
ABSTRACT 

MILLER, CHRISTOPHER MICHAEL.  1.9Å Crystal Structure of the Rap1a GTPase, 
Bound to its Natural Ligand, GTP.  (Under the direction of Dr. Carla Mattos). 
 

 Rap1a is a small GTPase in the Ras superfamily whose most well known function 

is to antagonize the Ras protein.  Rap1a and Ras share common effectors which allow 

Rap1a to either unproductively bind Ras� effectors forming an inactive complex or 

sequester Ras� effectors away from the plasma membrane where Ras is inserted by C-

terminal post-translational modifications.  To date, a 2.2Å crystal structure of Rap1a 

bound to the non-hydrolyzable GTP analogue, GMPPNP, and one of its effectors, Raf-1, 

has been solved.  This thesis presents the 1.9Å monomeric form of Rap1a bound to its 

natural ligand, GTP.  Comparisons made between the previously published Rap�Raf 

structure, Rap2a, H-Ras, and RalA shed some light on the functions for conserved areas 

of Rap1a.  The presence of a unique salt bridge at the Rap/Raf interface, a new 

conformation of threonine 61, a possible link for switch the II residue phenylalanine 64 

with GAP-induced GTPase activity, and a suggested role for α helix 4 contribute to the 

Rap1a story. 
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INTRODUCTION 

 

Ras superfamily of GTPases 

Rap1a is a small monomeric G protein in the Ras superfamily of GTPases.  This 

superfamily includes five subfamilies based on sequence similarities: the Ras, Rho, Rab, 

Arf, and Ran subfamilies.  Although each subfamily has unique functions, there is a 

significant amount of crosstalk between families as well as functional overlaps (Figure 1). 

Figure 1: Ras superfamily dendrogram. 

 
 The Ras subfamily has functions involving transcription, cell proliferation, and cell 

differentiation.  The Rho family is involved in cytoskeleton reorganization, cell adhesion, 

proliferation, and transcription.  The Rab family�s functions include intracellular 

trafficking, endocytosis, and secretion.  The Ran family is involved in 

nuclear/cytoplasmic transport, and the Arf family regulates vesicle trafficking 

(Wennerberg 2005).  Ras represents the minimal core structure of all small GTPases, EF-
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Tu, the α-subunit of heterotrimeric G proteins, and dynamin, and is the most extensively 

studied small GTPase. 

Members of the Ras subfamily currently number at least 21 and include H-Ras, 

K-RasA, K-RasB, N-Ras, R-Ras, TC21/R-Ras2, R-Ras3/M-Ras, RalA, RalB, Rin, Rit, 

Rheb, Noey2, DiRas1/Rig, DiRas2, ERas, DexRas/RasD1, Rap2a, Rap2b, Rap2c, Rap1a, 

and Rap1b.  The focus of this thesis, Rap1a, shares high sequence homology with all 

members of the Ras subfamily.  Rap1�s closest relatives, Rap2 and Ras share over 50% 

sequence identity with Rap1 and maintain high structural similarities.  Rap1a and Rap1b 

are 95% identical, Rap1a and Rap2a are 60% identical, and Rap1a and Ras are over 50% 

identical.   

GTPase cycle 

 GTPases, like Rap1a, act as binary molecular switches in the cell linking 

extracellular signals to downstream effector proteins in the cytosol and nucleus.  These 

molecular switches function by binding GTP and GDP, and changing conformation upon 

switching.  This GTP cycle is crucial in the cell because it is used to filter, amplify and/or 

time upstream input signals (Cherfils 1997).    Upon nucleotide switching, two main 

regions undergo large conformational changes in all Ras GTPases: switch I and switch II.  

Typically switch I is involved in binding downstream effector molecules, while switch II 

is not thought to be involved in effector recognition, but binds regulator proteins.  A 

GTPase is in an active conformation when GTP is bound and an inactive conformation 

when GDP is bound (Figure 2).  These different conformations in the switch regions 

allow other interacting proteins to distinguish between on and off states (Cherfils 1997).   
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Figure 2:  Rap1a GTPase cycle (36) 

All GTPases have a relatively low intrinsic GTPase activity.  Rap1a has a 10-fold 

lower intrinsic GTPase activity than Ras, mainly because of a glutamine to threonine 

substitution at residue 61 (Chakrabarti 2004).  Regulator proteins are found in the cell to 

overcome this obstacle.  Guanine nucleotide exchange factors (GEFs) accelerate the 

dissociation of bound GDP, usually resulting in an exchange for the more cellular 

abundant, GTP.  These GEFs essentially turn the GTPase �on�.  Rap1 can be activated by 

several GEFs including C3G, cAMP-GEFs, CalDAG-GEFs, and PDZ-GEFs.  The 

locations of each of these GEFs may be functionally important for activating only certain 

subcellular pools of Rap1a (Stork 2003).  All Rap1 GEFs, with the exception of 1 

nonspecific GEF (SmgGDS) and most GEFs of the Ras superfamily, contain a GEF 

domain that is homologous to Cdc25 (Stork 2003). 

The GEF stimulated nucleotide exchange reaction involves the formation of a 

transient binary and ternary complex (Hall 2001).  In the case of Ras, once a GEF (like 

Sos, Son of Sevenless) binds Ras, a ternary Ras�nucleotide�Sos complex is formed.  
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The switch I region of Ras is displaced by a helical hairpin from Sos which opens the 

nucleotide binding site allowing dissociation of the GDP molecule, while the switch II 

region of Ras is held tightly by Sos through mainly hydrophobic interactions.  This new 

binary complex is short-lived as GTP quickly fills the nucleotide binding pocket void and 

Sos is released (Hall 2001).  Once a GTPase is turned on by its respective GEF, it can 

interact with downstream effectors, activating them until GTP hydrolysis occurs allowing 

for signal amplification.  Since Ras and Rap GEFs both have a conserved Cdc25 domain, 

the same basic mechanism of nucleotide exchange is expected; this has indeed been 

confirmed by mutagenesis studies (Brinkmann 2002).   

GTPase activating proteins (GAPs) catalyze the hydrolysis of GTP to GDP + Pi, 

turning the protein �off�.  GAPs typically increase the rate of GTP hydrolysis by five 

orders of magnitude (Brinkmann 2002) to a GAP-induced hydrolysis rate of 5-10/s 

(Chakrabarti 2004).  Although RapGEFs share sequence homology with other GTPase 

GEFs, no RapGAP sequence homology with any other GTPase GAPs exists (Brinkmann 

2002).  RapGAPs include Rap1GAP and Spa1.  Rap1GAP has limited activity towards 

Rap2, but has no activity towards Ras or other small GTPases.  Not much is known about 

the mechanism of GTPase activation by RapGAP.  However, based on FTIR difference 

spectra, a kinetic scheme can be deduced (Figure 3) which is structurally similar to the 

binary / ternary transient complexes seen in RapGEF studies (Chakrabarti 2004). 
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Figure 3:  Kinetic scheme for mechanism of GTPase activation by RapGAP.  �k� values are microscopic 
rate constants. 

 

The mechanism for the intrinsic hydrolysis of Ras has been extensively studied 

and is thought to involve the activation of a catalytic water molecule by glutamine 61, 

although the details of the mechanism are still under discussion in the literature.  The 

catalytic water molecule acts as a general base and attacks the gamma phosphate of the 

GTP molecule, thus cleaving off Pi (Soares 2001).  The catalytic mechanism for GTPase 

activation by a GAP protein involves the stabilization of the catalytic glutamine (Gln61) 

on Ras and the introduction of the so called arginine finger from GAP, which 

complements the active site (Brinkmann 2002).  In Rap, it is suggested that two lysines 

on RapGAP whose mutations decrease GTPase activity 25- and 100-fold serve the same 

function as the arginine in Ras.  Since Rap1 and Rap2 contain a threonine instead of a 

glutamine at residue 61, it has been proposed that the hydrolysis of GTP occurs through a 

distinct mechanism in Rap proteins (Brinkmann 2002).  A glutamine on RapGAP may be 

supplied to replace the glutamine of Ras, but its effect on hydrolysis is modest.  

Glutamine to alanine mutants in RapGAP only decrease hydrolysis by 6-fold at most.  

This mutation in Ras decreases hydrolysis by 5 orders of magnitude (Brinkmann 2002).  

A Rap1 G12V mutant was originally believed to be a dominant active mutant, as it is in 

Ras, but Rap1GAP is able to efficiently down-regulate Rap1 activity.  Instead, the 

mutants Rap1 F64A and F64E serve as a dominant active form of Rap1a.  This form 
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completely blocks intrinsic and GAP-catalyzed GTPase activity.  In vivo, this mutant can 

bind effector proteins; when GEFs are bound an even higher GTP loading activity is seen 

than in wild type Rap1 (Brinkmann 2002).  Kinetics experiments using fluorescent mant-

GTP Rap1a indicate that no catalytic arginine exists from Rap1GAP, threonine 61 is not 

required for GTP hydrolysis, and phenylalanine 64 seems to be crucially important for 

GAP induced GTP hydrolysis (Brinkmann 2002). 

Other studies using fourier transform infared spectroscopy (FTIR) have shown 

that upon RapGAP binding, a charge redistribution occurs downshifting some of the 

negative charge of the gamma phosphate to the β phosphate, inducing a different GTP 

conformation at the gamma phosphate (Chakrabarti 2004).  This is also seen in RasGAP 

stimulated GTP hydrolysis in Ras, but is much more pronounced in Rap, allowing the 

gamma phosphate to be cleaved more easily.  This group argues that instead of the 

positively charged guanidinium group of arginine, the polar carboximide group of an 

asparagine donated by RapGAP may induce the charge downshift to the β phosphate.  

This hypothesis suggests that the RapGAP asparagine may replace the functional role of 

the catalytic glutamine 61 (Chakrabarti 2004), although it is not yet known whether this 

asparagine would participate in nucleotide binding and/or GTP hydrolysis.  These 

hydrolysis mechanisms are still being debated, however, and further experiments are 

required to elucidate the GTP hydrolysis mechanism in Rap proteins. 

Ras oncogenicity / Rap antagonism 

Mutations in GTPases that prevent the proper flow through the GTP cycle have 

profound implications in apoptosis, cellular transformation, and tumor growth.  It has 

been reported that 30% of all human tumors have an oncogenic mutant form of Ras 
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which inhibits the GTPase cycle (Soares 2001).  All of the members of the Ras 

superfamily contain 22 very strongly conserved sequence positions.  Of these, seven are 

directly involved in the interaction with the nucleotide (K16, F28, T35, D57, G60, K117, 

and K119); the other conserved residues are mainly involved in maintaining the three 

dimensional structure of the protein, and in most cases, they contact each other within the 

protein (Valencia 1991).  Ras has been extensively studied because of its oncogenicity 

when mutated at positions directly interacting with the nucleotide.  When mutations 

occur in Ras that prevent GTP from being hydrolyzed, Ras becomes constitutively active.  

When that mutation also inhibits GAP activity, Ras becomes an oncogene and causes 

transformation of various cell lines and causes cancer in humans.  Ras oncogenes from 

human tumors typically have point mutations at residues 12, 13, 61, and/or 146.  In vivo 

Ras mutations for residues 12, 13, 59, 61, 63, 116, 117, or 119 cause cell transformation.  

All of these in vivo mutations occur in the nucleotide binding pocket where residues 12, 

13, 59, 61, and 63 interact with the phosphate region, and residues 116, 117, and 119 

interact with the base region of GTP.  It is important to note that although Q61E and 

Q61L both decrease the rate of GTP hydrolysis, only Q61L is transforming.  This may be 

due to an alteration in additional interactions with effectors.  The effect of these 

mutations on Rap1a is unknown due to a lack of information on unique Rap1a effectors.  

Also, Rap1a is not typically involved in activating the same kinase cascade pathway as 

Ras.   

Rap1a was originally identified as the element capable of reverting K-Ras 

induced transformation of NIH 3T3 fibroblasts; hence the alternate name, Krev-1.  

Because Rap1a has almost identical effector regions as Ras, it can function as a Ras 



 8

antagonist.  Many of the proteins that Ras is able to bind, Rap1a is also able to bind with 

similar or even higher affinity.  The serine-threonine kinase Raf-1, phosphatidyl-inositol 

3-kinase (PI3K), and Ral guanine nucleotide exchange factors (RalGEFs) have been Ras� 

most notable downstream effectors.  Rap1 can bind to all three, but the interaction of 

Rap1 with Ras� effectors does not seem to lead to activation (Bos 1997).  The 

physiological reason for this is not fully understood, although it has been reported in 

many cases that Rap1 competitively binds Ras� effectors forming an inactive complex 

and decreasing the pool of free binding partners.  Binding studies have shown that Rap1 

can bind to p120GAP (a GAP of Ras), but GTPase activity is not activated.  It has also 

been reported that Rap1 can antagonize Ras function by sequestering Ras� effectors to 

intracellular membranes away from Ras which is typically found anchored to the plasma 

membrane.  Interesting, Rap2a (60% identical to Rap1a) has no observable antagonistic 

effect on Ras (Cherfils 1997); functions for Rap2a remain elusive. 

Effector binding / activation 

The most studied Ras pathway is the MAPK (mitogen-activated protein kinase) 

signal cascade because this pathway exists in all eukaryotes and can lead to changes in 

cell differentiation, proliferation, cell survival, and apoptosis (Kolch 2000).  Ras typically 

works upstream of three kinases.  First Ras activates a MAPK kinase kinase (MAPKKK), 

like Raf.  Raf then phosphorylates and activates a MAPK kinase (MAPKK), like MEK 

(MAPK/ERK kinase).  Then MEK can phosphorylate and activate a MAPK like ERK.  

ERK can then interact with other transcription factors to transcribe genes targeted by this 

pathway (Kolch 2000).  The signaling complexity of Rap1 can be partially illustrated in 
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Figures 4.  Recently, a unique Rap1a function has been reported.  Although Rap1 has 

 

Figure 4:  Rap1a signaling complexity.  Rap1 activators (direct and indirect) shown in dark purple, Rap1 
inhibitors shown in pink, and Rap1 putative effectors shown in green. (Bos 2001) 
 
been known for its oncogenic reverting abilities, it has been shown to be able to activate 

this Raf/MEK/ERK pathway to an unknown extent in some cells through B-Raf.  

Ras has at least 10 known effectors (not including isoforms).  Although Rap1 can 

bind most of Ras� effectors and inhibit them to some extent, only recently have effectors 

been uncovered that Rap positively regulates.  Ras is able to effectively activate Raf-1 

and other multidomain effectors either by causing a conformational change upon binding 

which makes the effector catalytic, or by inducing the dissociation of a self-inhibitory 

interaction between the regulatory and catalytic domains of the effector (Herrmann 2003).  

Rap1a has been found to activate B-raf and not its isoform, Raf-1.  It is thought that Rap1 
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recruits Raf-1 to membranes which prevent the proper phosphorylations required for Raf-

1 function (Stork 2003).     

Rap1 has also been shown to activate RalGEF.  This interaction may be an artifact 

of the in vitro experiment, however.  It is possible that in the cell, Rap1 never comes into 

contact with RalGEFs; so although in vitro Rap1 may have the features required for 

RalGEF activation, the two proteins may rarely meet in the cell based on their 

localizations.  Phosphorylation of Rap1 by PKA has been implicated in the translocation 

of Rap1 to the cytoplasm (Bos 1997).  Rap1 can be stimulated by various factors 

depending on cell type and cell cycle phase.  Table 1 (Stork 2003) describes several 

agonists and corresponding cell types for Rap1.   

Table 1:  Cell type and stimulus required to activate Rap1a for ERK activation. 
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Membrane insertion / localization 

All Ras family isoforms differ mainly in their C-terminal hypervariable regions.  

The sequences for these regions direct post-translational processing, plasma membrane 

anchoring, and trafficking of newly synthesized protein from the cytosolic surface of the 

ER to a specific membrane (Hancock 2005).  While various lipid tails are added post-

translationally for anchoring into specific cellular membranes in the hypervariable region, 

the biochemical properties of Ras GTPases are, generally, independent of the presence of 

the C-terminus (Valencia 1991).   For that reason, the clones typically used in structural 

biology experiments have their C-terminal tails removed leaving only the catalytic 

domain for the purpose of purifying large quantities of soluble protein.  Each different 

lipid anchor can target different GTPase isoforms to different membrane 

microenvironments, each with differing lipid and protein content (Hancock 2005).  This 

can account for the suggested small functional differences in Ras and Rap isoforms 

despite strong sequence identity of the catalytic portion of the proteins.  For the 

remainder of this thesis, the 1 letter isoform designations may be left out unless 

specifically required as most biochemical experiments have not been able to discriminate 

between Rap1a and Rap1b (Bos 1997).   

The significance of the redundancy in Rap and Ras isoforms is still largely 

unknown despite recent investigations into the functional effect of subcellular locales on 

the activation of these isoforms (Reuther 2000).  The primary sequences of the catalytic 

domains of Rap1a, Rap2a, and Ras do not coincide perfectly.  Rap1a and Rap2a have 167 

amino acids residues, while Ras has 166, but all three differ due to insertions and 

deletions.  A sequence comparison of Rap1a, Rap2a, and H-Ras is shown below in Figure 
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5 (Cherfils 1997).  Relative to Rap1a, Ras is missing residue 121 and 140, but has an 

added residue at the C-terminus.  Rap2a is also missing residue 140 and has an added 

 

Figure 5: Primary structure comparison.  Rap2a secondary structure described and labeled above sequence 
information.  Residues differing from Rap1a are bold and residues differing from H-Ras are underlined. 
 
residue at its C-terminus.  Therefore, numbering is identical for the first 120 residues.  

Between residue 121 and 139, Ras� numbering is one less than Rap1a and Rap2a.  After 

residue 139, Ras� numbering becomes two less than Rap1a, while Rap2a�s numbering 

becomes one less than Rap1a.  Rap2a and Ras have one more residue added at the C-

terminus than Rap1a.   

Each of these small GTPases is post-translationally modified for membrane 

insertion.  Rap1a and Rap1b are geranyl-geranylated at cysteine 181 by a geranylgeranyl 

transferase via a thioether bond, the three terminal residues are subsequently cleaved, and 

the new modified terminal cysteine is carboxy methylated.  Depending on the cell type, 

Rap1 proteins can localize to any membrane in the cell.  Rap1 has been known to localize 

to the plasma membrane, Golgi compartments, endoplasmic reticulum, granule 

membranes, lysosomal vesicles, perinuclear structures, the cytoskeleton, or endosomes 

(Bos 1997, Stork 2003).   

Like the Rap1 isoforms, H-, N-, and K-Ras have an almost identical catalytic 

region (residues 1-166) with differing C-termini (167-189).  Ras proteins can be C-

terminally modified by a palmitoyl transferase which adds a palmitoyl group to cysteines 
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181 and/or 184 with a CAAX motif (a reversible modification) or to lysines 175 and 180 

in the poly basic domain (specifically K-Ras); cysteine 186 is farneslyated by a farnesyl 

transferase, the remaining 3 residues are proteolytically cleaved, and the new modified 

terminal cysteine is carboxy methylated.  Ras� lipidic feet tend to anchor Ras only to the 

plasma membrane (Reuther 2000).   

A post-translationally modified GTPase with attached lipid feet can interact with 

prenyl-binding proteins which bind the lipid feet and may determine whether or not the 

GTPase is inserted into specific lipid rafts of the membrane.  These prenyl-binding 

proteins can affect the kinetics and route to membrane insertion.  Typically, GTPases that 

interact with prenyl-binding proteins do so in their GDP bound state (Hancock 2005).  

Blocking the activity of farnesyl transferases, CAAX-signaled proteolysis, and 

carboxymethylation may serve to block oncogenic Ras function (Reuther 2000).   

Rap1a structure 

 The catalytic domain of Rap1a (residues 1-167) is made up of 5 α helices, 6 β 

strands, and 10 connecting loops in the N-terminal to C-terminal order, β1 α1 β2 β3 α2 

β4 α3 β 5 α4 β6 α5 (Figure 3).  Important conserved areas of the protein include switch I, 

switch II, the phosphate (P-) loop, and the guanine nucleotide binding pocket.  These 

areas are functionally conserved among all small GTPases.   

Switch I includes residues 30-40 which contains most of the effector binding 

region (residues 32-40).  This switch region is made up of loop 2 and β2, and is defined 

by drastic conformational changes upon nucleotide hydrolysis or exchange.  Lys31 is 

known as a charge reversal residue in that in Ras, the positively charged Lys31 is a 

negatively charged glutamate.  A charge reversal at this residue will change the binding 
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Figure 6:  Labeled secondary structure cartoon of Rap1a, molecule A. 

 

specificities between Ras and Rap (Nassar 1996).  The remainder of the switch I of 

Rap1a is sequentially identical to Ras and different from Rap2a only at position 39 where 

a phenylalanine replaces the serine of Rap1a and Ras.  Ser39 of Rap1a forms a hydrogen 

bond with Raf�s RBD (Ras Binding Domain, residues 51-131 of Raf), which the Phe39 of 

Rap2a cannot form, although a slight rotamer change is able to accommodate this bulky 

side chain allowing Rap2a to interact weakly with RBD (Cherfils 1997).  Although only 

one conformation is seen so far in Rap2a and Rap1a, Tyr32 adopts two different 

conformations in Ras: one closed as is seen in the Rap structures, and one is open.  In the 

closed conformation, Tyr 32 participates in a series of hydrogen bonds to shield the 

nucleotide from the solvent environment.  In the open conformation, Tyr32 is able to 

interact with RasGAP and points away from the nucleotide disrupting the hydrogen 
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bonding network seen in the closed conformation.  This allows interaction of GEF and 

GAP proteins with the nucleotide.  This residue is conserved in all Ras family GTPases.  

Asp33 is involved in direct interaction with Raf, and Pro 34 serves to hydrophobically 

stabilize the aromatic ring of Tyr32 and other nearby residues (Nassar 1997).  The 

hydroxyl group of Thr35 is part of the coordination of the magnesium ion found bridging 

the β and γ phosphates of the nucleotide.  Ile36 participates in hydrophobic interactions 

with Raf.  Glu37 marks the beginning of the second β sheet which extensively interacts 

with B2 of Raf in an antiparallel fashion (Nassar 1997).  Due to the inherent flexibility of 

this switch region, some structures which are not stabilized by effector binding or crystal 

contacts have a disordered switch I (Nicely 2004, Buhrman 2003). 

 Switch II includes residues 60-74.  Upon hydrolysis of bound GTP, major 

conformational changes occur in this region in Ras GTPases.  This region is sequentially 

and structurally diverse between family members, and like switch I, unless this region is 

stabilized by effectors or crystal contacts, the crystal structures of switch II will usually 

be disordered.  Residues 59 through 65 make up loop 4.  The backbone amide group of 

Gly60 makes an important direct hydrogen bond to a phosphoryl oxygen on the γ 

phosphate.  Residue 61 is the most important residue in the entire protein with respect to 

oncogenicity in Ras.  The side chain of Gln61 in Ras is thought to activate a conserved 

water molecule, bridging the distance to the γ phosphate.  Once activated, this water acts 

as a general base and cleaves the γ phosophate.  A Q61L mutation in Ras abolishes 

GTPase activity, thus becoming oncogenic.  This mutant is the preferred mutant in 

research involving transforming cell lines.  In Rap1a and Rap2a, a threonine substitutes 

for the conserved glutamine.  This side chain is not able to make the same interactions as 
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Gln61 from Ras, and a lower intrinsic rate of hydrolysis results.  It is reported that Phe64 

is essential for GAP-induced GTP hydrolysis in Rap1a (Brinkmann 2002).  Mutation of 

this residue in Rap1a results in abolished GAP-induced GTPase activity, while mutation 

of this residue (Tyr64) in Ras only decreases binding ability to effector proteins.  At 

residue 66, α helix 2 begins and stretches to the end of switch II, residue 74.  Six of these 

nine residues are identical in Rap1 and Ras.  In Rap1a, Arg68 and Tyr71 are involved in 

extensive hydrogen bonding networks somewhat stabilizing the flexible switch region.  

The switch II region of Rap1a will be the focus of the current analysis as it has been the 

focus of many research papers because it is the area that differs the most from other 

similar GTPases. 

 The P-loop is conserved among all GTPases and stretches from residue 10 to 17.  

This covers all of loop 1 and the beginning of α helix 1.  Mutants of glycine residues 12 

or 13 in Ras result in transformation, due to steric clash of the arginine finger from 

RasGAP and a decreased pKa near the γ phosphate.  This pKa reduction significantly 

decreases the probability of hydrolysis (Schweins 1996).  The residues in this region 

stabilize the negative charge that is characteristic of the phosphate portion of GTP 

(Soares 2001). 

 The base portion of GTP is bound by two highly conserved sequence motifs: Gln, 

Lys, Cys, Asp (residues 116-119) and Ser, Ala, Lys (residues 147-149 in Rap and 145-

147 in Ras).  In vivo mutations in Ras at 116, 117, 119, or 146 cause cell transformation.  

These residues are involved in significant, direct hydrogen bonding to the nitrogenous 

base of GTP. 

 



 17

Although the mechanisms, functions, and structures of Ras have been well 

characterized, only recently have reports of unique functions for Rap proteins emerged.  

Numerous crystal structures of Ras (including mutants), Ras bound to effectors, and Ras 

bound to adapter proteins have been solved and published.  The crystal structures of RalA, 

Rap2a, and Rap1a bound to the Ras-binding domain of Raf have been solved, but there 

has been no structure of Rap1a alone, to date.   The Rap�Raf structure bound to 

GMPPNP (a non-hydrolyzable GTP analog) that was published in 1995 (Nassar) belongs 

to space group P212121, and displays one molecule in the asymmetric unit.  The crystal 

structure of Rap1a bound to its natural ligand, GTP, described in this thesis belongs to 

space group P21212 and displays two molecules in the asymmetric unit.  A description of 

significant similarities and differences between these two structures as well as 

structurally unique differences from Ras, Rap2a, and RalA follows.  The PDB files used 

for structural comparisons are shown below in Table 2. 

Table 2:  Proteins used in structural comparisons. 
 
Protein   nucleotide PDB code  Resolution 
Rap1a   GTP  unpublished  1.9Å 
Rap1a�Raf  GMPPNP 1C1Y   1.9Å 
H-Ras   GTP  1QRA   1.7Å 
Rap2a   GTP  3RAP   2.2Å 
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METHODOLOGY 

Cysteine to serine mutations 

To prevent oligomerization of Rap1a, three cysteine to serine mutations were made.   The 

sites of mutation were determined by comparative analysis of the amino acid sequence of 

Rap1a with the 3D structures of H-Ras, RalA, and Rap2a.  Progressive C48S, C118S, and 

C139S mutations were made following the QuikChange site directed mutagenesis 

protocol by Stratagene.  The C48S single mutant, C48S/C139S double mutant, and the 

C48S/C118S/C139S triple mutant were cloned into pET21a expression vector and 

transformed into E. coli BL21 DE3 expression cells.  Triple mutant Rap1a was used for 

all further described methods. 

Protein overexpression 

A 200mL, overnight, inoculated, LB culture was grown at 37°C, supplemented 

with 50mg/L ampicillin.  30mL of overnight culture was used to inoculate each of 6L LB, 

supplemented with 50mg/L ampicillin.  Cells were grown at 37°C to an O.D.600 of 0.6 

before adding 1mM dithiothreitol (DTT).  Cells were then grown to an O.D.600 of 1.0 

before inducing Rap1a overexpression with 0.5mM IPTG.  Cells were then grown for 4.5 

hours at 37°C.  Cells were pelleted by centrifugation at 7000rpm for 10min and further 

processed or frozen at -80°C. 

Protein purification 

 Cell pellets were uniformly resuspended in 50mL cell resuspension solution 

containing Buffer A (20mM HEPES, pH 8.0, 40 mM NaCl, 5mM MgCl2, 1mM DTT, 

20µM GDP, and 1% glycerol) and protease inhibitors (Pepstatin A, Leupeptin, Antipain, 

Benzamidine, E-64, and Pefabloc) at 4°C.  Cells were lysed via sonication as follows: 30 
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seconds on/ 30 seconds off, repeated five times at 4°C.  Cells were centrifuged at 

20,000rpm for 20 minutes.  Nucleic acids were precipitated from supernatant by slow 

addition of 0.5% phenylethyleneimide (PEI) while stirring at 4°C.  Solution was 

centrifuged at 20,000rpm for 20 minutes.  Resulting supernatant was filtered to 0.2µm. 

 Protein solution was separated by FPLC starting with anion exchange 

chromatography.  A Buffer A equilibrated HiLoad 26/10 Q Sepharose Fast Flow anion 

exchange column (Amersham Pharmacia) was injected with protein solution.  Protein 

was eluted from column by a Buffer B (Buffer A formula substituting 1M NaCl for 40 

mM) salt gradient from 0-40% B.  Rap1a fractions were determined by SDS-PAGE.  

Protein was concentrated to 1.5 mL and applied to a Buffer C (Buffer A formula 

substituting 150mM NaCl for 40 mM) equilibrated HiPrep 26/60 Sephacryl S-200 High 

Resolution gel filtration column, run at 1.3mL/min for 4 hours.  Rap1a fractions were 

determined by SDS-PAGE, and further concentrated and diluted to Buffer A salt 

concentration (40mM).  Protein was then applied to a Buffer A equilibrated QHP High 

Performance anion exchange column (Amersham Pharmacia), and eluted from column by 

a Buffer B salt gradient from 0-20% B.  Two sequential peaks, determined to be Rap1a 

bound to GDP and GTP with respect to elution times, were collected and processed 

separately. 

Crystallization 

 Rap1a-GTP crystals were obtained by the hanging drop vapor diffusion method at 

6mg/mL in 0.1M sodium acetate trihydrate pH 4.6, 0.2M ammonium sulfate, 25% w/v 

polyethylene glycol (PEG) 4000.  Crystals grew overnight at 18°C, were subsequently 
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cryoprotected in 10% PEG 400, and frozen in liquid nitrogen for synchrotron data 

collection. 

 Another crystal form (possibly Rap1a-GDP) was obtained by incubating the 

protein at 18°C for 96 hours in the presence of 100-fold molar excess GDP before setting 

up crystallization trials.  Crystals formed at 18°C overnight by the hanging drop vapor 

diffusion method at 10mg/ml under the same chemical conditions as Rap1a-GTP.  

Crystals were cryoprotected in 10% PEG 400 and frozen in liquid nitrogen for 

synchrotron data collection.   

Data collection, indexing, and processing 

 Synchrotron data was collected at SER-CAT ID-22 beamline at APS (Argonne, 

IL).  An x-ray wavelength of 1.0Å was used with an oscillation angle of 1.0° per frame 

over 180° at 2 seconds exposure per frame at a detector distance of 175mm for 

Rap1aGTP.  After frames were indexed with HKL2000, the default unit cell parameters 

were changed to reflect the longest unit cell dimension as �a�.  This was done to comply 

with correct crystallographic symmetry tables based on reflection occurrences and 

systematic absences after indexing; a scalepack program found in appendix B was used 

(37). 

 Synchrotron data collected for the other crystal form indicated a different space 

group, but the resolution was too low to accurately process the data and solve the 

structure.  This crystal form is hypothesized to be either GDP-bound Rap1a or another 

GTP-bound Rap1a crystal form. 
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Structure Refinement 

 After diffraction data were processed and scaled, the scaled data file was 

converted to CNS (Crystallography and NMR System) format (38).  The resulting �hkl� 

file was truncated to a �cv� file so 10% of the data could be used to validate each final 

model after refinement. Initial phases were determined by a molecular replacement model 

was used.  The Raf coordinates were deleted from the published Rap�Raf structure 

(PDB code 1C1Y) leaving only the Rap1a portion of the model and a molecular topology 

file (mtf) was created based the cv reflection file and the replacement model.  The cross 

rotation search by CNS identified a unique solution with an RF function value of 0.1182.  

This cross-rotation solution was then translated in the unit cell by CNS.  After a failed 

CNS rigid refinement trial, the pdb file read out of the translation was tested for a 

Matthews Coefficient to determine the number of molecules per asymmetric unit.  A 

Matthews Coefficient of 2.101 was determined indicating two Rap1a molecules per 

asymmetric unit based on the molecular weight of about 19kDa.  The CNS �merge� 

function was used to create two Rap1a molecules with different coordinates.  These two 

molecules in the asymmetric unit were shifted into their correct positions by the 

�shift_molecules� CNS function before a rigid body refinement was performed.  The 

rigid body refinement consisted of 1 cycle of 30 energy minimization steps in a resolution 

range of 50-2.5Å.  After this first round of refinement, the �R-value� was 0.4261 and �R-

free� was 0.4205.  Next, a refinement was performed through CNS which first consisted 

of simulated annealing with torsion molecular dynamics.  100 minimization steps were 

run to equilibrate prior to molecular dynamics steps.  A constant annealing approach was 

used starting at 2000K and cooling 100K per dynamics cycle; 100 steps were used.  After 
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simulated annealing, 100 steps of coordinate energy minimization were performed 

followed by 30 steps of restrained B-factor minimization with a B-factor range of 1-200.  

Two cycles of the above non-rigid refinement steps were performed through CNS.  

Simulated annealing was not performed again in subsequent rounds of refinement.  

Instead, two cycles of 20 coordinate energy minimization steps followed by 10 restrained 

B-factor minimization steps were performed for each subsequent refinement.  A complete, 

refined Rap1a structure required 17 refinement cycles with extensive, manual �Coot� 

refinement between each.  Updated 2fofc and fofc map files and a new pdb file were 

generated after each refinement cycle.  Through CNS, �coeff� files were created and then 

converted to �mtz� files by the sftools program to be read into the visualization program, 

�Coot�.  Manual, visual refinement, including addition of water molecules, ions, and 

nucleotides, was done in Coot to form the model from the created electron density (mtz) 

maps.  The nucleotide was added after the first round of refinement to prevent 

conformational bias from the molecular replacement model.  The final R-value and R-

free was 20.48 and 23.78, respectively.  Protein, water, and ion topology and parameter 

files were taken from CNS, while GTP topology and parameter files were from the 

Dundee PRODRG Server.  Symmetry molecules were created automatically by Coot 

based on space group and unit cell dimensions after each refinement. 
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RESULTS 

Purification and Crystallization 

In order to purify Rap1a, cysteine to serine mutations were made to prevent 

oligomerization.  Although a total of five cysteine residues are found in Rap1, cysteines 

48, 118, and 139 were deduced to be making intermolecular disulfide bonds (Figure 7) 

based on a comparative structural analysis with Ras, Rap2a, and RalA.  This analysis and 

the C48S and C139S mutations were made by Kelly Daughtry of the Mattos Lab.  These 

three cysteine residues are located in highly solvent exposed loop regions.  Here, the 

crystal structure of triple mutant (C48S, C118S, C139S) Rap1a�GTP is presented in 

detail, although for simplicity, the mutant designations will be left out. 

 

 

Figure 7:  Rap1a oligomerization.  a) WT Rap1a after QHP  b) C48S Rap1a after QHP  c) C48S C139S 
Rap1a after QHP  d)C48S C139S C118S Rap1a after QHP 
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E. coli expressed Rap1a was FPLC purified through QFF (Q-Sepharose Fast Flow) 

anion exchange, gel filtration (size exclusion) , and QHP (Q-Sepharose High 

Performance) anion exchange.  At the QHP stage, two separated peaks corresponding to 

the same size band on SDS-PAGE were observed (Figure 8).  These two peaks were 

deduced to be GDP-bound Rap1a (first peak) and GTP-bound Rap1a (second peak) based 

on the expected elution times in a salt gradient; this was confirmed for the second peak 

unambiguously by electron density visualization. 

 

Figure 8:  Rap1a elution by salt gradient during QHP.  1st peak=GDP.  2nd peak=GTP. 

Most GTPases do not crystallize in their natural GTP bound forms because the 

rate of intrinsic hydrolysis is fast enough at 4°C that most of the GTP is converted to 

GDP.  In Rap1a, the threonine at position 61 substantially decreases the intrinsic 

hydrolysis rate relative to Ras, allowing a relatively brief amount of time where the 

Rap1a GTP-bound form is the predominant form.  During this brief time period, protein 

can be setup for crystallization.  Crystals grew overnight at 18°C, but within 3 days 

completely degraded.  During this time, hydrolysis occurs changing the GTP-bound 
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Rap1a to GDP-bound.  This GTP to GDP reaction results in large structural changes in 

the switch regions which disrupt the crystalline state of the protein.  Therefore, crystals 

were looped as soon as they formed, cryoprotected, and frozen in liquid nitrogen for later 

data collection. 

A different form of Rap1a was also crystallized.  This form crystallized under the 

same chemical conditions as Rap1a-GTP.  However, to obtain this form, pure protein was 

concentrated to 10mg/mL and incubated for 96 hours at 18°C in 100-fold molar excess 

GDP to hydrolyze and/or exchange the GTP for GDP.  After 96 hours, the same 

crystallization setup was performed and thicker, more isolated crystals grew overnight.  

This presumably GDP-bound form did not diffract well enough to solve the structure or 

obtain accurate unit cell parameters.  The remainder of this thesis will focus on the 

structure of the GTP-bound form of Rap1a. 

GTP-bound Rap1a crystallized via the hanging drop method in 0.1M sodium 

acetate trihydrate ph 4.6, 0.2M ammonium sulfate, and 25% w/v polyethylene glycol 

4000 in a 2uLx2uL (reservoir x protein) drop.  The size of the crystals was dependent on 

the protein concentration, as shown in figure 9. Crystals were originally obtained at 

20mg/ml, were relatively small and highly clustered. Subsequent trials with lower protein 

concentrations were crucial for optimizing the quality of the crystals. The crystals used 

for data collection were obtained from a protein solution of 6mg/ml. Diffraction data 

were collected at 100K at the SER-CAT synchrotron beamline 22-ID, APS (Argonne, IL).  

Rap1a crystals diffracted to 1.9Å at 96% completeness.  Due to a pattern of systematic 

absences after processing the data, the unit cell dimension defaults were changed through 

a Scalepack program (Appendix A) after processing with HKL2000 to obey correct 
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crystallographic symmetry laws based on a P21212 space group.  The �a� and �c� unit cell 

dimensions were switched to overcome the programmed default of the longest unit cell 

parameter listed last.  Full data collection and refinement statistics Table 3. 

Table 3:  Rap1a Data collection/refinement statistics. 
  

Space Group P21212
Unit Cell              a= 113.131

b= 42.584
c= 66.327

alpha = 90
beta = 90

gamma = 90
Resolution Limits 50-1.9Å
# reflections used 28581

Completeness (1.9Å) 96%
Rmsd bonds 0.005312
rmsd angles 1.36621

Refinement Rounds 17
Final R-factor 20.59%

Final R-free 23.75%
Average B factor 23.1884
# Protein atoms 2660

# water molecules 300
# GTP molecules 2

# Mg molecules 2
# molecules in AU 2

# Sulfate Ions 1
 
 

 

Figure 9:  Rap1a crystals at concentrations of:  a)20mg/ml  b)15mg/ml  c)10mg/ml  d)6mg/ml 

Structurally Rap1a is very similar to the Rap1a�Raf structure previously 

published with 5 alpha helices, 6 beta sheets, and 10 connecting loops.  Two Rap1a 

molecules exist in the asymmetric unit.  The interface between these two molecules is 

made up of loop 2 and β2, similarly as Rap1a is oriented with RBD in the Rap�Raf 

structure.  The overall r.m.s.d. between molecule A of Rap1a and Rap1a from Rap�Raf 
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is 0.58Å including all atoms (Figure 10); other r.m.s.d. (Figure 10) and switch region B-

factor statistics (Figure 11 and 14) follow.  This Rap�Raf structure provides useful 

comparative information about the conformational changes needed to bind with one of 

Rap1a�s unproductive effectors, Raf, and those that affect nucleotide dissociation.  

Structural comparisons will also be made with H-Ras, Rap2a, and RalA to attempt to 

provide additional functional consequences of the structural variations between the four 

proteins. 
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Figure 10:  All atom r.m.s.d.s for full protein, switch I, and switch II of H-Ras, Rap2a, Rap1a from Rap�
Raf, and Rap1a molecule B, compared to molecule A of Rap1a 
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Figure 11:  Switch I and 2 B-factors as percentages of their respective full molecule average B-factors for 
Rap1a molecule A and B, Ras, Rap1a from Rap�Raf, and Rap2a.  
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Small side chain differences in switch I 

The conformations of the switch I regions of the four structures in the present 

analysis are highly conserved.  These regions, in the various crystals involved, display 

very low flexibility compared with the rest of the molecules as indicated in Figure 11.    

Figure 12 shows a full protein superposition of switch I residues for Rap1a alone, Rap�

Raf, Ras, and Rap2a.  The mainchain atoms in this region superimpose well throughout 

 

Figure 12:  Switch I superposition.  Black=Rap1a, Red=Rap�Raf, Green=Ras, Blue=Rap2a. 

loop 2 and β2, with β2 starting in the same place for all structures at residue 38.  Areas of 

switch I that interact with the nucleotide on the inside of the loop superimpose better than 

the residues on the outside of the loop that interact with effectors.  The switch I region of 

Rap�Raf is stabilized by interactions with Raf.  Similarly, the two molecules in the 

asymmetric unit of Rap1a alone, line up along their respective switch I regions in a way 

that resembles the Rap�Raf interaction; this unforeseen interaction also may add order 
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to the switch.  The Rap2a structure also has two molecules in the asymmetric unit, but the 

two protein molecules do not interact at switch I; however, both Rap2a and Ras interact 

with symmetry molecules along the entire switch I region.  These additional interactions 

add order to each of these structures in similar ways, adding to the conserved structure of 

the switch I region.   

Ras and Rap1a share identical effector regions (residues 32-40), while Rap2a 

shares identity with all but residue 39.  Although residues 30 and 31 in Ras and Rap1a do 

not directly interact with the Ras Binding Domain of Raf, they are different in these two 

proteins and may be responsible for their opposing biological functions in Rap relative to 

Ras (Nassar 1995).  In Rap1a and Rap2a, residue 30 is a glutamate while in Ras, residue 

30 is an aspartate.  Although both residues hold the same charge, the extended side chain 

of glutamate makes the charge more spatially accessible.  Residue 31 has become known 

as the �charge reversal� residue.  In Rap1 and Rap2 position 31 is occupied by a 

positively charged lysine while in Ras, residue 31 is a negatively charged glutamate.  The 

Glu31 of Ras is able to hydrogen bond to Lys84 of Raf while Lys31 of Rap is not.  These 

two residues may be crucial in effector recognition and distinguish Ras from Rap.  

Although the backbone conformations of both residues are similar in Ras, Rap2a, Rap�

Raf, and Rap1a, in each structure the different side chain conformations of these two 

residues are disordered, indicating an expected high degree of flexibility. 

  Some Rap1a switch I residues like Asp33 take on a different side chain 

conformation than in the Rap�Raf structure; the side chains of Asp33 in the two 

structures are pointing in opposite directions on the outside of the loop.  The side chain of 

Asp33 in the Rap�Raf structure moves to better position itself for a hydrogen bond 
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(2.9Å) to the terminal nitrogen of the Lys48 sidechain.  Glu37 differs in the Rap�Raf 

structure as well.  In the Rap�Raf structure, the side chain oxygen atoms of Glu37 form 

a partial salt bridge with the lysine nitrogen and a terminal nitrogen of Arg59 in Raf.  

This interaction causes a main chain shift involving residues 36 and 37.  Glu37 in the 

Rap1a structure is not able to accommodate this conformation because of the position of 

the molecule B Arg41 sidechain; the same symmetry clash interaction occurs in the B 

molecule. 

 Tyr32 is a residue that adopts two different conformations in Ras.  In the closed 

conformation, Tyr32 hydrogen bonds to a phosphoryl oxygen on the gamma phosphate 

and 2 important water molecules.  In this conformation the phosphate moiety of the 

nucleotide is packed between the aromatic ring of Tyr 32 and the pyrrolidine ring of 

Pro34 to shield it from the solvent.  In Rap1a, only one Tyr32 conformation is seen in 

space group P21212.  This conformation is similar to that of Rap�Raf, Rap2a, and Ras, 

in that the hydrogen bonding distance to the phosphoryl oxygen of the γ phosphate and 

the shielding of the phosphate from solvent by hydrophobic packing remains the same. 

A salt bridge connects β2 of switch I to β3 

 Arg41 and Glu54 both participate in the Rap�Raf interface, but form an intra-

protein salt bridge in monomeric Rap1a (Figure 13).  At the Rap�Raf interface, the 

backbone and side chain atoms of β1, loop 2, all of β2, and residue 54 of β3 interact with 

2 β sheets (B2 and B3) on Raf.  The Glu54 side chain oxygen atoms from the β3 strand of 

Rap1 form a salt bridge with the side chain nitrogen atoms from Arg41 found in the β2 

strand.  This salt bridge occurs over a 3-4Å gap in molecule A and 4-5Å gap in molecule 

B.  In all other compared structures, Arg41 and Glu54 (Asp54 in Ras) adopt a different 
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conformation which does not allow salt bridge formation.  In the Rap�Raf structure, 

these two residues are directly involved in the binding of Raf; β1 and β2 of Rap1 form an 

antiparallel β sheet with B2 and B3 of Raf.  Glu54 of Rap1 complexed to Raf interacts 

directly with Arg 67 of Raf, and Arg41 of Rap1 hydrogen bonds to the side chain oxygen 

and main chain carbonyl oxygen of Asn64 of Raf.  These interactions are impossible in 

the context of a Glu54-Arg41 salt bridge.  Although, the two molecules in the asymmetric 

unit of Rap1a alone line up along switch I, the salt bridge at the end of the effector 

binding region is not involved in crystal contacts and thus, it is unlikely to be an artifact 

of crystallization.    

Although a salt bridge between Arg41 and Glu54 (Asp in Ras) is not seen in any 

other structure, a salt bridge exists in Ras between Glu3 and Arg41.  This salt bridge 

exists in Rap1a as well, but it appears that Rap1a favors the Glu54/Arg41 interaction 

because some secondary structure at the start of β1 is lost in Rap1a that is maintained in 

Ras.  In Rap1a both salt bridges appear to contribute to stability. 

 

Figure 13:  Arg41 to Glu54 salt bridge.  Green=Rap1a, Blue=Rap2a, Pink, Rap�Raf, Yellow=Ras 
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\Switch II is disordered to different degrees in molecule A and B. 

 Switch II seems to be disordered in all of the structures due to its inherent 

flexibility, but in Rap1a molecule A and Rap�Raf, more order is seen than in the others.  

The switch II region of molecule A is much more ordered than molecule B, and thus, 

molecule A has a much lower B-factor over switch II.  This is because molecule A 

interacts with some symmetry related protein atoms, while molecule B is not close 

enough to symmetry molecules to give substantially increased order.   

 Ras, Rap2a, Rap1a, and Rap�Raf display completely different conformations of  

the switch II regions.  Figure 15 displays a full protein superimposed ribbon diagram of 

switch II in Rap1a molecules A and B, Rap�Raf, Ras, and Rap2a.  In Rap1a, molecules 

A and B seem to be in opposite, almost mirrored, conformations.  Both of these switch II 

conformations appear to be located closer to the body of Rap1a than the other three 

structures.  In molecule A,  
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Figure 14:  Absolute B-factors by residue for switch II of Rap1a molecule A and B, Ras, Rap1a from 
Rap�Raf, and Rap2a. 
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the proximity to α3 seems to give additional order to the loop 4 portion of the switch 

possibly accounting for the differences in order relative to molecule B despite only minor 

differences in crystal contacts (Figure 15).  B-factors are compared in Figure 11 in 

percentages as the ratio of the absolute B-factor average of switch II residues to the 

absolute B-factor average of the entire molecule for each protein.  A general trend 

throughout the switch II regions of all structures shows structural divergence beginning at 

the start of loop 4 (residue 61) and ending at the start of α2 (residue 66) despite 

differences in crystal contacts.  This trend allows for the maintenance of secondary 

structural elements in switch II.   

The conformation of Phe64 in molecule B is different from that found in molecule 

A.  Phe64 appears to point in opposite directions when comparing molecule A to 

molecule B, but only the backbone of molecule B can be confidently modeled (Figure 15).  

Therefore only the mainchain conformation of molecule B will be analyzed.  Molecule A 

will be relied upon for side chain positions.   

 

Figure 15:  Switch II superposition.  Black=Rap1a mol. A, Grey=Rap1a mol. B, Red=Rap�Raf, 
Green=Ras, Blue=Rap2a 
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Deviations in Thr61 conformation between Rap1a and Rap�Raf 

At the beginning of switch II, residue 61 is a threonine in all three Rap structures 

and an important glutamine which is involved in catalysis in Ras; at this residue, an 

unexpected significant conformational difference occurs between Rap1a and Rap�Raf.  

The side chain of Thr61 in Rap1a of molecule A and B points in the opposite direction of 

Thr61 from Rap�Raf with its side chain hydroxyl positioned about 4.5Å from the 

threonine hydroxyl of Rap�Raf; the side chain in Rap�Raf also sits above the 

nucleotide indicating a possible unique function (Figure16).  Nassar et al (1997) noted 

that Tyr32 in the Rap�Raf complex closes over the γ phosphate of GMPPNP shielding it 

from the solvent with the help of Pro34, perhaps accounting for a GDI (Guanine 

nucleotide Dissociation Inhibition) effect on Ras and Rap.  In both Rap1a structures, this 

conformation of Tyr32 is also present.  In addition, in the Rap�Raf complex, Thr61 

closes over the nucleotide towards Pro34, possibly reinforcing this GDI effect.  The 

position of the Thr61 side chain in the Rap1a�Raf complex may sterically hinder the 

dissociation of the Pi resulting from GTP hydrolysis by closing over the nucleotide.  

Interestingly, the Q61L mutant also has Leu61 closed over the nucleotide in a 

conformation that may inhibit the release of the Pi after hydrolysis, thus maintaining the 

GTP conformation.   

 In the Rap�Raf structure Thr is 4Å away from the bridging water molecule that 

needs to be activated before hydrolysis can occur; this distance is 7.3Å in monomeric 

Rap1a.  This is consistent with recent proposals that the specific Thr61 side chain is not 

involved directly in hydrolysis as previously reported. 
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Figure 16:  Residue 61 orientation relative to GTP.  Black=Rap1a, Red=Rap�Raf, Green=WT Ras, Blue= 
Q61L Ras 

 

Phe64 shields direct interactions between nearby charged residues 

 It has been reported that a dominant active form of Rap1a is the mutant F64A 

(Brinkmann 2002).  This switch II phenylalanine is the only large hydrophobic side chain 

in this region.  Phe64 of molecule A seems to interfere with several charged and polar 

interactions at the surface of the protein involving residues Gln99, Arg102, and Glu69 

(Figure 17). Of these, the most important is the interaction between Arg102 from α3 and 

Glu69 from α2.  The distance between the closest side chain oxygen of Glu69 and the 

closest side chain nitrogen of Arg102 is 4.7Å, but the conformation of the two residues 

do not appear to be in line for strong salt bridge formation in their observed positions.  

This salt bridge may be strengthened by the F64A mutation, which has been shown to 

have a direct effect on the GAP induced GTPase activity of Rap1a (Brinkmann 2002) 

(Figure 17). 
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Figure 17:  Orientation of salt bridge, Arg68, Thr61, and GTP 

 

Arg68 mediates a salt bridge interaction network 

 Despite the general switch II conformational divergence amongst all GTPases 

being investigated, α helical character beginning at residue 66 is conserved and brings 

some order to the switch region.  Arg68 specifically, is well conserved.  Arg68 is 

involved in an extensive hydrogen bonding network in all four structures, but with many 

hydrogen bonding partner differences due to the main chain differences seen in the more 

flexible areas of the switch.  Only in Rap1a and Ras is Arg68 able to hydrogen bond to 

the carbonyl oxygen of residue 61 (Figure 17).  In Rap1a this hydrogen bond is direct and 

occurs over 3Å, while in Ras, this interaction is indirect and occurs through a water 

molecule.  This hydrogen bond links the position of Arg68 to the position of Thr61 and 

its neighbor Gly60 which interacts with the γ phosphate of GTP.  
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Effect of F64A mutation on GTP accessibility 

 The F64A mutation in Rap1a may have a direct structural effect on GTPase 

activity.  Gly60 in Ras, Rap1, and Rap2 binds a phosphoryl oxygen on the γ phosphate of 

GTP.  This loop 4 interaction seems to anchor the beginning of the switch II region.  The 

Rap1 mutant F64A may form a salt bridge which pulls Asp69 and Arg68 away from 

Thr61 of loop 4.  The loss of interaction between Arg68 and the backbone of Thr61 due 

to salt bridge formation may disrupt the Gly60 anchor and overall conformation of loop 4 

in switch II.  This may have the effect of sterically blocking insertion of the proposed 

catalytic lysines on Rap1GAP.  Although the proposed inhibition of GAP-induced 

GTPase activity by formation of an Asp69-Arg102 salt bridge seems plausible, several 

other possible mechanisms could occur.  

Helix α4 exhibits characteristics of a protein-protein interaction site 

A network of hydrogen bonding in α helix 4 is seen in the Rap1a structure that is 

not seen in the Rap�Raf structure.  These interactions may be a direct result of extensive 

crystal contacts, but may also contribute to regulator binding specificity.    At the 

beginning of α4, Glu129 forms a salt bridge that spans a distance of about 5 Å to Arg136 

in the Rap�Raf structure.  In Rap1a, Rap2a, and Ras, this salt bridge is not present.  

Instead an extensive hydrogen bonding network exists causing a conformational 

difference in all involved residues when comparing the structures or Rap�Raf with 

Rap1a.  In Rap1a, instead of participating in a salt bridge, Arg136 forms a hydrogen bond 

to the side chain oxygen of Asn133.  The nitrogen atom of the Asn133 side chain is able 

to then hydrogen bond to the side chain oxygen atom of Gln137.  The Asn133 side chain 

of Rap�Raf is able to compensate for the absence of this interaction by hydrogen 
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bonding to the carbonyl oxygen of Glu129, but the other hydrogen bonding pattern is 

absent in the Rap�Raf structure.   

Despite differences in the hydrogen bonding and salt bridge patterns, the 

backbone helical structure of α4 is conserved in all Ras family GTPases.  In monomeric 

Rap1a, helix α4 as well as α3 and α2 stand out by having the highest B-factors and rmsd 

values (between Rap1a molecule A and B) despite extensive crystal contacts compared 

with the other secondary structural elements (Figure 18 and 19, respectively).   

In RalA, a very important hydrogen bond exists between T104 from α3 and R145 

from α4 in RalA numbering (L93 and L134 in Rap1a).  These two residues have been 

described as �tree-determining� residues in that they have a function in RalA which 

differs from other GTPases (Nicely 2004).  This hydrogen bond is not possible in Rap1a 

although the substituted additional hydrophobic stabilization may have a similar function.  

The area between α3 and α4 has been proposed to be a binding site in RalA (Nicely 

2004).  A similar binding site may exist in Rap1a as evidenced by high B-factors, high 

r.m.s.d. values, and the presence of tree determining residues. 
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Figure 18:  B-factor plot comparing secondary structural elements of molecule A and B of Rap1a. 
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Figure 19:  R.M.S.D. plot comparing secondary structural elements of molecule A and B of Rap1a  

 

Insertions in Rap1a have little effect on secondary structure 

Despite insertions at residues 121 and 140 in Rap1 (Figure 20), relative to Ras 

and Rap2a, the overall secondary structure is maintained, but at these residue insertions, 

tight β turns occur with very few structural consequences.  Besides the possible formation 
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of an unlikely disulfide bond, the insertion of Asn 140 has no other functional 

significance.  Rap2a, Ras, and Rap1a converge back together within 1 residue of the 

insertion; the structure is highly conserved in this loop 9 region.  In Rap1, residues 121 

through 124 form a short helical-like structure stabilized by the carbonyl oxygen atoms of 

leucine 120 and glutamate 121 hydrogen bonding to the backbone amide of glutamate 

123 and arginine 124, respectively.  In addition, the glutamate 121 side chain oxygen 

atoms form hydrogen bonds with two of the arginine side chain nitrogen atoms.  This 

secondary structural element is conserved in Rap2a despite a serine substitution for 

aspartate 122, but is completely absent in Ras.  In this same area, two glutamates exist 

where Ras has alanines.  Glu 123 extends towards the guanine base part of the nucleotide 

and Glu121 extends out towards the solvent.  These residues in Rap1a and Rap2a on this 

helical-like structure add an extra charged character to this area of the protein not seen in 

Ras, which may contribute to binding specificity or nucleotide dissociation 

 

Figure 20:  Ribbon diagram of insertion at residue 121 (left) and residue 140 (right).  Black=Rap1a, Light 
Grey=Rap1a from Rap�Raf, Grey=Rap2a, Red=Ras 
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DISCUSSION 

 After several attempts at purification, the three cysteine to serine mutations solved 

the problem of Rap1a oligomerization.  All three seem to be reasonable mutations that do 

not affect the overall structure or function of the protein.  Any minor structural deviations 

in the immediate area are remedied within one or two residues on both sides of the 

mutations. Cys139 spatially looks as though it may be able to form an intramolecular 

disulfide bond with Cys141 (Figure 20), but this is unlikely given the reduced 

environment in the cell; Cys 139 is absent in both Ras and Rap2a, and Cys141 is absent 

in Ras.  The insertion at residue 140 with respect to Ras and Rap2a allows more room for 

 

Figure 21:   Speculative Cys139 to Cys141 disulfide. 

this new unique disulfide bond to form.  However, this speculative disulfide bond in loop 

9 is not seen in the wild type Rap�Raf structure and would have to overcome the 

preferable energetic stabilization provided by secondary structure elements on both sides 

of the loop region.  The short loop 9 contains residues 138-142 and connects α5 and β6 
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which are highly stabilized by neighboring secondary structure elements via interstrand 

hydrogen bonding networks.  A Cys139 to Cys141 disulfide bond would also have to 

break a 3.2Å hydrogen bond between the carbonyl oxygen of Trp138 and the backbone 

amide nitrogen of Cys141.  In addition, the Trp 138 side chain, anchored in a 

hydrophobic pocket would likely be disturbed, distorting this area of the protein.  This 

evidence suggests that a Cys139 to Cys141 disulfide bond is highly unlikely, especially 

under a naturally reduced cell environment.  Thus it is reasonable to assume that all three 

cysteine to serine mutations do not cause any significant structural changes.   

 Although the Rap1a crystal form being described here is of Rap1a alone, the 

interface in which the two molecules in the asymmetric unit interact resembles that of the 

Rap�Raf interface.    Residues 32-40 of the β2 strands of the two Rap1a molecules line 

up in an antiparallel fashion making backbone to backbone hydrogen bonds resembling 

the same interaction between Rap�s β2 and Raf�s B2 strands.  However, because of 

sequence differences between Rap1a and Raf, the side chains do not interact in the same 

way.  This orientation is serendipitous in that the conformation of switch I is stabilized in 

a biologically relevant form for both molecules in the Rap1a structure.  The interaction 

between the two Rap1a molecules preferably stabilizes each other�s switch I regions 

without affecting the salt bridge observed between residues 41 and 54 of Rap1a.   

 The unique salt bridge described between Arg41 of β2 and Glu54 of β3 has a few 

possible functional implications.  This salt bridge is present in monomeric Rap1a and 

absent when Rap1a binds to Raf.  Therefore, in order for GTP-bound Rap1a to bind 

effectively with Raf, this salt bridge must be broken or at least destabilized.  The lack of 

an Arg41 to Asp54 salt bridge in Ras may pose differences in binding affinities to Raf.  If 
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Ras does not have to overcome this added salt bridge stabilization seen in Rap1a, the 

binding affinity for Raf may be greater and association with Raf faster. Although this 

interaction is a very local one in terms of the entire Rap-Raf and Ras-Raf binding 

interface, one could speculate that changing the orientation of either of these side chains 

involved in the salt bridge would have an effect on the binding affinity towards Raf, by 

changing the activation energy needed to destabilize the salt bridge.  This simple 

difference in affinities may be important in the cell for antagonistic purposes. 

The switch II region of Rap1a displays many unique and interesting features that 

provide some new insight into the activity of Rap1a.  Brinkmann et al have described 

Phe64 as being a dominant active residue in that a F64E or F64A mutant cannot be 

downregulated by RapGAP1; a Q63A mutant can only be partially downregulated 

(Brinkmann 2002).  Based on the conformation of the switch II regions in the more 

ordered molecule A of Rap1a, Phe64 seems to shield all of the charged residues nearby.  

It seems that if this hydrophobic stabilization and steric hindrance by Phe64 is not 

maintained, the flexible side chains of Gln99, Asp69, and Arg102 in molecule A would 

be able to establish a new more energetically favorable hydrogen bonding network and 

possibly a new stable salt bridge.  In order to form this more stable salt bridge, the main 

chain at Asp69 would have to shift toward Arg102.  This main chain shift would have a 

direct effect on the neighboring, highly conserved Arg68.  In addition to providing switch 

II stabilization by extensive hydrogen bonding in Rap1a and other Ras GTPases, Arg68 

hydrogen bonds (3.1Å) directly to the backbone carbonyl oxygen of Thr61.  The relative 

B-factors for Thr61 and Arg68 are very low compared with the rest of switch II 

indicating low residue flexibility, and consequently labeling the hydrogen bond between 
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them very important (Figure 17).  In Ras, the interaction of Arg68 and Gln61 is not the 

same as seen in Rap1a.  The carbonyl oxygen of Gln61 and the terminal side chain 

nitrogen of Arg68 are not close enough (4Å) for hydrogen bonding.  Instead the two 

interact indirectly through a bridging water molecule.  Thus the effect of a main chain 

shift involving Arg68 in Ras may be inconsequential in contrast with Rap1a because the 

bridging water could move slightly to maintain the indirect hydrogen bond between 

Gln61 and Arg68.  However, it is possible that by separating Arg68 from Thr61, a water 

could fill the void as is seen in Ras.  The main chain shift at Arg68 may destabilize loop 4 

by either breaking the hydrogen bond between Arg68 and Thr61 or pulling Thr61 away 

from the nucleotide.  The latter would alter the interaction between Gly60 of loop 4 and 

GTP.  This may prevent RapGAP from inserting its proposed catalytic lysines into the 

GTP binding pocket. 

 The positioning of the Phe64 side chain between Arg102 and Asp69 appears to be 

important for either RapGAP binding or activity.  Preventing this salt bridge may be 

crucial for proper GAP induced GTPase activity.  Although Phe64 has been studied and 

appears to be a good candidate to prevent this interaction, other candidates for 

accomplishing the same task may exist.  Leu101 in Rap is a tree determining residue 

(Nicely 2004).  Perhaps this leucine residue keeps Arg102 from forming the same salt 

bridge with Asp69.  More mutation experiments must be completed before a reliable 

GAP induced GTPase mechanism can be revealed.    

It has been reported that RBD of Raf serves as a guanine nucleotide dissociation 

inhibitor (GDI) when bound to Rap and Ras (Nassar 1995) and the intrinsic GTP 

hydrolysis for Rap1a is about 10 times lower than for Ras because of the glutamine to 
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threonine substitution (Chakrabarti 2004).  It has also been reported that Thr61 may not 

be involved in the direct hydrolysis of GTP.  These facts along with structural 

comparison information from the Rap�Raf and Rap1a structures point toward a possible 

function for Thr61.  In the Rap�Raf structure, the Thr61 is in a position which is 4.5Å 

closer to Pro34 (Figure 16) that the Thr61 of monomeric Rap1a.  In this position Thr61 

may cover the nucleotide pocket helping Pro34 and Tyr32 to sterically impair the 

dissociation of Pi after hydrolysis. Although this proposed method of guanine nucleotide 

dissociation inhibition is absent in Rap1a without RBD of Raf bound, differences in 

crystal contacts may have an effect on the positioning of Thr61 and switch II, in general.  

Though this mechanism seems plausible, the interactions between Rap1a and RBD that 

are necessary to induce the switch II conformation found in the Rap�Raf structure are 

not known, nor is one able to be proposed based on currect crystal structures.  Although it 

has been reported that the Q61L mutant of Ras cannot be downregulated by RasGAP 

because of steric hindrance on the incoming catalytic arginines (Brinkmann 2002), 

perhaps the mutation also functions similarly to Thr61 of Rap�Raf by sterically slowing 

the rate of Pi dissociation.  Figure 16 shows that leucine of Ras moves closer to Pro34 

covering the GTP pocket like Thr61 of Rap�Raf does.   

Helix α4 in Rap1a has many characteristics that suggest it is a functionally 

important area.  Similar B-factor and rmsd characteristics (Figure 18 and 19, respectively) 

between α2 of switch II, α3, and α4 indicate movement to similar degrees.  These 

statistics are significantly higher than all other secondary structure elements.  The relative 

orientation of these three helices is shown below in Figure 20.  In RalA, the interfaces 

between these helices are important.  These interfaces contain Ral tree-determinant 
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residues determined from a sequence space analysis which make unique interactions that 

distinguish Ral from Ras and Rap (Nicely 2004).  In Ral, T104 and R145 form a 

hydrogen bond between α3 and α4.  This hydrogen bond is not found in Rap1a; two 

leucines occupy this position, but the additional hydrophobicity may help to serve the 

same function in a different way.   

A binding site has been proposed between α3 and α4 in RalA (Nicely 2004).  This 

speculative binding site may also occur in Rap1a as a site of RapGEF and/or GAP 

interaction.  The entire α4 region is lined by symmetry molecules which interact with 

Rap1a via several salt bridges while α3 interacts with symmetry molecules via polar 

interactions indicating preferable protein-protein interactions at this interface.  The 

interface between α3 and α4 is important because α3 is directly involved in the 

orientation of α2 and switch II.  The speculative Arg102 to Asp69 salt bridge, the Phe64 

position, and the position of Leu101 discussed earlier is directly related to the orientation 

of all three of these helices.  Mutations in residues at the interface of α3 and α4 may 

contribute to the understanding of how the relative orientation of these three helices 

affects GAP-stimulated GTPase activity.  Trp138 may be a good candidate in that it is 

conserved in Rap2a and RalA and seems to contribute to the stabilization of the α helical 

character of α3 and α4 by hydrophobic interactions.  Destabilizing α3 might orient the 

helices differently and break up important α3/α2 interactions required for GAP-

stimulated GTPase activity. 
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Figure 22:  Orientation of α2 (light grey), α3 (dark grey), and α4 (black) in Rap1a 
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CONCLUSION 

 The crystal structure of Rap1a bound to GTP presented here contributes valuable 

structural information to the Rap1a story.  As a compliment to the previously published 

Rap�Raf structure bound to GMPPNP, this new monomeric version of Rap1a provides 

insight into possible functional characteristics based on small structural differences 

between the protein alone and in complex with Raf. By comparing the small differences 

between Rap1a and Rap�Raf with other small GTPases like H-Ras, Rap2a, and RalA, 

these new possible functional roles can be determined. 

 It appears that the formation of salt bridges may have a functional role in Rap1a, 

and that the process of forming and breaking these interactions could have a role in 

binding to effectors and regulatory proteins.  It is well known that the switch regions are 

sites of protein-protein interactions in GTPases and that they exhibit high conformational 

flexibility. Other sites, such as the interface between helices a3 and a4, have been 

proposed by us and others as putative sites of protein:protein interactions in Ras, Ral and 

Rap2 (Nicely 2004). Interestingly, these sites also exhibit higher than average B-factors 

in Rap1a. Although, much is still unknown about the exact mechanisms of Rap1a 

function, details are sure to be unraveled as new Rap1a crystal structures are solved.  If a 

Rap1a�RapGAP structure is solved, perhaps the switch II region will become ordered 

and functions for these residues deduced based on comparisons with other Rap1a switch 

II conformations.  Much more information will be needed in addition to structural studies 

to fully understand Rap1a�s role in different cell types.   
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APPENDIX 

 

cd /home/chris/Rap1a/Rap1aGTP6/rawdata 
/usr/local/bin/scalepack <<STOPINPUT>>scale.log 
 
NUMBER OF ZONES 10 
 
ESTIMATED ERROR 0.05 0.05 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
 
ERROR SCALE FACTOR 1.3 
 
REJECTION PROBABILITY 0.0001 
 
WRITE REJECTION FILE 0.9 
 
@reject 
 
RESOLUTION 20 1.9 
 
SPACE GROUP P21212 
 
REFERENCE BATCH 1 
 
ADD PARTIALS 1 to 180 
 
POSTREFINE 10 
 
FIT crystal a* 1 to 180 
FIT crystal b* 1 to 180 
FIT crystal c* 1 to 180 
 
FIT batch rotx 1 to 180 
FIT batch rotx 1 to 180 
FIT batch mosaicity 1 to 180 
 
FORMAT  denzo_ip 
 
HKL MATRIX 0 0 1 
           1 0 0 
      0 1 0 
     
SECTOR 1 to 180 
 
FILE 1'/home/chris/Rap1a/Rap1aGDP6/rawdata/rap1aGTP61_1_0###.x' 
 
OUTPUT FILE 'Rap1aGTPP21212.sca' 
 
STOPINPUT 
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	INTRODUCTION
	Ras superfamily of GTPases
	Rap1a is a small monomeric G protein in the Ras superfamily of GTPases.  This superfamily includes five subfamilies based on sequence similarities: the Ras, Rho, Rab, Arf, and Ran subfamilies.  Although each subfamily has unique functions, there is a sig
	The Ras subfamily has functions involving transcr
	Members of the Ras subfamily currently number at least 21 and include H-Ras, K-RasA, K-RasB, N-Ras, R-Ras, TC21/R-Ras2, R-Ras3/M-Ras, RalA, RalB, Rin, Rit, Rheb, Noey2, DiRas1/Rig, DiRas2, ERas, DexRas/RasD1, Rap2a, Rap2b, Rap2c, Rap1a, and Rap1b.  The f
	GTPase cycle
	GTPases, like Rap1a, act as binary molecular switches in the cell linking extracellular signals to downstream effector proteins in the cytosol and nucleus.  These molecular switches function by binding GTP and GDP, and changing conformation upon switchin
	Figure 2:  Rap1a GTPase cycle (36)
	All GTPases have a relatively low intrinsic GTPase activity.  Rap1a has a 10-fold lower intrinsic GTPase activity than Ras, mainly because of a glutamine to threonine substitution at residue 61 (Chakrabarti 2004).  Regulator proteins are found in the c
	The GEF stimulated nucleotide exchange reaction i
	GTPase activating proteins \(GAPs\) catalyze t�
	�
	Figure 3:  Kinetic scheme for mechanism of GTPase
	The mechanism for the intrinsic hydrolysis of Ras has been extensively studied and is thought to involve the activation of a catalytic water molecule by glutamine 61, although the details of the mechanism are still under discussion in the literature.  Th
	Other studies using fourier transform infared spe
	Ras oncogenicity / Rap antagonism
	Mutations in GTPases that prevent the proper flow through the GTP cycle have profound implications in apoptosis, cellular transformation, and tumor growth.  It has been reported that 30% of all human tumors have an oncogenic mutant form of Ras which inhi
	Rap1a was originally identified as the element capable of reverting K-Ras induced transformation of NIH 3T3 fibroblasts; hence the alternate name, Krev-1.  Because Rap1a has almost identical effector regions as Ras, it can function as a Ras antagonist.
	Effector binding / activation
	The most studied Ras pathway is the MAPK (mitogen-activated protein kinase) signal cascade because this pathway exists in all eukaryotes and can lead to changes in cell differentiation, proliferation, cell survival, and apoptosis (Kolch 2000).  Ras t
	Figure 4:  Rap1a signaling complexity.  Rap1 activators (direct and indirect) shown in dark purple, Rap1 inhibitors shown in pink, and Rap1 putative effectors shown in green. (Bos 2001)
	been known for its oncogenic reverting abilities, it has been shown to be able to activate this Raf/MEK/ERK pathway to an unknown extent in some cells through B-Raf.
	Ras has at least 10 known effectors \(not includ
	Rap1 has also been shown to activate RalGEF.  This interaction may be an artifact of the in vitro experiment, however.  It is possible that in the cell, Rap1 never comes into contact with RalGEFs; so although in vitro Rap1 may have the features required
	Table 1:  Cell type and stimulus required to activate Rap1a for ERK activation.
	�
	Membrane insertion / localization
	All Ras family isoforms differ mainly in their C-terminal hypervariable regions.  The sequences for these regions direct post-translational processing, plasma membrane anchoring, and trafficking of newly synthesized protein from the cytosolic surface of
	The significance of the redundancy in Rap and Ras isoforms is still largely unknown despite recent investigations into the functional effect of subcellular locales on the activation of these isoforms (Reuther 2000).  The primary sequences of the cataly
	�
	Figure 5: Primary structure comparison.  Rap2a secondary structure described and labeled above sequence information.  Residues differing from Rap1a are bold and residues differing from H-Ras are underlined.
	residue at its C-terminus.  Therefore, numbering 
	Each of these small GTPases is post-translationally modified for membrane insertion.  Rap1a and Rap1b are geranyl-geranylated at cysteine 181 by a geranylgeranyl transferase via a thioether bond, the three terminal residues are subsequently cleaved, and
	Like the Rap1 isoforms, H-, N-, and K-Ras have an almost identical catalytic region (residues 1-166) with differing C-termini (167-189).  Ras proteins can be C-terminally modified by a palmitoyl transferase which adds a palmitoyl group to cysteines 1
	A post-translationally modified GTPase with attached lipid feet can interact with prenyl-binding proteins which bind the lipid feet and may determine whether or not the GTPase is inserted into specific lipid rafts of the membrane.  These prenyl-binding p
	Rap1a structure
	The catalytic domain of Rap1a \(residues 1-167\�
	Switch I includes residues 30-40 which contains m
	Figure 6:  Labeled secondary structure cartoon of Rap1a, molecule A.
	specificities between Ras and Rap (Nassar 1996).  The remainder of the switch I of Rap1a is sequentially identical to Ras and different from Rap2a only at position 39 where a phenylalanine replaces the serine of Rap1a and Ras.  Ser39 of Rap1a forms a h
	Switch II includes residues 60-74.  Upon hydrolysis of bound GTP, major conformational changes occur in this region in Ras GTPases.  This region is sequentially and structurally diverse between family members, and like switch I, unless this region is sta
	The P-loop is conserved among all GTPases and stretches from residue 10 to 17.  This covers all of loop 1 and the beginning of a helix 1.  Mutants of glycine residues 12 or 13 in Ras result in transformation, due to steric clash of the arginine finger fr
	The base portion of GTP is bound by two highly conserved sequence motifs: Gln, Lys, Cys, Asp (residues 116-119) and Ser, Ala, Lys (residues 147-149 in Rap and 145-147 in Ras).  In vivo mutations in Ras at 116, 117, 119, or 146 cause cell transformati
	Although the mechanisms, functions, and structures of Ras have been well characterized, only recently have reports of unique functions for Rap proteins emerged.  Numerous crystal structures of Ras (including mutants), Ras bound to effectors, and Ras bo
	Table 2:  Proteins used in structural comparisons.
	ProteinnucleotidePDB codeResolution
	Rap1aGTPunpublished1.9Å
	Rap1a—RafGMPPNP1C1Y1.9Å
	H-RasGTP1QRA1.7Å
	Rap2aGTP3RAP2.2Å
	METHODOLOGY
	Cysteine to serine mutations
	To prevent oligomerization of Rap1a, three cysteine to serine mutations were made.   The sites of mutation were determined by comparative analysis of the amino acid sequence of Rap1a with the 3D structures of H-Ras, RalA, and Rap2a.  Progressive C48S, C1
	Protein overexpression
	A 200mL, overnight, inoculated, LB culture was gr
	Protein purification
	Cell pellets were uniformly resuspended in 50mL c
	Protein solution was separated by FPLC starting with anion exchange chromatography.  A Buffer A equilibrated HiLoad 26/10 Q Sepharose Fast Flow anion exchange column (Amersham Pharmacia) was injected with protein solution.  Protein was eluted from colu
	Crystallization
	Rap1a-GTP crystals were obtained by the hanging d
	Another crystal form \(possibly Rap1a-GDP\) wa�
	Data collection, indexing, and processing
	Synchrotron data was collected at SER-CAT ID-22 b
	Synchrotron data collected for the other crystal form indicated a different space group, but the resolution was too low to accurately process the data and solve the structure.  This crystal form is hypothesized to be either GDP-bound Rap1a or another GTP
	Structure Refinement
	After diffraction data were processed and scaled,
	RESULTS
	Purification and Crystallization
	In order to purify Rap1a, cysteine to serine mutations were made to prevent oligomerization.  Although a total of five cysteine residues are found in Rap1, cysteines 48, 118, and 139 were deduced to be making intermolecular disulfide bonds (Figure 7) b
	��
	��
	Figure 7:  Rap1a oligomerization.  a) WT Rap1a after QHP  b) C48S Rap1a after QHP  c) C48S C139S Rap1a after QHP  d)C48S C139S C118S Rap1a after QHP
	E. coli expressed Rap1a was FPLC purified through QFF (Q-Sepharose Fast Flow) anion exchange, gel filtration (size exclusion) , and QHP (Q-Sepharose High Performance) anion exchange.  At the QHP stage, two separated peaks corresponding to the same 
	�
	Figure 8:  Rap1a elution by salt gradient during QHP.  1st peak=GDP.  2nd peak=GTP.
	Most GTPases do not crystallize in their natural 
	A different form of Rap1a was also crystallized. 
	GTP-bound Rap1a crystallized via the hanging drop method in 0.1M sodium acetate trihydrate ph 4.6, 0.2M ammonium sulfate, and 25% w/v polyethylene glycol 4000 in a 2uLx2uL (reservoir x protein) drop.  The size of the crystals was dependent on the prote
	Table 3:  Rap1a Data collection/refinement statistics.
	Space Group
	P21212
	Unit Cell              a=
	113.131
	b=
	42.584
	c=
	66.327
	alpha =
	90
	beta =
	90
	gamma =
	90
	Resolution Limits
	50-1.9Å
	# reflections used
	28581
	Completeness \(1.9Å\)
	96%
	Rmsd bonds
	0.005312
	rmsd angles
	1.36621
	Refinement Rounds
	17
	Final R-factor
	20.59%
	Final R-free
	23.75%
	Average B factor
	23.1884
	# Protein atoms
	2660
	# water molecules
	300
	# GTP molecules
	2
	# Mg molecules
	2
	# molecules in AU
	2
	# Sulfate Ions
	1
	����
	Figure 9:  Rap1a crystals at concentrations of:  a)20mg/ml  b)15mg/ml  c)10mg/ml  d)6mg/ml
	Structurally Rap1a is very similar to the Rap1a—R
	�
	Figure 10:  All atom r.m.s.d.s for full protein, 
	�
	Figure 11:  Switch I and 2 B-factors as percentag
	Small side chain differences in switch I
	The conformations of the switch I regions of the four structures in the present analysis are highly conserved.  These regions, in the various crystals involved, display very low flexibility compared with the rest of the molecules as indicated in Figure 1
	�
	Figure 12:  Switch I superposition.  Black=Rap1a,
	loop 2 and ß2, with ß2 starting in the same plac
	Ras and Rap1a share identical effector regions (residues 32-40), while Rap2a shares identity with all but residue 39.  Although residues 30 and 31 in Ras and Rap1a do not directly interact with the Ras Binding Domain of Raf, they are different in these
	Some Rap1a switch I residues like Asp33 take on a
	Tyr32 is a residue that adopts two different conformations in Ras.  In the closed conformation, Tyr32 hydrogen bonds to a phosphoryl oxygen on the gamma phosphate and 2 important water molecules.  In this conformation the phosphate moiety of the nucleoti
	A salt bridge connects ß2 of switch I to ß3
	Arg41 and Glu54 both participate in the Rap—Raf i
	Although a salt bridge between Arg41 and Glu54 (Asp in Ras) is not seen in any other structure, a salt bridge exists in Ras between Glu3 and Arg41.  This salt bridge exists in Rap1a as well, but it appears that Rap1a favors the Glu54/Arg41 interaction 
	�
	Figure 13:  Arg41 to Glu54 salt bridge.  Green=Ra
	\Switch II is disordered to different degrees in molecule A and B.
	Switch II seems to be disordered in all of the st
	Ras, Rap2a, Rap1a, and Rap—Raf display completely
	�
	Figure 14:  Absolute B-factors by residue for swi
	the proximity to a3 seems to give additional order to the loop 4 portion of the switch possibly accounting for the differences in order relative to molecule B despite only minor differences in crystal contacts (Figure 15).  B-factors are compared in Fi
	The conformation of Phe64 in molecule B is different from that found in molecule A.  Phe64 appears to point in opposite directions when comparing molecule A to molecule B, but only the backbone of molecule B can be confidently modeled (Figure 15).  The
	�
	Figure 15:  Switch II superposition.  Black=Rap1a
	Deviations in Thr61 conformation between Rap1a an
	At the beginning of switch II, residue 61 is a th
	In the Rap—Raf structure Thr is 4Å away from the�
	�
	Figure 16:  Residue 61 orientation relative to GT
	Phe64 shields direct interactions between nearby charged residues
	It has been reported that a dominant active form of Rap1a is the mutant F64A (Brinkmann 2002).  This switch II phenylalanine is the only large hydrophobic side chain in this region.  Phe64 of molecule A seems to interfere with several charged and polar
	�
	Figure 17:  Orientation of salt bridge, Arg68, Thr61, and GTP
	Arg68 mediates a salt bridge interaction network
	Despite the general switch II conformational divergence amongst all GTPases being investigated, a helical character beginning at residue 66 is conserved and brings some order to the switch region.  Arg68 specifically, is well conserved.  Arg68 is involve
	Effect of F64A mutation on GTP accessibility
	The F64A mutation in Rap1a may have a direct structural effect on GTPase activity.  Gly60 in Ras, Rap1, and Rap2 binds a phosphoryl oxygen on the ? phosphate of GTP.  This loop 4 interaction seems to anchor the beginning of the switch II region.  The Rap
	Helix a4 exhibits characteristics of a protein-protein interaction site
	A network of hydrogen bonding in a helix 4 is see
	Despite differences in the hydrogen bonding and salt bridge patterns, the backbone helical structure of a4 is conserved in all Ras family GTPases.  In monomeric Rap1a, helix a4 as well as a3 and a2 stand out by having the highest B-factors and rmsd value
	In RalA, a very important hydrogen bond exists be
	�
	Figure 18:  B-factor plot comparing secondary structural elements of molecule A and B of Rap1a.
	�
	Figure 19:  R.M.S.D. plot comparing secondary structural elements of molecule A and B of Rap1a
	Insertions in Rap1a have little effect on secondary structure
	Despite insertions at residues 121 and 140 in Rap
	��
	Figure 20:  Ribbon diagram of insertion at residu
	DISCUSSION
	After several attempts at purification, the three cysteine to serine mutations solved the problem of Rap1a oligomerization.  All three seem to be reasonable mutations that do not affect the overall structure or function of the protein.  Any minor structu
	�
	Figure 21:   Speculative Cys139 to Cys141 disulfide.
	this new unique disulfide bond to form.  However,
	Although the Rap1a crystal form being described h
	The unique salt bridge described between Arg41 of
	The switch II region of Rap1a displays many unique and interesting features that provide some new insight into the activity of Rap1a.  Brinkmann et al have described Phe64 as being a dominant active residue in that a F64E or F64A mutant cannot be downreg
	The positioning of the Phe64 side chain between Arg102 and Asp69 appears to be important for either RapGAP binding or activity.  Preventing this salt bridge may be crucial for proper GAP induced GTPase activity.  Although Phe64 has been studied and appea
	It has been reported that RBD of Raf serves as a guanine nucleotide dissociation inhibitor (GDI) when bound to Rap and Ras (Nassar 1995) and the intrinsic GTP hydrolysis for Rap1a is about 10 times lower than for Ras because of the glutamine to threo
	Helix a4 in Rap1a has many characteristics that suggest it is a functionally important area.  Similar B-factor and rmsd characteristics (Figure 18 and 19, respectively) between a2 of switch II, a3, and a4 indicate movement to similar degrees.  These st
	A binding site has been proposed between a3 and a4 in RalA (Nicely 2004).  This speculative binding site may also occur in Rap1a as a site of RapGEF and/or GAP interaction.  The entire a4 region is lined by symmetry molecules which interact with Rap1a 
	�
	Figure 22:  Orientation of a2 (light grey), a3 (dark grey), and a4 (black) in Rap1a
	CONCLUSION
	The crystal structure of Rap1a bound to GTP prese
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