ABSTRACT

SMITH, MYCHAL DAIJON. Probing the Hotspot Binding Sites afdeins: P22TSFRas
andBAF. (Under the direction of Dr. Carla Mattos.)
The Multiple Solvent Crystalfutdlforuct ur eds
studying protein surfaces, ing&tions and their function. MSCS is an experimental method
that utilizes small organic solvents to map these protein characteristics. More recently it was
discovered that these different organic solvent environments allow you to observe water
molecules oftructural and functional importance. Many studies have shown evidence that
water is essential to proteprotein interactions, proteiligand interactions and even
catalytic mechanisms. Given this powerful potential of the MSCS method for characterizing
protein binding sites, our group set out to analyze surfaces of proteins that bind to different
types of ligands: peptides, other proteins, sugars, lipids, RNA and DNA. Previous research
shows results for Elastase, Lysozyme, RNAse A, Chymotrypsin, TrypdiRas. While
these proteins represent a multitude of categories my study seeks to expand the analysis sets.
This thesis descrilsegesults of the MSCS methagbplied tathe protein surfaces of
Phage 22 Tailspike (P22TSRasG12V and RasQ61L, aBarrierto-autointegration Factor
(BAF). The analysis of P22TSP demonstrates the method applied to a large sugar binding
protein. The results show the ability of the method to depict the active site, sites delineating
longer sugar binding pockets, a site thougHhte a vestigial site, and comprehensive water
analysis including the catalytic water and surrounding water molecules that interact with the

ligand. This is one of the first applications of MSCS to a protein family where the active site



has been well stued but little is known of sites elsewhere. Analysis of RasG12V and
RasQ61L gives the first example of an MSCS comparative analysis between wild type and
diseasecausing mutants. Results show that oncogenic RasG12V, RasQ61L have different
areas of organisolvent overlap with the wild type protein. In RasG12V MSCS was able to
depict areas of known protein complex interactions that were previouslplosgyved
computationally; while RasQ61L MSCS shows a unique area of organic solvent binding not
seen in elter RasG12V or wild type. We were also able to depict differences and
similarities in water networks between both mutants and wild type. The BAF MSCS analysis
demonstrated the first time this method was applied to a-biNdingprotein. MSCS

depicts areasf proteinprotein interactions supporting published d&taaddition,analysis

of surface water moleculesvealechow mutated residues affect BARNA interactions

through water mediated networks instead of direct interactidns.is an important nove
contribution to understanding the mechanism through which mutations affects the binding of
BAF to DNA. Overall we are able to show the ability of MSCS to map protein binding
surfacesn agreement with published data, further validating the method. Mosingly, we

go on to use MSCS wiscover new binding sites and water netwaorkghese three proteins

of interest, enhancing our understanding of their structural features.
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CHAPTER 1: INTRODUCTION

Protein Interactions

Proteins are the essential work machines of the ceélaeminvolved in virtually all
aspects of function. Between 20,00@ 0,000 genes eade for over 500,000pes of
proteins, 10,000 of which can be produced in a cell at any(Bewggard, Linse, & James,
2007). It is thought that 80% of these proteins form some type of complexding protein
protein interactions defined as physical corgagth molecular docking occurring between
proteins vithin a living cell or organisniBerggard et al., 2007De Las Rivas & Fontanillo,
2010. These physical contacts regulate cell growth, morphologylityagene expression,
proliferation, apoptosjsnd intercellular communicatidibe Las Rivas & Fontanillo, 20).0
These many processes are kept meticulously inkclhet can harm the cell when
deregulated, leading to diseases such as cancer. Understanding the rules that govern protein
protein interactions is an important component in being able to disrupt complexes in
dysfunctional cellular systems and could leatigher success in drug development for
treatment of disease. However, due to their characteristics such as size, shape and surface
complementarity protetprotein interactions are very complex and difficult to modulate
Fernandez & Scheraga, 2003

The standard size of protepnotein interfacesary greatly with larger interfaces
typically occurring inG proteins and other members ajrsl transduction pathwayslorton
& Lewis, 1992. By studying these interfaces the types of inteoas between complexes

can be determined.heclassificationof complexes incluels thehomo-complexesthat occur



through dimerizatiomf identical proteins and tend to be fairly stal@ledheterecomplexes
that are usually highly sensititiee cellularenvironment and/or external factgardinale et
al., 20109 Jones & Thornton, 1996Understanding the féars responsible foilofmation of
these complex types contributes greatly to the stligyaieinprotein interactionsroteins
that aranvolvedin homo-complexes are usually nfitund asmonomers in solution and have
their hydrophobic surfaces permargmiuried within the complexJones & Thornton,
1996. In contrast hetersomplexes can exist separately as monomers in salatiowing a
large exposure of its protein surfgdenes & Thornton, 1996The more transient nature of
thehetereacomplexesequires a lessydrophobicsurfaceandenergeticallyweaker
interactions compared ttomocomplexegJones & Thornton, 1996This is an important
distinction when studying protejorotein interactions and the forces that contribute to
complex formation, suchsthose involved irhydrophobicand electrostatimteractions

A gain in free energy refting from the transfer of residues from a polar to nonpolar
environment promote complex interactidisll, 1990). These interactions cause tight
packing of residues causing organized patches protruding from the protein éMidaeiea,
Fernandes, & Ramos, 200These areas also cause expulsion of water moleculessgiicg
entropy and contributing favorably to energy for complex formgit, 1990). Proteins
tend to form favorable complexes when energy is most favorable. One of the most important
electrostatic interactions contributing to coeypformation, even defining the length of
complex interaction, is hydrogen bondif@@amacho, Weng, Vajda, & DeLisi, 1999

Vijayakumar et al., 1998These forces are essential to maintaining protein interactions.



Specific regions or amino acid sequences also contribute to ppotgein
interactions within cell§Cordomi & Perez, 200%Roy, Martinez, Platero, Lane, & Werner
Washburne, 2009Amino acid mutations cause alterations in protein surfaces resulting in
dysfunction(Cordomi & Perez, 20QRoy et al., 200Q This dysfunction can cause
complexes teitherdisassocite too quickly (or not bind at all) or to stay bound too long,
leading to diseases. These areas of dysfunction not only get contributions from the immediate
area but the outside regions as well. Interacting forces from outside these regions create
favorabk surfaces dictating the interactions within, with conformational changes occurring in
one or both protein complex membé@simar & Litwack, 2009. Examples includéhe three
proteins included in the present thepigteins interactingo form a virus complex to further
infect cells(P22TSP)Baxaet al., 199§, proteins interacting to further propagate a signal
within a pathwayRas GTPasdBuhrman, de Serrano, & Mattos, 2008nd proteins
interacting to prevent degradation of a vioedl by integrating its own DNABAF) (Cai et
al., 1998. Prokins interact not only with other proteins, but also A, RNA, sugars
and other ligands, including a variety of small molecules

Proteins interact with DNA specifically or na@pecifically to regulate the biological
function of DNA such as gene expston. Proteins also interact with sugar moieties. One
example of this is from the family of lectin proteins. Lectins recognize sugar moieties and
play a key role in proteins recognizing the surface of aRellishauser & Sach4975. This
allows these types of proteins to have many biological functions such as regulation of control
of protein levels in the blood, cell adhesion, and glycoprotein synifiagishauser &

Sachs, 1976 Another impotant ineraction that idieavily studied is the proteligand



interaction. Some proteins within the human body have natural ligands to help regulate
processes the body. Examples in metabolism andhe nervous systenome to mindlsin

& Guengerich, 20G;70kuno & Yokomizo, 201 Other proteins are the targets of rraade
ligands.Many proteins have become diiaggetsover the yeardJnderstanding thegarotein
interactions is essential to making drugs that are safe and effective to the intendedAiargets.
these types of interactions adariouslevels of complexity to how proteins interact with

their enviroments. Because of thasplethora of experimeatmethod$ave beemlevisedo

study the different types of protein interactions

Protein Interaction Experimental Methods

There are many different methods for isolatind aharacterizing proteimteractiors
in vitro such asblue native gel electrophoresis, protein cHirsising, in vitro binding assays,
and ceimmunoprecipitatior{Miernyk & Thelen, 2008 However, one of the oldest and most
widely used methaglis alanine scanngqimutagenesis. This method systematically substitutes
amino acid residues with an alaninemovng all the sidec hai n at o +ombonfkast t he
L. Morrison & Weiss, 200} Alanine allows for the protein to maintain the backbone
dihedral angles without introducing conformational flexibi(i L. Morrison & Weiss,
2001). This reveals whether a specific residue is important for bindimig wwninimizing the
chances operturbing the overall structure of the protein. Assays dorgro can then
determine the contribution of that side chain to the overall bindinggn®ne of the
drawbacks to this method is the amount of work invol¥#st mutationsmust be made and
thenmutant proteingreexpressed and purified, which sometimes involves a refolding step

(K. L. Morrison & Weiss, 2001 In spite of being labor intensivénis method helped



redefinea framework for studying individual residue contributions to intermolecular
interactions and tkto the new categorizatiai hot spotsas areas on th@otein surface that

contributesignificantly to affinity(Clackson & Wells, 1996

Protein Hot Spot Definition

Originally, aprotein hot spotvasdeternined to be a site where an alanine mutation
causes a significant increase in tiedingfree energy of at least 2.0 kcal/n{fdhorn &
Bogan, 200} Previously, esiduesvereconsideredo havea strong impact on protein
binding ifit contributeda free energgreaterthan 4.0 kcal/mo{Moreira et al., 200)/
However this binding energy is highly unusuatd the limit for a hot spot had to bevieed
to 2.0 kcal/mol in order to get m®accurate statistical analygé4oreira et al., 200 This
led to theidea that within a protetprotein interface only a small subset of the buried
residues contributes the majority of te binding affinity(Moreira et al., 200) Analysis
show that the composition of the residues within these hot spots are not random but distinct
(Lichtarge, Bourne, & Cohen, 1996vith tyrosine (12.3%), arginine (13.3%), and
tryptophan (21%) being considered the most fundam@vitaieira et al., 200) These
amino acids contribute to the complementarity of the binding pocket which normally
contairs a plethora of structurally conserved resid(Feasu & Argos, 1994 A
complementary pocket is defined as a pocket with similarity in both the pcoaittcbehapef
hydrophilic anchydrophobic hot spot@rkin & Wells, 2004. Complementary pockets have
characteristics dfiydrophobic residues from one protein surfattenj into pockets on the
opposite surface or the forming of salt bridges from buried charged re§ities& Wells,

2004). Thisledto the idea that the face of one hot spot packs against the face of another hot



spot when complex binding occyisS. Moreira, P. A. Fernandes, & M. J. Ramos, 2006
Irina S. Moreira, Pedro A. Fernandes, & Maria J. Ramos,)2@6 has becomedriving
forcein drug discoveryLi, Keskin, Ma, Nussiav, & Liang, 2004. Overall complementarity
can be affected by the number of buried water molecules, packing densities of atoms
involved in the interface, positioning of polar and nonpolar residuethasdze of the buried
surface(Lawrence & Colman, 1993Complementarity is thought to be consistent across
pockets because they are enriched with conserved residuesevolve(del Sol Mesa,
Pazos, & Valencia, 200&oh & Cohen, 2002and also correlateithin the protruding
residues that follow a similar trerfdi et al., 2004. These ideas of hot spots and pockets of
complementarity have driven the methodslafg discovery for decadeslakhine scanning is
not sufficient when looking at thesgpes ofproteininteractions. However, moedficient

methodsarerecentlydeveloped to dermine areas of proteinteradions

FTMAP

Experimental methods are often usetbtrate areas of proteinteractions, yet e
drawback to experimental methods is that the experiments take a long tiomepke
Computational methods can be used in combination with experiments to expedite the
processFTMAP is a computational tool developed to reproduce NMR amdybinding
site mapping resuli@Brenke et al., 2009 The method uses organic probe roales by
employing an algorithrnthat generatesver 2000 bound molecules using rigid body docking,
refining of positions through use of energy minimization, clustesfrige conformational
results, and ranking the clusters based on average free ¢Bezglte et al., 2009This

program allows for the use of millions of probes covetirgentire proteinvith organic



solvents computationally to determine binding sites. The ability to probe the protein surface
regardless of crystal symmetry is one of dldeantages dFTMAP. One disadvantage of
FTMAP is that it may not always be biologically relevant since it does not tates, i, or
ligandmolecules into account. For this reasibig essential we combine experimental and
computational methods to tge better idea of what is happening within protein complexes.

Two such experimental methods are SAR by NMR and phage display.

Drug Discovery Methods

Drug discovery is a process in which identification and optimization of dieagsto
uncovering of inteactionswith a targeta alter its activity This process relies heavily on the
properties of proteitigand interactions. Because of the plethora of compounds available for
drug targetshigh throughput methods are sought out by many companies. Mordygcen
because of the amount of resources requireate efficient fragmenbased methas are
currently being refined. Fragmebased methods allows for the screening of fewer
compounds, use of lesser resources than high througlgaudfsmaller compoundthat are
weak but efficient binders, amttvelopment ofmore potent compounds by merging or
linking while keeping high ligand efficiend¥rlanson, 2006 SAR by NMR is a method
that fits nicely in this category because of its ability t@eorarobustlibrary of weak to tight
binding compounds in a high throughput fashi8AR by NMR accomplishes these goals by
testing if the ligand interacts with target by measuring changes in target chemical shifts and
testing if the ligand interacts withrget by measuring changes in ligand NMR parameters
upon addition of the targéColes, Heller, & Kessler, 2003This allows for the screening of

100,000 or more compounds a week while being very cost effiéigah though this method



is highly effective, disadvantages such as the limits of protein size, the need to breakdown
compound mixtures, and the large amount of soluble and isotopically labeled protein
required(C. Fernandez & Jahnke, 200#creases the need to explore other methods of drug
discovery.

Another method being highlysedin the drug discovery realm is phage display.
Phage display is a screening combinatorial peptide library technique used torstedy p
protein, proteirpeptide, and protei®NA interactions using bacteriophages connecting
proteins with genetic informian in which they are encodir{¢luang, Pershad, Kokoszk&a
Kay, 201). This technique allows for the generating of libraries includingdiOmore
different peptidegHuang et al., 2001 This vast number of peptide targetsfersmany
advantageto the phage display methoslich as the ability of the libraries to be regenerated
and stored indefinitely, thehorttime it takes to identify ligands, and the easth which a
selected peptide can mentified (Huang et al., 20)1While this method is great for
screening large amounts of targets for use in drug discovery there are some limitations. The
molarity of the peptides is low causing the need for synthetic versions to be made and
because of soenlimitations on biological selections of certain residues within the peptide the
results can become bias@duang et al., 2001 Thisresults inphage displaypecomingmore
of a surveying tool rathehan a tool to analyze specifics about the interactions. Both SAR by
NMR and phage display ateols forfragmentbased high throughput experimetasdentify
potential interaction targets. However, when considaheganalysis oprotein interactions

more information such as a pocketmposition protein conformatioal changesand water



analysis are needed in order to determine the true effects of bimtiellultiple Solvent

Crystal Structures (MSCS) methatiows for this deeper, more detailed, gs&

Multiple Solvent Crystal Structures Method

MSCS was first published as experimental method for use in determining and
characterizing protein binding sit@Sarla Mattos & Ringe, 1996It was proposed that
developing ayood method for locating and characterizing bindingrsitespotson protein
surfaces would lead to a more efficient method for drug dé€€igria Mattos & Ringe,
1996. The early experiments revealed that the proteins retained a heavily hydrated first shell
while only a few organic solvent molecules bound within the activéMit®echene, G.
Wink, M. Smith, P. Swartz, & C. Mattos, 200@arla Mattos et al., 2006This initial work
focused on the development and validatbthe MSCS method as a general means to study
binding sites on protein surfaces. First high quality crystals that diffract to greater than 2.0 A
resolution(preferably between 1.3 A1.7 A) must be obtained. Next these crystals are
crosslinked so thathey can be transferred to a variety dizeat conditions withminimal
damage. Although gluteraldehydethe standard crosslinking agent for MSCS experiments,
any type of crostinker can be used as long as it does not perturb the structure of tha.protei
After crosslinking, the crystals are soaked in either neat organic solverdavent/water
mixture forat leastan hour. The crystals are then dipped in a cryoprotectant to be collected
using xray diffraction. The resulting structures are superisagioand angzed. The organic
solventsclusterin areas of protelprotein interactions or proteiigand interactionshat
were determined to coincide withiot spotgCarla Mattos et al., 2006The organic

moleculeswithin these hot spots atikought to reveal the shape and chemical properties of
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the surroundig interacting regiofMichelle Dechene, Glenn&/ink, Mychal Smith, Paul
Swartz, & Carla Mattos, 2009By knowing these characteristics we then should be able to
develop functional groupbat bind to the surfaceithin a larger drug ligandn the MSCS
methodwe consider a hot spot to bind at letsb different kinds oforganic solvent
moleculeghatcluster when the relevant structures are superimpd$edMSCS method has
been successfully applied to many proteins, providing new ways to analyze structures.

After MSCS was validated through itsphigationto Elastaséserine proteasdiCarla
Mattos et al., 2006nve used the MSCS RNAse A (a RNA binding protein) to study subtle
changes in protein comimations (protein plasticity) and hydration characteristighelle
Dechene et al., 2009This was the first time a thorough water analysis was presented
through heuse of MSCS using a serautomated method. Water is essential to protein
structure, function and dynami¢Ball, 2007. Crystallographic water molecules can be split
into four cl asses-l Aiymudiodatcazydmdondalea di Mfgi 0S
location relative to the solveaiccessible surface (SAS) of protein molecules and interaction
modegConnolly, 1983, The Ainsideo class includes wate
cavitieswithin the protein molecules and are most likely confireethe folding process and
exchangevith bulk solvent wate(Nakasako, 2004i Cont act 06 cl ass water s
located outside the SAS interacting with adjoining molecules related by crystallographic
symmetry and mediating intermolecular interacti(iakasako, 2004 Bot-haffer 0st
and nsleacyoenrdd waters are | ocdtaggcer ®utwit kg st hen't
directly with protetlnaysewrof acaet eartso mmsa ka nndg finsoe ¢

interactiongNakasako, 2004 These classifications of water molecules are important in
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analysis of water structure through proteiystallographyWith the use of MSCS we are

able to identify each of these typafswaters these waters haveportant implicationgor

being integral tecatalytic mechanismand are egntial for a natural ligand binding in an

active site. Since we aredking at so many different structures, each with their own
crystallographic waters and organic solvents, our group needed to develop an automated way
to classify and analyze solvent structirinstead of doingisual determination of water and
organic stvent clusterdor a protein in an MSCS set, we now @seautomated organization

of the clusters for easy analysis of resulith the Detectionof Related Solver®ositions

(DROP) program

DRoP Program

DRoPwas created to make a mareerallconsistenainalysis methotbr analyzing
solvent structure in multiple structures of protegiikearney, 2012 One previous problem in
determining solvent clusters in multipteystal stuctures is symmetry. Waters and organic
solvents would sometimes be placed in different symnretated positions within the
structures in the MSCS set. One would then have to determine by visual inspection that all
water molecules with equivalent positsarelocated consistently in the asymmetric unit.
DRoP does this automatically for all relevantventmoleculegKearney, 201 DRoP is
alsoable to give a cluster quslireport and a way to visualize clusters ustyg/1OL
(Kearney, 201p This program allows for more accurate organic solvent and water molecule
location identification, whiclyields more accurate structural analysekSCS has been
applied to Elastase (serine proteg€srla Mattos et al., 2006Lysozyme (Enzyme)

(Nicely, 2005, and RNAse A (RNA binding enzyméylichelle Dechene et al., 200%vhile
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both MSCS and DRoP hiabeen used on Lysozymglycoside hydrolaggDonohue,

Unpublished Resultsyyild type Ras (GTP/GDP binding protefu hr man, ONjConnor
al., 2012, Trypsin (serine proteas@earney, 201p Chymotrypsin (serine protease)

(Kearney, 201 and RNAse AKearney, 201R These previous sets do not encompass all

types of proteins. My research adds to these previous MSCS sets by expanding the types of
protein analyzed by MSCS to P22TSP (sugar binding pradeith)BAF (DNA binding

protein). | also do a compative analysis between the published MSCS for wild type Ras and

for the new MSCS sets of two of its potent oncogenic mutants, Ras G12V (mutant GTP/GDP
binding protein) and Ras Q61L (mutant GTP/GDP binding protEBsh MSCS set is

analyzed using DRofer solvent analysisncludingconservedvater and organic solvent

locations Below | describe the protesmelevant to the present studies.

P22TSP

Salmonella phage P22 is a widely studied vinuthe detection and application of
better drug therapy ethods andéh understanding the bacteriophage infection process.
Salnonella phage P22 isasDNA phage in th@odoviridaefamily (Steinbacher et al.,
1997. This bacteriophage Igsogenicand infects Salmonella bactelig packaging the
DNA into the capsigwhich fills the cel| causing lysis and releasing the phage to infect the
surrounding cell§Susskind & Botstein, 1978 Bacterialinfectionwith Salmonellaaffects
humans when one comes in contact with infected uncooked or cooked food, animals and
even other gople. Live salmonellae enter the body eventually ending up in the
gastrointestinal tra@ndpassing through the lymphatic system of the intestine into other

organs. This can lead to diarrheahdominal cramps, vomiting and naugeaealthy adults
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or canbe fatal in humans with compromised immune systems. Recently, it was reported that
bacteria resistant to antibiotics is on the rise and the tailspike poftmrage 22 (P22TSP)
is a strongcandidate for use as a drug thergpgause of its high resistanto Gl tract
protease enzymdg®Vaseh et al., 20)0P22TSP was orally administered to chickens and
found to reduce Salmonella oolization within the gufWaseh et al., 2030

P22TSP istudied as a model for large protein folding systems and its role in the
bacteri ophageds igoofineodel systenior gur porposebecausellittleisi s a
known about the binding of large complex oligosacaesitoproteirs, sincestructural and
thermodynamic informatiofor theseproteinsarerarelyavailable(Baxa, Cooper, Weintraub,
Pfeil, & Seckler, 200l However there is plenty of datan P22TSPavailable for
comparison across multiple experimental methBt#sgesise tail spike proteins to establish
first contact with host cell surfageshich makes understanding structure as it pertains to
function thatmuchmore importan{Andres et al., 200)2P22TSPs a 666 amino acid residue
protein that is biologically relevant as a homotrirf®&teinbacher et al., 1994The monomer
(seen in the asymmetric unit of ctgisstructureswhere through a thrdeld axis of
symmetry the biological trimer is obtaindehs an overall shape of a fish composed of six
main segments: the body, mouth, dorsaldimg thefirst, second and third segments of the
caudal fin(Steinbacher et al., 1994rhe N-terminus interacts with the viral capsid and is
highly flexible in the isolated protein. Therefore it is not seen in the crystallugragodel.
The Gterminus has three integrated subunits causing high thermal sté®iétgbacher et

al., 1994. Figure 1 showshe triangular shape of tifeehelix within the main body forming
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the long groove of the solverkposed siden which the active site is contain€steinbacher

et al., 1994

Body

Caudal Fin

Figurel. Wild type P22TSPwith natural ligandPDB Code 1TYX. Figure created in
PyMOL (Schrodinger, 2010

Theactive sitas composed of three catalytic reseduincluding one glutamic acid
(E359) and two aspartic acids (D392 & D395) with mutations showing a decrease in
cleavage activityBaxa et al., 1996 These residues help to cledkie igand that P22TSP
recognizes, th®-antigen moiety of thépopolysaccharide of Salmonelllaelonging to
serotype AB, or D1(Baxa et al., 1996 The multitude of serotypes allevor different

binding modes of ligands in theta® groove pocket, endhp thephage to infect multiple
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strains of host cellBaxa et al., 1996 P22TSP also has amdorhamosidase agaty

producing two epeating octasaccharide ur{iBaxa et al., 1996 This process is required for
the virus to achieve infection and may help allow access to the cell surface fon[@is#on
(Bayer, Taleda, & Uetake, 190 Because of P22fhgPds charact e
thermostability, protease resistance, resistance to reversibly imgfolcconcentrated

chemical denaturants and resistance to high levels of urea and SDS, P2RIEGFfas
bacteriophge therapy in humar(8vVaseh et al., 20)0However, in order to drive these
applications in humans a greater understanding of binding interactions between RZ2TSP,
ligand and the rest of the bacteriophage complex is neEtiezidating these interactions

will increase the efficiency of piecing together functional groups to make viable drugs.
Through use of MSCS we are able to discaveeportedinding sites opotential

importance including subsite irthe actie site as presented in Chapter two

Ras

Ras is important for controlling cell proliferation, differentiation and basic cell
survival (FernandeMedarde & Santos, 20)11There are three isoforms of RasRds, N
Ras and KRas. The three isoforms are highly similar, excluding the posttranslational
modifications and amino acids within the hypervariable reffittancock, 2008 The
sequence is 100% identical in thetdtminal lobe 1 (radues 186) and show 90% identity in
the Gterminal lobe 2 (residues 8771) (Hancock, 2008 These are the main regions where
catalytic and protekprotein interaction activities occuwhichjustify the use of one form as
a model for the all the isoform-Rasmutationsare within about 20% of canceaad ocur

mainly in the G12 and Q61 amino acid resid(leernandeaMedarde & Santos, 20)1.1H-
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Ras show9% of the mutations in codon 13, 34% of mutations in codon 61 and 54% of
mutatiors occurring in codon 1@FernandeaMedarde & Santos, 2011These mutations
affect Ras sstronglybecause they interfere with its GTPase functwamgch is essential for
the moleular switch mechanism that regulates signal transduction pathways within the cell
(Bourne, Sanders, & McCormick, 199®Ras has two nucleotid®und states: an inactive
form bound to GDP and an active form bound to @GB&urne et al., 1990GDP is
exchanged for GTP through the action of guanine nude@&tchange factors (GEFs) and
GTP is hydrolyzed to GDP through the enhancement ahthasic GTPase activity of Ras
by GTPase activating proteins (GARB) K. Morrison & Cutler Jr, 1997 GEFs promote
Ras to the signaling active stateough the nucleotidexchange, while GAPs promote Ras
to the inactive state by enhancing the hydrolysis of GTP to GDPiy1i® fold relative to
the ratemeasuredn vitro in wild type RagCampbell, Khosraviar, Rossman, Clark, & Der,

1998.
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As seenn Figure 2, me pathway that plays a significant role in several biological
processes related to Ras is the Ras/Raf/MEK/ERK patf@aypbell etal., 1998. The
pathway begins as the epidermal growth factoepear (EGFR) is activated by axternal
ligand. Binding of this external ligand (epidermal growth factor EGF) causes
phosphorylation of tyrosine residues on EGFR allowing for the bindiggoavth factor
receptorbound protein 2 (GRB2pchulze, Deng, & Mann, 20D5GRB2 is then poised to
interact with the guanine nucleotide exchange factor SOS (sees@fless) causing its
activation(Zarich et al., 2006 SOSthenbinds the membrane bound form of Ras inside the
cell, promoting the exchange of GDP for G{lFampbell et al., 1998The activated Ras
GTP then interacts with Raf, recruiting it to the cell membrane and propagating th€Bignal
K. Morrison & CutlerJr, 1997 Vojtek, Hollenberg, & Cooper, 1993Activated Raf bind
and phosphorylates MEK1 and MEK2, leading to stimulation of ERK1 and ERK2 by
modifying their tyrosine and threonine residg€ampbell et al., 199®. K. Morrison &

Cutler Jr, 199Y. Further propagation of the signal leads to translocafi&@R& to the

nucleus where it interacts with transcription factors to modulate a multitude of cell processes
(Roux & Blenis, 2001 This stimulatioralsoin turnactivates mitogefactivated protein

kinase (MAPK) through phosphorylati¢Avruch et al., 200L MAPK can in turn

phosphorylate many proteins including 40S ribosomal protein kinase (RSKycCand

MNK causing activation leading to phosphorylation of CREBese phosphorylation event
affect many processes within the cell such as proliferation or apgptbéts can cause

diseases such as candégnderstanding the structure of Ras is crucial to understanding how

mutations within these different interacting proteins affect the pathway
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The Ras construct we use for crystallographic purposes has 23 residues truncated
from the Gterminusknown as the hyper variable regidrhe resulting construct is a 166
amino acid residue protein with important structural features includinglibe@pRresidues
10-17), switch I (residues 3040) and switch Il (residue 6076) (Milburn et al., 199D
Switch | and switch Il are important in Ras because of the conformational changes that occur
when GTP is hydrolyzedt @DP, | eading t o t he(Mibameeal,i mol ecul
1990. The hydrolysis of GTP decreases the affinity for detveam effector proteins, thus
terminatng the signa(Bourne, Sanders, & McCormick, 99. Recently our group
discovered a new allosteric site that modulates distinct conformational states associated with
RasGTP (Buhrman, Holzapfel, Fetics, & Mattos, 2010 The #Aoff o state of
switch in Ras has an empty allosteric site and a disordered switch Il within the active site
containing catalytic residue Q§Buhrmanetal., 2000 The fAonod state cont
acetate bound at the allosteric site, leading to a shift in helix3/loop7 towards helix 4 that
orders switch Il, placing Q61 in the catatytienter(Buhrman et al., 20)0The acetate is
thought to mimic an allosteric modulateith a possiblynegatively chargechembrane head
group whichtogether with calcium, can cause a catalytically active stateh would
promoteintrinsic hydrolysiS§Buhrman et al., 2090The discovery of this site allowed us to
further characterizRas in the context of its two lobes, the effector lobe and allosteric lobe
respectively. The effector lobe contains the main catalytic machinery including switch I,
switch II, Rloop and most of the nucleotide binding podlggt hr man, ONjConnor ,
2011). It alsocontains the binding sites for effector protgiBsu hr man, ONjConnor ,

2011). The allosteric lobeequivalent to lobe 2 in the second hetintains Ras regions that
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interact with the membrane, allosteric site including residues R97, D107 and Y137 and the

allosteric switch elements including hédihelix4 and loop B u hr man, ONjConnor ,

2011)). This is considered the allosteric lobe because it connects the allosteric site through

helix 3, at the edge of interlobal region, and switgf8lu hr man, ONjCoflnor , et
Recently the MSCS of wild type Ras was published and compaFElcM@&P results.

Figure 2 shows the experimental MSCS results.

Allosteric Switch
(a) Of eN{C § Effector (b)
. / . Lobe

Allosteric

-

Figure3. MSCS of Ras with clustersi18 shown in red spheres and organic solvents
represented as sticks. Green depicts the effector lobe and catalytic maghineont side
view of Ras (b) back side view of R&3tey depicts the allosteric lobe. Reprinted with
permissionfrom{Bu hr man, ONjConmnnor, et al .,

Ras in complex with the GTP analogue GppNHp was crystallized and soaked in 9 different
organic solvents with an unsoaked crystal being used as a control. The Rasamystals
solved in space group R32, a crystal favimere switch s stabilized by crystal contacts and

is in the same conformation seen in the RasA&iD complex(Fetics, 201pandwhere
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switch Il is free of crystal contacts. This leads to ateoed switch | region and usually a
di sordered switch 11 region in the crystal s
state. In the R32 crystal forrhelix 4 and helix 5 are in regions of crystal contacts,
precluding binding of all but the snhedt solvent molecules in that region. Clusteis8lare
in the interlobal region between helix 3 and switch Il, in the allosteric lobe between helix 3
and 4, in the effector lobe opposite switch | relative to GppNHp, in the interlobal region
between Roop and Nterminus of helix 3, in the effector lobe neatédminus of switch I, in
the interlobal region near-@rminus of helix 3and in the interlobal region betweedd®p
and switch (Buhrmaan , O NjC o0 n n o ). Manyeof theael sitegrein2r@ak &f protein
protein interactions including where imporin bi nds t he homol ogous GT
membrane interacting region, RRBD binding site, RaCRD binding siteand Ras GAP
binding site. Tis further validated the usefulness for MSCS to depict hot spots that are of
importance to a GTPase. However, as stated earlier crystal contacts can be a drawback and
thus we use&#TMAP to do computational solvent mapping and obtain a collection of
prediced functional group clusters on the surface of Ras FIIMAP resultsarehighly
complementary to the MSCS results.
Figure4 shows the clusters that not only matched MSCS but other clustessehat

undiscovered.
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(a) y | (b)

Allosteric

». Allosteric

eres (MSCS) and clusters in

purple spheredHTMAP). Effector lobe shown in green and allosteric lobe shown in ¢agy.

front side view of Ras (b) back side view of RRsprinted with permission froBuhrman,
ONiConnor,)et al., 2011

One advantage ¢fTMAP is its ability to not be constrained bgystal contactdt also

all ows us oo sampkeof hehs sircdonlgthé®ffoi csissawiet ¢ h
accessible experimentally (Buhan et al, 2011)Two FTMAP clusters overlapped with the

most highly conserved MSCS clusters 1 and 2. However, as seen indfitperearemany
clustersdetermined computationally that appearagionsof crystal contacand therefore

are not observedkperimentally FTMAP clustersR128 and R13arelocatedbetween

helices4and u hr man, ONjCo ) Naecules ie thesaukters, inteaé With

residues R128 and R135 which are known to make salt bridges with membrane

phospholipiddB u hr ma n, ONjCo h RTMAR alse pickeeblit the allaatérit dite,

which is expected since it can sample the ca

alsothe Y71 cluster in the effector lobe near switch Il @hdloop 7 cluster in ta allosteric
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lobe near loop ,lopposite the allostericsif u hr man, ONjCo nM®8QSandet al
FTMAP are complementamynethodsallowing us to pick out sites of membrane interactions

as well proteirprotein interactions. Thiswly leads to th&lea thabbncogenic mutations
mayresult in changes to the binding surface of Ras, leading to different ps$itiarganic

solvent clusters and water molecule networks. This was further explored by applying MSCS

to Ras G12\and Q61Lasdetailed in Chaters three and four

BAF

Barrierto-autointegration factor (BAF) is an essential protein to understanding
proteinDNA interactions. Its known function is to block autointegratibnetroviral DNA
and is usuallyvithin the cell cytoplasm and nucle(idmland, Wei, Craigie, & Davies,
2000. The integration of the DNA copy ttie viral genome into the cell host genome is
essential to the virus life cycle. This integration process is mediated by the preintegration
complex (PIC). The PIC was discovered in cells infected by Moloney murine leukemia virus
(Mo-MLV) and human immunodeiency virus type 1 (HIV1) (Ellison, Abrams, Roe,
Lifson, & Brown, 1990 Farnet & Haseltine, 199Fujiwara & Mizuuchi, 1988 This
discovery le tothe studyof the process of autointegration, which happens when the virus
integrates its own viral DNAnd destroythe viral genomeanditself (Umland et al., 2000
Viruses evolved over time to be able to prevent antept against this process, whish
why theBAF proteinis necessarf{Chen & Engelman, 19981 S Lee & Craigie, 1994
Myung Soo Lee & Craigie, 1998BAF plays anmportantrolein many areas throughout the
cell such as imuclear assembly, organization in metazpand gene expressig8egura

Totten & Wilson, 2004 To determine these important areas a kroimkn experiment of
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BAF was conducted in Caenorhabditis elegduhargalit, Segural otten, Gruenbaum,

Wilson, & Kornberg, 2005Zheng et al., 200Gand Drosophila melanogas{&urukawa et

al., 2003 which showthe knockdown to be lethal. Even with all of these functional studies
the endogenous function of BAF is still unknown. To understand the function of BAF one
must not only understdrits binding interactions butisi overall structure as well.

BAF binds double stranded DNAut nd single stranded DNAN a nonspecific
manner independent of the bafglyung Soo Lee & Craigie, 1998Non-specific binding
gives BAF the ability to bridge multiple DNA segments together which is believed to be
responsi ble for BAFOs auMyang 8do keg & Graigieol®98pr ot e c
BAF is a biological homodimer, with each monomentaining 89 amino acid residues. This
dimer appears in the asymmetric unit of the available crystal str8xaéley, Ronning,
Ghirlando, Craigie, & Dyda, 2005Even though BAF has no known similarity to any other
protein it is highly conserveacross specig®/mland et al., 2000Figure5 showsthe
published crystal structure of BAF, in which there islap/iece of DNA bound to each

monomer on opposite ends of the homodimeric interfBcadley et al., 2005
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Figure5. Published BAFDNA complex(PDB code 2BZF Figure created iRyMOL
(Schrodinger, 2010

The BAF monomer itself is made up of a HetiairpinHelix (HhH) motif (Val207
Glu3b5), psedo HhH motif (Leu63 Pher8) and a connectingehix (dimer interface helix)
making up the fivehelix (HhH), motif (Shao & Grishm, 20Q. BAF makescontact with the
minor groove of the DNA phosphate backbone regulated by the four mentioned motifs and
N-t er mi n u-elbowithinteiick modomeBradley et al., 2005 The DNA m&es
contacts with members of the HhH motif including the amide nitrogen aib@ky?25,

Gly27, Val29 and Leu30 hydrogen bondingttte adjacent phosphates in nucleotides 5 and
6 (Bradley et al., 2006 The Val29also makes extra hydrophobic interaction with the sugar

of nucleotide §Bradleyet al., 200% The main chain carbonyl groups of residues Gly21,

e

lle26,and Leu23 f or m a-ampimgraup of Lys6rs staltiized th hydrdgen
bond to the phosphate of nucleotidéB8adley et al., 2005 The pseudo HhH motifasfew
interactions with the DNA however there is a hydrogen bond between the amide group of

Ala71 and the phosphate group of nucleotide 1™ and between the gugnalipeof Arg75



and phosphate of nucleotide(Bradley et al., 2006 The Ntermi nus of U1 hel i
hydrogen bonds between the amide groups of GIn5 and Lys6 and the phosphate within
nucleotide qBradley et al., 2005 This published structure also has an example of a water
mediated contact between Ser4 and the phosphate of nucle(@cediey et al., 2005 All

of these findinggreconsistent with reported mutagenesis data and a predicted computational
model(Umland et al., 2000 The interacting regions of BAF are well characterized but it
would be interesting to detaine other areas of protein interactio&atermoleculegend to
mediate contacts between DNA and protéReddy, Das, & Jayaram, 200dut this has not

been heavily studied in BAF. MSCS can be used as a tool to performralgbisand is

presented in Chapter 5.

Conclusions

MSCS is a powerful tool for determining properties of binding sites and overall
characteristics of proteins. My research contributes to both the development and validation of
MSCS as well as to obtainimgw information on P22TSP (sugar binding protein), Ras
G12V and Ras Q61L (mutant GTP/GDP binding proteins with extensive sites of protein
protein interactions) an@AF (DNA binding protein). These analysesgl increaseour
overall understanding of therehgths and limitations of MSCS considering these protein
types have not been studied. Previous MSCS sets demonstrated the ability to not only pick
out protein plasticityCarla Mattos et al., 200@nd important areas of protemmotein
interactiongBu hr man, O NjC o i, bubalsodisoevieredaelv water rztivdrkis
never before seen in R@searney, 201 This type of angksis has been applied to the

currentstudy. apter twadescribe$22TSP with discovery of a never before seen vestigial
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active site and thorough water analysis in high agreement with publishedwaddere
descriptions. Chapters three and fdatail Ras G12V and Q61L MSCS comparison to the
wild type with some cluster overlaps and a few novel clusters as well. A thorough water
network analysis was also performed comparing old and newlgwised water rtevorks.
Chapter fivedescribe8AF and its MSCS depiction of a site with a known prof@iotein
interaction. The thorough water analysis also depicts areas of DNA interactions and gives
clues to general features of nspecific protein/DNA interactions.|Pof these projects help

to expand the knowledgmn the type of structural informatiafbtained by using MSCS. By
contributing multiple types of proteins we can have a broad MSCS overvewtdhat the
method workdor proteirsin generalas long astican be crosslinked with retention of
diffraction after soaking in organic solvents. This could help to encourage MSCS as a useful
method to probe protein surfac@$ie current studies presehetmany different protein
analysis types that can be accomsipid through using thdSCSmethod with the hopes of

eventually moving forward towards the bigger picture of drug design.
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CHAPTER 2: THE MSCS OF P22TSP

Introduction

Tail spi ke proteins play an i mporssant r ol e
(Steinbacher et al., 1994nd have become classic models for the study of folding of large
proteins. These proteins recognize and cleave sugars orethlreme of bacteria, thus
allowing for the injection of phage DNA into the cell. The understanding of tailspike protein
carbohydrate interactions is crucial for the understanding of biological recognition processes.
In the case of these larger proteimgeneralery little is known of thenteractionprocesses
because of the lack of structural and thermodynamic data. The work presented here
contributes structural information by exploring the interactions of phage P22 tailspike protein
(P22TSP) not only v its natural ligand but other unnatural ligands as well. By more fully
understanding the protein interface available for interactions with ligands it is possible to
better understand how P22TSP affects the ovehalfe R2 virus formation. The tailspike
protein in this study comes from salmonella phage B22 kilobase long dsDNA phage in
the Podoviridae familySteinbacher et al., 19R7The virus is aylsogenic bacteriophage that
infects Salmonella. Its DNA is packaged into the capsid, once the cell is filledimasies
lysis occurs and releastt®e phage to infect other ce(Susskind & Botstein, 19%8The
tailspike family does not contain binding sites rich in aromatic resi@@&tesbacher et al.,

1994). Instead, tailspike proteins contain a large interaction site recognizing oligosaccharides

with high linkage specificity and sequen&teinbacher et al., 1994 hrough structural
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studies the interactions of the ligand within these sites can be further characterized for better

understanding of function.

P22TSP is biologically relevant as a trimer composedretthighth a n d-beticesb
connected by its @erminal trimerization domai(Steinbacher et al., 19R6T hree to six
homotrimers of P22TSP have to be attacteeach phage for the virus particle to be
infectious(Baxa et al., 2001 One glutamic acid and two aspartic aadake up the catalytic
residues in the active si(Baxa et al., 1996 Theactive sugabinding site is on the solvent
exposed gr oove -helix@teigbachen et al.p1aRP22TSRerécoghizes and
cleaves the @ntigenmoiety of the lipopolysaccharide of Salmonella belonging to serotype
A, B, or D1(Baxa et al., 1996 These different serotypes allow for various binding modes of
ligands in a pocket within the active groove which enables phage activity on a different
number of hostéBaxa et al., 1996 A common chaaderistic of he tailspike familyis O-
antigens containing the maiDmamdselh 4)-Ut-ri saccha
rhamnosg1A 3)-UD-galactoseg(1A 2) (Baxa et al., 2001 However, they show specificity
in the 2,6dideoxyhexose substituent at&of the mannosg@Baxa et al., 2001 Phage 22
tailspike hased or hamosi dase aciiRhai(18 §)-UB-Gal glycdsidiav es t h
bond in turn producing two repeating octasaccharide (B#sa et al., 1996 The cleavage
is required for infectivity and may facilitate virus access to the cell surface for DNA injection
(Bayer et al., 1980 The function of P22TSP is well understood but there are still specific
pieces to the puzzle that need further characterization. My study of the structural interactions
will help to give clues to what structurdianges occur during environmental changes. An

isothermal calorimetry study shows binding to P22T&SRiven by electrostatics and
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hydrophobic interactions between the protein and its igexa et al., 2001 My study

looks to further characterize these hydrophobic interactions using multiple types d§ligan
These discoveries coulead to a better understanding of the overall tailspike family. Recent
studies abaugenomes and characteristics of different phages have led to the discovery of
other tailspikes, HK620TSP and Sf6 TSP, from phages evolutionarily related (CR22

Manning, & Morona, 1999Clark, Inwood, Cloutier, & Dhillon, 2001

HK620TSP and Sf6TSP are native trimers with strong stability against proteases and
heat(Barbirz, Becker, Freiberg, & Seckler, 200€rystal structures of Sf6TSP and
HK620TSP show that they are structural homologues of P22TSP; and fold into large central
b-helixes flanked by a<€ e r misandwich @domainwhich isresponsible for stabilization
of the trimer(Barbirz et al., 2008Viuller et al., 2008 Comparing the genome of the
tailspike family SF6 and HK62@e see thenre more evolutionarily related to each other
than P22 Casjens €al., 2004. The genomes of all three family members each code for a
single tailspike proteifBarbirz et al., 2008 All three phages also share 70% sequence
identity within the Nterminus while no may sequence similarity isithin the Gterminus
(Barbirz et al., 2008 Although all three phages have low sequencéasity within the
active site of the @erminus body they still have similar binding and cleavage activities.
Sf6TSP binds and cleaves thea@tigen of the outer lipopolysaccharideStfigella flexneri
producing octasaccharideghile HK620TSP is an endd-acetylglucosaminidase that
produces hexasaccharidesEscherichia col(Barbirz et al., 2008Viuller et al., 208). The
sugars binding to Sf6TS&ein a noncanonical position within the long grooves at the

subunit interfaces of the trimefiluller et al., 2008 The c#alytic residues of SI6TSP (E366
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and D399) are on two separate peptide chains flanking the binding dhoNer et al.,

2008. In comparison HK620TSP like P22TSBgar binding sitearelocated on the parallel
b-helices in a groove formed by a single polypeptide chain between two sets of loops

fl anki ng -sheetyBadbifz ettalh 2008bAn aspartate and glutamate are the

catalytic residues of HK620TSP (D339 and E362atedalong the solvent exposed groove

o f  thelir of &single monomer where sugars QiBdrbirz et al., 2008Vuller et al.,

2008. The binding grooves of P22TSP, Sf6TSP and HK620TSP all have similar dimensions

as shown in Figuré (Barbirz et al., 2000
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Figure 1 Monomersand trimerof all three members of the tailspike family with their
respective bound ligands.iAP22TSP, B HK620TSP and € SF6TSP. Catalytic residues
areshown withintherespective active siteBigure created iPyMOL (Schrodinger, 2010

When the sugars bind to the proteins, water is displaced from ttiedpsite and about 60%

of the sugar surface becomes buried. These sugars make direct anchediteed hydrogen
bond interactions. One of the overall characteristics of the family is the minimal amount of
aromatic residues within the binding sites. Hoarethefew aromatic residues that are
presentarethought to facilitate the positioning of the glycosidic bond for hydrolytic attack.
These interactions and characterizations are pertinent to understanding the overall
effectiveness of bacteriophage infeat Through using crystal structures we are able to

observe details of the protein/ligand interactions at atomic resolutiesedétails helgo
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further identify structural properties thagy dfect the virus protein formation. A construct
containing esidues 109 to 666 (thet€rminal fragment) was used in the Multiple Solvent
Crystal Structuremethod(MSCS) to probe the binding surface of the stigteracting

domain.This construct maintains the enzymatic activity and lipopolysaccharide binding

properties of P22TSP.

The MSCS methoduses organic solvents to map protein surfg§é#sn et al., 199%
Only oneneat organic solvent solutiar an organisolventwater mixture is used at a time.
By superimposing the structures solvedlifierent organic solvestproteinprotein
interactions, protedtigand interactions, protein plasticity, and hydration characteristics can
be visualized. In previous studies, MSCS correctly located known substrate binding sites for
Elastasg¢Carla Mattos et al., 2006RNAse A(M. Dechene et al., 2009Ras(Buhrman,
ONjCo nnor , ) BypsingKearnegy, 2DIPChymotrypsin(Kearney, 201p andRNase
A (Kearney, 201 Not only does this method allow us to find known active siteslsot
other binding pockets that may not be as well characterized. AnalysisR2Z2Zh8PMSCS

was performed using DRdPB further study the binding sites for evolutionary comparison.

One of the advantages of the MSCS methdHasin addition to providing eenue
for the study of hot spots in protein binding sites, it also provideseashapa for analysis of
crystallographic water moleculéBhe Detection of Related Solvent Positions (DRoP)
program(Kearney, 201Pwas written to produce a better represeotadf conservation
between structures in different environments. DRoR\alifmr consistent analysis by

addressing ofrystallographic symmetry, givingjuster aiality reporting and allowing



34

cluster visualizatiofKearney, 201p Through the use of DRoP vaeeable to better analyze

the effect of water and organic solvent molecules on protein surfdussanalysis is

pertinent when trying to relate binding sites and watewoks to functions within the

protein. Using the truncated version of P22TSP we look to further validate the MSCS method

specifically within a large sugar binding protein.

Experimental Methods
P22TSP was obtained from our collaborator Stephanie Barkine iSteinbacher
group asapurifiedpr ot ein solution (14.6. mg/ ml of p22
7) (Steinbacher et al., 1996P22TSP crystalaregrown using hanging drop vapor diffosi
at 4°C in8 pl drops containing 5 pl of protein solution and 3l of crystallization buffer over
a 750 pl reservoir. Crystallization buffer contained 0.1 MHN2O,, 1.5 M (NH,).SO,, while
reservoir solution contained 0.1 M M#PO,, 1.0 M (NH4}SO, both aljusted with 50%
NaOH to pH 10. Two weeks passed before high diffraction crystals fongidture of the

formed crystals ishown in Figure 2
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Figure 2 Cubelike crystals of P22TSP.

P22TSP crystalaretransferred with a cryo loop to a 10 pl drap.@8%
gluteraldehyde (8.26% w/v in distilled water, pH 4.25) in stabilization buffer (0.1 M
NaHPO;, 1.0 M NaSQ,, 125 microliters of 1M HEPES, pH = 7.2) placed over 500pl
reservoir (the same drop mixture) and crosslinking occurred at room temperadBe for
minutes. Crosé$inked crystalsaretransferred to a new drop containing an organic solvent
and reservoir solution to soak for 1 hour at room temperature. Crystal soaks include 60%
acetone (ACT), 50% dimethylformamide (DMF), 50% glycerol (GOL), agadhexandiol
(HXD), 50% isopropanol (IPR),50%utanol (TBU) 40% tetrafluoroethyleneTF), 1.5M
trimethylamine oxide (TMO) and 1.5M urea (URE). Successfully soaked crgstals
collected and placed in crymrotectant containing reservoir solution with 3@¥%cerol, and

flash frozen using liquid nitrogen.
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Diffraction dataarecollected at APS the SERCAT 42 beamline at 100 K using 1
A wavelength radiation and a Mar300 CCD detector at a distance of 150 mm. Theedata
scaled and processed using HKL2@@@winowski & Minor, 1997%. Figure 3shows an

example of the diffraction pattern obtained fromay.

=

Figure 3 Diffraction pattern of P22TSP diffracting better thh@6 A with detectorat
250mm Taken on home source at NC State University.

A model of P22TSP (PDB code 2VFM) with water molecules and alternate
conformations removed was used to obtain an initial fit for all models. Refinement was
accomplished using PHEK (Adams et al., 2000 Coot was used to rebuild models and

identify water and organic solvent molecules with thé=Eeelectron density magntoured
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at 30 -RBcreldctrdh Bemsity magntoureca t (Em8ley, Lohkamp, Scott, & Cowtan,
2010. Organic solvent moleculeseplaced n areas of welllefined electron density. All
modelsarerefined once without waters and twice with waters before placing in any organic
molecules. Omit map calculatioaseused to confirm placement of organic solvents. All
organic molecules had averagdd®tors similar to that of the overall model. All completed
structuresarerun through phenix.xtriage and DRoP to statistically check reliability of the
models. The first step of DRoP is optimization. Optimization calculates symmetry related
molecules andcores the importance of those molecules in relation to protein contacts
(Kearney, 2012 Next DRoP splits pdb files if it contains a dimer or higbreler oligomers
and thersuperimposes the structures through use of#align algorithm inPyMOL
(Kearney, 201p Lastly, DRoP groups clusters based on amount of conservatidheand
condenses ukters to ensure that molecule is in the most optimized po@itearney, 201p

Figures 4and5 showexamples othe DRoP output fronpreviously runP22TSP structures.

Res Num Average Position RMSD Files #iles
1 20.779  30.174  -9.214 2.367 1 4 56 591011 (10)
2 36.53%  32.08% 2.210 0.231 1 3 456 8 9 11 (8
3 34.630  21.745 0.744 0.429 1 4 56 8 91011 (8)
4 36.705  13.823 -2.89% 0.735 1 3 4 6 7 8 9 11 (&
5 14.963 -12.335 -18.07% 0.450 1 3 4 8 9 11 M
6 45,102 25,969 39,397 0.568 2 3 g 9 11 (&)
7 27.808 11.306 -12.018  0.T&C (6)

Figure 4 DRoP output of organic solvent cluster from P22TSP structures.
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PDBE Files
1  P22TS5PAcetone60PRESUPER. pdb
2 P22TS5PCrosslinkPRESUPER pdb
3 P22TSPDMF3I0PRESUPER. pdb
4  P22TS5PGlycerol30PRESUPER. pdb
5 P22T5PHexandiolPRESUPER pdb
6 P22TSPIPR3I0PRESUPER. pdb
7 P22T5PLigandPRESUPER. pdb
8 P22TSPTBUTI0PRESUPER. pdb
2 P22TSPTFE4PEESUPER. pdb
10 P2R2TSPTMAOPRESUPER. pdb
11  P22TSPUreaPRESUPER pdb

Res Num Average Position RMSD AvgB. Sig. B. Files #iles
1 17.563 14.325 -11.027 0.068  16.5838 s.12 1 2 3 4 5 6 7 8 91011 (11)
2 29.407 34.361  26.665 0.075 24.691 7.408 1 2 3 4 5 6 7 & 91011 (11)
3 27.365 22.505 -4.483 0.080 §.327 s.s73 1 2 3 4 5 6 7 8 91011 (11)
4 17.335  18.543 -15.220 0.080  20.845 5.635 1 2 3 4 5 6 7 & 91011 (11)
5 14.369 3.825 -0.974 0.085  16.518 s.o10 12 3 4 5 6 7 8 91011 (11)
6 29.71¢6 1.842 -11.992 0.090  24.745 s.s23 1 2 3 4 5 6 7 8 91011 (11)
7 25.685 5.360 -0.587 0.081  18.100 4.733 1 2 3 4 5 6 7T & 91011 (11)
8 27.178 4.185 2.579 0.092  158.25% s.407 1 2 3 4 5 6 7 & 91011 (11)
9 30.964 -1.115 -1.624 0.083  16.291 s.136 1 2 3 4 5 6 7 & 91011 (11)
10 29.634 7.138 5.833 0.094  13.991 4.78¢ 1 2 3 4 5 6 7 & 91011 (11)

Figure 5 DRoP output of water clusters from P22TSP.

Figures 4 and 8emonstrate thahe DRoP program gives an output of numbered clusters at

the average position of all timeolecules making up that cluster. If a water or organic solvent
contains the number 1 it is relative to Cluster 1. This cluster is the most highly conserved

For exampleCluster 1 from the organic output contaarmsorganicmoleculein 8 out of the

10 pdbfiles in that position. We consider clusters with at least two orgaaleculego be of

high importance within our analysis. The same idea can be seen in the water output where the
most highly conserved cluster contains water molecules in 11 out bi gheb files. For

analysis of watemoleculeghe cut off for highly conserved is around 75% or in our case a

water at a given position in 8 out of the 11 pdb files. After the structures are run through
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DRoP one more round of refinement is run and thdtregicrystallographic statistics are

shown inTable 1.
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Resultsand Discussion

The crystallized form of P22TSPB shortened and consists of amino acid residues 109
to 666(Steinbacher et al., 1984n cubic space group B2 P22TSP is biologically relevant
as a homwimer (Steinbacher et al., 199©Only one protein molecule is seen in the
asymmetric unit. Howevethe homotrimer is formethroughthethreefold crystalographic
symmetry. P22TSP monomer has an overall fish shape, composed of six main segments: the
main body, mouth, dorsal fin, and first, second, and third segments of the caudal fin
(Steinbacher et al., 1994The main body of B2TSP is characterized by its large right
handed ealixohl3kcompletefturn&Steinbacher et al., 1994Near the carboxyl
terminal of tailspike th three subunits are interdigitatetlich causédiigh thermal stability
(Steinbacheretal., 1924 Looki ng at t hehelicatuwasgslarisapedst i on o f
seen forming a long groove on the solverposed sidéSteinbacher et al., 1994This
solvent exposed area is between an irregular domain andidtbpsturns 5, 7, and 8 of the
b-helix (Steinbacher et al., 1994Vithin this groove is where the polysaccharide binding site
of tailspike is contained.lile main active site of P22TSP contains an endoglycosidase
mechanism with Asp392 as the aaitda catalytic water molecule being activated by
Asp395 and Glu359 as the bagsteinbacher et al., 1994 his is seen within the active site
of all solved structures. All of the structu®superimposed for cluster analysis. The
resulting structures contained 19 unique clusters with 12 of toataining at leagtvo
molecules and therefomnsidered significant. Table 2 shows the 12 clusters with the amino

acidresidues present ithe respective binding pockateractions.
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Table 2. Clusters with number of organic molecules in parentheses and their protein

interactions.
Cluster Number Residue Interactions
1(8) Lys317, Asn340, Asn378, Asp4ll, Tyr412, Pro423,4%&)
2 (8) His420, Leu466, Ser493, Gl94
3 (8) Asp395, Asp399, Gly442, Gly443, A&
4 (7) Glu359, Lys863
5 (7) Pro131, Argl48, Astb1
6 (6) Ser5%, Lys561
7 (5) Trp365
8 (3) Asp314
9 (3) Asn520
10 (2) Arg497
11 (2) Asp612, Arg14
12 (2) Lys291

In Figure6 Cluster 7 (DMF, GOL, TBU and TFE) and Cluster 4 (ACT, DMF, GOL
and TBU) are seen within the ligand binding cavity aligning with stiggs 3,6dideoxy
alphaD-ribo-hexopyranose (PZU) and alpharhamnose (RAM) respectively. Cluster 4
(DMF, GOL, IPR, TFE and TBU) also interacts with catalytic site of P22 Ti&iPe

specifically catalytic residue Glu35®&ith all organic solvents being with3.4 A or less
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Figure6. Ligand bihding cavity organic clustef&gure created iﬁ’yMOL (Schrodinger,
2010.

Plasticity can be seen in Glu359 with\sait exposed structures maintaining the

conformations opposite the sugar soaked structure (green). Catalytic residues ASP395 and
ASP392havethe same conformatian all structures. Further along the ligand binding cavity
Cluster 3 (GOL, IPR, TMO, TFE, aidRE) is seen within a deep pocket leading out of the
active site. Cluster 3 is also making direct interactions with catalytic residue Asp395.
Previous research only allowed for the binding of a sugar containing 8 rings. This is because
P22TSP is still caytically active even in its truncated version. Cluster 3 is believed to be
delineating the pocket whereanber sugar ring would reside R22TSHf cleavage did not

occur. A crystal structure of a catalytically inactive P22TSP in complex with a lewggr
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moiety would give further insights into this active sited such studies aptannedfor the

near future

As we look further from the active site moving towards the more solvent exposed side

of P22TSP, Cluster 2 (GOLSs), Cluster 9 (GOL and IPR)Gindter 10 DMF and TBU) are

seen in Figurd.

Figure?. Clusters further from the active sﬁ'egure created |ﬁ>yMOL (Schrodinger, 2010

Cluster 2 iswithin a pocket and comprised of only Glyceqmbssibly picking out a site at
which a sugar ring interacts. While Clusters 9 and 10 are not interacting with any residues of

importance within the literature, they could possibly be further mapping havgéanel
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moves through the binding cavity. Currently, a structure of tailspike with-#&sti@en

receptor only contains two repeating urgiseinbacher et al1996. This smaller unit

doesndét allow us to see how the sugars fully
shown that P22TSP can bind octasaccharmtkdodecasaccharide fragme(fiaxa et al.,

1996. These longer sugar fragment rings and our organvesbtlusters shown in Figures 2

and 3of P22TSP should align. The current published alignment of the ligand shows the

power of the MSCS method in pidg known active sites that reside in hydrophobic regions

of the protein. An alignment of a longer ligand would give clues to how the sugar interacts

within the active site and further along the active site.

Another aea of interest shown in Figugds near a solvent exposed area of tailspike
opposite the active site. Cluster 1 contaigbyaerol, hexandiol,isopropanoli-butanol, TFE

and TMAOQ, while Cluster 8 only contains glycerol.
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Figure8. Vestigial Active siteFigure created iIRyMOL (Schrodinger, 2010

Again, these organic solvents are contained within a hydrophobic pocket. This subsite
currently has no known function in P22TSP; however, thésisilocated where the active
siteislocated n t ai |l spi ke family member SF6. The HK
endoglycosidase active sites are intramolecularly located while SF6 has its active site at the
interface between subunif®arbirz et al., 2008 If Cluster 8is to besuperimposed on
Sf6TSPthis cluster in P22ST®ould be within the known active sité ST6TSP Thisis
similar tothose inthe pocketvithin the P22 BP active site shown in Figureduster 7.
Cluster 1 would also superimpose within Sf6T

within P22TSP seen in Figure Bhe location of these organic molecules between subunits
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could be indicaive of a vestigial active site that disappeared in P22TSP during the evolution
of the proteinAlternatively, the Sf6TSP was the one that diverged and it would be
interesting to test whether a vestigial site exists in this protein at the location whauotivie

site islocatedin the P22TSP and HK62family. Figure 9shows locations of the remaining

cluster sites in various locations throughout the protein surface.

Ji

{ )
Figure 9 Remaining highly conserved clusters.

Figure 9shows the locations of themaining highly conserved cluste®uster 5 ¢ontains a
glycerol molecule from ACT, DMS, HXD, IPR, TBU, TFE, TMO and URE) is located near

the Nterminus in the mouth region of P22TSRuster 12 (contains a glycerol molecule
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from GOL and HXD) is locatedn the backside of P22TSP closest to the ventral fin. Clusters
6 (contains DMF, GOL, IPR, URE, TBU and TFE organic molecules) and 11 (contains a
TBU and URE organic molecule) are located in areas interacting with the caudal fin Il of
P22TSPEven though tbse clusters are conserwgithin the family,there is no known

function in the current literature for the residwath which they interactHowever clusteb

is near the Nerminusknown tointeract withthe head binding domaimhich isessential for
noncovalently attaching?22TSPo the DNA injection apparatSteinbacher et al., 1997
Clusters 6 and 11 are near ttadal finthathelp mediate interactns between the virus

capsid and the outer membrane of theipfected celllAndres et al., 2000 More

experiments are needed to determine if these are areas of jpratieiim interactions (cluster

5) or even areas of protemembrane interactions (clusters 6 and 11).

Water Analysis

Water analgis using the DRoP program was conducted to view protein hydration in
different organic solvent environments. There is no previous research that focuses on the
overall anal ysis of P22TSP6s waters within d
are579 unique clusters i 244 watetbinding sites thataintain 80% or better conservation
within the structures (conserved waters). This means that out of the 10 structures at least 8
structures contained water iretlposition. As seen in Figure lthewaters are colocoded

by percent conservatiod00% in red, 90% in orange, and 80% in yellow.
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Figure 10 Overall water conservation vieWigdfe created iIRyMOL (Schrodinger, 2010

Figure 10shows most of P22TSP is hydrated near the surface of the protein except in
places of organic solventolecules bindwherethere are no conserved watergese
findings are in line with what is usually seen witla MSCSCarla Mattos et al., 200€.
Mattos & Ringe, 2001l The structural waters are always highly consérmwithin the protein
surface. These waters are believed to be a part of the protein structure and are important for
mediating hydrogen bond interactions. These interactionsxcarde involvement in
catalysis angbroteinprotein interactions. The dispkable waters are not as highly
conserved. These waters are believeebslydisplaced andmportant for proteifigand
interactions aseen in my P22TSP structurdhie waters may mediate the first contacts
between the organic solvent molecules and theemp then move to allow direct organic
solvent protein interactions. TIMSCSstructuresarerun in DRoP to get a feel for how the
organic solvent environments affected the overall water networks. Then DRoP was run again

on the set of MSCS structures rdpwith the published structure containing the natural
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ligand (1TYU). By running the analyses with tlgand structure we can compare water
networkspresentvhen P22TSP is in the natural bound ligand conétion withthe
presence obther organic solvenhduced conformations. This allows us to compare the
changes when the ligand is bound within the entire active site to the smalldooabre

changeghat occumwwhensmallorganicmolecules arebound within different pockets

Figurell Catalytic Wate Figure created iRyMOL (Schrodinger, 2010

Figure 11showsthatthe active site water 104 thaediates the sugar cleavage
reaction is 100% conservedthin this set of 11 structure$his catalytic water is essential

for the cleavage of sugars within the active site. The fact that it is 100% conserved shows that
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this water molecule is present even in the absenasufstrate as an integral part of the

active site.

Figure 12. Waters interacting wi the natural Iigarﬁcilgre created iRyMOL
(Schrodinger, 2010

In Figure 12amore detaileagnalysis 6the active site containing the ligand shows 8
water molecules that interact with the ligamtluding somehatmediat contacts with
protein. The waters shown are 101, 539, 104, 88, 49, 300, 78 and 542 with 100%, 0%, 100%,
100%, 100%, 50%, 100% and @%nservation respectively. These waters are shown to be

essential for the placement of the ligand within the activgStenbacher et al., 1997
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Water mdecules that are 0% conserved are those that appear in thébosugdrstructures

butare not present in the MSCS .set

Figure 13 Ligad bound vaunboundwater analysiskigure created iRPyMOL
(Schrodinger, 2010

In Figure 13water 542 is only present when the natural ligand is bound to the protein.
The Asp30%esidue shown in greas in this conformation when the ligand is bowardi
makes direct contaavith water 542. The unbound conformation is seen in all other
structures. Water 542 shifts 1.6 A to water 322 (50% conversasiccympanying the side
chain towhich it remainshydrogenbonded.This is an example of how residues change

conformations degnding on interactions. When the ligand is present this residue swings



53

inward for direct hydrogen bond interactions. However, when the ligand is absent the residue

swings outward to form better hydrogen bond interactions within the protein itself.

Figure 14. Glu359 alternate confirmatiofrigure created iPyMOL (Schrodinger, 2010

In Figurel4 more alternate conformations between the ligand bound aradindb
structures can be seen. When the ligand is bound the catalytic residue Glu359 interacts
directly with the wateb39 and the ligand. Water 539 is only seen in the ligand bound
structure directly interacting with the catalytic residue. Upon the ligeendrig the binding

pocket Glu359 shifts 4.6 A with the hydroxyl group replacing water 539. Water 542 and 539
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are important foproteintligand interaabns This is evident in the fact that these two water

binding sites are only occupied when the liganpresent.

: T ! N
. \ s N ( Q
LN d ‘

Figurel5. Water interactions near vestigial active ditigure created iPyMOL
(Schrodinger, 2010

Taking a closer look at the side view &#ZH SP a hydrophobic pocket can be seen in
which the organic solventg nicely, as shown in Figure 15here are only a few conserved
water molecules within and surrounding the hydrophobic pocket. This is similar to what is
seen in other MSCS projects whenany organic binding sites outside of the actives site are
in locations of easily displaced waters. This is different than what is seen in the active site

where many highly conserved waters are seen mediating contacts between the ligand and the



55

organicmolecules. There is currently no known function of this pock@R22TSP
Therefore, further experiments are needed to relate the discovery of these binding sites to

function within the protein.

Conclusions

Due to the increasing number of viral genomes iinportant to continue studying
the bacteriophage infection machinery such as tailspike. However, the high sequence
diversity within homologous and evolutionarily conserved tailspike families causes difficulty
when trying to identify function from sequesalone(Casjens et al., 2004This increases
the importance of the need for structural information. Through use of MSCS we are able to
not only add to structural information but ateodoan analysis of the bindinsites on the
protein surfacePhages have amy advantages most importantly as models for human
viruses.When comparing phages to humaruses animalviruses plantviruses, and insect
viruses, phages have the ability to be grown fast and easy with less demands on space,
equipment, and facilitie®elczar MJ (Jr), 1998This ease of use allowéar the virus
reproduction cycle to be first modeled through work with ph§§ekermann & Nguyen,
1983. MSCS was used to add a model system such as P22TSP to the current experimental
data.This is the first time MSCS has been applied to a large sugar binding pestdiwas
not only able to pick out the known active site but a vestigial site as”huether mutation
experiments changing this vestigial site to
to determine its propertieShere are multiple clusters picking dbe sugar binding pockets
and even interacting with the catalytic residues. Moving &uréthong the active site

additionalclustersareseen The next step for this project is to bind a longer sugar ligand
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within this pocket to delineate the sugar bigdpockets moving towards the bulk solvent.

This would give us an idea of how P22TSP interacts with its ligand through the entire active
site and should be comparable to the MSCS organic solvénsscould also lead to further
experiments to better deteime the importance of tailspike proteins in virus infectioe to

its interactions with the sugaroiety. Thevestigial site was located in a similar location to

the active site of tailspike family member SF6. This discogapports that MSCS can
revealsites that are evolutionarighangedcross family members. These results could give
evidence to an evolutionary divergence within a family where both sites are still present but
have different functionacrosgamily membersThis also gives further evéhce to the

published data that suggests each of the tailspike members are derived from a common
ancesto(Barbirz et al., 2008 More research is needed to detare if this vestigial site

plays an important role within P22TSP. Water analysis allowed us to see that the catalytic
water is 100% conserved no matter the crystal environment. Through water analysss we
able to also pick out waters of high importateéhe ligand binding pocket. Many of the
watersarehighly conservedSeveralwatermoleculeghatarenot highly conservedre

replaced with amino acid side chains substituting the water interaction. This analysis allowed
us to pick out the subtle charsgeithin the pocket of P22TSHth no ligand bound

comparedo theligand boundstructure The vestigial site showed an example of a standard
MSCS pocket, showing a hydrophobic pocket surrounded by highly conserved water
molecules This pocket is able toehtraced back to the active site through hydrogen bond
interactions. With the emergence of more experimental evidence of allosteric sites within

proteins titurestudies are needed to determinthi$ vestigial site can somehow affect the
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active site durig the infection proces#ISCS successfully mapped the protein surface of
P22TSP. This is the first time whichresultsarenot only usedrom a test set butlso from

a real world application. Ahough we know the active site of P22T8fle is known d&out
other binding sites of importandé&/e hopethese discoveries will lead to experiments

showing tkat our newly discoveresites have functiaa roles inP22TSP.
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CHAPTER 3: THE MSCS OF THE RAS G12V MUTANT

Introduction

Ras is a monomeric GTPase that functions as a molecular switch in signal
transduction pathways within the c@ourne et al., 1990Ras is in its inactive form when
bound to GDP andcéive form when bound to GT@ourne et al., 1990The nucleates
are regulated through binding partners such as GTPase activating proteins (GAPs) and
guanine nucleotide exchange factors (GEBs)K. Morrison & Cutler Jr, 1997 GAPs cause
Ras to swith to the inactive state by greatly enhancingiyerolysis rate of GTP to GDP,
while GEFs promote Ras activation by catalyzing the exchange of GDP fof@anipbell
et al., 1998 This is seen within all Ras isoforms includingRds, NRas, and KRas. These
three isoforms differ in the types of posttranslational modifications and sequence of the
hypervariable regiofHancock, 2008 The catalytic domain of Ras has two lobes. Lobe 1
contains the firshalf of the molecule (residues8b) and is 100% conserved among the three
isoforms; Lobe 2 consists of thet€minal half (residues 8¥71) and is 90% conserved
(Hancock, 2008 Lobe 2 contains the structural elements of an allosteric switch mechanism
that promotes a disordés-order transition in the activ@te (Buhrman et al., 20)0This
mechanism has been associated with the Ras/Raf/MEK/ERK pathway that controls cell
proliferation(Buhrman, Kumar, Cirit, Haugh, & Mattos, 2Q18ince the three Ras proteins
are vey similar we use FRas to make inferences that are biologically relevant toward the

entire family.
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The Ras/Raf/MEK/ERK pathway is highly conserved and plays a role in several
biological processe&€Campbell et al., 1998SOS (son of sevenless) is recruited when a
growth factor binds to its receptor; tlpgcessonverts the membrane bound form of Ras
GDP to RasGTP (Campbell et al., 1998In the GTPbound form Ras interacts with Raf
recruiting it b the cell membrani®r propagation of the signgD. K. Morrison & Cutler Jr,
1997 Vojtek et al., 1998 This activation in turn causes Raf to bind and phosphorylate
MEK1 and MEK2 stimulating RK1 and ERK2 by modifying their phosphorylation on
tyrosine and threonine residugzampbell et al., 199®. K. Morrison & Cutler Jr, 1997
ERK translocates into the nucleus where it interacts with transcription factors, resulting in
modulation of various cellular processes associated with the cytoskeleton, cytoplasm, nucleus
and membrang®oux & Blenis, 200 Thus, Ras ultimately affects multiple targets such as
membrane proteins, protein kinasasd transcription facto(Sacks, 2006 Mutations of
proteins along this pathway causmnstitutive signal activation, leading to the development
of cancer.

Ras is essential for controlling differentiation, preddtion and the basic survival of
eukaryotic celland ismutated irabout D% of all cancergFernandeViedarde & Santos,
201]). The mutationgrelocated in two general hotspatsar G12 and Q6(Fernandez
Medarde & Santos, 20).1In H-Ras the mutations shoavpattern with 54% of mutations in
codon 12, 35% of mutations in codon @&hd 9% of mutations inodon 13Fernandez
Medarde & Santos, 20).1These mutations lead to a decrease in GTP hydrolysis, essentially
leaving Ras in the active conformatitivat leadgo disease. Sindeas is prevalent in many

diseases it is highly studied for drug therapy. However, considering the flexibility of the
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active sitethe ability to make useful drugs is limited. Previous research has shown that Ras
has several areas of protein/ligand intececaway from the activesi u hr man, ONjConr
et al., 201} These findingarebased on wild type Ras atitusin order to discern changes
in mutant structures we must first delve into the wild type structure.

The fimol ecul ar switcho i n Ras theswitchlased on
(residues 3€10) and switch Il (residues 66) regionghat occuwhen GTP is hydrolyzed to
GDP (Milburn et al., 199D Once GTP is hydrolyzed the upstream signal is terminated and
affinity for down-streameffector proteins is logBourne et al., 1991 Recently, an #&steric
switch mechanism was discovered and believed to result from the equilibrium between two
conformational states of R&TP (Buhrmanetal., 2000 The dAoff o state has
allosteric site and disordered active site, mainly switch Il, containing the catalytic residue
Q61(Buhrmanetal.,20)0 The A on 0 aealciant agetate doukda remae site
a shift in helix3/loop7 toward helix 4 and ordered active site with Q61 near catalytic center
(Buhrman et al., 20)0This calcium acetate is thought to mimic an allosteric modulator
within the cell causing a catalytically active state that would promote intrinsic hydrolysis
(Buhrman et al., 20)0These structural characteristics allow us to further categorize Lobe 1
and Lobe 2 into the effector lobe and allosteric Jobspectively. Lobe 1 (effector lobe)
mostly contains the catalgtsite including switch I, switch Il, the-Bop (residues 1-Q7)
and most of the nucleotide binding pocktu hr man, ONjCo n mhislobe et al . ,
makes many proteiprotein interactions with effector proteins of RBsu hr man, ONjConn
et al., 201} Lobe 2 (allosteric lobe) contains the parts of Ras interacting with the membrane,

allosteric site wit residues R97, D107 and Y12nd the allosteric switch components
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(helix 3/loop 7/helix4(Bu hr man, ONjCo n fhisiobe cenhectathe.activear@l 1 1
allosteric sites of Ras through coupling helix 3 at the edge of the interlobal region and switch
H(Buhr man, O NjC o n. mhe allpsteectsite/tobbe.is,currén@yludder intense
investigation in our lab. Thus it tsnely to alsostudy thesimilar sites and networks within
the most important Ras mutants. The Multiple Solvent Crystal Stru¢d@SS) me¢hod
wasapplied to wild type Ra&ppNHp. This method identified several binding site hotspot
through analysis of organic solvent clustering on the surface of Ras. We have also applied the
MSCS method to study the surfaces of the oncogenic tsu&lt2V and Q61L and present
here the results for RasG12V in comparison to those of wild type Ras.

The MSCS metho(Allen et al., 199pwas applied to a truncated version of Ras
G12V containing 166 amino acids. Crystals of Rasoaked in either a water organ
solvent mixture or neat solvent. This allows us to see areas of ppoté@in interactions,
proteinligand interactions, protein plasticjgnd differences in water networks throughout a
family. Previous research successfully applied this methothsidsgCarla Mattos et al.,
2006, RNAse A(M. Dechene et al., 200@nd RagBu hr man, ONjConnor , et
Previous MSCS of the wild type Ras picked out interactions sites with the Raf Ras Binding
Domain (RafRBD), the Raf Cysteine Rich Domain (R@RD)(Bu hr man, ONjConnor ,
2017 and with GAP These areas of interactiareon areas of the protein away froneth
active site. This paper showse power of MSCS in using small molecules to find possible
druggable sites on different areas on the saréddras. By using a similar experiment with
the mutant proteswe candetermine whethehere are hot spots that only occur when the

mutation is present. To better organize our structures we employ the us®etdabgon of
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Related Solvent Positions RdP) program. This program was written to allow a consistent
analysis, cluster quality reporting and visualizatemd account for crystallographic
symmetry(Kearney, 201P This consistent analysis allows us to make more accurate
conclusions across a family of proteins. For our study Ras, G12V mutant was made using

PCR within a PET 21 vector, purified and crystalized for organic solvent soaks.

Experimental Methods
MutagenesisExpression and Purification

The G12V mutant was made using siteected mutagenesis of wild typeRhs
(residuesd1 6 6) , using the Quick Change kit from S
instructions. HRasG12V was then expressedscherichia colBL21 cells and purified
with GDP bound as previously publish@uhrman et al., 2003The GDP was exchanged
for the nonhydrolyzable GTP analogueppNHp and then crystallized in 200mM Ca@&hd
20% PEG 3350 as prensly described@Buhrman, Wink, & Mattos, 2007
Crosslinking and Organicd@vent Soaks

H-RasGppNHp crystalsaretransferred to Qvell sitting-drop glass plates with 50 pl
of stabilization buffer [20 mM Hepes (pH 7.5), 50 mM NaCl, 5 mM MgCImM DTT, 200
mM CaC} and 25% PEG 3350]. The buffer was then exchanged multiple tintiesonly
stabilization buffer and finally with stabilization buffer containing 1% gluteradehyde. The
crosslinking reaction was allowed to go for 30 minutes to 1 hour before fresh stabilization
buffer was added to remove unreacted gluteraldehyde. Grgstdlhen soaked in the organic

solventsolutionsfor at least 1 hour as specified in thesults.
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Data Collection and Structure Refinement

Datawerecollected at the Synchrotron on the Southeast Regional Collaborative
Access Team 2D beamline at the Acanced Photon Source (Argonne National Labs). The
source hadraX-ray wavelength of 1.0 A and a MAR CCD detector was used to collect
reflections. The published structure of wild type Ras with PDB code 2RGE was used as a
molecular replacement model for phregs Pythonbased Hierarchical ENvironment for
Integrated Xtallography (PHENIX) was used for reciprocal space refinement with 10% of the
unique reflections set aside for calculation giffAdams et al., 200Coot was used for
visualization of electron density maps with thefFfocontoureca t 3 0 -BcoothitouPed o
at (BEmsley et al., 2010Crystallographic water moleculaseadded for a couple of
rounds of refinements, then organic solvent molecaleadded and validated using omit
maps. PDB and .cif filearemade for the organic molecules usthg PHENIX function for
ligands. Finished structur@sethen run through DRoP for analysis. This allowed the
structures to have the organic solvent and water molecules numberdbdseels of
conservation providing better way to consistently discusgsters. The structuresethen
superimposed back on the original structuresaafidal round of refinement was run for

consistency. The results of the analysis are given below.
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Results

EachRas512V-GppNHpcrystal was crosBnked in gluteraldehydand soaked in a
high concentration of organic solvents. These cryst@soaked in acetone (ACT),
dimethylformamide (DMF), dimethyl sulfoxide (DMS), 2,2/#luoroethanol (ETF),
glycerol (GOL), neat hexane (HEX), R,Skisfuranol (RSF), S,R;8isfuranol(RSG), t
butanol (TBU), andrimethylamine Noxide (TMO). The crosinked structure (XLink) in
agueous solution wasers as a control. Table 1 shothe overall data collection and

structure refinement statistics for RasG12V crystals soaked in orgévents
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ACT
70%

R32

89.13,
89.13,
133.96

90, 90,
120

50-1.70

(1.78-
1.70
0.069

(0.530
46.2
(3.09

93.8
(98.5
9.4
(7.5)

1.70

22709

18.18/
21.09

1335
1
22

1
76

.006

1.14

DMF
50%

R32

87.82,
87.82,
134.29

90, 90,
120
50i 1.72
(1.80-
1.72
0.099
(0.539
27.7
(4.00
99.3
(100
4.9
(5.2

172

26401

17.76/
18.84

1327
4
2/2

1
100

.007

1.15

DMS
50%

R32

88.79,
88.79,
134.27

90,90,
120
50-1.64
(1.70-
1.64)
0.593
(0.593)
3.18
(3.18)

.007

1.17

ETF
40%

R32

89.10,
89.10,
134.46

90,90,
120
507 1.78
(1.87-
1.79
0.064
(0.349
285
(4.47
92.6
(100
49
(5.2

1.78

22802

17.04/
19.06

1236
1
2/1

1
96

.007

111

GOL
50%

R32

88.34,
88.34,
135.38

90,90,
120

5071 1.35

(1.42-
1.39
0.064

(0.349
29.0
(4.80
96.4
(100

9.3
(9.7

1.3

50066

17.19/
17.84

1368
9
2/2

1
107

.006

1.21

HEX
Neat

R32

89.33,
89.33,
135.24

90, 90,
120

50-1.67

(1.75-
1.67)
0.075

(0.237

24.8
(4.9
96.4
(100
8.4
(8.1)

167

20160

18.84/
22.27

1326
2
22

1
63

.007

1.19

RSF
80%

R32

88.17,
88.17,
133.97

90, 90,
120
50-1.76
(1.83-
1.76
0.070
(0.339
317
(3.99
97.8
(99.9
2.6
2.9
1.76

22239

18.34/
20.53

1319
2
2/1

1
74

.007

1.18

RSG
35%

R32

88.57,
88.57,
134.43

90, 90,
120
50- 1.64
(1.70-
1.64)
0.064
(0.307)
51.4
(4.10
98.6
(98.3
10.4
(9.6)

164

27696

17.11/
19.43

1334
1
2/1

1
84

.007

1.24

TBU
40%

R32

87.87,
87.87,
133.52

90,90,
120

50-1.55

(1.62-
1.55
0.074

(0.427

24.7

(439
93.4

(91.9
8.9
(7.6
1.55

31067

18.96/
20.47

1345
4
2/2

1
76

.006

1.18

TMO
2M

R32

87.95,
87.95,
134.09

90,90,
120
50i 1.53
(1.63-
1.53
0.161
(0.826
16.56
(5.39
98.5
(99.9
7.9
(7.6
1.53

35549

17.98/
19.09

1337
1
22

1
89

.006

1.10

65



66

As seen in Figure,Bll of the RasG12V structures are similar to the published struettire
PDB Code 2RGE in terms tife helix 3/loop7 structural elements associated with the

all osteric switch mechani sm. Thi s means t hat

allosteric switch.

Figure 1. AllRas512V structures resulting from the variossaks The2RGEmodel in
yell ow represents t he hAandtHe3K8Y nsotledingeenof t he
repr esent s.Thelstauctdies soakedsirt oegane& solvents are represented as
follows: ACT (pale green), DMF (tv_yellow), DMS (pale yellow), GOL (ypsll orange),
HEX (limon), RSR (wheat), SRS (@), TBU (smudge), TFE (magepd MO (chartreuse)
and Xlink (split pea). Floop (black) Switch I (blue), Switch Il (red) and Labforange).
Colors basedrmPyMOL settings Figure created iRyMOL (Schrodinger, 2010
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This state is believed to loatalytically slow withdisorder in the switch Il region. In our
Ra<512V structures there are varying degreekbalical disorder between residues 6@6 of
switch II. In Figure 2 we can sehat the switch Il helix goes from beitajally disordered

to fully ordered, based on the clarity of electron der(sitgcked by COOTin that region.

Figure 2. Switch Il leels of disorder. AlIRas512V structuresoaled in organic solvents,
with 2RGE (yellow) and 3K8Y (greemis defined in Figure.JACT (pale green), DMF
(tv_yellow), DMS (pale yellow), GOL (yellow orange), HEX (limon), RSR (wheat), SRS
(sand), TBU (smudge)TFE (magentg TMO (chartreuse) and-Knk (split pea).Figure
created irPyMOL (Schrodinger, 2010

As seen in the figure above tRasG12V structures obtesd from soaks iDMF and GOL

had a fully ordered switch Il region, whileose soaked imBU, TMAO, and the Xlink
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structure had a serordered switch Il. The remaining structuregludingacetone DMSO,
HXD, RSR and SR$had a disordered switch [I. €ArFE structure had a fully disordered
switch Il to the point that it could not be built in to the crystallographic model. Switch |
however was fully ordered in all structures. This is typical of all Ras structures obtained
from crystals with symmetry R328ince switch | is stabilized by crystal contacts in this
crystal form. This is the crystal form we used for the published MSCS of wild type Ras
(Buhr man, ONjCo panaitris the erte used here for2hé MSICS of the oncogenic
mutants. In order to see if networkedifferent for wild type versus mutant, a comparison

of hotspot locations was done in Figure 3.
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Effector Lobe
Allosteric lobe

Figure 3. Wild type Rabotspots (blue) versus RasG12V hotspots (redhop (black)
Switch | (blue), Switch Il (red) and Loop7 (orangeigure created iPyMOL (Schrodinger,
2010.

As seen in Figure,3vild type Ras hotspot locations are shown as blue spheres while
RasG12V hotspot locations are shown as red spheres. We define a hotspot as an area on the
protein that contains 2 or more organic solvents. We have also distingbetiaesbn the
effector lobe in green and the allosteric lobe in grey. Ovevalhad a total of 15 unique
clusters with 8 of those being considered conserved. Papies a list of all 15 clusters

with their protein interactions.
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Table 2. List of all potein contacts within 3.5 A between RasG12V and associated organic
solvent clusters. In parentheses are the number of organic molecules found in each cluster
within the MSCS set.

Cluster Number Protein Contacts
1(6) Asn85, Lys117, GNP (nucleotide)
2 (5) Cys118, Glu143, GIn150
3(3) Arg97, Aspl108, Val109, Tyr137, lle139
4(2) GIn131, Aspl32, Argl35
5(2) Arg4l, GIn43
6(2) Serl7, Asp33, Pro34, Thr35, Asp38, Tyr40, Asj
7(2) Glu37, Asp38, Ser39
8 (1) Glu3, Glu76
9(1) Gly138
10 (1) Cys118, Leul@, Alal21, Arg123
11 (1) Leu23, Asn26, Lys42, Arg149
12 (1) GIn22, Asn26, Lys147, Arg149
13 (1) Gly48, Thr50
14 (1) Asp30, GNP (nucleotide)
15 (1) Vall45, Tyr157

Thereare manymoredifferent hotspot locations in wild typmmpared to the G12mutant.
However, there are two locations that have significant overlap. Cluster 1 from RasG12V is in

a similar location to Cluster 4 and Cluster 8 in wild type while Cluster 6 from RasG12V is in
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a similar location to Cluster 3 in Wild Type. Cluster 1 from ®b8V was the strongest

cluster containing six organic solvents (ACT, DMF, DMS, GOL, Ear TBU). Cluster 4

and Cluster 8 from wild type only contained two organic solvents RSF andBRS$@nan,

ONjCo nnor , ) Enrese custers are200ated in the interlobal regearthe ploop and

switch I. These clusters pick out an area of prgpeotein interaction where Ras is believed

to interact with Ra&SAP(Bu hr ma n, ONjC o . Closter, 6 frent RasGl12v, 2011
contains two organic solvents DMF and HEX. This is in close proximity with Cluster 3 from
wild type which contains GOL, DMERnd RSHKBu hr man, ONjCo n.ihese, et al
clusters are located in the effector lobe, opposite of switch I. The clusters are in a location
that is experimentally determined to interact with-R&D (Nassar et al., 1996This further
establishes the ability of MSCS to accurately pick out areas of pquiatiein contacts.

FTMAP, a purely computational solvent mapping method is also useful for studying hotspots
in proteins that may have crystallographic restraints due to crystal cofBaetke et al.,

2009. Figure 4 shows two hotspots that did not match experimental closteneseenby

FTMAP in thewild type proteinresults.
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P L
Figure 4. Two RasG12V clusterssmnilar locations to wild type RdSTMAP results Figure
created irPyMOL (Schrodinger, 2010

Cluster 2 (DMS, GOL, HEX, RSF and RSG) and Cluster 4 (DMF@OL) arein
the allosteric lobe of Ras. Both clusters 2 araile®.6 A from residues GLU 143 and GLN
131 respetively. These clusters aletween helix 4 and thatareunavailablan the wild
type proteindue to crystal contacts. This area is belieteehteract directly with the cell
membrane within Ra@B u hr ma n, O NjC o ) Roousing or€lusteadlwe can s2d 1 1
DMF and GOL make direct interactions with R1@hichinteract directly wih the

membrandGorfe, HanzaBayer, Abankwa, Hancock, & McCammon, 2007
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Figure 5. Zoom in of RasG12V Cluster 4 interactiBigure created iPyMOL (Schrodinger,
2010.

The carbonyl group of DMF and the hydroxyl group of GOL are hydrogen bonding directly
to tNhegribup of R135 wNgrobpiohR135 within 2.9 A3 codfirmech e ¥
by electron density. Previous published research using molecular dynamic sinsulatio
supportedy biological experiments shoR128 and R135 sites to interact with the
membrandAbankwa et al., 20Q&orfe et al., 200) This is critical in that these results

support thaMSCS is able to successfully pick out areas of prate@mbrane interactions as

well. This area could be a possible drug target since it is away from the active site but still
able to affect Ras. Whether these sites directly affect hydrolysis is still under investigation.

Figure 6 shows two more organic solvent clusters.
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interactiéngure created iRPyMOL (Schrodinger,
2010.

Cluster 5 containing D, DMS andHEX, is located within 2.8 A of the backbone amino
group of Q43 in the effector lobe. The side chain of Q43 makes hydrogen bonds with the
backbone carbonyl group of L919 and sidechain hydroxyl group of Y974 contained within
the Cdc25 domain of SOBoriack-Sjodin, Margarit, BaiSagi, & Kuriyan, 1998 Cluster 7
containing GOL and TBU is located within 3.0 A ahd@ A (respectively of serine 39

(switch I residue) in the effector lobe of Ras. This is within the Y71 site which is a pocket
made up o fstran® IHand Y7 ofrom gwitch(Bu hr man, ONjConmnnor ,
Even though there are no crystal contacts within this site the wild type structures had

discontinuities in the electron density of switcifBlu hr ma n, ONjCo p. fhese, et

et

a |
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discontinuitiesmade it difficult for organic solvents to bind in the pocket. However, in the
Ra<512V structures thRas crystals soaked in glycer@d@L) resulted in atructurewith a
fully ordered switch Il anthosesoaked in-butanol TBU) had a semordered switch |l
allowing for the binding of organic solvemoleculesFigure 7 shows a detailed look at

cluster 3 interactions.

Figure 7. RasG12V Cluster 3 interactioRigyure created iRPyMOL (Schrodinger, 2010

Cluster 3 is composed of @utanol and two separate glycerol molecules. This cluster makes
direct interactions with R97 (2.8 A), D107 (2.7 £108 (2.8 A) and Q162 (2.5 A). This is

in the allosteric lobe near helix 3 and loop 7, although it does not overlap entirely with the
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allosteric site containing calcium acetate in the structure with PDB code 3K8Y. In the
previous experimental wild typructures His 16®locked the availability of this pocket
while FTMAP used structurewith the His 166 swung away from the poci@tihrman,
ONjConnor , ). Bis allaned the c@nputational method to pick out the pogkée
the experimental MSCS couttht. However, in the RasG12V GOL structure the His 166 is
swung away allowing organic solvents into the pocket. Also, lodkirtige RasG12V TBU
structure there is a dual positiohHis166. The Hi$66 residue can be in either position, but
it appears that the glycerol molecule has a high enough affimitirdcsite to stabilize the
His166 conformation swung away from the pdcKenese dierences givesomeinsight irto
how pockets on proteins can be available based on whether it is wild type or mutated. While
some hotspots overlapped with experimental methods performed on wild type many aligned
with computational methods. Thigrther validates the need to not only study the wild type
for possible druggable targets batalso study thenutantsusing multiple experimental
approachesAnother area of importance is the water networks within Ras. Water networks
contribute greatlyd the ability of Ras to crosstalk between lofiésarney, 201p

Given the importance of water networks in R@s,alsochecked ithe water
networks are similar in wild typeeraus the RasG12V mutant. Figure 8 shows the

crystallographic water moleculegtwork in the mutant.
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Figure 8. Effector Lobe (green) and Allosteric Lobe (blagkh highly conserved waters- P
loop (black) Switch | (blue), Switch Il (red) and Loop7rémge).Figure created iRyMOL
(Schrodinger, 2010

RasG12V contam204 unique water clusters throughout the protein with 69 of those waters
being highlyconserved (7/11 or 72% of the structures). Water conservatretated to the
number ofwatermolecules foundh a particular positioficluster)when all of the structures

are superimposed. Looking at the effector lobe in green we can see that megstighkh
conserved waters are located near switch | and the active site of Ras containing the
nucleotide. Switch Il does not have any highly conserved waters. This is expected since only
four of the structures had a semi to highigiered switch Il regionyhich allowedus to see

and place waters in the area. Looking at the allosteric lobe in black we can see that most of
the highly conserved waters are near the loop regions. There are a few highly conserved

waters near the hebés but due to crystal contadn the areahey are limited. Previous
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research suggests there is a hydrogen bonding network that connects the allosteric site to the
active site in RagBuhrman et al., 2090

Hydrogen bonding network 1 is the allosteric site where the calcium and acetate
ions bind. Figure 9 gives a comparison of th

versus the emptlpcatadnRas&i2e.r i ¢ site fAoffo

(cyan). Loop 7 is in orang€&igure created iRyMOL (Schrodnger, 2010.

Seen in green is the previously published structure of wild type Ras (PDB code 3K8Y) with
the loaded allosteric site, while in cyan is a representation of our RasG12V structures with an

empty site. As seen in RasG12V many residues atéf@rent orientations compared to the
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wild type. Loop 7 is shifted causing D107, V103, K101, Q8% E98 to shift as well. In the
Aof fo state structures D107 makes a direct h
interaction between K101 and R97.ig Bhift in residues causes E98 to flip out leaving the
side chain to satisfy hydrogen bonds using water 154 (9% conserved) and water 181 (9%
conserved). Interactions between residue E98 and protein atoms in the 3K8Y model are
repl aced i nywakeeintefiaotibnls.R97d9ntthee RasGU2V structures hydrogen
bonds to water 99 (27% conserved) which hydrogen bonds to water 181 (9% conserved)
which in turn makea hydrogen bonding interaction with E98. Thi®cesss an example of
the importance of wars in their ability to rplace residue interactions when conformational
shifts occur. H94 is still able to maintain its hydrogen bonding to Y137 but an extra water
185 (9% conserved) INsligroup.&vketdoughthe BRasGldVi | i ze t h
structures have an empty site #hare still waters present. Waters 137 (9% conserved) and
131 (9% conserved) connect the oxygenkibone atoms of Y137 to D10A. wild type this
same hydrogebonding network is preseriowever itoccursthrough the calcium ion
instead of waters. This y&t another example of how waters are used to maintain hydrogen
bondingfor structuralintegrity.
Hydrogen bonding network 2 moves closer toward the active site including switch I
residues, water molecules, and is centered around residu@&@8nan et al., 20)0Figure
10 shows a comparison of hydrogen bonding ne

3K8Y) versus dAoffo (ithasGl2V soaks) confor mat
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Q61 0167

— \
Figure 10. Allosteric hydrogen Irigurecdtreatedt wor k

in PyMOL (Schrodinger, 2010

Il n t he @ ono 9%hgdnofea bonds to ivaien 384 in turn hydrogen bonds to

R68.I n the Aoff o0 state the bonds are- rearrange
mediated network Q99 binds directly to R68. The R68 hydrogen bonding to Y96 is
conserved through water inéetionsHowever , water 367 (fiond stat
105 (fAoffodo state, 27% conserved). The Y96 to
be elucidated since the residue is disordere
hydrogen bonds tevater 16 (100% conserved), which in turn hydrogen bonds to water 29

(100% conserved). Water 29 then hydrogen bonds to water 155 (9% conserved), completing

the Hbonding network to the amine backbone of E62. This helps to maintain the hydrogen
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bonding netwrk from Y96 to E62. The hydrogen bonding between E62 and Q61 is not
present in the Aoddthecaseevea when tBéRsida chains present T hi s
in the electron density maps. The remaining network involving S65, #p89R68 is also

broken in RasG12V. This is expected since these networks are thought to help place Q61 in

the precatalytic confirmation and the V12 residue causes steric hindrance that does not allow
thisto happeiBu hr man, ONjCon8bnceeal Bl of @0dlstruct.t
state of the allosteric switch, it is not surprising thatalhestericswitch networks are

di srupted. Another area of intereasndifoftfhe a
state structures.

Figure 11 shows the active site compariso
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Figure 11. A ct i \Ostatesfar theewilcttypengtrzctu(greeai r°PDBicode
3K8Y)) v e r sdate fofitlefRAsG12V structures athim MSCS sefcyan).Figure
created irPyMOL (Schrodinger, 2010

I n the Aond conformation E62 hydrogen bonds
Q61, Q61 then hydrogen bonds to water 189 (bridging water molecule), and completing the
hydrogen bond network is water 189 hydrogen bonding to Y32 and GppNHp. This allows

Ras to be in the correct confor matitomasf or hy
found in the RasG12V mutarli62 is disordered but could potentially hydrogen bond to

water 155 (9% conserved), Q61 hydrogen bonds to water 67 (81% conserved) and water 56
(catalytic water/81% conserved), water 56 hydrogen bonds directly to GppNilépwater

67 hydrogen bonds to Y32, and completing this hydrogen bond network is Y32 directly
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hydrogen bonding to GppNHp. This puts Q61
does not interact with a bridging water molecule to prtennarinsc hydrolysis. We
proposedhealternative mechanism of intrinsic hydrolysis involving the bridging water and
nucleophilicwater. In this mechanism a proton from the catalytic water is transferred through
thehomsphate to the br-phasghateand Y82 leadimg tolelivery e e n
of the proton to the GDP leaving gro(Buhrman et al., 20)0Recently, it was reported that
there is a Ras wateetwork connecting helix 5 to N85, providing a communication pathway
between the membrane interacting region on the surface of Ras and the adtiXesasitey,

2012.

Until recently there was no known research to suggest how regions of Ras interacting
with the membrane are alite communicate witlthe active site. However, it was redgn
hypothesized that this gossiblethrough a hydrogen bonding network including wateis a
residuegKearney, 201 Fi gure 12 shows the beginning

RasG12V.

t

i n

f

of
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Figure 12. Beginning of Helix 5 to N85 network with 3K8Y (greemmpus G12V Xlink
(cyan).Figure created iRPyMOL (Schrodinger, 2010

The beginning of the network includes: the NH1 group of R164 hydrogen bonding to water
22 (100% conserved/water 181 3K8#hdwater 22 then hydrogen bonds to wate2d0%
conserved/water 179 3K8Y).eMt water 24 hydrogen bonds to the oxygen backbone atom of
R161, then the NH1 group of R161 hydrogen bonds to water 9 (100% conservedA8ater
3K8Y), water 9thenhydrogen bonds to the hydroxyl group of T158 and lastly the hydroxyl
group of T158 hydrogen bonds to the oxygen backbone atom of D154. We then continue the

network in Figure 13.
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Figure 13. Continuation of network with 3K8Y (grgversusRass12V X-link (cyan).
Figure created iPyMOL (Schrodinger, 2010

The network continues with the amino backbone group of D154 hydrogen bondiatetd8

(100% conserved) while ithe 3K8Y structure water 306 not only interacts with the

backbone but the hydroxyl group as well. Continuing along water 8 then hydrogen bonds to
water 35 (100% conserved/ water 246 3K8Y), next water 35 hydrogen bahésaimino
backbone group of Q150 which directly hydrogen bonds to C118. Cysteine 118 goes through
an important §lutathiolation which increases Ras activity as the RasIRamplex enters

into the membrane fractiqi€lavreul et al., 2006 The network ends at N85 in RasG12V as

seen inFigure 14.
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Figure 14. Network ending in the active site with 3K8Yefr) versus G12V -Knk (cyan).
Figure created iRyMOL (Schrodinger, 2010

The netvark continues with K117 hydrogen bonding to water 40 (100% conserved/water 192
3K8Y), which in turn hydrogen bonds to N85. N85 connects to, K&fbrted to be

connected to Y32 through a water hydrogen bo
(Buhrman et al., 2090Y32 is thought to be important for the intrinsic hydrolysis

mechanism of Ras as it interacts with the previously mentioned bridging wateuraole

(Buhrman, Kumar, et al., 201.1In our RasG12V structures the network contmteough

the amino group of N85 hydrogen bonding to water 199 (1% conserved/water 308 3K8Y).

Next, water 199 hydrogen bonds to water 1WAich is also 1% conserved and in similar

position as water 309 from the 3K8Ygtture. This is a similar tor@potedtrendwhere the
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waters that are close to N86 in the catalyt:i
(Kearney,2012 Looking at the cat atheyhydiogembdohdy A ono s
network continues through water 396 andliyyhydrogen bonding to Y32n our RasG12V

structures this network is destroyed and there is no connection to Y32. This is typical of
catalytically conpetent Ras structures where ¥&2 side daininteracts with a water

molecule and in the catalytically incompetent Ras structuheseY 32 interacts directly

with the nucleotide. All of these observations are expected with our structures being in the

Aof fo state conf or sidetneachanism foriRassat the menbridnelode a p o
able to tell if GTP or GDP is bound within the active site. The water network is completed

when Ras i s ,#&llowing thecatalyiorésidues takte & proper alignment and
destroyed when Rasisine fiof f 0 state, changing the alig

More experiments are needed to confirm the importance of these network findings.

Conclusions

The current study presents one of the first successful applicatiMS@$to a
comparison of anutant to a wild type protein within the safaenily. While two clustersn
RasG12V overlapvith two on the surface of wild type Ras, many clusteesin unique
areas. The two areas of overlap are in sites of prpteitein interactions, more specifibal
RasGAP and Ras/RaRBD. Even though ther@emany sitesn RasG12V thaarenot
identified experimentally in the wild type, they seemed to overlap wellIitMAP results
for wild type RasTheseareaf crystal contactesultin less access to theganic solvent
moleculesin RasG12V theravasjust enough space to allow smaller organic molecules to

bind. These clusters algtucidatedareas of protekprotein and protein membrane
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interaction known to occur in Ras. In this case, the combined MSG&sries wild type and

mutant Ras resulted in a more complete sampling of the hotspots on the surface of Ras.

MSCS also has a very powerful water analysis component. The allosteric switch hydrogen

bond networks 1 and 2 presedt n t h e @ o n &arediffexentén osr Ras@l@\M ur e
structures in the fAoffo state. One interest:
water networks. In allosteric networkeéven though calcium acetate was missing and
residuesareconfigured differentlywatersarepresent to replace ions and protein residues

that maintairsimilar hydrogen bonding network. In allosteric network 2aveable to see

how waters use an alternate water network route to stabilize similar hydrogen bonding
interactiond n t h @nfdinoafiohso Thactive site water network shows wateeeded

for catalytic mechanisms are usually highly conserved. The 100% conserved catalytic water

is present no matter the environment of the Ras crystals. rélmdis shovihe active site

waterné wor ks break down i n Thiswas élsofrde fortleetwitdt e c on-
type proteinLastly, a recently discoverea water network that connects Helix 5 at the

membrane interacting area of Ras to the active site and show that this netwoskys mo

conserved in the mutant. This is not surprising given our hypothesis that this network is a

sensor for the nucleotide bound state, which is the same in both wild type and mutant

proteins. Overall we have discovered many different types of informasiog MSCS, from

conserved water networks to new organic solvent cluster hotépstemmary, while wsee

unigue organic solvent clusters in RasG12V #rahot present in the wild type protein,

thereareno differences observed for the water networkthée allosteric off states of wild
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type and mutant RaSppNHp.Further research is needed to determine if this method is

useful for depicting differences between wild type and oncogenic mutant proteins.
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CHAPTER 4: THE MSCS OF RASQ61L
Introduction

Ras s an important member within the superfamily of small monomeric GTPase
proteins which function as fAmol ecul ar switch
(Barbacid, 198y. Ras has two forms including inactive when bound to GDP and active when
bound to GTPNucleotide cyclingcauses conformational changes mainly in the switch |
(residues 30 38) and switch Il (residues 5972) regiongdCampbell et al., 1998These
regions bind downstream effector proteins as well as regulator proteins that help control the
state of the nucleotide. GTPa&etivating Proteins (GAPS) help to enhance the low intrinsic
rate of GTPase activity by at least¥0ld causing the signal traduction to be turned off
(Scheffzek et al., 1997Guanine Nucleotide Exchange Factors (GEFs) accelerate the rate of
nucleotide release allowing GTP to bind and turning the signgdarang, 199)/ Problems
in the g/cling between GTP and GDP are caubganutations in Rathatlead to cancer. The
three main mutations occur in codons 12, 13, or 61 which convert the Ras gene into an
oncogendAdari, Lowy, Berthe, Der, & McCormick, 1988These mutations lead to the
protein being permamndy turned on causing unregulated cell growth and tunfRaQ61L
hasone ofthe highest transformation efficiency of any mut&ihile otherresidue
substitutionsat position 6lare not as effective they all still decreaseitro GTPase activity
by abaut 10fold (Der, Finkel, & Cooper, 1986Even though the effects of the Q61L mutant
are well known, theesultingeffects on the intrinsic catalytic mechanism stit being

elucidated.
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Effector poteins bind Ras in the GHsbund state to propagate signaling through
diverse Rasmssociated pathways. Termination of the signal through-GaAflyzed GTPase
activity has been we#itudied with the assumption that intrinsic hydrolysis is biologically
irrelevant. However, our group recently discovered an allosteric switch mechanism
associated with the effector Raf, a key interaction in the Ras/Raf/MEK/ERK cascade that
controls cell proliferatioffBuhrman, Kumar, et al., 20LIThis mechanism involves the
increase of GTP hydrolysis rate through a GAP independent mechanisne thia still
researchingPrevious research suggestsa-twat er mo d e | -phosphatelofiGEFh t h e
abstracts a proton from W189 activati-ng the
phosphate during hydrolys{Scheidig, Burmester, & Goody, 1998ased on our more
recent crysdl structures, wproposed an alternate tweater mechanism where a proton
from the catalyticwate mol ecul e i s -ghosphatstd &bridgiagdwateri a t he ¢
mol ecul e Dbpghosphate and X32 eventually being delivered to the GDP leaving
group(Buhrman et al., 20)0During the transition state of the reaction the bridging water
molecule, that donates anlddnd to both Y32 and Q61, is proposed to accrue a partial
positive charge that stabilizes developing negative charge on the oxygebeat@en the [
and [J phosphates of GTP. This mechanism is thought to be more relevant to representing
hydrolysis within the Ras/Raf complex since it is based on the structure of Ras from crystals
with symmetry of the space group R@uhrman et al., 20Q71In this crystal form switch I
is free of crystal contacts and shows switch | withewatolecules in the active site as seen
in the Raps/Raf complgNassar et al., 1996This mimic of the active site of Ras in

complex with Raf provides an exaatit model for GTP hydrolysis catalyzed intrinsically by
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Ras(Buhrman et al., 20)0Rafinteractswith the GTP bound form of Ras through the Ras
bindingdomain (RBD) and the cysteimeh domain (CRD)YBondeva, Blla, Varnai, &
Balla, 2002. Q61L structurepublished in the R32 space group sttbe conserved switch |
residue Y32 hydroxyl g r ophgsphatenaf G@TiP,aatherithang di r e c
through a bridging water molecule as in the wild type stru¢Bmarman et al., 2007
Wittinghofer & Nassar, 1996 This structure of RasQ61L shows that L61 becomes part of a
hydrophobic cluster that closes over the nucleotide, isolating itrdknsolvent and
abrogating hydrolysis of GTP in the presence, but not in the absence RBRafBuhrman,
Kumar, et al., 203;1Buhrman et al., 20QY. Given how relevant RasQ61L is to cancer the
next logical step is to determine possible drugs to disrupt the pathway. One such method for
identifying hotspots as possible targets is the Multiple SolventCryistal@ct ur e 6 s ( MSC
method.
The MSCS method uses organic solvents for the mapping of protein sAHeas
et al., 1995 This method employs either an organic water mixture or neat solvent applied to
one crystal at a time. This allows us to locate areas cdipfagand interactions, protein
protein interactions, protein plasticignd comprehensive water analy@den et al., 1996
Carla Mattos et al., 2006This method was recently applied to wild typdRlds in the R32
space group, combined with tR& MAP computational method for locating hot spots on
protein surfaceB u hr ma n, O NjC o ) mhispaper bighliglatdd the effiziéndy bf
MSCS by successfully locating hotspots that picked out Ras interactions wiRBRaf
RasGap, RaCRD, and membrane interactio(B u hr man, ONjCo npfher , et al

FTMAP revealed additional hot spots in areas that are in extensive crystal contacts in Ras
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crystallized in the R32 crystal form. The experimental and computational methods combined
areessential for locating hotspdtsat could be possible drug sites away from the active site,
which is intrinsically disordere@to et al., 199706 Connor & K mthe abgenca |, 201
of protein binding partners and thus difficult to target with small molecules. In addition to the
possibility that oncogenic mutations may affect the locations of hot spots on the surface of
Ras, it could alsdisrupt the watemediated Hbonding networks critical to the allosteric

switch mechanism associated with the Ras/Raf/MEK/ERK patliBayrman et al., 210).

The MSCS method was therefore applied to RasG12V and RasQ61L. In RasG12V two
hotspots overlapped with wild type. Interestingly however, most of the hotspots identified by
MSCS for this mutant overlapped with thasscoveredy FTMAP in the wild type protein.

In order to better visualize results we use the DRoP program. This program was created to
allow consistent analysis across a large number of structures, address crystallographic
symmetry, allow cluster visualizatipand give a quality measurentef the clusters

(Kearney, 201 DRoP allows us to be able to accurately assess the differences and
similarities between wild typ&ass12V, andRafQ61L. The present chapt®cuses on the

MSCS results and analysis of surface features for the RasQ61L oncogenic mutant.

Experimental Methods
Expression, Purification and Crystallization

Truncated wild type Ras (residuesl66) was mutated at codon 61 (Q61L) using a
QuickChangdl SiteeDi r ect ed Mutagenesi s Kit from Strat
instructions. The DNA was then cloned into the PeT21A (+) vector (Novagen) and

transformed intde. coliBL21 cells. These cellsreused for purification as previously
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describedBuhrman et al., 2003The GDP was then exchanged forpGipip using the
published procedurgtumber et al., 2002RasGppNHp solution contained betweenilO
15 mg/mL of protein in stabilization buffer (20 mM Hepes pH 7.5, 50 mM NacCl, 20 mM
MgCl, and 10 mM dithioerythritol). Crystalregrown at 18 °C in a sitting drop tray
containing 5 pl of protein solution and 5 pl of reservoir solution for about a Wéek.
reservoir solution contained 500 pl of 200 mM calcium acetatehydrate, 20% w/v PEG 3350
and 0.05% fOctyl-b-D-glucopyranoside diluted with 50 ul of stabilization buffer for crystals
grown in the presence of calcium acetate. For those grown in theq@eesecalcium
chloride the reservoir solution consisted of 500 pl of 200 mM &&5P6 w/v PEG 3350 and
1 mMDTT.
Crosslinking and organic solvent soaks

H-RasQ61LGppNHpcrystalsaretransferred to a-9vell sitting-drop glass plate
containing 50 pl of @bilization buffer (20 mM Hepes pH 7.5, 50 mM NaCl, 5 mM Mgl
mM DTT, 200 mM CaGlor 200 mM Calcium Acetate and 25% PEG 3350). The buffer was
then exchanged with stabilization buffer containing 1% gluteraldehyde. Theliolosg
reaction was alloweto occur for 30 minutes to 1 hour before exchanging with fresh
stabilization buffer to remove gluteraldehyde. The crystedshen successfully soaked in
neat organic solvents or organic solvent/water mixtures as seen in the results section.
Data collecion and structure refinement
High-resolution dataverecollected on the SECAT ID-22 beamline at APS at 100K using
the Mar CCD detector. Thé-rays had a wavelength of 1.0 A andreexposed from 1 to 3

seconds per frame with an oscillation angle ofrid acrystal todetector distance of 120



95

mm. The collected dateprocessed using HKL20q@twinowski & Minor, 199%. The
published structure of HRas (PDB code 1CTQyith the removal of all noprotein atoms

and switch Il deleted from the model with atomidaBtors set at 30 A was used as an initial
search model for molecular replacement using Crystallography and NMR System (CNS)
(Brunger et al., 1998CNS was used fall reciprocal space refinement with 10% of the
unique reflections set aside forLRcalculationgKleywegt & Briinger, 1996 The molecular
replacement solution with the best statistics was applied to generate a model iggsthg a r
body refinement at 2.5 A, then a rigid body refinement at 2.0 A, simulated annealing, energy
minimization and group Bactor refinement in CNS. Next the 2F&c and Fo Fc electron
density mapperaregenerated. Building of the model was accomplishg COOT(Emsley

et al., 2019 CNS was then used in multiple rounds of energy minimization and individual
B-factor refinements. The GppNHp molecule was addé¢kdeanodel early while water, ions
and organic solventreadded later in the refinement process. All structarethen run

through DRoP and the resulting analysis is presented below.

Results

Ras Q61L crystalaregrown in either calcium acetate or dgata chloride and then
soaked in multiple solvents. Tleeystal soaks growm the presence of calcium acetatein
50% dimethylformamide (DM} and 60% 1,éhexanediol (HEZ)Crystals grownin the
presence of calcium chloride included thédink structure(no organicsolvent), 50% DMF,
neat hexane (HEXand 70% glycerol (GOL). Note that there are two structures obtained
from crystals soaked in 50% DMF. One originates from crystals grown in the presence of

calcium acetate and the other in the presencaloiuen chloride. We will differentiate these
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two structures as DMEa(OAc) and DMRCaCb.The X-link structure was crodeked and
maintained in stabilization solution derived from the crystal growth mother liquor and is used
as a control to make sure tiihe crosslinking itself does not significantly affect the protein

structure. The statistics for the crystal structures are given below in Table 1.



Table 1. Refinement Statistics of RasQ6-GppNHp. Parentheses equals highest resolution shell.

X-Link

DMF 50% DMF 50% HEX HEZ 60% GOL 70%
CaCl, CaAc CaCl, CacCl, CaAc CaCl,
Data Collection
Space group R32 R32 R32 R32 R32 R32
Cell dimensions
a,b,c(d) 88.77, 88.73, 88.57, 88.23, 87.76, 89.16,
88.77, 88.73, 88.57, 88.23, 87.76, 89.16,
134.66 133.86 134.46 134.38 134.62 135.09
U, b, o ( 90, 90, 120 90, 90, 120 90, 90, 120 90,90, 120 90,90, 120 90, 90, 120
Resolution (A) 50-1.81 50-1.80 5071 2.20 50-1.45 5071 1.55 5071 2.18
(1.89- (1.86- (2.071 (1.51- (1.62- (2.26-
1.81) 1.80) 2.00) 1.45) 1.55) 2.18)
Rsym OF Rmerge 0.088 0.053 0.108 0.075 0.067 0.093
(0.456) (0.570) (0.786) (0.584) (0.471) (0.497)
I/ G 374 52.6 36.7 41.7 33.2 19.8
(3.52) (3.21) (3.93) (3.88) (3.64) (3.35)
Completeness (%) 97.3 99.9 99.7 99.9 99.5 98.9
(94.0) (99.1) (98.1) (100) (99.1) (97.5)
Redundancy 9.4 10.4 9.3 6.0 9.7 9.7
(6.0) (7.9) (6.5) (8.9) (8.0) (6.7)
Refinement
Resolution (A) 1.81 1.80 2.20 1.45 1.55 2.18
No. reflections 19484 18439 10043 38311 30623 11649
Ruork / Riree 19.08/ 20.88/ 19.11/ 19.33/ 18.39/ 19.39/
21.01 23.64 22.74 20.00 19.75 21.94
No. atoms
Protein 1313 1250 1310 1304 1289 1308
Organics 0 4 1 2 1 7
Magnesium/ Calcium 2/1 2/2 2/2 1/4 1/4 2/2
lons
GppNHp 1 1 1 1 1 1
Water 127 89 103 135 127 89
RMSD
Bond lengths (A) .005 .006 .007 .004 .004 .013
Bond angles (A) 1.19 1.17 1.22 1.16 1.10 1.82

97
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The space group was R32 with the tas diffracting to a resolution of 2.2A better. We
showthat in this crystal form RaGppNHpstructures can be obtained in the two states
associated with the allosteric switch mechanism: one is obtained in the presence of calcium
chloride and has a sitture where switch 1l is completely disordered (PDB code 2RGE) and
intrinsic hydrolysis is slowBuhrman et al., 20Q7the other is obtained in the presence of
calcium acetate and shows a shift in helix 3/loop 7 away from the active site and towards
helix 4, resulting in a highly ordered active site in which intrinsic hydrolysis is expected to be
greatly accelerated (PDB code 3K8Buhrman et al., 20)0The binding of calcium and
acetate at the remote allosteric site is responsible for this shift. We propose that the binding
of calcium and a negatively charged membrane component (mimickee bhgdtate) to Raf
bound Ras is at the core of the allosteric switch mechanism responsible for turning off
signaling through the Ras/Raf/MEK/ERK signaling pathway.

Figure 1 shows the overall comparison of the RasQ61L crosslinked structure to those
with PDB codes 3K8Y (with the shift in helix3/loop7 and an ordered active site) and 2RGE

(with a disordered active site).
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Figure 1. RasQ61L models (in various colors) versus 2RGE (yellow) and 3K8Y (green). The
GTP analogue GppNHp is bound to wild type and ntuRas in the three models. The
bound calcium and acetate ions are shown in green sphere and in stick respedogly. P
(black), Switch | (blue), Switch Il (red) and Loop7 (orangeigure created iRPyMOL
(Schrodinger, 2010

All of the RasQ61L structures resembled the 2RGE model, containing no shift in helix 3/loop
7 and with a partially ordered or disordered switch Il region. This is because even when
crystalsaregrown in the presence of calcium acetate,dalcium and acetate ions aoaked

out once the crystals atansferred to solutions containing high concentrations of organic
solvents. For this same reason, all of the structures in the MSG#l dype RagBuhrman,
ONjConnor , )aadRastl2V arals® i thd conformation observed in the model

with PDB code 2RGE, corresponding to the
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catalysis is expected to be slow. In crystals of RasQ61L soaked in 5(2CRANC the
switch Il region was totally disordered and could not be built due to lack of electron density.
The structure solved in 60% HEZ had a partially ordered switch Il with most of the residues
containing sufficient electron density to build at leastmain chain for that region. The
structures obtained in 50% DMFaCh, 70% GOL, neat HEX and-Xnk had an ordered
switch Il region as confirmed by electron density. This conformation is the same as observed
in our recently published structure of wtlgpe HRas bound to DTT near switch Il
(Holzapfel, Buhrman, & Mattos, 2012nd consists of the antatalytic conformation
observed in the RasQ61L mutgBuhrman et al., 20Q7Given these structures are similar to
Ras512V and wild type weomparedhe water and organsolvent structure networls the
three structure

There arel4 unique organimoleculeclusters withinrRa)61L and 3 of those
clustersarehighly conserved. Table 2 gives a list of all the cluster numbers and the residue

interactions within 3.5 A.
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Table 2. Cluster numbers and their interactegjdues listed. In parentheses are the numbers
of organic molecules found in each cluster within the MSCS set.

Cluster Number Protein Contacts
1(3) GLN25, HIS27
2 (2) GLN95
3(2) GLU 126, GLN129
4 (1) GLUS, TYR4, GLU76
5(1) GLU162, GLN165
6 (1) CYS118, LEU120, ARG123
7 (1) TYR32, ASP33
8 (1) GLY12, ASN86
9 (1) ILE21, SER17, ASP33, THR35, ASP38
10 (1) PRO34, ILE36, GLU37, ASP38
11 (1) ASP92, HIS94, GLN95
12 (1) Nucleotide, ASN 85, LYS117, LEU120
13 (1) ASN26, LYS42, VAL44, ARG149, GLU153, TR157
14 (1) GLU91, HIS94, TYR137

Figure 2 shows a comparison of hotspots obtained from MSCS analysis for wild type

and the two oncogenic Ras mutants G12V and Q61L.
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Effector Lobe
Allosteric Lobe

Q61L Cluster
O G12V Cluster
Figure 2. Organic Cluster overlap in effector lobdo®p (black in effector lobe)wdtch |

(blue in effector lobe), Switch Il (red in effector lobe) and Loop7 (orange in allosteric lobe).
Figure created iPyMOL (Schrodinger, 2010

Figure2 shows many clusters that are in different areas of the protein and are represented by
spheres in place of the organic solvent clusters that appear after superposition of all structures
in the respective MSCS sets. Clusters for RasQ61L are shown iphes, those for
RasG12V are shown in blue spheres and those for wild type are shown in yellow spheres. For
the purposes of this analysis if there are two organic solvent molecules bound at the same site
in an MSCS set, that site is considered to corgailuster indicative of a hotspot of
protein/protein or protein/ligand interaction.

Ras can be thought of as containing two lobes. The first half of the molecule is the

effector lobe, shown in green in Figure 2. The effector lobe contains residu@s 1
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including switch I, switch 1, the foop and most of the nucleotide binding pocket

(Buhr man, ONjCo ttis called theteffeatdr lohe bex&ude it contains the
protein/protein interaction sites with effect¢Bsu h r ma n, ONjCo pfihe seconcet al
half of the catalytic domain is the allosteric lobe shown in black with gray surface in Figure

2. The allosteric lobe contains residued 871 including the portions of Ras that interact

with the membranehe allosteric site and allosteric switch components involving helix 3,
loop7andhelix4Bu hr man, ONjCo n OQmerarga oéctustea dverlap o@clrdlirl
theeffector lobe. Figure 2 shovigasQ61L Cluster 1 (DMEa(OAc),, DMF-CaCh, HEX)

overlgs with wild type Ras Cluster 3 (DMF, GOL, and RSF) and is in close proximity to
Cluster 6 (DMF and GOL) iRas512V. These clusters aomthe other side of switch |

relative to the nucleotide. This interaction slepictsa protein/protein interaction seciated

mainly with Ras/RaRBD in wild type(Bu hr man, ONjCo ) Armther sitecof al . |,
overlap is inan area between the effector lobe and allosteric lobe as seen in wild type shown

in Figure 3.
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Effector Lobe
Allosteric Lobe
Q61L Cluster
G12V Cluster

Figure 3. Cluster overlap between the lobekdp (black in effector lobe) Switch | (blue in

effector lobe), Switch 1l (red in effector lobe) and Loop7 (orange in allosteric I6igeye
created irPyMOL (Schrodinger, 2010

Figure 3 shows an aaef overlap between lobes specifically Cluster 2 (HEX and
HEZ) fromRag)61L and Cluster 1 (DMF, ETF, HEX and HEZ) from wild type. These
clusters are between helix 3 and switch Il near the active site, considered the interlobal
region. This site is anotharea of protein/protein interaction. This is where impetin b i n d s
the homologous Ran GTPase whebinmdsGTP causing a stabilization in an identical
catalytically incompetent conformation of switch(Metter, Arndt, Kutay, Gorlich, &
Wittinghofer, 1999. Another clusteris in the allosteric lobe not in overlap with either

Ras512V or wild type as seen in Figu4.
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Effector Lobe
Allosteric Lobe
Q61L Cluster
G12V Cluster

Figure 4. Only cluster not in overlap-l&op (orange in effector lobefrigure created in
PyMOL (Schrodinger, 2010

As seen in thé&igure 4 aboe Cluster 3 in RasQ61L is the allosteric lobe. This
cluster contains DMfEaAcand DMSO(collectiondata unavailableorganic solvent
molecules. These organic molecules bound in a site near Q129 interacting with its side chain
amide group. As of now therare no known important interactions that ocauresidue 129
in H-Ras. Althougtthe organic solvent clusters are of high importance water moleastes
play an important role in mediating protein/protein interactions. A comprehensive water
comparison oRasQ61L to the wild type with an ordered active site (PDB code 3i€3Y)
used tadetermine whether the water mediatethdhding networks are conserved in the

mutant.
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For this analysis we used ourhiouse program DRofKearney, 201 DRoP takes
coordinates for multiple structures of a given protein and renumbers all of the solvent
molecules according to how conserved they are in the set and how tightly the molecules are
in thecluster. Thus water molecule number 1 is conserved in all 7 structures of RasQ61L in
the various solvent corttbns and water molecules that position has the smallest RMSD of
all 100% conserved clusters, and so forth. RasQ@#lictures contai@28 ungue
crystallographic watebinding sites. However, only 85 of those clusaneshighly
conserved, meaning that they appeared in at least 5 out of the 7 structures at that given

position as seen in Figure 5.

Figure 5. Highly conserved water molecule=d spheres) in the effector lobe (green) and in
the allosteric lobe (black).-op (black in effector lobe) Switch | (blue in effector lobe),
Switch 1l (red in effector lobe) and Loop7 (orange in allosteric Idkigure created in
PyMOL (Schrodinger, 2010
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As seen in the figure the effector lobe in green has a higher hydration level, focused mainly

near the nucleotide and switch I. However, looking at #itch Il region there are virtually

no conserved crystallographic water positions. This is due to the disordering of switch Il,

which will inevitably result in a correspondingly disordered hydration shell. The allosteric

lobe, shown in black, has much heghhydration in the loop regions than near helices 3, 4 or

5. This is because this area is near crystal contacts that limit accessibility to this region.

Looking within the active site we can see that the water networks are different between the
catalytca | y fAondo (ordered active site with water

catalysis) and Aoffod (anticatalytic conf or ma
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Switch II @368

Figure 6. Active s wildtpe(@medniePDB coderBi8yveisusson fion C
i o fRAs@Q61L(cyani as in the MSCS sgtFigure created iPyMOL (Schrodinger, 2000

Il n Figure 6 a representatinmihcRaaspiebed L st ruct u
representing its associated eamolecules; andtigu bl i shed structure rep
state (PDB code 3K8Y) is shown in green. Of water molecules from the RasQ61L MSCS set,

only the nucleophilic water molecule, number 14,086% conserved. This water molecule is

in a similar position to Water 175 from the published (PDB code 3KB8¥je precatalytic

state The catalytic water is essential to the intrinsic hydiislpf Ras and iactivated by the

o-phosphate of GTP abstradione of its protons and shuttling it to the bridging water

molecule 189Buhrman et al., 2090As seen in the Figure 6, Water 189 is not present in our

RasQ61L structures. Thisisdueo t he f act that the structur es
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with Y32 interacting directly with the GppNHp, replacing the bridging water molecule.
Water 396 in the wild type Aonodo conformati on
RasQ61L structureepresented by the cyan Water 118 (43% conserved). WatédnB96
Y32 to N86 at the Merminal end of helix 3 through a hydrogen bond network involving
waters 162 and 10Buhrman et a).201Q. In our structures this hydrogen bond network is
broken as Water 118 is too far to link thébbinding network originating at N86 to the active
site Y32, now shifted toward the [1-phosphate of the nucleotide. Water 176 in wild type
interacts directly withhe side chain oxygen atom of Q61 linking it through hydrogen bonds
to E62. This water wosdn conjunction with E62 to position Q61 near the bridging water
molecule 189Buhrman et al., 210). Water 108 (43% conserved) from the RasQ61L
structures is in a similar position but instead makes interactions with the backbone of L61
with E62 being too disordered to participate in the interactions. In previous research
hydrogen bondingetworks Abeled network 1 andénnect the allosteric site to Q61 in the
active sitg(Buhrman et al., 2030

Allosteric network 1 includes calcium acetate whitvolves H94, R97, E98, K101
(located on helix 3), D107 (located on loop 7), and Y137 (located on héBuAyman et
al., 2010. In our RasQ61L structures this network is completeltryeds it is in the
RasG12V structured\ll of the residues are in different orientations compared to those in the
model with PDB code 3K8Y, with waters replacing some of the hydrogen bonding
interactions irthe network. Figure 7 shovescomparison adllosteric network 2 in the
structure of the fiono state conformation of

organic solvent soaked RasQ61L structures 1in
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2

Figure 7. Allosteric water network Eigure created iRPyMOL (Schrodinger, 2010

Helix 3

Helix 3 residues Y96, Q99, and R102 are in position to contribute to network 2 along with

switch Il residues M72, Y71, D69, R6865, E62, and multiple water molecu(&hrman

et al., 2019 Conditions that form networks 1 and 2 are caused through a shift in Ras creating

the netvorks that allow the ordering of switch 1l and placing Q61 in a precatalytic state for
hydrolysis of GTRBuhrman et al., 20)0Figure 7 shows water 176 (3K8Y) and 108

(RasQ6lL soaksami3 % conserved) shift 1.4 j in going
Comparing Water 367 (3K8Y) and Water 76 (RasQ61L soaks and 71% conserved) the shift

is 1.6 A. Lastly, Water 373 (3K8Y) and Water 132 (RasQ61L soaks and 29%:\a)ser

show a 0.9 A shift. Ahough these water molecules are in close proximity to important
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waters in the precatalytic state the roles are very different. This is due to the fact that the
glutamine at position 61 is changed to a leucine, breaking the hydrogen bond network.
Overall tere is a shift is several key residues important for the network 2 and the water
molecules that interact with these residues shift along with them (Water 76 shifts with Y96,
Water 132 shifts with R68 and Water 132 shifts with E62).

Recently, another ingstant water network was discovered in Ras linking the
membrane interaction helixes to the active @fiearney, 201), elucidating for the first time
another important commiugation network between the membrane interaction region in the
allosteric lobe lfelices4 and 5) and the active site. This network involves several water
molecules that are highly conserved in the wild type MSCS set. It turns out that this network
is alsohighly conserved in the RasQ61L MSCS set presented here. Figure 8 gives a depiction

of those residues and water molecules involved.



112

R164

Figure 8. A) Beginning of Helix 5 netvvorjgure created IPYMOL (Schrodinger, 2010

The network begins in Figure 8A with the NH1 group of R164 hydrogen bonding to two
100% conserved waters 20 and 24 that in turn link to the backbone oxygen atom of R161.
R161 then hydrogendmds to 100% conserved water, Which in turn Hbonds to the

hydroxyl oxygen atom of the side chain of residue T158. Figure 8B continues the network.
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Figure 8. B) Continuation of helix 5 to active site water netwligure created iPyMOL
(Schrodinger, 2010

The hydroxyl group of th& 135side chain then hydrogen bonds to the backbone carbonyl of
D154 which in turn hydrogen bonds to 100% conserved gateXext Water 25 hydrogen
bonds to the amine backbone group of Q150, which in turn hydrogen bonds to C118.
Cysteine 118 can be@utathiorylated increasingras activity(Clavreul et al., 2006 The
experiment showthe time course of this modification coincided with Ras binding telRaf

and the complex entering into the membrane fragt@avreul et al., 2006 Looking further

along the active site the network continues through K117 asrséégure 8C.
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Figure 8. C) Hydrogen bonding network ending in the activefSigere created iRyMOL
(Schrodinger, 2000Figure created iRyMOL (Schrodinger, 2010

Lastly, the amine group of K117 hydrogen bonds to 100% conserved water 11, which in

turns hydrogen bonds to N85. K117 binds directly to théemtide while N85 connects to

N86. N86connects o Y32 through a water network in th
in Ras(Buhrman et al., 2090In our Q61L organic solventsoake iof f 0 st at e st r
does not hydrogen bond any water molecules that connect to Y32 as seen previously stated

above.
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Conclusions

With the growing difficulty to make viable drugs that target mutated proteins
experimental methods that can enhazieg speed up this process are vital. If a method is
able to depict differences between wild type and mutant protein, then the chances of creating
a viable drug targeting only the rogue protein would be greatly increased. This would have
huge impacts on ¢hfield of drug targeting as a whola.the work presented here we use
MSCS tostart to answer these drug targeting questiorfsding anovel result of RasQ61L.
Two highly conserved clusteasein similar locations opublishedwild type clusters. Thae
clustersarein important locations of protein/protein interactions esROnNe clustarovel to
the RasQ61L structurewas near Q12%ut its significance foRasfunction has not yet been
determined Thereareseveral positions associated with a sngilganic solvent molecule on
the surface of RasQ61However, these are not considered to be hot spots and thexefore
not analyzed in this chapter. The MSCS water analysis revealed 286 unique crystallographic
water positions in the set, with 85 of tiedseing 100% conserved. Many of the low
conservation water positiomsewithin the active site and allosteric site, which is expected
since the protein is in the Aoffo confor mat.
the connection of heli to N85. This connection was achieved through several 100%
conserved water molecules and residues that connect the me+hlrding allosteric lobe to
the active site and is conserved in wild type and mutant Ras in thé@irfel stateThis
water networks present as it is in RasG12V and wild type, for the link between helix 5 and

N85 at the @erminal end of helix 3T h e ¢ o0 n n e cghosphate ih the attiveesite 36
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dependent on the position of Y32 interacting with the bridging water molecule to complete
the network. It is thus present onlythre wild type protein and absantboth RasG12V and
RasQ61L. Theseresultsled to the idea of further hydrolysis experimetrsating a double
mutant at N85/N86 to determine if disrupting this water network affects RAS hydrolysis.
Also by crystallizing this mutant we can hopefully show the overall structure to be
unpertubed proving this is a direct result of an impaired water netv&yrikcomparing the
MSCS sets published for wild type with those obtained for the two oncogenic mutants
RasG12V and RasQ6Me not only see agreement wiplublishedbinding pockets budlso

novel sitesthatareunique to the oncogenic mutantowever, we are not allowede do not
know at this timef thesesites are truly novel. In order to answer this question more
experimentationsuch as making a list of all organics across all sets andekeaking

missing structuress needed. Aftereanalysi®f these new structures we hopestwill not

only allow us topresent this method as a way to tease out differences between wild type and
mutant proteins but aldmzetter design inhibitors by taiieg them to specific pockets away

from the nucleotide binding site.
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CHAPTER 5: THE MSCS OF THE BARRIER -TO-AUTOINTEGRATION FACTOR
(BAF) PROTEIN

Introduction

Understanding proteiprotein and proteitigand interactions within different types of
proteins is essential for furthering disease related research. Even though proteins have been
highly studied over time many still W@ unknown functions such as bartier
autointegration factor (BAF). BAF is a small DNA binding protein and in the context of our
work on MSCS is it an ideal representative to study surface features in protein/DNA
interactions. BAF isocatedwithin the g/toplasm and the nucleus of cells. Although its
endogenous function is not yet knovit is used to block autointegration of retroviral DNA
(Umland et al., 20001n the life cycle of retroviruses the integration of a DNA copy of the
viral genome into the host cell genome is an important process. The integration process is
mediated by the preintegration complex (PIC). Bl@undin cells infected by human
immunoceficiency virus type 1 (HIV1) and Moloney murine leukemia virus (MWLV)

(Ellison et al., 1990Farnet & Haseltie, 1990 Fujiwara & Mizuuchi, 1988 When the virus
has completed reverse transcription there can be a afedgymuch as hours before the viral
DNA are integratedM S Lee & Craigie, 199¢ During this time the virus can go through a
lethal process resulting in destrumti of the viral genomeautointegratior{M S Lee &
Craigie, 1994. Autointegration is the process in which the virus integrates its own viral
DNA into itself, causing damage to the virus replication cytlenland et al., 2000 The

virus tends to faer intermolecular integration into the cellular DNA avoiding intramolecular



119

integration of the viral DM (Cai et al., 1998 If the virus vereto integrate its own DNA it
would destroy the viral DNA before it can integrate into the host gencameng abortion of
the viral replication cycléCai et al., 1998 BAF protein protectsiruses against
autointegratiorfChen & Engelman, 1998/ S Lee & Craigie, 1994Vlyung Soo Lee &
Craigie, 1998 so understanding the structural features of the BAF interacting surfaces is
crucial to the research of the virus life cycle. BAF has been shown to be important in gene
expression, nuclear assemidnd chromosomd organization in metazoafSeguraTlotten &
Wilson, 2004. Knock-down experiments of BAF in Drosophila melanoga@t@rukawa et
al., 2003 and Caenorhabditis elegaMargalit et al., 2005Zheng et al., 200pareshown to
be lethal. Despite the progress in determining the overall processes in which BAF is
involved, its molecular mechanisms are still not entirely known.

BAF is able to bind double stranded but not sirgjtanded DNA ira nonspecific
manner with respect to the sequence of bases involved in the inte(dyiomg Soo Lee &
Craigie, 1998 BAF also possesses the ability to bridge together multiple segments of DNA.
This activity is believedtobee s ponsi bl e for BAFOs function
autointegratior{Otwinowski & Minor, 199%. BAF is a biological dimer, with one molecule
relatedtotheotte i n a fAhead to t ai-foldsymmetnaarigg e ment t hr
(Bradley et al.2009. Its crystal structure in copfex with a 7 basgair DNA is solved and
showsduplexed DNA bound to opposite ends of the BAF di(Beadley et al., 2005 BAF
only forms contacts with the minor groove of the phosphate backbone of (Brlley et
al., 2005. BAF and DNA interactions ainly occur within motifsn the dimers termed HhH

motif, related pseudo HhH matéind the Nt e r mi nheli withih eath monomer
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(Bradley et al., 2005 Thesdindings are consisténvith mutagenesis data and the
computationallypredicted modefUmlandet al., 2009. Furthermore, comparison with a
structure of the dimer in the absence of DNA shows that BAF does not change conformation
upon binding to DNABradley et al., 2005 This is interesting considering that many
proteins have slight conformational changes upon ligand binding. In addition to interacting
with DNA BAF interactswith LEM proteins.

Lamin-associated polypeptide 2 (LAP2) is composed of a family of spliced proteins
associated with the inner nuclear membr@echat, Vicek& Foisner, 2000Foisner &
Gerace, 19938 A conserved LEM motif is locateditliin the constant Nerminal region
(residues 1 187) of LAP2(Harris Ca Fau Andryuk et al; Lin et al., 200Q. This regionis
also conserved in many other proteins including emerin and MAN1 thus leading to the term
LEM or LAP2-emerinMANL proteins(Lin et al., 200Q. Emerin is a multidomain protein
containing a Nlerminal LEM domain of approximately 50 residiem et al., 2000, a
polyserine segment and at€minal transmembrane regi@@ai et al., 200\ Loss of emerin
causeshe xlinked recessive form of Emeiyreifuss muscular dystropi{ilagano et al.,
1996. The discovery léto NMR experiments of LEM protein interactions between the

LEM motifs of LAP2 and emerin binding to BAas a model.

The NMR soluton of the BAFLAP2 complex showBAF interacting with helix 1,
the loop connecting helices 1 and 2, and themhinal residues of helix 2 representing one
LEM domain near the @rminal end of LAPZCai et al., 200l The BAF interaction site is
located in the cleft bridging éhtwo monomers and are comprised of a central hydrophobic

patch surrounded by hydrophilic residues including Glu35, Phe39, Asp40, Gly47, GIn48,
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Leu50, Val51 and Trp6@Cai et al., 2001l These experiments shdhat the Cterminal

LAP2 LEM domain contained a convex hoaweer act i
interaction surface in both shape and compos{tzm et al., 2001 Later the NMR solutin

of BAF bound to emerin shadthe binding surface to consist of a central hydrophobic

portion surrounded by charged and polar resigGeset al., 200y The key interactions

include Val51, Leu52, and Leu58 of one monomer within the dimer of BAF plus Gly38,

Phe39, and Val51 of the other BAF monomer with Leu23, Gly24, Phe25, and Val26 of the

LEM domain of emerir{Cai et al., 200) Electrostatic interactions are seen between Arg37,

Gl u66l and Asp65 of one BAF monomer with Asp?9
domain and Glu36 of the other BAF monomer wAllg17 of the LEM domain of emerin

(Cai et al., 200). An example of water interactions can also be seen as water molecules

bridge contacts between GIn48 of one monomer of BAF and Ser29 and Thr30 of the LEM

domain of emerirfCai et al., 200} These interactiongreconsistent wittpublished

mutational studies detailing mutated residues that greatly reduceeBwFn bindingK. K.

Lee et al., 20011 All of these interactions are also similar to what we see from stracture

obtainedusingthe Multiple Solvent Crystal Structures (MSCS) method.

The features of protein surfaces that bind peptides, sugRNAIn a base specific
manner as substrates have been well characterized by the MSCS (Mitihadle Dechene
et al., 2009 MSCS employs either organic solvent/water mixtures or neat organic solvents
to probe the binding surfaces of protef@arla Mattos et al., 2006Wedemonstrated
organic solvent molecules are able to displace water primanBgions of protein surfaces

that evolved to interact witligands(Carla Mattos et al., 2006Superposition offte models
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of a given protein obtained in a variety of solvent environments shows that the organic
solvent molecules cluster in hot spots of protein/ligand interactions. Furthermore, due to the
fact that the protein adjusts its structures to the differ@nt@ments, we can also observe
the range of plasticity and hydration characteristics associated with the protein of interest
(Carla Mattos et al., 2006Previous studies using MSCS correctly located known substrate
binding sites for Elastag€arla Mattos et al., 2006RNAse A(M. Dechene et al., 200@nd
Ras(Bu hr man, ONjCo ) showing tha it caraidentify locatiod df hot spots in
proteins where binding sites have been well characterized and whose specificity is
determined by a mix of hydrophobic anebidnding interactions with the ligand. WaJe
more recently begun to use MSCS to locate binding sites for proteins for which not all sites
of interactions are known. The MSCS has now matured to a point where it can be reliably
used to make new discoveries. For this, our group has developed dubcoamputational
tool for the analysis of MSCS data sets. The program Detection of Related Solvent Positions
(DRoP) was written to produce a more consistent and automated description of the clustering
associated with organic solvent molecules in MSCStamdnk the conservation levels of
crystallographic water molecules in the set. DRoP allows for the addressing of
crystallographic symmetry, gives cluster quality reporting and allows for cluster visualization
(Kearney, 201p By using DRoP we can better analyze how organic and water molecules
affect the protein and thus be more confident about our interpretations regarding binding site
locations and hydration properties.

BAF is of great interest to our study of protein surfaces because it contains non

specific sites for protein/DNA interactions. Thus we applied the MSCS method to human
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BAF, which is a homodimeric, 89 amino acid, protein with no known similarity to other
protens and a molecular weight of about 10.1 kDa per sulpdnifand et al., 2000 The
mouse BAF protein has 86 out of &%iduesdentical to the human prote(tymland et al.,
2000. BAF is highly conserved among other species as well. This allows us to compare
experiments using BAF across different species to draw conatuiothe entire family.
Based on the MSCS data set we identify a single cluster of organic solventles |eer
monomer at a site thatteracs with LEM proteins. Interesting we find a series of
conserved water molecules at the DNA binding, siteéch we compare extensively to the
structure of the BAF/DNA complex, gaining insight on possible roles of water in this non

specific protein/DNA interface.

Experimental Methods
Purification of the BAF Protein

For our study the Human BAF plasmid was received PET vector that was
relevant for the protein purification proceB&\F was purified using a previously published
method with a few modificationg fresh transformation must be performeafdre thek.
coli cellscontaining the plasmid f@AF expressia can be grown. A transformation of BAF
in BL21 cells was performed by placing 3 pl of DNA into 1 tube ofgdrguoted cells. Then
the cellsareincubated for 30 minutes, heat shocked for 40 sec at 42 °C and 200 pL of
autoclaved LBareaddedthen placedn 37 °C shaker for 1 hour. Next the solution was
plated on ampicillin resistant plates and placed overnight into 37 °C chamber. The following
day 15 mg of ampicillirareadded to 300 mL of autoclaved LB; a colony was taken from the

plate previously growand shaken overnight at 37 °C. Next day 50 mL of the overnight was
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added to each of the 6 L of LB. Thellsaregrown to an OD of between .8 and 1 measured
at 595 nm on the spectrometer. OncedégiredOD is reached the protein was induced with
IPTG (.8 g of IPTG was dissolved in 8 mL of water) adding 1 mL to each flask. The protein
was then shaken for 4 hours and after it was donaisigidown for 20 minutes at0DO rpm
thecellswerecollected the pellet scrapped, placed in a specimen cup and g8 itC until
ready for purification.

Cellsarethawed on ice in 100 mL of Buffer 1 (10 mM Hepes pH 7.4, 150 mM KCI, 1
mM EDTA, 0.1 % Triton X 100, and a pinch of Lysozyme). Add Lysozyme and protease
inhibitors right before use on cells. Protease inhiboeadded with the final concentrations
of: 5 mM Benzamidine, 1 mM Pefabloc, 1 mM Antipain, 1 pg/mL Leupeptin, 1 pg/mL
Pepstatin A, 1 pg/mL E64. The celiseresuspended using spatulas and 20 mL pipettes. The
cellsarepipetted up and down from the bealko the sonication cup until all the frozen
chunks of cellaregone. Sonication at power 16 was used to break the cells apart for 30
seconds 030 seconds off, 10 times on ice. The cell lysate was then spun in a centrifuge for
30 minutes at 1,800 rpmand120 mL of Solubilization buffer (20 mM Hepes pH 7.4, 5 mM
Imidazole, 6 M Guanidine HCI and 5 mMNercaptoethanol (BME)) was used to resuspend
the pellets. The pellerebest resuspended by pipetting with the 5 mL pipette, then 10 mL
and finally the20 mL pipette. Using a 5 mL syringe, with a needle on it, all the aedls
transferred to the sonication cup. The catlsagain sonicated 10 times at power 16 (30
seconds on and 30 second off) keeping on ice and spun dow@@d i8mfor 30 minutes.
One literof wash buffer (150 mM KCI, Hepes pH 7.4, 20 mM Imidazole, 6 M Guanidine

HCI and 2Mercaptoethanol (BME)) was made and split into two 500 mL aliquots. One
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aliquot was used to make the elution buffer (10 % Glycerol, 5 mM BME, and 2 M Imidazole)
for use in later purification steps. The supernatant was then filtered using the B, rhicro
micron, .8 micron, and finally the .4 micron filters.

Before using the Nickel column the color was checkeilidfnot blue but rather its
awhite or brownish alor the His Trap recharging protocol must be followed. The
recommended stripping buffer (20 mM sodium phosphate, 0.5 M NaCl, 50 mM EDTA at pH
7.4) was used for this protocol. First, the column was stripped by washing wit@ 5
column volumes of strippmbuffer; then followed by washing with 50 column volumes of
binding buffer (stripping buffer without EDTA) and 50 column volumes of distilled water
before recharging the column. The wateiashed column was recharged by loading 2.5 ml
of 0.1 MNi(NO3),6H,0 solution in distilled water on the HiTrap 5 mL column. The column
was washed with 5 column volumes of distilled water and 5 column volumes binding buffer.

After the Ni column was stripped the column was again cleaned witfOdaid then
loaded withthe protein. The HPLC with a previously made program was used. Using a flow
rate of 22 mL/minute, the column was washed with wash buffer. The UV was then zeroed
and the protein was eluted using 100% of elution buffer. The fractidn8)(bf the peaks

are collected for further use.



126
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Figure 1. HisTrap results graph.

The collectegroteinfractionsarethen placed in dialysis tubing and set in dialysis buffer (20

mM Tris-HCI pH 7.4, 150 mM NaCl, 5 mM BME and .1 mM EDTA in 2 L) overnight in the
refrigerator. The following morning BAF was placed into a new dialysis buffer and left to

dialyze for 4 more hours. The protein concentration was then checked using the Bradford

assay. 1mL of Bradfordolutionwas added to 4 mL of water;the 999 €| of Br adf c
mi xture was added to a cuvette and bl anked a
slightly mixed. The reading was then taken and plugged into the formula for protein

concentration, (OD. 12) /. 05252) / # o flsiackusingil mL). Afidhe ( di vi d

dialysis the protein showeslot of precipitatewhich is fine. The protein was then pipetted up
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and down using a 5 mL pipette to resuspend the protein. BAF was spun dowd0atrpm

for 20 minutes and the supernatant waltected. Thrombin cleavage buffer (50 mM TFris
HCIl pH-7.4, 150 mM Nag 2.5 mM CaCl2 and .1% BME in 1L) was made and 20 units of
thrombin/mg of proteimreadded directly to the dialyzed protein. The protein with thrombin
was then placed in a dialysis bagd dialyzed in the 18°C refrigerator overnight. Using a
table top centrifuge the thrombin cleaved protein was concentrated to 5 mL. Next dialysis
buffer was used to wash the Gel Filtration column using the wash program. Next the Gel

Filtration program wasun and the fractions of the last peakcollected for further use.

|—— GF PuiificationALT81611:10 UV
mAU
100

50

50
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150
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d sb 100 180 200 2%0 ado mi
Figure 2. Gel Filtration results graph.
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The final purified protein was then concentrated to 1.5 mL and the concentration was
checked. The concentration was left around 10 mg/taghffrozen and placed in tH&0°C
until time for crystal growing.
BAF Crystallization

A reservoir solution was made using 10 mlHaimptonCrystalScreen 2#44 (0.1 M
Tris pH 8.5 and 20% wi/v Ethanol) to 2.5 mL of 50% w/v PEG 1450 (in water) and then 500
eL was added to each well. The protein sol
NacCl , .05 M EDTA and 10 mM TCEP. 10 €L of
protein solution before setting crystal trays. To set crystal trays 4 pl (from reserwbiospl
X 4 pl (protein solution) dropareused with the hanging drop vapor diffusion method. Once
the crystalsareformed a cros$inking solution was made by first making stabilization buffer.
First 360 pl of 1 M HEPES was added to 1440 ul e®Hthen &0 ul of Ethanol was added
to 1440 pl of the previously made 2. M HEPES (Solution A). Second 5 g of PEG 1450 was
added to 10 mL of .2M HEPES (Solution B). To complete the stabilization buffer 1680ul of
Solution A was added to 420pl of Solution B to malsektion with the ratio of 80% A to
20% B. After the stabilization buffer was
of stabilization buffer to make a .2% crosslinking solution. The cryatakllowed to
crosslink for 35 40 minutes before remwing for organic solvent soaks. Organic solvent
soak solutiongremade as follows: 70%2 5 0 ¢ | -HQL pH 714t 50 gl of PEG 1450
and 700 pl of organic solvent; 6098 3 4 ¢ | -HGL pH 7T4 66 gl of PEG 1450 and 600
pl of organic solvent; 50%41 8 ¢ | -HEI pHT.4,i8%ul of PEG 1450 and 500 pl of

organic solvent ; 40%5 0 1 ¢ | -HQL pH 714t 99 gl of PEG 1450 and 400 pl of organic

ut

10

ma
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solvent. The crystalareallowed to soak in the organic solvents for 1 hour. Before freezing
in liquid nitrogen the crystalarebriefly placed in a cryo solution made up of 25%/18thyl-
2,4-pentanediol (MPD) and 75% stabilization buffer. The crystedshen shot withX-rays

to check diffraction quality.

Figure 3. Rodike shape of high diffraction qua BAF crystals.

Good diffraction quality crystal datrecollected at APS the SERCAT 1B2
beamline at 100 K using 1 A wavelength radiation and a Mar300 CCD detector at a distance
of 150 mm. The datarescaled and processed using HKL2@®@winowski & Minor,

1997).
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Avg Int: 294.6
Max Int: 65935

Figure 4. Example of diffraction pattern from BAF crystals.

A model of BAF (PDB code 1Cl4) with water and ligand molecules removed was
used to btain an initial fit for all models. Refinement was accomplished using
PHENIX(Adams et al., 200)0Coot was used to rebuild models and identify water and
organic sofent molecules withtheFBc el ect ron densi-Foelectanp s et
density m&mslegetal, 2a)00rdaric solvent moleculeseplacedin areas of
well-defined electron density. All modedserefined once without waters and twice with
waters before placing in any organic molecules. Omit map calcularensed to confirm

placement of organic solvents. All organic molecules had av@&-dgetors similar to that of
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the overall model as shown in Table 1. All completed strucanesin through

phenix.xtriage and DROP to statistically check reliability of the models.

Results and Discussion
BAF crystallized in the space groups2# and difract tohigh resolution. The
organic solvent soaks included acetone 50% (ACT), dioxane 50% (DOX), dimethyl sulfoxide
50% (DMS), ethanol 50% (ETF), isobutanol (IBU), isopropanol (IPR)}Batanol 40%
(TBU), 1.0 M trimethylamine Noxide (TMO) and 1.5 M wa (URE). All soaked crystals

collected have resolution of 1.92 or better as shown in the table below.
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BAF was seen as thedbogically relevant dimer within the asymmetric unitsh®wnin

Figure 5.

Figure 5. BAF dimer with organic solvent spheres. Figure created using F§chotdinger,
2010.

Also seen in Figure 5 BAF contained two organic solvent clusters between the interfaces of
the monomers. Cluster 1 contained a representation of all organic solvents while cluster 2
contained all organisolvents except faicetone. Irboth clusters the organmoleculesare
interacting with the backbone oxygen atom where most of the interaction occurs and directly
hydrogen bonding Val51. No orgamwleculesarein the DNA binding pockets of BAF.
Thismay be in parbecause the DNA bimag region of BAHs locatedn areas of crystal

contacs, but it also has to do with the chadgature of that interfacéigure 6showsthe
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organic solvent soakedructuresuperimposed with the published structof¢he

BAF/DNA complex(pdb code 2BZF

Figure 6. BAF DNA structure (pdb code 2BZF) superimposed with soaked struattines
MSCS setFigure created using Pym@&chrodinger, 2010

As seen here therare no organic solventghere DNA is normally bound. Even though there
are only two hotspots, theyehighly important.

Seven mutants (25E, 25Q, 46E, 47E, 51E, 53E, and §ddsylittle or no binding to
emerin(SeguraTotten, Kowalski, Craigie, & Wilson, 2002BAF interacts specifically with
emerin withn the LEM (LAP2, emerin, MAN1) domain. Emei@an important protein
within the inner nuclear membrane in vertebrg€@ements, Manilal, Love, & Morris,

2000. Emerin is crucial for anchoring proteins to the membrane which aasecemerin to
have direct or indirect roles in nuclear assembly, regulating a functional actin cortical
network at the nuclear envelgmend gene expressigBengtsson & Wilsn, 2009. This is of

significance becaudbe organicmolecules irthe MSCSstructuresareseen to alignvith a
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residue in theublished NMR structur@pdb code 20DGpf the BAF/LEM domain as seen

in Figure 7.

LEM domain
of emerin

Figure 7. BAF/LEMdomain and BAF/DNA stictures superimposed with soaked structures.
Figure created using Pym@chrodinger, 2010

Figure 7 also shows an example of how BAF can interact wdthnaain of a protein and

DNA at the same time. This is important since BAF is thought to be essential in many

processes within the cell including nuclear assembly. It is essential that emerin binds BAF

for reassembly at the nuclear envelope after mif@sagtsson & Wilson, 2004During

telophase it was shwn that BAF and emerin docalizeat t he &écore regions?®d

chromosomegBengtsson & Wilson, 2004If emerin proteins are unable to bind BAF they
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are not recruited to the core regions thus failing to assemble at the inner nuclear membrane
(Bengtsson & Wilson, 2004
Figure 8provides a closeup view of cluster 1, showing excellent overlap betiveen

organicsolvent molecules anéro25 from theublished NMR structure (pdb code 20DG).

b

Figure 8. Zom in of BAF/LEM-domain structure with soaked structuriéigiure created
using PymolSchrodinger, 2010

This is direct evidence for the ability of the MS€@e able to pick out areas of protein
protein interactions. This is the first time there is crystallographic evidence for an important

hotspot on the BAF surface that is not the DNA binding sitth previously published
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structures beingither simulabn or NMR. Another advantage of the MSCS method is the
ability to analyze watethrough the DRoP program
There are 161 unique clusters with 66 of those being considered as highly conserved.

Figure 9 shows the overall positions of the highly conservedrsvatithin BAF.

Figure 9. Overall water analysis of BAF.iIArront view of BAF and B Back view of BAF.
Figure created using Pym@chrodinger, 2010



138

Figure 9 only contains the highly conserved waters. 100% conservation is definaias
seen in a particular position in all structures. In the figure 100% conserved waters are red,
90% conserved are orange and 80% conserved are yellow. These walgiscohliersation
aremostly seen on the back part of BAF and the areas of DNA interactions. Where the
organic stvents are bound BABinds emerinleading to waters of low conservation, which
makes sensigecause areas of protein interactions need to éailg displaceable waters.
There are also no crystal contacts on the front or backside of the BAF dimer. Using the
coloring function of DRoOP as seen in Figure 10 we can easily locate hydration patterns

throughout a protein.

Figure 10. BAFDNA structuresuperimposed using coloring functigkmino acid residues
are colored based dhe conservatiorlevel associated with interacting water molecules.
Residues that interaatith 100%conserved waters abdue, 90% cyan, and 80% green.

Figure created using Bl (Schrodinger, 2010























































































