEEAKNRAEQWN-VNYVETSAKTRANVDKVFFDLMREIRARKMEDSKEKNGKKKRKSLAKRIRERCCIL 
RalB_P11234     ESFTATAEFREQILRVKAEEDKIPLLVVGNKSDLEERRQVPVEEARSKAEEWG-VQYVETSAKTRANVDKVFFDLMREIRTKKMSENKDKNGKKSSKN-KKSFKERCCLL 
Rap1A_P62834    STFNDLQDLREQILRVKDTED-VPMILVGNKCDLEDERVVGKEQGQNLARQWCNCAFLESSAKSKINVNEIFYDLVRQINRKTPVEK------------KKPKKKSCLLL 
Rap2A_P10114    QSFQDIKPMRDQIIRVKRYEK-VPVILVGNKVDLESEREVSSSEGRALAEEWG-CPFMETSAKSKTMVDELFAEIVRQMNYAAQPDK------------DDPCCSACNIQ 
Rap2B_P61225    QSFQDIKPMRDQIIRVKRYER-VPMILVGNKVDLEGEREVSYGEGKALAEEWS-CPFMETSAKNKASVDELFAEIVRQMNYAAQPNG------------DEGCCSACVIL 
 
 

Fig 15:  Muliple sequence alignment of several Ras subfamily GTPases. Note that from Figure 1, several residues 

that are semi-conserved in the Ras superfamily are absolutely conserved in the Ras subfamily. RalA, the subject of 

this dissertation, is bolded. Alignment performed with ClustalW (Thompson et al. 1994). 
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The highly conserved F28 has its ring approximately perpendicular to the guanine base in the 

GDP- and the GTP-bound form, and is well packed in the protein core. The EXSAK motif 

thus has a helper function in the binding or dissociation of the guanine base. It is not 

obviously conserved in the wider class of all G-proteins. Lastly, another conserved and 

apparently crucial residue is T35 which in the high-resolution crystal structure participates in 

the octahedral coordination of the Mg2+ ion and in the stabilization of the β-phosphate. T35 

may also be involved in activation of H20 for GTP hydrolysis (Pai et al. 1990). In summary, 

the high affinity for GDP and GTP is reflected in the great number of polar interactions 

between the protein and the nucleotide (Wittinghofer et al. 1991). Each of the eight 

phosphate oxygens of GTP has at least two hydrogen bond donors or the Mg2+ ion close 

enough for an interaction. The hydrogen bond donors include the main chain amide groups of 

residues in the conserved GXXXXGK[S/T] motif and the hydroxyl group of T35. These 

main chain amides point toward the phosphate groups, creating a strong electrostatic field. 

The Mg2+ in the structure of Ras-GppNHp is coordinated to one oxygen of both the β- and γ-

Ral-#s          1         11       20        30        40        50        60        70        80        90      98 
Ras-#s                     1        10        20        30        40        50        60        70        80     87 
H-Ras_CAG47067  -----------MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPTIEDSYRKQVVIDGETCLLDILDTAGQEEYSAMRDQYMRTGEGFLCVFAINNT 
RalA_P11233     MAANKPKGQNSLALHKVIMVGSGGVGKSALTLQFMYDEFVEDYEPTKADSYRKKVVLDGEEVQIDILDTAGQEDYAAIRDNYFRSGEGFLCVFSITEM 
Rap2A_P10114    -----------MREYKVVVLGSGGVGKSALTVQFVTGTFIEKYDPTIEDFYRKEIEVDSSPSVLEILDTAGTEQFASMRDLYIKNGQGFILVYSLVNQ 
                                    GXXXXGKS/T        F      T                     DTAGQE 
                N-terminus        PM1, or P loop      G1    PM2                     PM3 
 
Ral-#s           100       110       120       130       140       150       160       170       180       190       200   206 
Ras-#s            90        100       110       120        130       140       150       160       170          180        189 
H-Ras_CAG47067  KSFEDIHQYREQIKRVKDSDDVPMVLVGNKCDLAA-RTVESRQAQDLARSYGIPYIETSAKTRQGVEDAFYTLVREIRQHKLRKLNPP---DESG--PGCMSCKCVLS 
RalA_P11233     ESFAATADFREQILRVKEDENVPFLLVGNKSDLEDKRQVSVEEAKNRAEQWNVNYVETSAKTRANVDKVFFDLMREIRARKMEDSKEKNGKKKRKSLAKRIRERCCIL 
Rap2A_P10114    QSFQDIKPMRDQIIRVKRYEKVPVILVGNKVDLESEREVSSSEGRALAEEWGCPFMETSAKSKTMVDELFAEIVRQMNYAAQPDK------------DDPCCSACNIQ 
                                          N/TKXD                        EXSAK                                           CAAX 
                                            G2                            G3                         C-terminus 

 
Fig 16:  Multiple sequence alignment of the two Ras subfamily GTPases for which crystal structures of both the 

GTP- and GDP-bound forms have been solved, with RalA. The highlighted segments are highly conserved 

structural motifs among Ras subfamily GTPases. The concensus sequences are indicated beneath the highlighted 

regions, and their names are below that. The conserved G-domain is the region between the amino-terminus and 

the carboxy-terminus, both which vary widely among Ras subfamily and superfamily members. There are 22 very 

strongly conserved sequence positions. Of these, seven are directly involved in the interaction with nucleotide:  

K16, F28, T35, D57, G60, K117, and D119. Sequence motifs involved in the binding of Mg2+ and γ-phosphate are 

labeled PM1, PM2, and PM3, and those involved in binding of the guanine base, G1 and G2. CAAX (Cys-

aliphatic-aliphatic-any) is the isoprenylation signal. The switch regions (as defined for Ras) are underlined in the 

Ras sequence. RalA, the subject of this dissertation, is bolded. Alignment performed with ClustalW (Thompson et 

al. 1994). 
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phosphate and to the side chain hydroxyl groups of S17 and T35, both of which are highly 

conserved. In the remainder of this document, it is important to remember that Ras and Ras-

related GTPases are very rarely found without bound nucleotides (except when stimulated to 

release them) and that protein-protein binding between Ras and its various partners is 

dependent on the nucleotide-bound state of Ras. However, the nucleotides cannot considered 

cofactors for the enzymes because they are not regenerated during the catalyzed reaction.The 

‘switch’ regions are two segments which show an increased flexibility – often, in fact, large 

structural differences - in x-ray structures and in studies using nuclear magnetic resonance 

(NMR) and electron paramagnetic resonance (Vetter and Wittinghofer 2001) (Figure 13). 

Switch I is the amino-terminal half of L2 and is known as the primary effector binding 

region. Switch II is composed of L4 and parf of helix α2. In the GTP-bound form of Ras, 

there are two hydrogen bonds from β-phosphate oxygens to the main chain amide groups of 

the invariant Thr and Gly residues (T35 and G60 in Ras) in switch I and II, respectively. The 

glycine is part of the conserved DTAGQE motif, and the threonine is also involved in 

binding Mg2+ via its side chain. Specificity for guanine in Ras and Ral is due to an Asp side 

chain (also from DTAGQE) which forms a bifurcated H-bond with the base, and to a main 

chain interaction of an invariant Ala (from the EXSAK motif) with the guanine oxygen, 

which for steric reasons would not tolerate the adenine amino group. T35 also has a role in 

the conformational transition from the GTP-bound form to the GDP-bound form of Ras 

(Milburn et al. 1990; Schlichting et al. 1990) since removal of the γ-phosphate and loss of 

hydrogen bonds to T35 allows a shift of switch I. 

 
Vetter & Wittinghofer describe the conformational change as a loaded-spring mechanism 

where release of the γ-phosphate after GTP hydrolysis allows the two switch regions to relax 

into their GDP-specific conformations or to become disordered (Figure 17). The extent of the 

conformational change is different for different proteins and involves extra elements for 

some proteins. Strictly speaking, the extent of the switch regions needs to be determined for 

each protein separately from the corresponding structures. In Ras they involve residues 32 to 

38 for switch I and 59 to 67 for switch II. The switch region is not only conserved between 

G-nucleotide-binding proteins, but also within the family of ATP-binding motor proteins. 

Kinesin and myosin have switch regions that sense the presence of a γ-phosphate, the release  
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Figure 17:  ‘Loaded spring’ diagram of the universal switch 

mechanism where the switch I and II domains are bound to the 

γ-phosphate via the main chain amides of the invariant Thr and 

Gly residues. Release of the γ-phosphate after GTP hydrolysis 

allows the switch regions to relax into a different conformation 

or to become disordered. This figure was reprinted with 

permission from Vetter & Wittinghofer (Vetter & Wittinghofer 

2001). 

 

 
 
 
of which is coupled via a lever arm to production of mechanical energy. Their switch I 

regions contain a conserved serine and their switch II regions, the same invariant DTAGQE  

motif, with glycine forming a main chain contact to the γ-phosphate. Motor proteins and G-

binding proteins may thus have a common ancestor as suggested earlier for all P loop-

containing proteins (Vetter & Wittinghofer 2001). 

 

Ras GEFs such as Sos interact with the switch I and II regions, and insert residues close to or 

into the P loop and the Mg2+-binding area, thus creating structural changes that are inhibitory 

for binding of phosphates and the metal ion (Vetter & Wittinghofer 2001). Although 

Mg2+contributes to the tight binding of nucleotides, its removal accounts for only a part of 

the overall 105-fold rate enhancement observed for the GEFs of Ras, Ran, and Rho. GEFs 

further enhance nucleotide release in the absence of Mg2+. Because affinity studies showed 

the β-phosphate-P loop interaction to be the most important element for tight binding of 

nucleotide, structural disturbance of the P loop is most likely the major reason for the 

drastically decreased affinity. GAP sensitivity of various Ras mutants suggests that a large 

portion of Switch I and a part of Switch II regions are involved with GAP interaction. When 

Thr35 was mutated to alanine, the mutant was no longer sensitive to GAP (Milburn et al. 

1990). This can be explained by the fact that, unlike T35, alanine cannot interact with Mg2+ 

or the γ-phosphate of the GTP to induce the conformational changes of the Switch I region 

that are required for GAP recognition (Milburn et al. 1990). 
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The first structural information about RalA came when Frech et al. used NMR measurements 

to show that the 3d environment around the nucleotide is similar in Ras and Ral (Frech et al. 

1990). In vitro mutagenesis introduced substitutions in Ral corresponding to the G12V, 

G12V+A59T and Q61L substitutions of Ras. These mutant Rals displayed altered nucleotide 

exchange kinetics and GTPase activities; but the effects of the substitutions were less 

pronounced than in the Ras proteins. Significant differences were found in the contribution of 

Mg2+ ion to GDP binding, in the rate of the GTPase reaction and in the sensitivity of these 

two proteins to substitutions around the phosphate-binding site.  

 

In the Rap2A structures solved by Pai et al., G10 and G15 were in conformations which are 

not allowed for other amino acids in a Ramachandran plot. This is perhaps the reason why 

these glycines are completely conserved in the GXXXXGKS/T motif and why the structure 

of the loop is also conserved between these proteins (Pai et al. 1990). There have also been 

several hypotheses about the high conservation of V12 which falls in the GXXXXGKS/T 

motif. Milburn et al. wrote that the hydrophobic side chain of V12 would be in contact with 

the highly hydrophilic and charged γ-phosphate of GTP, creating an energetically 

unfavorable situation. This may result in changes in the catalytically favorable position and 

orientation of the γ-phosphate. Furthermore, the side chain of V12 partially blocks the 

entrance of the guanine nucleotide pocket, thus possibly preventing the entry of a 

nucleophilic attacking group of departure of the γ-phosphate after hydrolysis (or both) 

(Milburn et al. 1990). Experiments by Schweins et al. 1996 showed that oncogenic mutants 

in G12 or G13 act by lowering the pKa of the γ-phosphate, making hydrolysis prohibitive 

(Schweins et al. 1996). 

 

In contrast to the report by Milburn et al., Pai et al. found that D57 which is completely 

conserved as part of the DTAGQE motif is completely rigid. The carboxy-terminal 

subdomain has the remaining two β strands and two helices, from residue N85 to about 

R164, and contains the guanine base binding loops NKxD and ExSAK. Given the high 

degree of similarity, it was reasonable to think that Ral would mimic Ras in its secondary and 

tertiary structures. 
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It must be noted that virtually all constructs of Ras used in crystal structure studies have been 

truncated at the carboxy-terminus; however, the full-length Ras containing its full carboxy-

terminus has been crystallized (Milburn et al. 1990). The structure of the carboxy-terminal 

region is partially disordered, suggesting that it is mobile, sticks out of the globular G-

binding domain, and may act as a flexible spacer between the membrane-bound carboxy-

terminus and the globular domain in the cytoplasm. The carboxy-terminus of Ral is quite 

different from that of Ras (Figures 15 & 16), and it is the putative binding domain for 

Calmodulin (Wang et al. 1997); the structure of Ral’s carboxy-terminus is expected to be 

helical, but the position of this additional helix in relation to the G-domain fold and thus the 

Calmodulin binding site on Ral is unknown. 

 

The structures of Rap2A were solved by Cherfils et al. and Menetrey et al. This research 

group proposed that the switch regions undergo either partial or complete disorder-to-order 

transitions according to their cellular status, thus defining a complex energy landscape 

comprising more than two conformational states (Menetrey et al. 1999). The set of Rap2 

structures (Cherfils et al. 1997; Menetrey et al. 1999) shows that two disorder-to-order 

transitions occur upon GTP binding: the switch I is fully stabilized while the switch II is only 

partially stabilized at the invariant glycine and at the distal helix 2 region. This is identical to 

the phenomenon observed for Ras (Vetter & Wittinghofer 2001). “Why do disorder-to-order 

transitions, which are entropically disfavored, occur as a general mechanism in regulatory 

proteins? The stabilization of a flexible structure is probably energetically better suited for 

multiple recognition modes, as observed for instance for Ras, than actual conformational 

changes. Not surprisingly, protein-protein interfaces of G proteins with GAPs, exchange 

factors and effectors are often unusually large, thereby contributing a large enthalpic gain 

that compensates for the loss in entropy” (Menetrey et al. 1999). Cherfils writes, “Even 

though similar regions might be involved in the GDP–GTP cycle of small G proteins, the 

details of the changes will be different for each G protein and will ensure the specificity of its 

interaction with a given set of cellular proteins” (Cherfils et al. 1997). 

 

During the preparation of the manuscript  which is included in this work as Chapter 2 (Nicely 

et al. 2004), the crystal structure of the Ral-GppNHp-Sec5 complex (1UAD) was published 
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(Fukai et al. 2003). The analysis in Fukai et al. is written with more interest in Sec5 than in 

Ral. The fold of Sec5 that binds Ral's switch I is discussed, and they detail the interactions 

between the two proteins.The Sec5 Ral-binding domain folds into an immunoglobulin-like β-

sandwich structure, which represents a novel fold for an effector of a GTP-binding protein 

(Fukai et al. 2003). The interface between the two proteins involves a continuous antiparallel 

β-sheet, similar to that found in other effector/G-protein complexes, such as Ras and Rap1A 

(Fukai et al. 2003). 

 

Pai et al. described the crystal structure of Ras-GppNHp with an eye toward pinpointing the 

catalytic mechanism of GTP hydrolysis. They found that the side chain of Q61 makes contact 

with a water molecule which is perfect placed to be the nucleophile attacking the γ-phosphate 

of GTP, leading to the proposal for GTP hydrolysis which involves mainly Q61 and E63 as 

activating species for in-line attack of water. (Pai et al.1990). This was in agreement with the 

earlier observation by Feuerstein et al. that the mechanism of the GTPase reaction follows an 

associative in-line reaction pathway with inversion of configuration at the γ-phosphate. 

Furthermore, by using a photolabile GTP precursor nucleotide, caged-GTP, Schlichting et al. 

1989 found that Ras in its crystal form is competent to hydrolyse GTP. Although this turned 

out not to be true for Rap2A (Cherfils et al. 1997; Menetrey et al. 1999), it was still 

reasonable to assume that there was a water molecule in the crystal structure of the Ras-

GppNHp which could attack the γ-phosphate. Two water molecules in the Rap2A structures 

were close enough to the γ-phosphate to be involved in GTP hydrolysis (Pai et al. 1990). The 

first water molecule in question was positioned approximately in-line with the scissile β,γ,-P–

O bond. On the basis of its position, this water was proposed by Pai et al.to be involved in an 

SN2-like in-line attack on the γ-phosphate group. The two waters and their possible 

mechanisms were discussed in detail by Scheidig et al., who solved high resolution cryo-

structures of Ras-GppNHp and caged Ras-GTP. Interestingly, in these high resolution 

structures of Ras, this proposed attacking water was found to have two positions nearly equal 

in electron density in the crystal structure map and in energy as regards the mechanism of 

attack. Ultimately, Scheidig et al. end up agreeing with Pai et al. on their proposal for the 

attack of this water during GTP hydrolysis. Scheidig et al. delineates a possible mechanism 

through which the second water observed by Pai et al. would be involved, but dismisses it as 
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improbable. One can postulate various possible catalytic functions of the magnesium ion, 

such as shiedling of the negative charge on the attacked γ-phosphate, increasing the acid 

strength of the leaving group (β-phosphate) or activation of the nucleophile. Mg2+ could also 

be involved in the stabilization of the transition state of the reaction (Feuerstein et al. 1989). 

 

Despite the investigations into the details of GTP hydrolysis (electron flow, waters involved, 

etc.), the rate limiting step of the GTPase reaction was found to be the conformational change 

of the Ras-binding partner complex preceeding GTP hydrolysis (Neal et al. 1990). The on 

and off states of the switch are distinguished by conformational differences that span a length 

of more than 40 Å, and are induced by the γ-phosphate (Milburn et al. 1990).NMR studies of 

Ras  showed that in the GTP-bound form of Ras, the L1, L2, and L4 loop regions, but not 

other regions, are in a rather slow interconversion between two or more stable conformers 

(Ito et al. 1997). This phenomenon, termed “regional polysterism” of these loop regions, may 

be related with their multifunctionality. Contacts in the crystal can fix the conformations of 

the loop regions, which are inherently polysteric. The hypothesis is that each target/regulator 

selects its appropriate conformer among those presented by the “polysteric” binding interface 

of Ras (Ito et al. 1997). This further leads to the idea that a downstream target generally 

selects its favorite element among the conformer set presented by the polysteric regions of 

the GTP-bound form of Ras (Ito et al. 1997). 

 

The Arg789 residue of GAP, commonly known as the arginine finger, provides a major 

stabilization to the transition state (TS) of the GTPase reaction (Scheffzek et al. 1997; 

Ahmadian et al. 1997). Scheidig et al. wrote in detail about Q61 coordinating the attacking 

water and the possible mechanisms of electron flow during hydrolysis; in fact, in their high 

resolution structures of Ras, where they found two alternate positions for that water, they also 

found two alternate positions for the side chain of Q61 such that the water is perfectly 

coordinated in either case (Scheidig et al. 1999). It was speculated that GAP may achieve 

enhancement of the intrinsic hydrolysis rate by providing a better attacking group or an 

improved catalytic environment (Milburn et al. 1990). Substitution of Q61 in Ras by other 

amino acids in vitro reduces the GTPase rate constant, and the mutant proteins can no longer 

be activated by GAP (Pai et al. 1990). However, the computational work by Shurki & 
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Warshel (2004) found that Q61 does not operate in a direct chemical way, nor by a direct 

electrostatic or steric interaction with the transition state (TS). Mutating Q61 to its nonpolar 

form, Q61QNP, did not lead to a large anti-catalytic effect. Whereas, the Q61L mutation 

caused major changes in the interactions between several regions of the protein and the TS of 

the reacting substrate. Thus, Shurki & Warshel deduced that the action of Q61 must involve a 

significant indirect effect. This residue is a crucial part of the polar framework that forms the 

active site of the RasGAP complex. This configuration is preorganized as a catalytic 

configuration only when GAP activates Ras. Oncogenic mutations of Q61 therefore would 

lead to the destruction of the exquisitely preorganized catalytic configuration of the active 

site of the RasGAP complex. This “allosteric” effect should cause a major reduction in the 

electrostatic stabilization of the TS. 

 

This proposal by Shurki & Warshel is perfectly in line with the aforementioned proposals 

regarding the regional polysterism and disorder-to-order transitions of the switch regions:  

each GTPase is matched with its own GAP. From the observations in a new crystal form of 

Ras compared to Ras(Q61L), it is proposed by Buhrman et al. that the Ras(Q61L) mutation 

stabilises a conformation of switch II that binds to Raf and is incompatible with binding to 

RasGAP. This is in agreement with the mounting evidence that Q61 plays an indirect or 

allosteric role in hydrolysis, rather than being absolutely necessary for coordinating an 

attacking water molecule. 

 

Analysis of chimeras made from RalA and RalB reveals that high-affinity exocyst binding by 

RalA is due to unique amino acid sequences in RalA that are distal to the common effector-

binding domains shared by RalA and RalB (Shipitsin & Feig 2004). Some of the amino acids 

that distinguish RalA and RalB are found in helix 3 (residues 98 to 114). Amino acids 

between 91 to 153 may bind to an additional site on Sec5 or to another exocyst component. 

Furthermore, the work of Heo & Meyer (previously discussed) showed that, contrary to 

expectations, the switch of function residues in Ras and Ral were mostly outside known 

interaction surfaces and were structurally far apart from each other (Figure 18). 

 

Bauer et al. performed a sequence space and a mutational analysis in order to obtain more 
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information about the specificity and the structural mode of the interaction between Ral and 

RalBP1 (Bauer et al. 1999). After building a representative alignment of 476 Ras-like 

proteins, they defined tree determinants as residues conserved within a subfamily and 

differing from the other subfamilies. Only eight Ral sequences were found in all the data 

bases they searched, and all eight were included in the analysis. The final multiple sequence 

alignment included 179 sequences, corresponding to 98 Rab, 36 Rho, 37 Ras and eight Ral 

sequences. The tree determinant selection was performed with software called 

SequenceSpace. Tree determinants that were in the protein interior were eliminated as 

putative participants in the binding site. Then the exposed tree determinants that did not 

change their position between GTP- and GDP-bound states in Ras crystal structures were 

eliminated. Sequence space analysis showed that only 14 of the completely conserved 

residues in the eight known Ral sequences were different in the other subfamilies:  positions 

7, 24, 25, 33, 37, 43, 46, 53, 67, 70, 92, 93 and 160 in Ras numbering (Figure 18). Residue 

37 was conserved but different in each subfamily. Residue 36 is conserved in Ral and Rho, 

and conserved but shared in Ras and Rab. These two positions were therefore chosen as the 

best tree determinants. Three other residues were chosen as good tree determinants between 

the subfamilies, but they were conservative changes (similar in character) across the 

subfamilies, whereas 36 and 37 differed dramatically. In pulldown assays, RalB with Ral  

 

Ral-#s          1         11       20        30        40        50        60        70        80        90      98 
Ras-#s                     1        10        20        30        40        50        60        70        80     87 
H-Ras_CAG47067  -----------MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPTIEDSYRKQVVIDGETCLLDILDTAGQEEYSAMRDQYMRTGEGFLCVFAINNT 
RalA_P11233     MAANKPKGQNSLALHKVIMVGSGGVGKSALTLQFMYDEFVEDYEPTKADSYRKKVVLDGEEVQIDILDTAGQEDYAAIRDNYFRSGEGFLCVFSITEM 
Rap2A_P10114    -----------MREYKVVVLGSGGVGKSALTVQFVTGTFIEKYDPTIEDFYRKEIEVDSSPSVLEILDTAGTEQFASMRDLYIKNGQGFILVYSLVNQ 
                N-terminus      β1    L1      α1        L2         β2    L3   β3       L4      α2    L5   β4  L6 α3 
                                                        Switch I                     Switch II 
 
Ral-#s           100       110       120       130       140       150       160       170       180       190       200   206 
Ras-#s            90        100       110       120        130       140       150       160       170          180        189 
H-Ras_CAG47067  KSFEDIHQYREQIKRVKDSDDVPMVLVGNKCDLAA-RTVESRQAQDLARSYGIPYIETSAKTRQGVEDAFYTLVREIRQHKLRKLNPP---DESG--PGCMSCKCVLS 
RalA_P11233     ESFAATADFREQILRVKEDENVPFLLVGNKSDLEDKRQVSVEEAKNRAEQWNVNYVETSAKTRANVDKVFFDLMREIRARKMEDSKEKNGKKKRKSLAKRIRERCCIL 
Rap2A_P10114    QSFQDIKPMRDQIIRVKRYEKVPVILVGNKVDLESEREVSSSEGRALAEEWGCPFMETSAKSKTMVDELFAEIVRQMNYAAQPDK------------DDPCCSACNIQ 
                      α3          L7     β5      L8         α4     L9  β6   L10     α5                   C-terminus 

  
Fig 18:  Multiple sequence alignment of the three Ras subfamily GTPases for which crystal structures of both the 

GTP- and GDP-bound forms have been solved, showing the general secondary structural motifs of the G-domain 

fold. The Switch I and II regions are underlined in all three sequences. The 14 darkest blocked residues are the tree 

determinant residues, and the 2 light blocked residues are the switch of function residues. The italicized residues in 

the Rap2A sequence indicate where the Rap2a structure experiences shifts compared to Ras and Ral. The single 

residue E147 in Ral is lightened; this is an Asp in the simian Ral. Alignment performed with ClustalW (Thompson 

et al. 1994). 
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with the Ral-binding domain (RBD) of RalBP1. Weaker binding was observed with mutants  

Ral(A48E) and Ral(D49N), and the double mutant Ral(K47I,A48E) showed no binding to 

RalBP1(RBD). In similar experiments, the Ral double mutant was able to bind the Ras-

binding domains of Raf, RalGDS and Rlf. Thus the double mutation turns Ral into a Ras-like 

protein with respect to the amino acid sequence in the effector region and to the interaction 

with effector molecules. Ral(K47I) enables Ral to interact with Ral GEFs (interesting since it 

did not abrogate Ral’s ability to bind RalBP1), but the extra mutation A48E is necessary in 

order to induce interaction with Raf. The reciprocal experiment, turning Ras into a Ral-like 

protein, tested Ras, Ras(I36K), Ras(E37A) and the double mutant Ras(I36K,E37A). The 

interactions with Ral effectors were weaker but significant. In earlier independent research, 

the Ral mutant T46A was shown to inhibit the interaction with RalBP1 (Jullien-Flores et al. 

1995). 

 

In summary, the sequence space analysis of a comprehensive nonredundant assembly of Ras-

like proteins strongly indicated that positions 36 and 37 (Ras numbering) in the core of the 

effector region are tree-determinant positions for all subfamilies of Ras-like proteins and 

dictate the specificity of the interaction of these GTPases with their effector proteins. K47 

and A48 in the effector region enable Ral to discriminate between RalBP1 and Ras effector 

molecules. Ral(K47I) is able to interact almost as potently as Ras with RalGEF-Ras binding 

domains, and Ras(E37A) is sufficient for a significant interaction with RalBP1. That 

mutation of only two residues changes binding specificity suggests that the modes of protein-

protein interaction in the Ral-RalBP1 and Ras-RBD complexes are similar. 
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