ABSTRACT

HOLZAPFEGENEVIEVE ANNEEructural Analysis of Active S@enformationsn Ras and
Rapl GTPase¢Under the directiorof Carla Matto3.

Ras and Rapl are monomeric GTPases in the Ras subfamily of the Ras supleatamily

despitehigh sequencéaomology have distinct diverse functions in the cell including

involvement in cell pliferation and cell adhesionGTPases undergmnformational

changes associated with the transition from GTP to @eBominately in the switch | and

switch Il regions Switch | and switch Il are dynamic regions that can take many different
conformations. Here we examine the effect that small molecules can have on the

equilibrium between different switch Il conformations. We show that binding of calcium

acetate in Rato an allosteric site results in a catalytically active conformation that we call
GFrtft2a0SNRAO 2y¢ @ 2SS faz2 akKz2g GKIG OoAYyRAYy3
RATFSNBYG whra OFralrtedaolfte AyThidfohftiod 2y T 2 N

was also seen in oncogenic Ras mutants.

The intrinsic hydrolysis mechanism of Ras is currently debated. Based on the allosteric on
structure we propose a two water model. Our proposed mechanism can be supported by
examining the pradnation state of the active site residues. We have pursued neutron
crystallography as a means to visualize hydrogen positions in Ras to support our hypothesis
of intrinsic hydrolysis. Deuteration and perdeuteration are utilimedeutron

crystallograply to improve the signal to noise ratio the neutron data collected. Resulting
crystals were grown to a large volume antlen mounted on a neutron beaufiffraction

spotswere detected. This proves feasibility of collecting neutron diffraction data sn Ra

Rapl asthe closest homologue to Ras in the Ras superfamitywidesa comparison
protein for specificitydeterminants in RasThe structure of Rapl alone has not been
solved. Additionally, specific analysis of Rapl small molecule binding bamalseen

shown. Thestructure ofRapl bound to @ and GppNHarealso presented Theseresults



show novel active siteonformatiorsin Rapl. The resulting active site conformations
providecomparisorto Raswith both differencesand similarities Futhermore, dataare
presented that examinemall molecule binding to Rapl using the Multiple Solvent Crystal
Sructures(MSCS) technique. Combined with the MSCS data of Ras, these data can

disambiguate the subtle differences between Ras and Rapl.
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CHAPTER ONE

Introduction:

The Ras superfamily is a family of GTPases which act as molecular switches in a wide variety
of signal transduction pathways. This superfamily is comprised of the Ras, Rho, Rab, Arf,
and GNA subfamiliggigure .1) [2]. Membes of the Ras superfamily undergo

conformational changes upon transition from the Gddund active form to GBBound

inactive form[11]. These changes are greatest at the switch | (residue#03@nd switch Il
(residues 6673) regions near the active sigmdallow for protein binding partners

distinguish between GTP and GDP bound prot&irthe GTP bound form a conformational
change occurs which activates the GTPase to interact with downstream effector molecules.
The transition from GDP to GTP is facilitated by Guanine Nucleotide Exdfantiges

(GEFs) which bind to the GIbBund form. TiIs interactionloosens the active site and

allows for the release of GDP. Once GDP is released, the GTPase bjratsita3P

encountered at higher concentration in the c@lP]. To turn the signal off, GTP is

hydrolyzed to GDP. Gd$es possess an intring&d Phydrolysis rate that is typically slow.

The binding of GTPase Activating Proteins (GAPS) speeds up the intrinsic hydrolysis rate.
Maintaining the proper balance between an active or inactive GTPase is essential in the cell

because the balance is used to filter, amplify or time upstream si¢h3|ls

The Ras subfamily é@mprisedof several members includirfgas, Rap, Ral;Ras, and Rheb
[2] (Figure .1). Ras has served as a model protein to compare proteiheth the Ras sub
and superfamily owing to it being characterized earhyl to its prominent role in abol80%
of human cancersRas has three isoforms;R&s, KRas, and NRas which are sequentially
similar £93%) with much of the variation occurring e Gterminus. Rapis the closest
homolog to Ras having>&® sequence identity. Rap consists of Rapla, Raplb, Rap2a,
Rap2b and Rap2c. Rapl and Rap2 sk@@ sequence identityThe sequencéelentity for



Rapla and Raplb is also high at >@d%blke the isoforms of Ras most of the variation
occursin the Gterminal hyper variable regioHVR)Figurel.2). Rapl and Ras have
effector binding regions that have a high sequence similésityitch 1) The similarity

between Ras and Rapl makes Raptadgnodel for determining Raspecificity

RABZTAB o Baa g RABA2
RAB16 i |
RAB10.13 RABID |, RAB14 RABZS B BARR
HABLA RAB12 RAB3A-C YPYeTl/ IRAB1YA.B
RASEF 201475 RABSA{.B }/ / RQ%%:A
RASL10B N \ [ 4 ensisd
RASL10A VL / RAB17.21 paB22A 31
RASD2 VUL AB20
RASD1 \ \l I RAB24
DIRAS1,2 Vo B41
HI RAB6A-C
RHEB,RHEBL1 RAB7.7B

RRAD

RABYA B
£k ,// _RA
ReREM1~ e _ RABL2AB
RASL1 1&_?% e RAB7L1
RASL11B_ T

RASL12 __ [

RERG _JEER ————
RALAB =———
RAP2ABC T ——————— e 2328;15
RAPIAB=—— _ — IR
,/f/”i/f/// ARFRP2
RIT1,2 / s
RRAS1,2 —— ARL11

. NS . \N{AA.B
NN DKFZp761HO
A \ RFRP1

\

\\c SARA1,2\344988
ARL10B)

Rno1.2.0 BHOUE /
/5
YT

GNA12 GNAZ GNA14
GNAT1-3 GNAQ GNAT1
GNAO1

Figure 1.1: Phylogenic tree of the Ras superfamilshe Ras superfamily consists of five
subfamilies, Rho (green) GNA (brown), ARF (yellow), Rab (cyan), and Ras (magenta),
an unrooted phybgenetic tree FromcColicelli 2004)2]



H-Ras MTEYKLVVVGAGGVGKSALTIQLIQNH
N-Ras MTEYKLVVVGAGGVGKSALTIQLIQNH
K-Ras MTEYKLVVVGACGVGKSALTIQLIQNH
Rapla MREYKLVVLGSGGVGKSALTVQFVQGI
Raplb MREYKLVVLGSGGVGKSALTVQFVQGI QVEVDAQQCMLEILDTAG 60
Rap2 MREYKVVVLGSGGVGKSALTVQFVTGTFI IEVDSSPSVLEILDTAG 60

* kkkokkok: dhkkkhkdkh-dk:- | k. o-kkkkkkk kkk:: -k | ckokkkkkk

QVVIDGETCLLDILDTAG 60
QVVIDGETCLLDILDTAG 60
QVVIDGETCLLDILDTAG 60
QVEVDCQQCMLEILDTAG 60

H-Ras EYSAMRDQYMRTGEGFLCVFAINNTKSFEDIHQYREQIKRVKD SDDVPMVLVGNKCDL 120
N-Ras EYSAMRDQYMRTGEGFLCVFAINNSKSFADINLYREQIKRVKDSDDVPMVLVGNKCDL 120
K-Ras EYSAMRDQYMRTGEGFLCVFAINNTKSFEDIHHYREQIKRVKD SEDVPMVLVGNKCDL 120
Rapla QFTAMRDLYMKNGQGFALVYSITAQSTFNDLODLREQILRVKDTEDVPMILVGNKCDL 120
Raplb QFTAMRDLYMKNGQGFALVYSITAQSTFNDLODLREQILRVKDTDDVPMILVGNKCDL 120

Rap2 QFASMRDLY IKNGQGFILVYSLVNQQSFQDIKPMRDQIIRVKRYEKVPVILVGNKVDL 120
AR L 2 B N B LA Lk ke % edkk hokodk s kde s cdkkkkk ok

H-Ras AA-RTVESRQAQDLARSYG-IPYIETSAKTRQGVEDAFYTLVREIRQHKLRKLNPPDESG 178
N-Ras PT-RTVDTKQAHELAKSYG-IPFIETSAKTRQGVEDAFYTLVREIRQYRMKKLNSSDDGT 178
K-Ras PS-RTVDTKQAQDLARSYG-IPFIETSAKTRQGVDDAFYTLVREIRKHKEKMSKDGKKKK 178
Rapla EDERVVGKEQGQONLARQWCNCAFLESSAKSKINVNEIFYDLVRQINRKTPVEKKKPKKK- 179
Raplb EDERVVGKEQGQONLARQWNNCAFLESSAKSKINVNEIFYDLVRQINRKTPVPGKARKKS- 179

Rap2 ESEREVSSSEGRALAEEWG-CPFMETSAKSKTMVDELFAEIVRQMNYAAQPDKDDPCCS- 178
* ko Kk prkokkk o ko ok skkr .

H-Ras PGCMSCKCVLS 189
N-Ras QGCMGLPCVVM 189
K-Ras KKSK-TKCVIM 188

Rapla ------ SCLLL 184
Raplb -----—- SCQLL 184

Rap2 —-----—- ACNIQ 183

Figurel.2 Sequence alignment tfe Ras subfamily membeksRas, NRas, KRas, Rapla, Raplb and
Rap?2 fromhomo sapien The important structural regions thel®op (green), switch | (magenta), switch
(cyan), the guanine nucleotideénaling pocket (yellow) anche HVRgrey) are highlighted. An important
residue difference in Ras and Rap is position 61 which is highlighted in red and is part of switch II.
Sequence alignment was performed via ClustalW?2.

Ras Effectors:

Ras has many known effectors with which it interacts in a GTP dependent manner including

Raf, PI3K, RalGDS, RASSF (NORE1), Rinl, Tiani, Af6, > t Y/ VY YR FTdzy Ol A2y
isoforms. Fortunately, there is structural information available for Ras effector complexes

with the complexes of Ras(G12RIBK[14], Ras(E31KRalGD§L15], Ras(D30E,E31K)



NORE1ARBD (K302016], and RapfRafRB[)17] having been solved bgray
crystallography.TheRas binding domain (RBD) is a putative binding region for Ras on the
effector protein. There are three classifications of RBDaRafiam1 PI3K and the Ras
association (RA) dommain RalGDS and AF6. While switch | is implicated in the binding of
all known Ras effectors, secondary binding sites are possible as revealed by mutagenesis,
NMR, andx-ray crystallography studies. For example, RafRBD binds switch I, but the Ras
cystinerich domain (CRD) also interacts with Baa region composed of residues
immediatelyprecedingand following switch |18]. PI3K, RalGDS and NOR&lform

interactionswith switch Il as well as switch I.

Much focus has been placed on the role of Ras in Raf activation as part of the Mitogen
Activated Proteirkinase (MAPK) signal cascade. This pathway exists in all eukaryotes and
leads to cell differentiation, pliferation, survival, apoptosis antlusis implicated in
oncogeresis[19]. Ras is activated in this pathwathere itbinds and activateRaf aMAPK
Kinase Kinas@MAPKKK Raf in turn phosphorylates and activates MEKRIKK). The

signal is tha propagatedthrough MEK phosphorylation and activation of ERK (MAPK) which
once ativated can interact withiranscription factors. The R&af interactiorhas a high
affinity of 3.5nM[20]. This is compared with the weakaifinity of PI3K and RalGDS for Ras
whichis in the uMrange[14, 21]. Another Ras effector with a high affinity is NORE1A

which functions as a tumor suppressor. ThodbRE1Aas adw Ky, similar to weak Ras
protein bindersjt has a slow & of 0.18" whichgivesit a sinilar affinity for Ras athat of
Raf[16]. RasGAR120)has an affinity for Ras in the uM range similar to RalGDS and PI3K.
Both Raf and NORE1A have a mughéi affinity for Ras thadoesRasGAP Thiscasts

doubt as towhether GAP couldompete forRas binding with high affinity proteins such as

Raf especiallygiven theconcentrationdor these proteinsn the cell[22].



Rapl Effectors:

Rapl has similar effector binding regions to Ras and can interact with some of the same
effector proteins including Raf, RASSF, PI3K and RE2@DRapla, like Ras, gained
notoriety for its ability to bind Raflt was shown that Rap1l (originally nami€cev1) was

able to revert KRas transformed NIH3T3 cdl]. It was proposed that Rapl acted as an
antagonist to Ras by binding Raf and seqelesy away. However, more recent studies
with either fultlength transfected or endogenous Rapl do not show that Rapl is able to
affect the functioning of Rah vivo[25]. Given thaRas and Rapdre localized to different
areas of the cell it is possibileat though both arecapable of binding the same proteins

those interactions are regulated bgctors associated witepatiallocalization.

Much studyof Rapl now focuses on its roledell-cell adhesion andellcelljunction
formationinvolving interactions with effector proteins such as@Kritl, RAPL (a RASSF
splice form), Riam, RacGEFs (Tiam1 and Vav2) and RhoGARPeE¥P and Arap)6).
Through thesenteractions Raplplaysan importantrole in the specialized cells of the
cardiovasculature reviewed in Jeyaegjal [27]. Using knockout miceanimal models and
experimentsin cellsit has been shown that Rapl has a significant role in blood vessel
formation and permeability, platelet aggregation, and cardiac myocyte growth and survival
[28-31]. It was also shown that Rap1 is involved in migration, adhesion, or development of
hematopoietic cell$27, 32, 33]. Information on the involvement of Rapl in disease
progression in the cardiovasculature is currently being investeb27]. While much

structural information is available for Ras in complex with effegtiirere is little

information available for Rapl or Rap2. The RBpi structure is the only ffctor complex

solved to date.



Structural Regions of Ras GTPases

Ras GTPasesnsist of a catalytic core-1166) and eHVR(167-189) that is post

translationally modified. The catalytic core cos&tf & AE | &GN} yR&azZ FTAOS
loop regiond34]. Ras can be split into two global regions; thteNninal lobe 1(residies

1-86) and the Gterminal lobe 2(87-171) Eigurel.) [35]. Lobe 1 consists of tretive site
componentsncluding switch I, switch II, thelBop and most of the nucleotide binding

pocket. This lobe can be termed the effector lobe as it contains the sites of pyoiaiein

interaction. Lobe 2 contains the membraimgeracting portion of the protein andan be

termed the allosteric lob§5]. Amongst Ras isoforms tleffectorlobe is100%conserved

andthe allosteric lobénas 95% sequence identityhere is also higher sequence identity in

effector lobecompared with the allosteric lobeetweenRas and Rdp The mportant

structuralregionsin Rasdiscussed beloware highlighted irFigurel..

The Ras family contains two highly dynamic regions, switch | and swithlthl undergo
conformational changs upon GDP/GTP bindif8y]. Switch Icomprised of residues (30

40), is the primary effector binding regicand is involved in donstream effector binding as

well as interaction with GAPsThis region is highly similar in Ras and Réflthe only

variation seen at residues 30 (Ras has a Asp and Rap has a Glu) and 31 (Ras has a Glu and
Rap has a LysYhe similarity in the primareffector binding region makes it unsurprising

that Ras and Rap1 are able to interact with many of the same downstream effetita@'s.

believed that the charge reversal between Ras and Rapl relates to effector spg@figity



H2

‘Switch 11

Figurel.3: Ribbon diagranof the structural regions in Rastructure of HRas bound to the
nonhydrolyzable GTP analog, GppNHp (gréye effector lobas shown in blue with switch I, switch Il
and the Ploop highlighted in cyanThe allosteric lobés shown in green with theugnine nucleotide
binding pockeshown in yellow.

Switch | functions not only in facilitatingteractions with downstream effectordutit also
comprises part of active sitewith the P-loop and switch Il Switch | has been showrough
NMR to adopt two statg state 1 and state 2, where statectirresponds taonformations
where Y32 is away from the nucleotidevithat we call aropen conformatiol and state 2

is where Y32 is found in near the nucleotide iiclwsed conformatiog [37, 38]. It has



been shown that the ratio between state 1 and state 2 varies in the Ras farhigystdte 1
population is 36x2% in-Ras, 93+2% in #Ras and 5+1% in Raf80]. In both Rapl and Ras
state 2 is the state that interacts with downstream efters[17]. State listhe Ras switch |
conformation adopted in the ReRasGARomplex[40]. Conversely, ithe RaptRapGAP
complex switch | is in the state 2 conformatigii]. It was proposed that Y32 is a
nucleotide sasing residue anthat it helps stabilize switch | in the state 2 conformation
when bound to GTPL3]. Another switch | residud,35 is aconservedesidue that makes
direct interactiors ¢ A (i K 0 2phdéphatekalid the active site Mgand is necessary for
stabilization of switch in the GTFbound form Mutation of T35 to Ser or Ala results in a

disordered switch | as observed in NMR experim¢Bits.

Switch 1l is comprised of residuesB8which NMR shows adopts multiple conformations
[42]. Ths is reflected ilRascrystals structure,where switch Il tends to either be stalaigd
by crystal contacts attisordered. While switch | is the primary effector binding region,
switch Il can also interact with effecesuch as NORE1A, PI3K and RalG&ch llalso
forms interactions with GAP and with Giibteins Residue 64 (Ras Y64, Rapl F64) is
important in binding to downstream effectors for both Ras and Rapl. In Ras and Rapl
mutation oftheseresidues affects binding to NOREJAG] and to their respective GAP41,
43]. ltis also proposed that residue 64 is a specificity determifaar®APbinding Ras or
Rapl Like switch I, switch Il undergoes conformational changes upon GTP binding. G60 is a
nucleotide sensing residugith its backbone amidéorming a hydrogen bondtdt K§ Q
phosphate. Another important switch Il residue issidue 6lwhichis crucial for hydrolysis
in Rag44]. This residugaries in Ras and Rap/here in Rasesidue6lis a Gln anéh Rapl
residue 61 is a Thr. The importance ostfesidue is detailed in thRasHydrolysisasnd Rap

Hydrolysisectionsbelow.

The Ploop (10-17) and nucleotide binding pocket complete the nucleotide binding regions.

The Ploop helps stabilize the negative charge of the phosphates comprising thedbou



nucleotide through interactions with the backbone amides of residue$7.4The negative
charge is also partially stalzdid by a positively charged magsium ion. The coordination

2T GKAA O2yaSNBSR YI 3AySaadzy AgRphospiard 0S A
and two water molecules stabilized by D33, T58, and D57. Magnesium is required for
hydrolysis and can affect the affinity for GTP or GMBtation of P-loop residues G12 and
G13 are commonly seen in Ras oncogermstkresult indisrupton of the active site The
guanine nucleotide binding pocket comprised of residues 1489 (NKXD) and 14517

(SAK). The three nucleotide binding regions are connected through hydrogen bonding
involving N11§45].

Ras Hydrolysis:

Hydrolysis in Ras proceeds through two mechanisms: intrinsic ang@wiated. The
intrinsic mechanism is sloand is dependent on Q61, where mutation of Q61 reduces the
intrinsic rate of hydrolysisybtenfold [44]. Residue Q61 is also important in GAP stimulated
hydrolysis. Bothhite mechanism of intrinsiand GAP stimulatelydrolysis has been

debated for years. Evidence now supports a lodsgsociativeike transition stateor both
intrinsic and GAP stimulated hydrolyi€]. It was observed in the canonical 23 crystal
form andin the RasRasGAP structure that Q61 interacts with the catalytic water molecule
(Figurel.4). The positioning oD61in the P321 space group lead to the proposhat Q61
activatesa catalyic water molecule for nucleophiA O | (i U -pBogphd&eyd GTIFKSB. Q

However, GIn is a weak bafse such a function Given that Q61 is the only basetle

vicinity of the catalytic water molecule, it was proposed that GTP can act as a general base

and abstract a proton from the catalytic water molec{48, 49].

Our lab solved Ras in the R§2ace group where switch | is in a state 2 conformaéind
developed an alternativenechanism of intrinsic hydrolyqiS0]. In this mechanisrthe O1G

2 T EpRoSphaie acts as a general base and abstracts a proton from the catalytic water

NE 3
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molecule. Thigroton is stabilized by a bridging water molecule located between Y32 and
i K $hoSphate This mechanism was based on a closed Y32 confanmseen in effector
complexes. Y32 would serve to help position the bridging water molecule and it would
accept a Fbond from the bridging water molecule making this water molecule more prone
G2 | OO0OSLIi PhodphaeNBY GKS Q

In Rho, Y32 has beerhswn to be important in GAP stimulated hydrolysis where mutation
to Ala, Phe, Ser, Glu, or Lys reduces the rate of hydr¢fgisin both Rho and Ra&32

(Y34in Rho)is away from the active sit@ the GAP compleadlowing for insertion of the
Argnine (Arg)inger (R789)43]. Y32 participates in hydrophobic imtections with Ras
residues P34, 136 and Y64 with RasGAP residues L902 ar{$2]910 the P321 crystal

form Y32 is similarly away from the active site in a state 1 conformationinteracts with a
symmetry related nucleotide. hE insertion of a symmetry related Y3&o the active site
overlays with theposition of theArg fingerin the RasRasGAP complékigurel.4). In GAP
stimulated hydrolysishte Arg finger helps stabilize the negative charge that develops
0Si6SSy (fh&phate ds thdtras3ition state is formpth]. Kinetic isotope
experimentssuggest a change in electrostatic potihiof the leaving group oxygen atoms
when Q61is mutated to Hig46]. This suggested Q61 has a role as an active site stabilizer.
The Ras5AP complex sicture shovs Q61 interacting with both the catalytic water and the
backbone of the Arg finger. This lead to the postulation that Q61 may help orient both the
catalytic water and the Arg finger for hydrolypi§].

Rap Hydrolysis:

Rap has a Q61T substitution when compared to Ras which gives Rap a slow rate of intrinsic
hydrolysissimilar to the rate obsemd in the Ras Q61T mutati¢s3]. While overall little is
known about the mechanism of intrinsic hydrolysis in Rapl, mutational analysis provides

clues. This slow rate of hydrolysis iRap can be rescued by the T6dQtation which has a
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Q61

Catalytic Wat

Figurel.4: Active site comparison of R&asGAPRas bound to GppNHp solved in theZ23PDB
code: 1ctg warm pink) space group compared to the conformation in theRRa&AP complex with
GDP and AlRPDBcode: 1wq1l teal). Y32 is swung away from the active site Ay 3owing for
insertion of the Arg finger, R789, or Y32 from a symmetry related moleculeB {t3ack).
Superposition was based on the bound nucleotides which are shown in greyis Q€dr the catalytic
water in both the P21 and GAP structure. Water is red in theZH3structure and orange in the GAI

hydrolysis rate similar for that observed in Ra3]. Hydrolysis exgriments suggest that
T61 is not involved in the intrinsic hydrolysis reaction. Mutation to either T61L or T61A
does not significantly alter thmtrinsichydrolysis ratd53]. Unlike in the case of Ras,
mutation ofresidue6lin Rapl does not changlee rate of GAP stimulated hydrolgs
thoughmutation of residue 61 was shown to affect the affinity of the R&ap1GAP
complex[53]. GARstimulatedhydrolysis also proceeds differently in Rdpan in Ras

Rapfl specific GAPs contain several Arg residues, howewgation of these residues

affeds bindingbetween Rapl and Rap1GARd notthe hydrolysisrate. Instead RapGAPs
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employan Asn(D290) which was termed the Asinumb, keeping with the Ras terminology.
This Asnhiumbin Rapis inserted in a different orientation from the Afigger in Rasnd
overlays the position of Q61 in Ras in the REsGAP complex. It is postulated that the Asn
thumbin Rapreplaces Q61In Rasand performs aisilar function,in orienting the catalytic
water moleculein the active site[54]. The structure of Rapl in complex with GAP also
demonstrates one other major structural difference when compared to Ras. In Rapl in
complex with GAP, Y32 is in direct interactiaith the Qphosphate (state 2) This is

contrary to Ras where Y32 was swung away from the active site to allow insertion of the Arg
finger. The position of Y32 in Rapl1 would sterically clash with an inserted Arg finger.
Mutation of Y32 also affects RafAPstimulated hydrolysi$41]. The Y32F mutant shows a
two-fold reduction in hydrolysis rate. The Y32A mutant has a significantly impaired
hydrolysis rate. It wasgstulated that Y32 helpstabilize the state 2 conformation sfvitch

I in Rapl necessary for GAP binding and that the hydroxyl group of ¥8&ntial fothis
function[41]. In early structures of Rap2 an active siteere switch | was stabilized in the
state 2 conformation was revealed and it was proposed that Y32 was also a nucleotide

sensitive residue that helps stabilize switch | in Rzgp.

Interestingly,certain RasGAPs can also stimulate Rapl GTP hydrgh&lis A serie®f
mutagenesis experiments sought to examine how ®AP stimulated Rapl GTP hydrolysis
in the absence of Q@[B6]. It was shown that Arg fingélom GAP£**"(a Ras GARas not
essential for complexofmationwith Raplbut did significantly Hiect the rate of GTP
hydrolysis Thismdicatesthat in Rapl the Arg fingérom GARmay be playing a similar role
as it does in Ras hydrolysisd that Rapl would subsequently be in the state 1
conformationto allow for insertion of the Arg fingeMutageresis experiments also
examined the impact oAsn and GIn residues from GAP in the active site regidmrese
mutationsdid not affectthe hydrolysisrate, indicating that Ra&APstimulation of Rapl

does not utilize an Asn thumds is in the case of Rapesjific GAPES6]. It is theorized that
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the binding of RasGAP may stabilize Rapl in a conformation that promotes hydrolysis

althoughthe specific details of thaconformation iscurrentlyelusive

Post Translational Modification and Cellular Localization:

Amongst both Ras and Rap isoforms much of the sequence diversity occurgat the
terminalHVRthat is post translationally modified and is thought to beatel to the

proteins cellular localizatiofb7]. Rasvas originally observedt the plasma membrane

[58], although more recent work hasstablished its presence in some internal cellular
membrane systemfb9]. Rapl is predominantly localized pasclealy in the Golgi
apparatus and late endosom§80, 61]. Rapl can also be located at small levels at the
plasma membrang62]. Proper targeting of Ras to the plasma membrane is important for
proper cellular function including @ma membrane recruitment and activation of both Raf
and RalGD®3-65]. It was originally proposed &t Rapl could compete with Ras fbhese
proteins. While experimental evidence clearly showsvitrothat Rapl shares effector
proteins with Ras (RalGDS, Raf for example) there is less evidence to support these
interactionsin viva This is thought to ba result of thedifferent cellular localization of
Rapland Raf26].

The differences iRapl and Rasellular localization is at least in part due to differences in
posttranslational modification. In the process of pésinslational modification ifRas a

farnesyl group and in Raplgaranylgeranyl group is added to a Cys onGierminus. The

addition of the different moieties inRas and in Rap1l is sufficient in conjunction with the

poly-basic region at th&terminusHVRin both proteins for prper manbrane targeting.

In HRas aradditional palmityl group is required for proper plasma membrane targedsg

H-Ras lacks &terminal polybasic region The process of Rapl targeting is less understood

than Ras targeting. It was discovered thasidues 8% ¢ 6 F2dzy R Ay | 22 L] 0!
4 and helix 3played a role in targeting Rapla to the perinuclear red@ih. Substitution of
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Rapl residues 889 to mimic Ras resulted in a ubiquitously expressed protein. The reverse
substitution where FRas residues 889 were substituted for Rapl resulted in a chimera
protein that was perinuclearly expressadd not located at the plasma membrane despite
proper post translational modification How this sequence functisin maintaining the
perinuclear distribution in Rap1 despite the post translational modification and poly basic

region is not understood, but may involve proteirprotein interactiors [61].

Ras Oncogenesis:

Ras isnutated in around 8% ofhuman cancerscluding mutationsn three of the most
lethal cancers, (pancreat{(®0%) lung(30%)and colon(50%) [66]. The high incidence of
Ras mutants in cancenakesRas a prime target for drug targeting. This theramowever,
remains elusive. There are three mutationsRas that account for almost 8% of Ras
mutations in cancer, G12V, G13V, and J6¥]. These mutations affect the hydrolysis of
GTP. The G12\and Q61 mutations are GAP insensitivevhere the rate of GTP hydrolysis
is unaffected by the addition of GAPIn the G12V muta, GAP insensitivitijkely results
from steric hindrancehat prevents proper the proper active site conformatidor catalysis,
induding placement othe Arg fingef43, 68]. To better understand mutation of position

61 seventeen Q6fnutants were created. All mutation had a similarfd@d reduction in
intrinsic hydrolysis rate, however, there was large variation in transformation efficiencies
(1000X)44]. The results showed that Q61E, Q61P and Q61G were poorsfdranng.

The moderately transforming mutants were Q61T, Q61W, and Q61N. Strongly transforming
mutations included Q61L, Q61R, Q61K, Q61A, ¢HIC

Work from our lab examined the different structural properties of Ras Q61 mutants with
varying transformation efficiencies. The structures of Q61L, Q61V, Q61K (strongly
transforming), Q61I (moderately transforming) and Q61G (weakly transforming; which was

previously solved bifordet. al [69]) were compared. Crydgawere grown in Cagandhad
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symmetry ofthe R32 space group. The Ras conformation seen in this space group is similar
to the structure seen in the Ragigaf complex and a €aon is paitioned to take the place

of K84in Raf. Crystal contacts stabikz switch | in the closed conformation (state 2).

Switch 1) on the other handwasfree of crystal contactand was disordered in the wild

type structure. In the wild type structurevaater molecule (wat 189) between Y32 and the

1 -phosphate was observed and was termed the bridging water molecule. This water
molecule was seen in the RaRaf complex but not in the Rd&paf complex. The weakly
transforming Ras mutant, Q61G, revealed an active site that was similar to wild type.

Switch Il was also similarly disordergsD).

The moderately and strongly transforming mutants adopted a different conformation
whereswitch Il was ordered outside of crystal contacts. rEheas ndoridging water
moleculepresent andY32movedmakinga direct interaction with the nucleotide. This
conformation was stabilized by hydrophobic interactions between Y32, P35, 136, L/V/K/161
and Y64ndoverlayed with the conformation seen in Ramportin-i . The Ramportin-
complex has been shown to imp&ydrolysis of GTP and thus the conformation of the
highly and moderately transforming mutants was designated to be noncat@figic Here

a correlation betwea the stabilizatiorof anoncatalytic conformation and transformation
efficiencies was observed. Since it is thought that mutation of Q61 in Ras works through
the Raf pathway the effect of Raf was examined. It was shown thatviatdrypeand

Q61Lin the absence of Raf hydrolyzed GTP as showawyevels of Ra&TPat the end of

the experimental time framegassayed byhe amount of complex witlfRafasvisualized by

gel filtration. Inwild type Ras additiorof Raf before or after incubatiowith RasGTP

resulted in similar results. In Q61L, however, addition of Raf dagidgplysisncubation

period nearly abolishe@TP hydrolysis and a higher level of complex was obs@s@kd
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MSCS/FMap Analysis of Ras:

The Multiple Solvents Crystal SodkSCS) is a technique where different crystals of a

protein are soaked in various organic solvents. Typically, organic solvents are quite
damaging and, therefore, the crystals are crosslinked before transfer into organic solvents.
This technique provideinsight into protein binding sites, plasticity, and hydration. In

model systems such as elastase and RNAse A organic solvent positions overlay with known
GK20 aLldaé 2N LINERIS b RNAseyhdt Sputs iDthehatiye sideA U S &
overlayedwith the binding sitdor known inhibitos. The ability of MSCS to pick dumding

site hot spots maks this technique valuable in gathering information that could be used in
drug design. FMap is a computational version of MSCS whmaecular probes are

clustered at druggable sites based on their free energy of interaction with the priatéjin

Like MSCS this technique can also garner information on sites of ppot®in interaction.

Both MSCS and MMap were performed on Ras and gave complimentary re$bjtsin the
MSCSet, those structures solved in the gsence of trifluoroethanol, hexane

cyclopentanol, and glycerol shaam ordeed of switch 1I[5]. The ordering of switch Il

overlayed well with the noncatalytic conformation seen in the highly and moderately
transforming mutants as well as th@aRImportini 02 YLX SE ® 2S | NB Ay
advancing the MSCS technique to determine if differences in organic solvent binding can be
observed between two highly similar proteins. Rapl in comparison to Ras would provide
such a comparison given the highmology between the two proteins, similarity in binding

regions and the propensity to be able to interact wikie sameproteins.
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CHAPTER TWO

AllostericModulation of Ragositions Q61 for ®irect Role inCatalysis
Greg Buhrman, Genevieve Holzdpfeusan Fetics, and Carla Mattos
PNAS. 2010 March 16; 107(11): 4684936.

Summary:

Ras and its effector Raf are key mediators of the Ras/Raf/MEK/ERK signal transduction
pathway. Mutants of residue Q61 impair the GTPase activity of Ras and are found
prominently in human cancers. Yet the mechanism through which Q61 contributes to
catalysis has been elusive. It is thought to position the catalytic water molecule for

y dzOtf S2 LKA f A Gphdsphaid-oOQTP. Hovevrkv previously solved the structure
of Ras from crystals with symmetry of the space group R32 in which switch Il is disordered
and found that the catalytic water molecule is present. Here we present a structure of wild
type Ras with calcium acetate from the crystallization mother liquor ldoata site remote

from the active site and likely near the membrane. This results in a shift in helix 3/loop 7
and a network of Fbonding interactions that propagates across the molecule, culminating

in the ordering of switch 1l and placement of Q61 ie Httive site in a previously

unobserved conformation. This structure suggests a direct catalytic role for Q61 where it
AYOGSNI OGa 6AGK I g SN YRospSaiedztyden atdbk tib thé NA R3S 3
hydroxyl group of Y32 to stabilize the transitistate of the hydrolysis reaction. We propose
that Raf together with the binding of €and a negatively charged group mimicked in our
structure by the acetate molecule induces the ordering of switch | and switch Il to complete

the active site of Ras.
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Introduction:

The Ras/Raf/MEK/ERK signaling pathway is the most well studied of five known mitogen
activated protein kinase (MAPK) cascades involved in the mediation and timing of signaling
events in the cell74]. This pathway is activated by Ras GTPase in response to extracellular
signals and is involved in the control of cell proliferatioiffedentiation, and survivgl75].

In its resting state Ras is bound to GDP and is in a conformation ih iwtimes not interact

with Raf or other effector proteing/6]. Guanine nucleotide exchange factors facilitate the
release of GDP77]. Once the more abundant GTP binds, the Ras switch | (residg48)30

and switch Il (residues 6@6) regions become poised for interaction with effector protgi
leading to the propagation of signal transduction cascades. Ras has a low intrinsic rate of
GTPase activity that is enhanced lgp rders of magnitude in the presence of GTPase
activating proteins (GAPSs), resulting in depletion of-8a® as the switcis turned off43].

The biochemical properties of Ras and its oncogenic mutants have been well characterized
in the absence of Raf or other factdi&8, 79], and numerous structures of wHgpe and
oncogenic Ras mutants have been used to study the possible mechahismagtt which

Ras becomes defective in its ability to hydrolyze {80B4]. The switch regions in these
structures, solved from the crystal form with symmetrfyspace group B31, are

modulated by crystal contacts to resemble the switch | and switch Il conformations found in
the Ras/RasGAP comple3, 85]. Since the structure of this complex has elucidated the
mechanism through which GAP enhances the GTPase activity @f3Rasseems

reasonable, given its similarity to the canonical structure of the uncomplexed form, that it
could also serve as a framework for the mechanism of intrinsic hydrolysis [4R&§].

Based on this assumption, a mechanism for intrinsic hydrolysis has been proposed with a

two-g | i S NJ Y 2 Ridsphvate OfIGEP abstracts a proton from W189, which in turn

FOGAGIGSa GKS Ol Gl feidArol 2phospghatefddriNg thedzOf S 2 LIKA f A

hydrolysis reactiofd].
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More recently, we proposed an alternative mechanism based on the structure of Ras from
crystals with symmetry of space group R3], where switch | and water molecules in the
active site are as observed in the Rapsaf compleX{36] and switch Il is unhindered by

crystal contacts. It is clear that the R32 crystal form is an excellent mimic for the Ras active
site in the complex with R§60] andcould model events that may occur in this complex in
the absence of GAPs. Raf interacts with-8&® through two domains: the Raisding

domain (RBD) and the cysteich domain (CRD37]. The crystal structure of R&BD in
complex with Rap&ppNHp shows the conserved switch | residue Y32 with its hydroxyl
INER dzLJ A y (i S Nph@&phatg aygen AatinKthrough' a bridging water mole¢agi,
exactly as we see in our structur®0]. In our proposed mechanism a proton from the

OF Gl te@idAaA0 g GSNI Y2 tphosphzite3o the watel idadizdule briigng @k || (1 K S
1-phosphate to Y32 (which we have also named W189 due to its proximitysto th

phosphate, although it does not overlap with the position of W189 in th2 P8rystal

form) and is eventually delivered to the GDP leaving group. The fact that switch Il is
disordered with no electron density for Q61 means that a key catalytic reswdsdeft out

of this mechanism. In the present paper, we resolve this issue with analysis of a crystal
structure of wildtype Ras in which switch Il is ordered through an allosteric switch. We
show that the remote allosteric site binds‘hut not M¢f*in the crystals. The result is a

more complete picture of our proposed mechanism of intrinsic hydrolysis in Ras, and a

paradigm shift for future studies of regulation in the Ras/Raf//MEK/ERK pathway.

"Raps refers to the Ras homologue Rap with the switshtations E30D,K31E that results in a switch | region

identical in sequence to that of Ras.
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Materials and Methods:

RasGppNHp Crystallization

The Ras5ppNHp protein solution consisted of &@/mL proten in a stabilization buffer

(20mM Hepes pH 7.50mM NacCl, 2&6M MgC4, and 10nM dithioerythritol (DTE. Crystals

were grown at 18°C forWeek using sitting drop crystallization traysdomt Y Ay 3 p >[ LINE
solutionand5 [ NB a SN2 A NJ aRNJdAA2df(0A XyK Sg INS AaGNW32 & SR
200mM calcium acetate hydrate, 209 PEG 3350, and 0.05%0ctyH -D-

glucopyranosid¢NOG) diluted with58[ 2 F aidl 6 A€t AT I G A 2weredo dzF T S NI
collected at the Southeast Regional Collaborative Access TearCfSBReamline at the

Advanced Photon Source (APS).

Soaks in Calcium Acetate and Magnesium Acetate Solutions

For the calcium acetate and magnesium acetate soaksGRpdIHp crystalgrown as

above were transfaed to a solution containing 10mM Hepes pH 7.5, 30%w/v PEG 3350,
10mM MgC}, 25mM NacCl, and either 26tM Ca(OAg)or 200nM Mg(OAg) and flash

frozen after 1 or B for data collection. After soaking in Mg(OAfoy 3days, a crytal was
then transferred backo the solution containing 208M Ca(OAg)and soaked for 24

before data collection. Datasets for the soaked crystals were collected on our home

MAR345 area detector mounted on a Rigaku RuH3R rotating anode generator.
Results
H-Ras with 23 residues truncated at thegEminus is used for the structural studies and

includes the entire catalytic domain, residuesl®6 (referred to as Ras throughout the

paper). The structure of Ras in which switch Il is disordered wamelttom crystals
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grown in 200nM calcium chloride, with symmetry of the space group F5BP. More
recently we found that the crystals grew larger if calcium acetate was used instead of
calcium chloride, and the resulting model revealed structural featthrasare explored
here. Wildtype RasGppNHp was solved in the gence of calcium acetate to 1.3
resolution from a crystal with R32 symmetry. Crystals removed from the méther and
soaked either in 200mM calcium acetate or B magnesium acetate yielded gttures
solved to 1.85 and 1.86resolution, respectively, and crystals transferred &cam
acetate after a magnesiumicetate soak resulted in a 2.Xesolution structure. Data

collection and refinement statistics for thedr structures are presentedhiTable 2.1

Table2.1: Data collection and refinement statistics are presented for the four structusesisised

in this article. Synchrotron data were collected at 100 K for-tyiise RasGppNHp crystals grown in
the presence of calcium acetate taken directly from the mother liquor. The three datasets from
crystals soaked in Ca(OA8Jg(OAc), or backsoakeffom Mg(OAg)to Ca(OAg)were collected at

our home institution at 120 K on a MAR345 area detector mounted on a Rigaku RuH3R generator
operating at 50 kV and 100 mA. Data were processed using Denzo HKL or HB|L&0Deefired

with PHENIX8] and Coof10].

WT Ras Ca acetate soak Mg acetate soak Ca acetate backsoak
Space group R32 R32 R32 R32
Unit cell a=b=28848c=13491a=b=28861c=13472a=b=28850c=135.00a =b=28842c=13469
a=f=90°y=120° a=f=90°y=120° a=f=090°y=120° a=pf=90°y=120°
Temperature 100 K 120 K 120K 120K
Resolution (A) 13 1.85 1.86 2.1
# Reflections 46,632 17,009 16,015 11,685
Completeness 93.4(85) 96.2 92.53 943
(%)
Redundancy 6.3(3.1) 8.2 (5.3) 43 (3.8 7.5 (6)
Rsym (%) 0.100 (0.857) 0.09 (0.85) 0.056 (0.575) 0.135 (0.958)
Average /o 18(2) 21 (2.7) 10 (2) 15(2.8)
R-factor/R- 20.0/22.7 17.4 (20.9) 18.3(22.4) 17.5(21.7)
free (%)
Bond length 0.005 0.010 0.007 0.008
(A)
Bond angle (%) 1.06 1.19 1.03 1.06
# Protein 1323 1338 1394 1323
atoms
# Nucleotide 32 32 32 32
atoms
# Magnesium 2 2 3 2
ions
# Calcium ions 2 2 1 2
# Water 184 164 110 119
molecules
# Acetate 1 1 0 1
molecules
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Structure of WildType Ras in the Presence of Calcium Acetate ReVieaterc Modulation
of Switch

The overall structure of wiltiype Ras in the presence of 260 calcium acetate is similar

to that in the presence of 206M calcium chloride (PBD ID code 2RGE), with one striking
exception: There is a shift of loop7, ke, and the @erminal end of switch II, which
culminates in the ordering of the-términal portion of switch Il and placement of Q61 in

the active site near the bridging water molecule that interacts with Y32 and the O1G atom
of GppNHpKigure 2.) Thisshift is modulated by the binding of calcium acetate at a site
remote from the catalytic center. The structural elements involved in the shift include-the C
terminal end of helix 3 (residues @B03) and the sequentially adjacent loop 7 (residues
104¢108).Anchoring residues on either end of this shifted region interact directly with the
bound acetate molecule: The side chain of R97 interacts with one of the acetate oxygen
atoms and the main chain amide of V109 donates d@wohRd to the other Figure 2.1
Accompanying the shift in residues@®8 is also a shift in residues@® comprising the
Gterminal portion of switch II, with R68 nestled between helix 3 and residue87at the

N-terminal portion of the switch.

The C&'ion binds between helix 4 arldop 7. It is hexacoordinated, interacting closely with
one of the acetate oxygen atoms, three water molecules, W82, W392, W366, and the main
chain carbonyl oxygen atoms of D107 and Y137, which are opposite each other in the
coordination sphereKigure 2.). The observed shift appears to be a result of a decrease in
distance between these two residues due to their involvement in coordinating thcdda
While the carbonyl of Y137 on helix 4 changes positions only slightly, D107 shifts
significantly towardy137, bringing with it loop 7 and thet€minal portion of helix 3. The

shift creates a set of conditions leading to formation of two connectdabrding networks,
network 1 and network 2 described below, that have the effect of ordering switch Il and

placing Q61 in what we propose is its precatalytic conformation at the beginning of the
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Figure2.1 The allosteric switch in Ras. Ribbon diagramag@®opNHp showing the shift in helix 3 and
loop 7 due to the binding of calcium acetate in the allosteric site. Ras bound to calcium acetate is ¢
in green with a semitransparent surface. Note the presence of switch Il in the model. Ras in the ak
of calcium acetate is in yellow (PBD ID code 2RGE). The GppNHp and acetate (with van der Waal
surface) are shown in stickJfper Leff Details of the calcium acetate binding site with a-Eecelectron
density map contoured at the llevel. Dashed ligs indicate H bonds and calcium ion coordination. Al
figures were generated in PyMol.

hydrolysis reaction. Theselhdnding networks comprise the elements of an allosteric
AoAG0KET gKAOK Ay (KS LINBaSyid aiNUzO8 dzNF 2 dzNR y
previously published structures of witgipe Ras and of the RasQ61L oncogenic my&jt

Network 1 includes the calcium acetate with R97 at the center. It involves H94, R97, E98,

and K101 (on the side of helix 3 facing away from switcth#)side chains of D107 (loop 7),

and Y137 (helix 4){gure2.2A). This network, consisting entirely of protein atoms and the

calcium acetate, clusters inspace that is largely occupied by crystallographic water

molecules in the structure of Ras in the presence of calcium chloride. With the helix 3

residues that face helix 4 placed within network 1, the helix 3 residues Y96, Q99, and R102


http://www.ncbi.nlm.nih.gov.prox.lib.ncsu.edu/pmc/articles/PMC2841912/figure/F2/
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facing switch Il a in position to contribute, along with switch 1l residues M72, Y71, D69,
R68, S65, E62, and several water molecules, to net@gdntered around R6&{gure

22B0d ¢KAa f SFR& (-Belixfolind $ Ehé Eeyrinal Bayf of Bwktch ii. KTEe h
extended switch Il helical structure places key elements important in orderingthe N
terminal half of the switch, from which the side chain of catalytic resi@&1 extends. For
example, S65 in the ordered switch Il conformation makes a good H bond with the main
chain carbonyl group of E62, while its carbonyl group connects to Q99 on helix 3 through
water molecule W391Figure2.2B). Q99 in turn links to R68 thugh W384. Surprisingly,

the side chain of E62, which is disordered in all other available structures of Ras, is very well
ordered and interacts through water molecule W176 with the side chain oxygen atom of
Q61. In addition to interacting with the sidaain of E62 through W176, the side chain of
Q61 Hbonds to the active site water molecule, W189, through its other lone pair electrons.
Water molecule W176 also links Q61 to the side chain of R68 as well as to helix 3 residues
D92 and Y96 through antbdnding network involving W9, W28, and W36-igure 2.3.

While the side chain of Q61 is involved in this network, its carbonyl group is bridged to the
side chain of R68 through water molecule W372. Due to resonance stabilization involving
the aromatic ringthe Y32 hydroxyl oxygen atom has its two lone pairs confined to the

plane of the ring. Thus, in addition to its interaction with the active site bridging water
molecule W189, it is involved in a Hydrogen bonding network through which it is linked to
the d9de chain of N86 at the beginning of helix 3. THem@inal end of helix 3 is at the

center of the allosteric switch. This network is shown in detafligure2.3. While the side

chain of Q61 is involved in this network, its carbonyl group is bridged to the side chain of
R68 through water molecule W372. The net effect of all these interactions is that Q61 is
positionedthrough both backbone and side chain H bonds that place it in the active site and
that connect it through network& and 2 to the remote allosteric site, occupied in our

structure by the calcium acetate as a mimic to a yet undiscovered natural modulator.


http://www.ncbi.nlm.nih.gov.prox.lib.ncsu.edu/pmc/articles/PMC2841912/figure/F2/
http://www.pnas.org.prox.lib.ncsu.edu/cgi/data/0912226107/DCSupplemental/Supplemental_PDF#nameddest=SF1
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Figure2.2 Hbonding networks 1 and 2 linking the allosteric site to Q61. The structures in the pres
and absence of calcium acetate are shown in green and yek®spectively. Dashed lines indicate H
bonding interactions involved in the networl®)(Network 1 centered on R97. Shift in helix 3 not visibl
from this orientation. B) Network 2 centered on R68, showing the interactions that stabilize switch |
this orientation the shift in helix 3 is clearly visible. Note the steric overlap between the ordered sw
in the calcium acetate bound structure (green) with helix 3 residues in the structure with an empty
allosteric site (yellow). R68 is connected thgh single water molecules to Y96 (W367) and Q99 (W3
on helix 3, and the carbonyl group of Gly60 (W373) and Q61 (W372) on switch Il. All four water m¢
are unigue to the calcium acetatsound structure.

The active site features reported for the wilghe Ras structure solved in the presence of
calcium chloridd¢50Q] are also observed in the calcium acetate bound structure, with the
added feature of the ordered switch Il with placement of the Q61 nlearbridging water
molecule W189. Thus, in both structures, all of switch | is in the same conformation as
found in the Raps/RaRBD complex with Y32 closed over the nucleotide and interacting
with it through the bridging water molecule. Two water mole®uieteract closely with the
Y32 side chain oxygen atom: On one side is W396, which links to N86 atehmihal end

of helix 3 through an ##onding network involving W162 and W101, and on the other is the
bridging water molecule, W189, which inturdddy R& G 2 (§( KS hqptDsphate2 ¥ 2 F
of GppNHpKigure 2.3 The T35 residue maintains its wiellown interactions within the
active site: Its sidehain hydroxyl group coordinates the gpn and its mairchain

carbonyl oxygen atom makes a good H bémthe catalytic water molecule (W175). In
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Figure2.3 Switch | and switch Il in theelN-ordered active site in Ra&SppNHp. The 2FBc electron density

YILI RN} 6y FNRBdzyR LINRGOSAY ldG2Ya yR (KS ydzOf Sz

map showing the network of water molecules connecting switch Il and the activeisiitdelix 3 is

O2y i2dNBR |G GKS moo’ §S@St IyR RSLAOGSR Ay 0o
corresponding color scheme.

addition to donating an H bond to the carbonyl oxygen atom of T35 and to the O1G atom of
the nucleotide analogue as observed in the calcium chloride condition, in the presence of
calcium acetate the catalytic wat molecule also accepts an H bond from the backbone N
atom of the Q61 residue, which in our previously published structure (PBD ID code 2RGE) is

disordered.

Ras Binds G&but not Mdf* at the Allosteric Site

As an initial test of the specificity di¢ allosteric site for G4 crystals grown in the
presence of calcium acetate were removed from the mother liquor and soaked in
stabilization solutions containing either 200mM calcium acetate or 200mM magnesium
acetate. The soak in 200mM calcium acetata control to make sure that a transfer to

stabilization solution in itself does not remove the?dan and that comparisons are made
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between calcium acetate and magnesium acetate solutions that are otherdesgical.

Figure2.4A and B shows the allosteric binding site in the two resulting structures. The

structure soaked in calcium acetate is the same as that described above from crystals taken

directly from the mother liquor, with clear electron density for the calcium acetate in the

allosteric site. The soak in magnesium acetate, however, resulted in a structure with an

aSywiie¢eg Itft2aiSNAO

ards

by R

g AGK

I ytatdof G SN I {

the allosteric switch, overlapping with the acetate binding site as seen in crystals grown in

calcium chloride. Although there are other features of the off state, such as an alternate

position of Y96 relative to R68 and a small shift of loop 7atovihe off state, the full shift is

not made, probably due to constraints of the crystal packing. Crystals soaked in magnesium

acetate and then transferred back to calcium acetate show a bouAti®®eand acetate

molecule as seen iRigure 2.& regainirg all of the features of the on state of the allosteric

switch.
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Figure2.4: Allosteric site in structures resulting from soaked cryst#{sSpak in calcium acetateB)(Soa
in magnesium acetateJ Backsoak from magnesium acetate to calcium acetate. The three structur
superimposed on the Ras structure from crystals taken directly from the mother liquor containing ¢
acetate, depicted in gray. The 2l electrondensity maps were contoured at the level.


http://www.ncbi.nlm.nih.gov.prox.lib.ncsu.edu/pmc/articles/PMC2841912/figure/F3/
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Discussion:

Proposed Mechanism of Intrinsic Hydrolysis

It is now established that intrinsic hydrolysis in Ras occurs through a loose, dissddiative

transition state (TS) with sidigant concerted character, as does the Gxsalyzed

reaction[89]. This does not rule out a mechanism in which the GTP itself receives a proton

from the catalytic water molecul©0]. Within these parameters, we propose a general

outline for catalysis deduceiom our structure of the ground state of Ras with an activated
allosteric switch, augmenting the mechanism we previously publi§b@dAs the reaction

LINEP OSSRAZ | LINRG2Yy A& aKdzidf SR FTNRBY (GKS OF Gl
phosphate of GTP to the bridging water molecule, which is particularly prone to accept an H
bond, as it can donate H bonds to both Y32 and @&dure 2.9. This would promote
RSOSt2LIYSyid 2F F LINIAIE LRAAISARBEROKYBASERHAS
atom of GTP to stabilize a dissociatlike TS creating a counterpart, albeit weaker, to the

arginine finger provided by GAPs. This skRy element lacking in our previously published
mechanism. It is consistent with kinetic isotope effect experiments in which it was

concluded that Q61 must mediate stabilization of negative charges on the leaving group

oxygen during the reactiof89]. We envision that as the reactiproceeds, W189 moves

G261 NR (oKNAR3IAYy3I 2Ee3Sy d2Y 2F D¢t FyR | gl @
GKSY FtAL G2 Ay (@hosphéxéin Rmahiddr@iafbgbus gokhatobséried

in the Ras/RasGAP structyds]. Indeed the ordered structure of switch Il in our Ras

GppNHp model is not so different from that observed in the complex with GAP, and a flip of

the Q61 side chain would put it WitA y NB | cpKospdafe. Thik Bocess would release

the allosteric switch, resulting in a disordered switch Il, ultimately leaving more room for

the release of the inorganic phosphate product at the end of the reaction. The allosteric

switch that we popose leads to enhanced catalysis is consistent with recently published

molecular dynamics simulations where correlated motions are observed between switch II
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Figure2.5: Proposed mechanism of intrinsic hydrolysis in RAsRa@sGppNHp active site showing Y32
Q61, the catalytic (W175) and bridging (W189) water molecules near the nucleotide. Electron den:
(gray) is from a 2FBc map contoured atie I level. Hbonding interactions involving these residues
the ground state are shown in red dashed lines. The orange dashed line indicates the H bond betv
2my ¢ Fy-R #RKEISY 2F D¢t GKFEG 6S LINR LI & Seadtichf B3
Schematics of the reaction mechanism leading to the transition state. Hydrogen atoms are not shc
except those for W175 and W189 and hydrogen atoms that interact directly with them. The flexibili
directionality of H bonds may be importan

residues 6674 and helix 3/loop 7 residues @B10 in RassTP, but not in R&SDH91].
/ 2NNBfFGSR 2NJ aoNBIF G0KAYy3IE Y2UuA2ya Ay@2t oAy 3
experimentally by NMR92].

Reconsiderig the Relevance of Intrinsic Hydrolysis in Ras

Ras is a protein that has long been considered to undergo conformational changes
associated with regulation strictly due to the state of the bound nucleotide, where it can
interact with effectors in the GFBound but not in the GDBound state. We have

uncovered an additional level of modulation of switch 1l (and along with it catalytic residue

Q61) for Ras in the GI#dund state that may influence its ability to hydrolyze GTP and
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therefore the timing of inéraction with Raf. We propose that the allosteric switch is not
general to all effectors, but is activated by Raf, which interacts with Ras through switch |
[88, 93]. In addition to leaving a free switch Il in contrast to RasGAP and other effectors that
bind both switchesRaf is unique in that its 31 affinity for Ra$20] is 3 orders of

magnitude stronger than the micromolar affinity observed for Ras/Rag&#ARnd for Ras
interaction with effectors such as PI8K] and RalGDR1]. Given that GAPs and effectors
have overlapping binding sit¢85], GAPs must displace the effectors in order to turn off the
GTPase signaling and directly control the timing of the Ras/effector interaction. Since
RasGAP, PI3K and RalGDS have similar affinities to Ras, it isdik&lyRcatalyzed

hydrolysis is the primary mechanism of negative regulation of pathways involving these
effectors. However, it is unlikely that GAPs can outcompete Raf at the concentrations found
in cellg [22]. It has been suggested that the role of RasGAP in regulating the Ras/Raf
pathway could be to deplete the pool of available free Ras and that Raf could somehow
increase the GTP hydrolysis rf®, 96]. However this has not been part of the discourse in
the literature for the last 1%years, given the slow intrinsig/trolysis rate of Ras and the

lack of rate enhancement observed in vitro in the presence of Raf. Given our discovery of
the allosteric switch, this possibility must be seriously reconsidered and investigated
further. We propose a model in which the bindioQRaf is controlled by the state of the

bound nucleotide through interaction of the RBD, but the timing of interaction is modulated
allosterically at the remote site by €an conjunction with another cellular factor

containing a negatively charged gmumimicked by the acetate in our structure.

The discovery of an allosteric switch in Ras provides insight into the mystery associated with
the function of Q61 in intrinsic catalysis and the slow rate of hydrolysis observed for Ras in
the absence of GAPI.suggests a unique mechanism by which the binding of Raf and
simultaneous association of a negatively charged ligand at the remote allosteric site could

increase hydrolysis rates to biologically relevant levels in the presencéop@amoting

! The concentration rangeis @L6>a F 2 NJ wd5@0nM fgr Raf.o @ n
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attenudion of the signaling in Ras/Rasociated pathways. It appears that in order to have

a fully formed active site for intrinsic hydrolysis of GTP, Ras needs to have both switch | and
switch Il in highly ordered conformations. Full stabilization of swit@nlbe achieved with

the binding of Raf. Both in free Ras and in the complex with Raf, however, switch Il is likely
disordered in the absence of the allosteric swiféR, 93]. In this situation the correct
placement of Q61 for catalysis would be expected to be a slowsdetermining step in the
hydrolysis reaction, leading to the previously observed hydrotgses, where the binding

of Raf alone would not be expected to have an effect. However, the simultaneous binding of
Raf at switch I, placing the hydroxyl group of Y32 in position to interact with the bridging
water molecule and enable the allosteric swit@and a natural ligand at the remote

allosteric site (perhaps a membrane phospholipid or carboxylate group) in the presence of
Cd&"* could stabilize switch Il through the mechanism we described above involving H
bonding networksl and 2. The completion tiie active site would then no longer be a rate
determining step in the reaction, leading to an increase in intrinsic hydrolysis rate. Calcium
has been shown to be one of the activators of the Ras/Raf/MEK/ERK pathway, promoting
increases in RaGTP levelehding to the recruitment of Raf to the membra[&)].

Furthermore, we show here that the allosteric site bind$'Qaut not Md", supporting a

specific role for calcium as we propose. It is conceivable that the timing &RdkiRaf

interaction is affected by the higher €evels with binding of a membrane negatively
charged group to the allosteric site once the complex with Raf is in place. An increaég in Ca
concentration has already been shown to inactivate the Ras/RAKNERK pathway in at

least two different instancef8, 99]. Although the balance between the activating and
inadivating roles of Cd with respect to the Ras/Raf pathway is still not well understood, it

is possible that the allosteric switch may be one of the means through which this balance is

achieved by direct action of €on Rafbound Ras at the membrane.

The idea that a molecule at or near the membrane may act in conjunction withi€a

activate the allosteric switch is supported by molecular dynamics simulations of full length
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lipid-modified Ras in a 1;@imyristoylglycere3-phosphocholine bilayer, showirat in
RasGTP the catalytic domain makes more extensive interactions with the membrane
phospholipids than in R&SDP, and is positioned such that the allosteric site near Toisp
adjacent to the membrangl00]. The comptational model shows that R&STP interacts

with phospholipid head groups at residues R128, R135, and Q165, anchoring) toeine
membrane. This is supported experimentally in cells by mutation of the two arginine
residues to alanine, which resultsardecrease in neurite outgrowth due to impaired signal
transduction[100]. In our crystal structures of R&ppNHp, heli® is nestled against
extensive crystal contacts, with R135 making a salt bridge with the terminahgdabe

group of a symmetryelated molecule. Thus, the stabilization of héliky the membrane
appears to be mimicked to some extent in crystals with symmetry R32. This may be an
important element of the allosteric switch, as hedixontains Y137 (ontyo residues away
from R135) that coordinates to the €aon through its carbonyl group. Lack of this
stabilizing interaction in solution may prevent the activation of the allosteric switch,
accounting for the fact that we have been unable to measurenarease in the intrinsic
hydrolysis rate by adding calcium acetate to the solutions in which the hydrolysis
experiments are performed in vitro. If our assessment is correct that the crystal contacts
serve a similar function to that of the membrane as faistabilizing Y137 on he#x it

appears that the structural components that lead to a highly ordered switch Il and
placement of Q61 in the active site are sensitive to both placement of Ras against the
membrane in a manner that happens only in the é&bBnd form[100] and to the binding

of Raf, which is necessary for the stabilization of Y32. In this situation Y32 could serve as a
venue through which the binding of Raf is imposed as a requirement in the activation of Ras
in lieu of activation by GAPs, ensuring that the membranand RasGTP does not engage

in futile hydrolysis of GTP to GDP before it has a chance to recruit Raf from the cytoplasm

and activate the signal transduction cascade.
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Contribution:

This article wa published idan of 2010 | optimized crystallization of-Ras that gave a

high resolution 1.3A that was deposited witlP®Bcode 3k8y. This structure was an
improvement over previous data sets of V®&s grown in CaAcetabased upon which the
analyss for this part of the paper was mad@s in previous structurehts structure clearly
showedelectrondensity for the allosteric on state including the bound CaAcetate and the
side chain of Qlbut to a higher resolution which showed some of the dstaibre clearly

| also performed a set of soaks designed to probe the specificity of the allosteric site for

Cd". These soaks demonstrated the specificity of the allosteric site.
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CHAPTERHREE

SmallMoleculesXlectivelyShift the Equilibrium Between On andOff AllostericSates in
RasGppNHpQrystals

Genevieve Holzapfel, Greg Buhrman and Carla Mattos

Summary:

We have recently described an allosteric binding site in Ras viieding of @cium

acetate in this site resulted in a shift in helbaBd loop 7. The resulting shift allowed for a
disorder to order transition in the active site of Ras GTPase to what we term the
catalytically active conformation. Earlier we also reported that the highly and moderately
transforming mutants stabilize anformation of Ras in a catalytically inactive
conformation. Organic solvent soaks of Ras usingrthkiple solvent crystal soaks method
established several cluster sites in the interlobal region. Here we examine the binding of
DTT or DTE ta site in he interlobal regiorreferred to as the switch Il/helix 3 pocket.
Binding of DTT or DTE is associated with a disorder to order transition of switch Il to the
catalytically inactive conformation seen in the Ras oncogenic mutadesuse the small
molecules acetate and DTT or DTE to selectively shift the equilibrium between different Ras

conformationsin the crystal environment.

Introduction:

Ras is a small monomeric GTPase that functions as a molecular switch in signal transduction
[101, 102]. It is involved in cell proliferation, apoptosis, and multiple cellular functions that
play critical roles in the tumorigenesis of a variety of human car{@¢®3 104]. It is

therefore not surprising that Ras and its mutants have been the focus of numerous
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biochemical and cell biology studigg}, 50, 78, 79, 105, 106] as well as structural biology
experiments primarily using the GTP analog GppNHp to obtain the activated5taa: 82,

83, 85, 107, 10§. Ras is anchored to the membrane via an isoprenyl group as well as other
posttranslational modifications at the-t€rminus[59, 109 and is normally activated

through cell surface receptof410]. When bound to GTP, Ras propagates its signal by
interacting with effector proteins such as R8&8], phosphoinositide3-kinase (PI3K)L4],

Ral guanine nucleotide Dissociation Stimulator (RalGDE)NOR1A16] and many others

[59]. Once GTP is hydrolyzedGDP on Ras, interaction with effectors is no longer favored
and signaling is turned off. The levels of &A% are kept in check by the opposing actions

of guanine nucleotide exchange factors (GEFs) that catalyze the loading of 45 BiAd of
GTPase activating proteins (GAPSs) that increase the intrinsically slow GTPase activity of Ras
for timely depletion of Ra&TH43]. The active site residues are situated primarily in the so
called switch I, switch Il and the phosphate binding loof@) comprised of residues 30

40, 6676 and 1617 respectively111]. Oncogenic mutations interfere witiné ability of

Ras to hydrolyze GTP, resulting in a prolonged signal that promotes uncontrolled cell growth
[104. RasG12V and RasQ61L have received the grediestian for being two of the most

frequent point mutants commonly found in human cancggs, 112, 113).

The accepted view of the Ras cycle implies the absolute necessity of GAPs to increase
hydrolysis ratesn vivg as the intrinsic hydrolysis rates measuriadiitroare too slow to be
biologically releant [78]. However, it has been known for many years that the RasG12P
mutant is insensitive to GAPs, yet has a normal intrinsic hydrolysis rate and -a non
transforming phenotype[80]. Furthermore, the effector protein Raf binds to Ras with an
affinity that is a thousand fold greater than the affinities of GAPs for Ras, ARdviuld

have to displace Raf for bindifg0, 94, 114]. Ths is not the case for effectors such as PI3K
and RalGDS that have affinities comparable to that of (HAP115. We have recently
discovered an allosteric switch in Ras where binding of calcium acetate in crystals with

symmetry R32 promotes a shift of helix3/loop7 (residuesl84/105109) toward helix4



36

(residues 126.37) and an extensive-bbnding network that reglts in a disorder to order
GNFyairxidAzy Ay GKS OGAGS &aAilS 6AGK LI I OSYSyi
of the allosteric switch)107]. Ths is in contrast to the structure from similar crystals grown

Ay OF f OAdzy OKf 2NARS G6KSNBE d46AG0OK LL A& RA&ZN
state of the allosteric switch)50]. In our model intrinsic hydrolysis is actigdtby ligand

binding at the allosteric site in the presence of Raf and plays a role in the control of signaling
through the Ras/Raf/MEK/ERK pathway, alleviating the need for GAPs to compete with Raf

for attenuation of the signal. In this context RasG12&xgected to function normally in the
Ras/Raf/MEK/ERK pathway despite its insensitivity to GAPs, consistent with its normal
phenotype.

Our model provides a new venue through which to understand the complexities of the
structural biology of Ras and itssagiated function. In the canonical crystal form with
symmetry PR1 [47] the highly conserved switch | residue Y32 is turned away from the
nucleotide as in the Ras/RasGAP complex, in what has been determirfié@ BMR to be

G a il [BS 118.4n the crystal form with symmetry R32, switch | is stabilized by crystal
contacts with Y32 near the nucleotide as observed in the RapSIBRBf complek36] and
RSGUSNNY¥AYSR 0@ b@AM. Thigis theSwitdhdl ganfar@ation &ssociateith

intrinsic hydrolysi$38]. We have therefore based our proposed mechanism for the reaction

on the Ras structure obtained from crystals with symmetry R82]. In the context of this
A6A0G0OK L O2yF2NXIFGA2Y GKS ft2aG6SNRAO agaioK
conformation of switch Il and we capture either one of these substrates ofdRadlHp by

growing the crystals in calcium&@di I §S 6 a2y £ 0 2 NJ Q05 SnkadsWitctO K f 2 NA
Il is unhindered by crystal contacin the R32 crystal form we have an excellent mimic of

the Ras active site in the Ras/Raf complex, where switch Il is not part of the binding

interface[93].
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Although clearly not a physiological ligand, we propose that the calcium acetate at the
allosteric site in our crystals mimics a functional group associated with the head group of a
membrane lipid, perhaps in the presence of calcium, asditéson Ras has been shown to
interact with the membrane in the GTP, but not Gdund state[100, 116]. We have
F2dzy R GKIFIGO Ay (GKS a2yé¢ adaqrasS 2F GKS ft2aGS
closed over the nucleotide partially overlapping the position of the GAP arginine finger in

the Ras/RasGAP compled]. In our crystals, as in the complex with 8D, Y32 interacts

with a water molecule (WAT189) that bridges it to tli¥phosphate of GTP. Q61 is
positioned by the allosteric switch to interact with this same water molecule which could
receive a proton and develop a partial positive charge neai t@bridging oxygen atom of

GTP to stabilize the dissociative transitioatstof the reactior{117, 118. We propose that
WAT189, aided by Y32 and Q61, is therefore a critical elenmeiiRas catalysis in the
FoaSyO0S 2F D!t ¢gKSYy GKS Itft2aGSNRAO a6AiGOK A

QO)¢

membraneassociated ligand at the allosteric site. Although we have observed these
structural changes associated with ordering of the\asite in our crystals, we have been

unable to measure the expected increase in hydrolysis rate for wild type Ras in the presence

of calcium acetate and R&BD in solutiofil07]. This is most likely due to the fact that a

salt bridge involving R135 on helix4 and a symmaegigted molecule in the crystal may be
mimickingin vivostabilization of the allosteric binding site by a salt bridge between R135

and a nembrane phospholipid100, 116. A destabilized allosteric site in solution would

limit intrinsic hydrolysisates measurements in vitro to a state in which the allosteric switch

Ad G2FF¢ F2NI gAfR (GeLIS wlhaod ¢KS ARSI OGKFG gA
A6A00OK Aa y2NXIffe a2FFé¢ Aa O2yairaamsSahd oA GK

thus an incomplete active site, is seen in solution by NMR spectro$dgpy

Ras mutants commonly found in human cancers occur most frequently atqrssitP, 13
or 61[113 LYGdSNBaldAy3ates NIFYGKSNI 0KFIYy KIFI@Ay3 |

highly transforming Q61 mutants, including RasQ61L, have a well ordered switch Il structure
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stabilized in an anttatalytic conformatiorby a hydrophobic cluster of switch | and switch I

residues that isolate the nucleotide from bulk solvgs®l® 2 S OF ff (KA& GKS a
AdFdSe® Ly O2y iGNl ad G2 GKS a2FF¢ aidldS sKSNB
measuable catalytic activity50, 105]. Interestingly, the G12V mutant does not adopt this
conformatonandswi OK LL A& RA&2NRSNBR Ay (GKS a2FF¢ a
structure[105]. This guctural difference between RasG12V and RasQ61L corresponds to
differences in both intrinsic hydrolysis rates in the presence of Raf kinase and to differences

in MEK and ERK phosphorylation levels in3lBi cells, particularly in the presence of a
PI3Kinhibitor that eliminates crosstalk effects to ERK due to Akt phosphory|§itias).

Taken togther, these results suggest that modulation of the switch Il conformation affects
signaling through the Ras/Raf/MEK/ERK pathway. It is therefore of great interest to be able

to affect this modulation with small molecules.

Here we show that either dithirythritol (DTE) or dithiothrietol (DTT) binds between helix 3

YR agA0G0OK LL Ay ONEAII fcatalytic&dnformationofiswitghdl G KS ¢
in wild type. We show that the allosteric switch can be predictably modulated by soaking

crystds of wild type Ra&ppNHp in solutions containing either calcium acetate, which

adlroAfAl Sa GKS a2y adlFiSéy 2NI5¢9k5¢¢> gKAOK

LINSO@A2dzat & F2dzyR I 0AYRAY3A & pME7SwedderifiNghe € A 3 y F
KSNBE 6KSNB 5¢9k5¢¢ adloAfAT Sa GKS a2FF¢ adl i
6S OFy OFLIdz2NBE | YAE 27F (Kifswitch i éurdrygidts. a2 TF¢ &

Furthermore, the equilibrium between the two states is reversible, dependent on the

presence of the opposing molecules in the soaking solutions.

Results

All of the experiments in this work were done with @e@minal truncded construct of H

Ras that includes residuesl®6 (the catalytic domain), referred to as Ras throughout this
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LI LIS NJp LYy 2NRSNJ (2 SadlofAiakK GKS NBOSNBAOAC
did a series of soaking experiments as an extansf the soaks we published previously

showing the specificity of the allosteric site for calcium versus magng4i0vh In those

experiments crystals were@wn in mother liquor containing calcium acetate with the Ras
Fff2a0SNAO agAUGOK Ay GKS az2yé aaraSz OF t OA dzv
site ordered in what we propose is the catalytic conformation. Soaking in magnesium

acetateresut SR Ay |y aSYLIieé¢ | ff 2aioMGrotwaksafS | y R |
the allosteric switch, but the extent of reversibility of the allosteric switch was not fully

established. Here we present a systematic series of soaking experiments, clearly

dem2 yAGNF 0AYy3 GKIFIG 6KSGKSNI S adlr NI ¢6AGK GKS

switch we are able to induce full transition in both directions in our crystals.

DTE and DTT bind in a pocket between switch Il and helix 3

When initially working oustabilization conditions for the soaks we hit upon conditions in

which the crystals were very stable and diffracted to a resolution of about 1.4 A, higher than

the 1.61.8 A we usually get when we take crystals directly from the mother liquor. The

condition contained 30% PEG400 in addition to 30% PEG3350 (increased from the 25%

PEG3350 in the mother liquor), as well as buffer and either calcium chloride or calcium

acetate. As expected, we found that crystals originally grown in the presence of calcium

chloride and 5mM DTE and then soaked in the stabilization conditions containing 100mM

OF ft OAdzy OKf2NARS FyR y2 5¢9 KIFIR GKS [tft2adSN
a resolution so 1.39 Astructure ID 888) (Tabf@.1). Surprisingly, howeverather than a
RAA2NRSNBR a46A0GO0OK LLX 6S 20aSNWSR (GKS a2NRSN
RasQ61L mutarj6Q]. Furthermore, this structure showed clear positive difference density

in a l5-F. electron density map, consistent withrnaling of DTE in a cleft that forms between
KSEtAE o YR (KS da2NRSNBR 2FFé¢ O2yF2NXNIGA2Y 2
had located a hot spot for protein/ligand interaction using MSCS experinightSoaking



Table 3.1Data refinenent and collection statistider Chapter 3.

Structure ID 885 888 1062 1162 1187
Data collection
Space group R32 R32 R32 R32 R32
Collection Temperature 100K 100K 100K 100K 100K
Cell dimensions 87.414 88.521 89.029 88.704. 88.822
a,b,c (A) 87.414  88.521  89.020  88.704  88.827
133.468 134.06 135.207 134.36 134.77¢
h,i,Q(®) 90, 90, 12C 90, 90, 12C 90, 90, 12C 90, 90, 12C 90, 90, 12C
Resolution (A) 35-1.42 35-1.39 50-1.82 50-1.70 50-1.60
(1.44-1.42) (1.41-1.39) (1.85-1.82) (1.76-1.70) (1.66-1.60)
Rsym OF Rimerge 0.059 0.063 0.058 0.065 0.075
(0.335) (0.796) (0.793) (0.865) (0.681)
/" 65.1 55.6 49.1 21.0 19.7
9.1) (2.3) (2.9) (1.5) (2.2)
Completeness (%) 100 99.9 99.9 99.5 99.9
(100) (98.4) (100.0) (95.0) (99.3)
Redundancy 10.9 10.1 10.9 7.9 6.6
(10.7) (5.0) (9.2 (4.5) (3.8)
Refinement
Resolution (A) 1.42 1.39 1.80 1.7 1.6
No. reflections 46257 39055 17736 20843 25192
Ruork / Riree 17.07/18.88 18.07/19.63 15.92/19.41 17.77/20.05 17.89/20.26
No. atoms 1561 1494 2720 1502 1552
Protein 1345 1328 2575 1316 1317
GppNHp 1 1 1 1 1
Acetate 0 0 0 1 1
DTT/DTE 1 1 0 0 0
Calcium/Mg 4,3 2,2 2,2 2,2 2,2
Water 159 161 109 146 195
B-factors
Protein 14.5 19.4 28.75 29.91 24.71
GppNHp 8.98 12.19 23.9 22.38 18.63
Acetate 37.28 28.67
DTT 35.54 43.51
Water 26.03 31 40.08 38.66 34.1
R.m.s. deviations
Bond lengths (A) 0.007 0.008 0.008 0.008 0.008
Bond angles (°) 1.154 1.258 1.060 1.117 1.129
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Table 3.1Continued

Structure ID 1201 1204 1512 1515 1521
Data collection
Space group R32 R32 R32 R32 R32
Collection Temperature 100K 100K 100K 100K 100K
Cell dimensions 88.822 88.39% 88.085% 88.207 88.261
a,b,c () 88.822  88.305  88.085  88.207  88.261
134.053 133.923 133.9 134.142 134.40¢
h,i,Q (%) 90, 90, 120 90, 90, 120 90, 90, 12C 90, 90, 12C¢ 90, 90, 120
Resolution (A) 30-1.57 50-1.72 50-1.73 50-1.57 50-1.66
(1.63-1.57) (1.75-1.72) (1.76-1.73) (1.60-1.57) (1.69-1.66)
Reym OF Rnerge 0.067 0.054 0.100 0.064 0.082
(0.827) (0.666) (0.737) (0.295) (0.654)
/- 37.3 49.3 33.2 52.7 39.4
1.2) (3.0) (2.6) (7.3) (3.0)
Completeness (%) 97.4 100 100 99.6 100
(79.8) (100) (100) (92.9) (100)
Redundancy 9.6 10.4 10.8 10.9 11
(3.7) (8.9) (8.5) (9.0) (9.3)
Refinement
Resolution (A) 1.63 1.72 1.73 1.57 1.66
No. reflections 23884 20777 21703 27768 23146
Ruwork ! Riree 19.48/21.74 17.41/20.24 16.94/19.76 15.77/17.90 16.17/18.42
No. atoms 1540 1529 1495 1561 1547
Protein 1320 1318 1328 1324 1378
GppNHp 1 1 1 1
Acetate 0 1 0 0 0
DTT/DTE 1 0 1 2 2
Calcium/Mg 3,1 2,2 1,3 3,2 2,3
Water 176 171 165 184 161
B-factors
Protein 23.22 26.83 20.34 15.7 19.4
GppNHp 16.18 19.84 13.6 10.55 13.4
Acetate 35.56 31.2
DTT 38.53 53.59 36.41 46.35
Water 31.78 34.89 31.96 27.43 32.3
R.m.s. deviations
Bond lengths (A) 0.008 0.007 0.007 0.008 0.007
Bond angles (°) 1.182 1.110 1.173 1.375 1.152
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of crystals in the high PEG stabilization condition containing 200mM calcium acetate also

gave an unexpected result. Ratherthasth ¢ 2y ¢ aGlF 4GS 2F GKS ff2aié¢
aK2gSR GKS ftft2a0SNAO agAG0K Ay GKS a2FFé¢ ai
conformation (structure refined at a resolution of 1.42; Atructure ID 885)Table 3.1). This

structure too containd a bound DTE at the helix3/switch Il interface. It is clear that under

the high PEG conditions with bound DTE near the active site, the presence of calcium

FOSGI OGS Aa y20 adzZFFAOASYUG (2 LINRBPY2GS GKS NI

The DTE molecule in both structures binds in a pocket lined by Y96 from helix 3, with one of

its two hydroxyl groups making a gooebldnding interaction with Wat365, which in turn-H

bonds to thehydroxyl group of the tyrosine residue and to the side chaiD@® in helix 3

(Figure 3.A). Wat365is part of a network involving Wat308 and the carbonyl group of G60,

the residue immediately preceding the catalytic switch Il residue Q61. Wat308 is highly

conserved in the Ras structures and also makésitling inteactions to the mainchain

amide group of G12 in the-lBop and another water molecule, Wat416, which bridges it to

the mainchain amide of E62. This network dbdhding interactions linking G60 to the DTE

molecule results in a shift of the-tdrminal portion of switch Il in this structure relative to

GKS a2FF¢ adlriS Ay 6KAOK agAiO0OK LL Aa RAAa2NF
to the middle of switch lthough one of its sulfur atoms that receives abéhd from R68,

which in turn interacts wh Wat345 (Figure 3A). Thusthrough its interaction with R68 the

DTE molecule is connected to both the hydroxyl group of Y96 in helix 3 and the carbonyl

group of G60 in switch II. In essence the DTE molecule brings together elements of switch I,
theRf 22 L) YR KSfAE o0X O2y(iNAROdziAy3a (2 &aGFoAf A
LyYydSNBaldAy3aftes wcy Ay -ibRdBgidtedadtions afthe all&terica OSy i
switch leading to an ordered conformation of switcfill07]. The presence of DTE does not

Fff2 GKS LRaAAGAZ2YAY3T 2F wcy ONROGAOFE F2NJ (K
AYUGSNI OGA2ya F2dzy R Ay th&dticat@ydiddnRtior2oftieé & G I
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st 4
; »;«f\\Nat345> , i

'y

Figure 3.1Difference density for bound DTE and DTT in the switch I/ helix 3 potket2k-F. density
map was contoured to 1sigma. TheF" was contoured to 3.0. A: DTT (slate) or B: DTE (cyan) bir
the switch Il/helix 3 pocket.

active site. The binding of DTT in this pocket has a very similar effect with only minor
differences. There is a loss ofdnding interaction between one of the DTT hydroxyl
groups and Wat365 while its other hydroxybup gains an #dond withR68 (Figure 3B8).

The sulfur atom retains its interaction with R68 as in DTE.

¢tKS T OUABS IyR fft2a0SNRAO aAriSa KI @S dzyAlidzsS

The binding of DTE or DTT with stabilization of switchlllfhS a2 NRSNBR 2FF¢ &
an active site where residue Q61 participates in a hydrophobic pocket with Y32, P34, T64

and 136, similar to that we observed previously for the Q61L, | and V and K m&ajnts

However, unlike the mutantesidues that made van der Waals interactions within the

active site (including the polar K side chain with its amino group exposed to solvent), the

polar portion of Q61 makes an excellenbbnding interaction with the hydroxyl group of

Y32 2.8 A in 888yvhich also Fbonds directly to the B-phosphate of the nucleotide (2.6 A in

888) (Figure 3.2). Thi®nformation leaves no room for the bridging water molecule,
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Wat189, observed in the “on” state between the Y32 and the B-phosphate, and which

appears to b&key to the mechanism of intrinsic hydrolysis in R&¥).

Figure 3.2 Allostreric off active site comparisofThe active site of the DTE and DTT bound structure
ordered in an off conformation (cyan). This conformation overlays with the conformation seen in tt
Q61L Ras oncogenic mutant and is stabilized by hydtiphteractions. Unlike the Leu mutant the w
type has a hydrogen bond form Q61 to Y32 with a distance & 2.9

The allosteric site has fewer water molecules in crystals soaked in high PEG solution with
calcum chloride compared with 2RGE, perhaps due to a decrease in protein hydration
associated with the presence of 60% total PEG. In the structure soaked in high PEG
stabilization solution in the presence of 100mM calcium acetate crystallographic water
molecuks become more prominent in the allosteric site, with no visible binding of calcium
acetate. This could be due to preferential interaction of the acetate molecules with PEG,
relieving the protein dehydration effect and at the same time making fewer acetate
molecules available to interact at the allosteric site. In this structure, two water molecules

(Wat1461 and Wat1464) interact with the carbonyl group of Y137. These water molecules
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are too close to each other (1.9 A) to be present simultaneously andharefore not at full

occupancy. Y13interacts with Wat1464 in a manner reminiscent of its interaction with

Ol £t OAdzyY A2y Ay (GUKS a2yé adGliSo 21 dmncm NBLINE
interaction with Y137 (Figure 3.3). Loop 7 is shifted towandcs 1l along with helix 3 in a

gl & GKIG Aa 08 LA OmbkesTadmoriaKslditioralTvatér maetulel S ¢ K A
Wat417, to bridge between Wat1464 and the carbonyl group of D107 in a position that

= 4

e DS
PEG CaAcetate soaked structure (885).

Figure 3.3 View of the allosteric site in the Ras High

overlays well with the location of the aceta¥e2 f SOdzf S LINBaSyid Ay GKS «a
R97 is found in a conformation that would sterically clash with a bound acetate and it

makes an Hbond to Wat1464. In this structure R97 is in the same conformation found in

0KS &id NHzO( dzNB a owkwér, tiiefe & weéaR Foditie eledirbnidéhgity tb support
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Fy FEOGSNYFGS O2yF2NXYIFGA2Y 2F wdht AAYAL NI (2
2OSNYF ff O2YLI NR&A2Y o0Si6SSy (GKS a2z2yé adalisS Iy
PEG solution irhie presence of calcium acetate shows that the calcium ion and its three
coordinating water molecules are replaced by two alternate positions for water interaction

with the carbonyl of Y137 and a water molecule that connects it to the carbonyl group

D107, vhich is positioned toward switch Il increasing the size of the allosteric site.

9l dZAf AONARdzY 6SU6SSY a2yé FyR a2FFé¢ adarasSa A3

Our discovery that DTE or DTT binds near the active site between switch Il and helix 3 with
theresi 0 2F adloAfAT Ay3a GKS a2NRSNBR 2FF¢ aidl o
should be possible to deliberately modulate the equilibrium between the two states in Ras
ONEBadGlfta dzaAy3 Ol ft OAdzy I OSGF ( SrDUTo stakilized A £ AT S
GKS a2FF¢ adlridSo | 26SOSNE IABSY (GKS LINRPYAYSY
solutions containing high PEG (ie 30% PEG 400 and 30% PEG 3350) with accompanying
insensitivity to calcium acetate, we returned to our previously phielsstabilization

solution obtained for soaks designed to test specificity of the allosteric site for calcium

versus magnesium acetaf@07]. This includes 36 PEG 3550 but no PEG 400 (details in

Materials and Methods section) and results in crystals that diffract to slightly lower

resolution (1.6¢ 1.8, rather than 1.4 A).

We performed two sets of soaking experiments in order to study the countering sftéct

OFft OAdzy FOSGFGS YR 5¢9k5¢¢ Ay GKS GNFyaaila?z
in Ragcrystals (Figure 3.4). In the first set, Set 1 in Table 1, soaks were started from crystals
O2y G FAYAY 3 wlk & A ihthé dteSende afBefuin chipiide an&-b ENNBTE Y

which has a disordered switch Il as exemplified by the structure with PDB codd ZIRGE

These crystals were transferred to stabilization solutions containing 100 mM calcium

chloride and no DTE, DTT or calcaretate, before a second transfer to solutions
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(CaCly) (CaAcetate)
+CaAcetate Mixed +DTE
/ \DTE Ca Acetate CaAcetate
ON
+D OFF OFF OFF
+DTE
OFF OFF

Figure 3.4Soak Flow Chartrlow chat of two sets of experiments examining the transition between
a2y ¢ YR a2 F apedmentsg afeishown oa the léftfand Set 2 (Ca Acetate) are shown ol
riaht.

containing 100 mM calcium chloride and either 100 mM DTE or DTT, or 100 mM calcium

acetate without the reducing agents. This set of soaks resulted in four structures with data
collection and refinement statics shown in Table 1, solved to resolutions of 1.82 A

(structure ID 1062), 1.57 A (structure ID 1512), 1.73 A (structure ID 1515), and 1.60 A

(structure 1D 1187) respectively. The structure from crystals transferred to stabilization

solution with calcim chloride but no DTE/DTT shows clear electron density for both the

G2YV§R a2FF¢ adlrasSa 2F GKS ff2a0SNRO agAaioKs
refinement (Figure 3.5). This is cleatidence that in the absence of both calcium acetate

and DE/DTT, Ras is in equilibrium between the two states, sampled at detectable levels in

2dzNJ ONBalGlfad ¢KSNBE Aa St SOGNRY RSyaiaite F2NJ
as in our structure with PDB code 3K8Y, but no electron density for-tieenNnal half of

Aa6A00OK LL Ay GKS a2FF¢ adlrdiSs AYyRAOFGAY3 (KU
structure with PDB code 2RGE. Starting at switch Il residue M67 there is electron density to
AdzLILR2 NI 020K GKS da2yéh I yR a2FF¢ aidlisSa 2F (K

The three other soaks in Set 1 were started from crystals of Ras that first soaked in calcium

OKt 2NARS (2 IGUlIAYy GKA& GYAESRéE &0NHOGdNB !
AKATUSR GKS Sljdzait A0 NRdzY (2 ¢ NR&rondé&Sty faraaNR S NB F
5¢9k5¢¢ Ay (KS a6AGOK LLKKSEtAE o LRO1SIDd ¢KS

state in these structures. Conversely, soaking in the presence of 100mM calcium acetate
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Figure 3.5Mixed conformation electron density. Crystals soaked in the absehaeetate and DTT or
DTE adopd a mixed conformation. Highlighted are the important residues V103 ad M67. In the
allosteric off state V103 would clash with the on conformation.

resulted in a structure with an equilibrium shigt 6 KS a2y é¢ adal 4GS gAGK y2
adzLILR2 NI GKS a2FF¢ aalrasS 2F GKS FEft2a0SNAO &g
calcium acetate at the allosteric site. From this first set of structures it is clear that starting
TNRBY (GKS gdaKF4d RABEINRSNBR a¢gAGOK LLZ Ad Aa |
KS a2NRSNBR 2FF¢ 6A0K 5
G2yé aulaS gAGK OFf OAdzy OSGIFGS 02dzyR Ay (KS

aarasS ra ¢Sttt ra G2

A second set of soaks, Sein Table 3.1, was performed starting with crystals containing
wka Ay GKS a2y¢ aidlidS INRBgy Ay (KS LINBaSyoOoS
transferred to a common solution containing 100mM calcium acetate and no DTE or DTT.

This structure \as solved to a resolution of 1.70A (structure ID 1162) (Table 3.1). Not
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AdzZNILINR AAy3Ifes AG akK2ga wla gAGK GKS ft2adSN
bound in the allosteric site. Transfer from this first soak to a solution containing 100 mM

calcium chloride and 100 mM DTT resulted in a structure solved at 1.57 A (DTT) (structure

L5 MHAMO 6¢tofS odmy GKIFEG GNIXyaraildAaAzySR G2
active site. This set of experimeritsk 2 g & G KI 0 a G NIeARASTsabldliB Y (G KS
Fdzt t e ONIXyairdiAzy (2 GKS Ga2NRSNBR 2FF¢ adalds
were designed to explore the competition between binding of calcium acetate to promote

GKS a2yé¢ adaladS | yR 5 ¢ 9k 5date. RaerydtaeBrywhinghe § KS @ 2
presence of calcium acetate followed by a soak in stabilization solution with calcium acetate

were then transferred to stabilization solutions containing either 100 mM calcium acetate

and 100 mM DTE or 100 mM calcium acetahd 100 mM DTT. Thwo resulting structures

were solved to 1.66A (structure ID 1521) and 1.72A (structure ID 1204) respectively (Table

3.1). Surprisingly, while the combination of calcium acetate and DTE resulted in a shift to

0 KS &2 NRS NXttno Botir £alciani acetage inghe allosteric site and DTE bound

in the pocket between switch Il and helix 3, the structure soaked in calcium acetate and DTT
NEBYFAYSR Ay GKS a2yé¢ aialiaSz gA0K OFf OAdzy | OS
activesite conformation ordered as in the structure with PDB code 3K8Y and no electron

density for DTT. It is clear that there is a competition between opposing effects of calcium

acetate and either DTE or DTT present at equal concentrations in solutionsnbogtaas

ONEB&alGlrfta YR GKFIG 5¢9 KIFa | aGdNRBY3ISNI STFSOI
presumably due to more optimized interactions within the binding pocket near the active

site.

Discussion:

Allosteric mechanisms were originally descdlder oligomeric or multidomain proteins
where allosteric changes induced by ligand binding involve changes in quaternary structure

or interdomain interaction$119. More recently, the definition of allostery has been
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expanded to include ligand induced changes in tertiary structure and the distribution of
conformational ensembles within a monomeric protd¢®0, 121]. It has become

increasingly clear by our workd those of others that RaSTP (as modeled by Ras

GppNHp) is in the class of monomeric proteins that are regulated by shifts in

conformational ensemblef38, 105, 107, 122], dynamically sampled in solution as shown

for HRasGppNH{37, 38, 92] and kRasGppNH{5, 123]. Here we have explored the

shifts in equilibrium between conformational states modulated by the binding of small

molecules in Ra&ppNHixrystals. We showed that calcium acetate and DTE/DTT can
STTFSOGAGStEe LINRPY2(GS O2yF2NXIF A2y AKAFGA 02

switch respectively.

We had previously identified the binding of calcium acetate at the allosteric site as
promoting a network of B 2 Y RAYy 3 AYUSNI OGA2ya aa20AFl SR ¢
culminate in the ordering of switch 1l with placement of Q61 in the catalytic c¢h€:f.

| SN ¢S KI @S ARSYGATASR 5¢9k5¢¢ 4 0AYRAYS3
2FF¢ aal S 6KSNB a ¢QppNDIEadbpts tha ahticatdlyic g At R (0 & LIS
conformation we previously observed for the RasQ&HpNHp mutant. Thisite coincides

with the most prominent binding site hot spot identified through our multiple solvent

crystal structures (MSCS) experiments and predicted BM& calculations to be a

druggable sitg5]. This is an indication that the site coldd a bindingpocket for a natural

ligand of Ras. Significantly, it is a site of interaction between the GTPase Ran and importin

@, where switch Il is also found in the “ordered off” conformation with the physiological

consequence of preventing GTP hydrolysis on Ralewhrgo is being trafficked across the

nuclear membrang70]. In this structure, as in our structure of wild type RagpNHp in the
G2NRSNBR 27FTE&0 K02 §PROSONRE land svitgh T residtie Q69 (Q61 in Ras)

make direct hydrogen bonds with the hydroxyl group of Y32. For Ras there have yet been

Y2 yIEGdz2NIf 0AYRAY3 LI NIGYSNB 20aSNWSR (G2 &adalo
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Bulk solvent compositiorffacts the binding of DTE/DTT to RagpNHp crystals

A recently published structure of R&ppNHp from crystals of R32 symmetry soaked in the

Ras pathway inhibitor zinc cyclen (PDB code J@@¥as a switch 1l backbone conformation

GSNE aAaAYAEFNI G2 G0KS Ga2NRSNBR 2FF¢ O2yF2NNI (A
Unlike our structures, though, the electron density for several switch Il side chains is absent,
indicating greater disorder ithe region. The structure was solved at 2A resolution and has

a zinc cyclen molecule bound at a site near titer@inal, contributed by the end of helix 5

and loop 7. We identified this site as the Loop 7 site in our analysis of hot spots in Ras

GppNH{A5] and it was labeled the p3 site in a similar stiti®4]. It was not obvious from

our analysis of this structure, however, how the binding of zinc cyclen at this site could
LINPY230GS GKS G2NRSNBR 2FFé¢ O2yF2NXI (ateBy ® Ly alL
electron density map downloaded from the PDB showed a model with an alternate

conformation of the Q95 residue in helix 3, with its side chain nitrogen atom in electron

density that extends significantly beyond it and superimposes well with the D@Bdin

position in our structure. Removal of the alternate Q95 side chain conformation, addition of
5¢9> yR NBLJ I OSYSyd 2F agAiGOK LL gAGK (GKS 0
1.39 A data set of R&BppNHp in high PEG, followed by refinement iagfahe deposited

data, resulted in an electron density majith greater continuity for switch Il and a bound

DTE molecule in the position observed in our structures (Figure 3.6). Although hard to

discern a priori, the hind sight provided by our high raioh structures suggestbat a

02dzyR 5¢9 Y2fSOdzZ S O2yiNROGdziSa (G2 GKS a2NRSN

Ras structure.

This exercise is important because it provides an example where DTE, which is routinely
used as a reducing agenttime crystallization mother liquor for Ras, has an unintended
effect on its structure. We show here that either DTE or DTT can affect the structure of Ras

in the crystalline environment and depending on the composition of the bulk solvent this
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Figure 3.6:Zinc cyclen soakeslitch ll/kelix 3 pocket.Electron desity for the switch Il/helix 3 pocket f
the zinc cyclen soaked structure refined from the deposited strudttiré®DB code 3L8Y).

effect can beseen at concentration of less than 5 mM. As with the structure of Ras soaked

in zinc cycleifi7] this was also the case for our structures soaked in high PEG stabilization
solutions in the absermcof reducing agents. The original mother liquor where Ras crystals

were grown had only-6 mM DTE or DTT, but when transferred to a high PEG solution with

a much higher concentration of 100 mM calcium acetate and no DTE/DTT, the allosteric site

A& & Savdtiie ®EE or DTT is still bound. Interestingly, crystals taken directly from the
mother liquor or soaked in the lower PEG stabilization conditions were less sensitive to the
presence of DTE or DTT. Under these conditions, soaking in 100 mM calciuta elestdy
aldloAtAl Sa GKS a2yée adardsS ra ¢S aK2g Ay GKS
ONR&alGlIfa dzaSR (2 3ASYSNIGS (GKS a2FFé¢ adldisS Ay
code 2RGE) has no effect as far as ordering swifbh]lISince in the soaking experiments

presented here we used 100 mM DTE or DTT we do not know the minimum concentration
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ySOSaalNE (2 20aSNBS O0AYRAY3A gAGK A0GFoAt Al
these conditions. We do know, however, thatlft mM DTE, which was used to obtain the
A0NHzOGdzNBE gAUGK GKS fft2a0SNAO agAluOK Ay GKS
acetate in the allosteric site (PDB code 3K8Y), the DTE is not observed. Although the

sensitivity to low concentrations of DIIH T seems to be dependent on the constitution of

the bulk solvent, these reducing agents should be used with caution, particularly in

crystallization soaks geared toward understanding the nuances of the switch regions in Ras

or binding of small molecules the search for Ras inhibitors. The soaking conditions for

obtaining the zinc cyclebhound RasGppNHp structure, for example, contains 17% PEG

6000 and 25 mM zinc cyclén. It is possible thatite higher molecular weight PEG may

have a similar net effect to our high PEG solutions, providing a more crowded environment

AY 6KAOK agAlOK LL Aa adroAfAl SR Ay (KS &2NF
or DTTIt is important to note that lgh PEG solutions are not unique in this respect. In our

multiple solvent crystal structures (MSCS) experiments soaks in four organic solvents at high
concentrations were seen to have the same effect with a bound solvent molecule in place of

the DTE/DTT:eat hexane, 60% 1 6exanediol, 55% dimethylformamide and 50% 2,2,2
trifluoroethanol[5]. As is the case with high PEG, it is likely that these solvents have a
GSYyRSyOe (2 adlroAftAl S G4KS da2NRSNBR 2FeFé¢ O2y ¥
to binding either DTE/DTT or other molecules.

A

CKS OGAGS aAldsS O2yFT2NXI A2y Ay (GKS az2yé adl

Our discovery of the allosteric switch in RagpNHp crystals with symmetry R32 suggested
a relevance to the interdion with Raf because this crystal form stabilizes a conformation of
switch | identical to that seen in the Ras/Raf compl/]. Furthermore, as in our cryas
where switch Il is free of crystal contacts, it is not part of the Ras/Raf interface. We
subsequently established a connection between the allosteric switch and activation of the

Ras/Raf/MEK/ERK signaling pathway in-BIIA cell§105. The major consequence of
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calcium acetate binding at the allosteric site in our crystals is that it promotestare site
conformation where the entire switch Il, including catalytic residue Q61, becomes highly
ordered. This structure is consistent with an intrinsic hydrolysis mechanism that stabilizes
developing charges in the transition state through a bridguader molecule that interacts
simultaneously with Q61, Y32 and the B-phosphate of the nucleotide. A slight increase in

intrinsic hydrolysis rate in the presence of Raf compared to uncomplexed Ras has been
previously reported38], presumably due to ordering of switch I. We propakat this

effect could be greatly enhanced by binding of membrane components at the allosteric site

that promote the order of switch Il through the allosteric switch mechanism irbBahd

Rag5, 107]. Raf has an unusually high affinity for Ras compared to the effectors PI3K and
RalGDS, with the B&RatRBD interaction having g &f 3.5n1M [20]. This would be tough

competition for RasGAP, which has affinity for Ras in the micromolar range, similar to those

of PI3K and RalGDS, and would have to displace Raf to@ntrenhydrolysis reaction.

Intriguingly, a more recently discovered effector, NOR1A, also has an affinity for Ras in the
nanomolar range and the crystal structure of its complex with&asNHp is available in

the literature (PDB code 3DD[@p]. Remarkably, the structure of the R@&pNHpP/NOR1A

O2YLX SE KIFIa Iy ARSYGAOLt | OGAQGS araasS G2 GKS
switch in our crystals bad to calcium acetat@rigure 3.7). Thewitch | conformation is as

in the Ras/RaRBD complex and switch Il makes interactions with deridinal extension

of the NOR1ARBD, through residues Y64 and M67, that stabilize the entire switch Il in what

we callthe catalytic conformation for intrinsic hydrolysis in Ras. NOR1A is a tumor

suppressor protein that also interacts with the papoptotic kinases MST1[225, 126] and

has been shown to etmcalize with microtubulegl27, 128]. Not all of the functional

consequences of its interaction with Ras are currently understood, but it has been shown
OKFG wlkha oAYRAY3I A& NBIdZANBR F2NJ bhwm! Qa8 3INP
inhibition of the ERK pathwd$29]. Given the similarity of the Ras active site in the NOR1A
O2YLX SE 6AGK GKIFG Ay 2dzNJ a0 NHzZOGdzNBa oA GK (KS

that one metianism through which NOR1A may exert its tumor suppressor properties is
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Figure 3.% LEE2a0G6SNRAO a2yé¢ | Ourdoftle camplaxdf RASORETA (pihki
reveals an active site that is consistent with the active seen in the allosteric on state (green).

through enhancing hydrolysis of GTP on Ras, thus turning off Ras mediated signaling

through various pathways known to promote growth.

Conclusions

We have identified small moleculésat have opposing effects with respect to stabilization

of substrates in Ra&ppNHp and propose that they mimic effects that may be functional in
the cell. This is supported by the proximity of the allosteric site to the membrane as detailed
previously[5, 100, 107, 116] and by the functional properties associated with binding at the
helix 3/switch Il pocket in the homologous GTPase[Rg)l® 2 S LINE LI2YAASE SiRkél i
state structure obtained for crystals grown in calcium chloride with a disordered switch Il is

representative of the Ra&TP/Raf complex in the absence of modulators, since in our



56

crystals switch | is ordered as seen in the complex. ltcanbetliough ¥ | & (G KS a2 F ¥«
which is catalytically slow due to a disordered active site with occasional access to the

catalytic conformation. Binding at the allosteric site to activate the allosteric switch would
LINEY20GS || AKATG AY 6 hydailybisiob GIP trGDRiaRAd terriirfation 2 y € 3
of signaling through the Ras/Raf interaction. Alternatively an effector such as NOR1A could

have a similar effect with stabilization of both switches through a direct interaction rather

than through binding at th allosteric site. Both effectors have much higher affinities for Ras

does RasGAP, so promotion of intrinsic hydrolysis is a good alternative.

.AYRAY3I AY (GKS L1L120O1SiG 06SiG6SSy KStAEo yR &gAa
2T F¢  adl i &ivesite & MA noaafytic conformation. Interaction of a protein or

ligand at this site could render Ras incapable of hydrolyzing GTP with the consequence of
maintaining active signaling in the cell. This type of modulation would add an additional

level of complexity and firuning in the regulatory mechanisms that affect Ras signaling.
LYGdSNBalAy3Iftes || KAIK NB&azftdziazy GYAESRE &GN
of Y32C/C118S-Ras bound to Ragged GTR30Z ¢ A G K & NHzOUO dzNB & NBLINB
G2FF€¢ &G G SaThask drdetuied syideveddad drdering of switch Il consistent

with the ordered on and off conformations that we observe for the upper portion of switch

Il. However, the lower portion of switch Il adopts different conformations especially the
conformatian of Q61 which in one conformation is swung way from the active site (PDB

code 2CL7). The reported structure was not presented in the context of the allosteric

switch. Correlated dynamics of the structural features associated with the allosteric switch

has been observed by NMR for bothR#éis and Ras isoform§b, 92]. The activation of the

switch through bindig at the allosteric site may be particular to the Ras/Raf interaction,

but the same resulting shift can be achieved just as well by the binding of RasGAP

pointed out in our analysis of binding site hot spots in-8apNHH5] or other effectas

such as NOR1A that promote a conformation with an enhanced rate of GTP hydrolysis.
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Materials and Methods:

Protein expression, purification and crystallization:

H-Ras 1166 was expressed and purified as previously descii®gd GDP was exchange to
the GTP analog, GppNHp using the previously published procgllife The protein was
put in a final solution bufferZlOmM HEPES pH5, 50mM NaCl, 20mM Mgg&and :10mM

DTE). Sitting drop crystallization trays were set with a protein concentratib®-bb
mg/mL. Crystals were grown at 18°Cdbteastl week. Initial sitting drops were 5 uL
protein solution and 5 uteservoir solution. A 0.05%@ctyH -D-glucopyranoside solution
was made by adding-@ctyH -D-glucopyranoside t@ither: 0.2 M Calcium acetate hydrate
and 20% w/v PEG 3350 (PEG lon Screen 28 from Hampton Rese&.e2h) CaGland 20%
w/v PEG 3350 (FElon Screen 7 from Hampton Researchie reservoir solution was
comprised of 500uL afnethe above solutiosdiluted with 100200uL of final solution

buffer and 0150uL 50% w/v PEG 3350.

Soaks:

Soaks of calcium acetate grown crystals were transfemga calcium acetate stabilization
solution which was 10mM HEPES pH 7.5, 20mM,NAZHhM MgCGl, 100mM calcium
acetate, and 30%PEG 3350 for 60min. Crystals grown inv@a€ltransferred to a CaLl
stabilization solution which was 10mM HEPES pH @raM2NaCJ, 10mM MgGl, 100mM
CaCJ, and 30%PEG 3350 for 60min. Soaking in the stabilization condition was used to
equilibrate crystals grown in different wells to the same starting condition. After soaks in
the stabilization solutions, crystals were tsdarred to their experimental conditions. All
experimental soaks had 10mM HEPES pH 7.5, 20mM,NaGIM MgCGland 30%PEG 3350.
Varied conditions were: calcium acetate 100mM, €a@mM, 100mM DTT and 100mM
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DTE. Soaks in experimental conditions werelfa hours. After soaking, crystals were flash

frozen with liquid N with cryo conditions of 30% v/v glycerol with soak condition.

Data Processing:

Data was collected at 100K at the SERT IE22 and BM22 lines at APS (Argonne, IL). The

x-ray waveength was 1.0A with a crystal to detector distance was 150mm. Exposure time
variedfromimn aSO2yR&a gAGK |y 2a0AtftlrGA2Y 2F wms
performed using HKL2000. The coordinates from pdb code BK8Mwvere used for

phasing of all allosteric on structures. The model used for phasing in the high peg DTE
structure was pdb 2REE0O]. Subsequent allosteric off structures used the higicGHDTE

structure for the phasing. Riglibdy refinement was performed using PHENIX refiéh¢o

2.5A. Simulated annealing wasrformed to 2000K after rigid refinement. Model building

was performed using COQIU]. PHENIX was used for refinement and generation of maps.
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CHAPTEROUR

Neutron Diffraction of Ras.

Summary:

Neutron crystallogaphy allows visualization of hydrogen in a protein at reasonable
resolutions, which can be used to look at hydrogen positions, protonatates and

enhance understanding @fatalytic mechanisms. We have proposed a mechanism of
intrinsic Ras hydrolysiavolving hydrogen bonding in the active site. Here we use
deuteration and perdeuteration (techniques replacing hydrogen with deuterium) to
enhance hydrogen visualization. We obtained large crystals (>1mm in at least one
dimension) of both hydrogenatedhd perdeuterated proteins that are suitable for neutron
diffraction. Hydrogenate@®ascrystals soaked inJ diffracted at the neutron beam line at
LADIIII at the Institut Laud.angevin (ILL) (Grenoble, France). Perdeuterated crystals have
been mountedor neutron analysis. Feasibility of the neutron diffraction of Ras has been

established andve are awaitingoeam time to collect a full data set.

Introduction:

X-ray crystallography is a powerful tool for determining atomic level structural informatio
However, hydrogen atoms, which make up ~50% of protein atoms, are rarely visi¥le by

ray diffraction and generally require a resolution of less than 1.0A to visuydlgze 132].

Even at sb-angstrom resolution, hydrogecan be difficult to resolve due to thermal atomic
motion. It is possible to hypothesize hydrogen positions based on stereochenbigtrgue

to rotational freedom and titratable functional groups some positions are more difficult to
predict[133. Distinguishing hydrogen positions can answer questions of catalytic

mechanism, hydrogen orientation, and protonatistate. Neutron crystallography, unlike
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X-ray, can resolve hydrogen positions at resolutions of2A®A[134-136 making it a

powerful tool in examining ezymatic mechanisms, including GTP hydrolysis in Raes.

goal of the work presented here is to use neutron crystallography to determine hydrogen
positions associated with our proposed mechanism of intrinsic hydrolysis in Ras, discussed
in detail in chapte 2. That mechanism is centered around two catalytic water molecules

and the side chains of residues Y32 and Q61 to promote hydrolysis of GTP with GDP and Pi
as products. We distinguish between the two catalytic water molecules by calling one the
nucleophiic water molecule and the other the bridging water molecule in the discussion

that follows.

Ras Dynamic Regions Switch | and Switch Il and GTP Hydrolysis Mechanisms:

Ras contains two highly dynamic regions, switch 44@0and switch Il (6@6) whose
conformations vary wh the nucleotide binding statg84]. In switch,INMR data suggests
the presence of at least two conformatis{37, 38]. In state 2 (the active conformation),
Y32 is closed over the nucleotidad is poised to iteract with downstream effector
molecules In state 1 (the inactive conformatiorsyitch | can adopt different
conformations wherey32 is swung away from the nucleotide. It was shown tlae<2 is
predominant in HRas (64+2%avhereas in MRas state predominates 93+2%[39]. M-Ras
mutation of P40D and D41E were shown to affect the equilibrium between state 1 and state
2 [137]. The mutation, D41En M-Ras changed thequilibrium betweerstate 2and state 1
(79+£2% for statelland resulted in crystals with two differeswitch | conformations
represented in theslectron density maps;orrespondngto eachof the two states[1].
Along with the change in switch | conformation it was also observed that theypiteh |
region @lefined as residues 391 (2931 in HRas numbering)also had two different
conformations V39 (V29)movesl.83Aaway fromthe ribose ring of GppNHp state 1and
V39 (V29) and P40 (D30) loses interactions with the ribose tingas postulatd thata

water moleculewould bridge thev29to the ribose ring, however the resolution limitation
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of the structures prevented definitive placemeoit water molecules H-Ras mutants have
been solved irstate 1 conformations including359137] and G60A[69]. These structures
had a V29 conformation that was shiftenificantlyfurther (>10A)from the nucleotide

binding site tharseenin the M-Ras state 1 structur@=igure 4.1

\\ &Y — H-Ras
.\)GPPNHP - M-Ras
M-RasDA41E type 1
= M-RasD41E type 2

Figure 4.1 Cartoon of Ras state 1 and state @Qomparison of the crystal structures ofRasD41E
GppNHp types and 2 with those of MRasGppNHp and HRasGppNHp with a special emphasis on
agAG0OK LI ag-hdixSpelimpdsitidn gt khe iaékiSone'souctures ofR@sGppNHp, M
RasD41&5ppNHp type 1, MRasD41#E5ppNHp type 2, and-RasGppNHp. Only switch switch II, and

i K S-hellixare colored as indicated. The models were generated with PyMOL, based on the least
FAGAOAYIE 2F GKS /h hG2ya 2F GKS NRRonMdrSimotoSEal
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H-Ras crystallizes in several space groups includisglR#d R32nd this has given us the
opportunity to analyze various conformations accessed by the switch regions stabilized by
crystal contacts Inthe canonicalP321 space groufPDBcode: 1ctq4]), Rasswitch lis
found in a conformation similar to the one observed in the-RasGAP structur®DB

code: 1wql43]). In tis conformation Y32 is swung away from the active site and is
Ay (G SNI Ol A-ghasphate of K syinreBy rédated Ras molecinethis crystal form
Y32 from ssymmetryrelated molecule is inserted in the active site in a position that
coincideswith the RasGAP Affinger (R78¥in the RasRasGARomplex(Figure 1.4. In the
course of GTP hydrolysis it had been proposed that Q61 may activatelitheophilicwater
molecule by abstracting a protdd7]. But due to glutamine being a weak base, it is now
thought that GTRtself abstracts a proton from thaucleophilicwater moleculein a
substrate asisted mechanisf#8]. Themucleophiic attack by theactivatedwater

Y2t SOdzf S LINRpOSEh&ReATheAffingeKi§profosed to stabilize the negati
charge on the phosphates that develop during the course of the hydrolysis reg4@pn
Though it is nev agreed that the role of Q61 is not to activate timecleophilicwater
molecule itsfunctionis stillnot fully understood In the RasRasGAP structutbe hydroxyl
group ofQ61 interacts with thaucleophilicwater. From this interaction it was propode
that Q61stabilizesand oriensthat water for nucleophit attack[43]. Subsequent kinetic
isotope effect (KIE) experiments revealed that mutation of @6dlisresulted in a dramatic
change in the KIEs for the leaving group oxyagems,suggesting a change in electrostatic
potential in theQphosphate Given this, a new role for Q61 as an organizer of active site
features involved in oxygen stabilization was propopt]. This was supported by the fact
that in the structureof the complext was observed that the NHyroup of Q61 interacts
with the carbonyl group of thé&rgfinger[43]. In the P321 structure Q61 interacts with
the nucleophilicwater moleculein a conformatiorsimilar tothat seen in the RaRasGAP
structure. Given theactive siteconformations of switch | and switch Il, Ragdallizedin

the P321 space group mimics the RRasGAP complend can give an insight into the

mechanism of GAP stimulated hydrolyisifRas
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Ras in the R32 space group is in a different conformation where switch | is stabilized in the

state 2 conformé#éon by crystal contas. Switch Il is found free of crystal contacts. We

have found that two conformations of Ras are seen in this space ¢&®,007] (Figure

2.1). Inwhat we call the catalytioff state, helix 3 and loop 7 are positioned farther from

helix 4towards switch 1l In thissubstrateof RasGTP witch Il can beeither disordered,

stabilizedby small molecule binding or stabilized in a catalytically inactive conformation by
mutation of position 6150] [Chapter3. In the off state where switch Il is disordered, a
ONARIAYI 6 GSNI Y2 SOdzt S ¢ -PawheaasirbthaSyRcally S 6 S Sy
AYLFEOGAGS O2yF2NXNI GA2Y |, oH A Phodphated Redidue 61RA NS O
stabilizes the catalytically inactive conformation by hydrophobic interactions with residues

Y32, P34, Y64, and 136 [Chapter B] the wild type strutire Q61 is also within hydrogen

bonding distance of the hydroxyl group of Y32. This conformation is nearly identical to the
conformation seen in the Ramportini O 2 Y Riin SRother small monomeric GTPase,

when in complex with Importih does not hgrolyze GTP and this conformation is

therefore said to becatalytically inactivg70]. Binding of DTT/DTE was shown to limit the
sampling of Ras to the off statadto helpstabilize switch ll{hapter 3.

Like the off state, the on state can be stabilized by small molecule bindingmotein

protein interactions The on state is adopted in the RRasGAP structuifd3], Ras solved in

the P321 space groumnd in Ras effector compleg such as Raffgaf[17], RasNOREA

[16] and RasPI3K[14]. We found that CaAcetate could also stakilihe on state by binding

a remote allosteric sitfChapter 2. The binding stabilizes a shift in helix 3 and loop 7

toward helix 4. The resulting shift allows switch Il to adopt a different conformation. In this

O2y FT2NXI GA2Y |, oH YRogpBake ahdd briglging WaenOledul&iS Q

observed betweerii KS K& RNRE&f 3INRdzL) 2F ,oH +YR 2yS 27
phosphate Q61lalsointeracts with the bridging water molecule. We proposed a

mechanism of intrinsic hydrolysis for Ras based enah state[107] (Figure 2.5 In this

mechanism GT&cts as a general basamilar to the GAP stimulated hydrolysasd
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abstracts a proton from thaucleoghilic water molecule.In the proposed mechanisnhis

proton is shuttled to the bridging water molecule where a hydronium ion is creafée.

bridging water molecule therefore serves as the second catalytic water molecule in this
mechanism.Q61 and Y32rgent andaccept Hbonds fromthe bridging water moleculso

that it becomes more pronto accept the protorét K dzii G € S R-phbdpRaté TheK S Q
hydronium ion mayserve tostabilize the developing negative chaigehe transition state

as the hydrolysisaactionproceeds. The proton wouldthen6 S G N} YA FSNNBR (2
phosphateof GDPandinorganic phosphate would be releasethis proposed mechanism

not onlyreveals a role for Q61 agasidue that organizes features in the active $ite one

that is inportant in catalysis

Since bothhe intrinsic and GAP stimulated hydrolysiechanisms involve hydrogen
bonding to stabilize the transition state, the hydrogen positions would be valuable in
evaluating and refining hydrolysis mechanisms. Here we teegge neutron

crystallography to resolve the hydrogen positions in-BapNHp From this information

we can garner the protonation state and the orientation of hydrogen in Ras: specifically in
the active site. This will help dissect the mechamisirintrinsichydrolysiscatalyzed byras.
Given that mutations of Ras affecting the GTP/GDP boundaetioncogeni@and that we
have uncovered a mechanism through which intrinsic hydrolysis could be important in
modulating signaling pathway05], understandinghe Ras hydrolysis mechanism is
significantin elucidating the fundamental mechanismwshow Ras workandin providing

further informationin drug desigrstrategies aimed at affecting the allosteric switch
Neutron Crystallography:
Neutron crystallography is a powerful technique fyidrogenposition determination; it

also has some challeng@and limitations. The result of these difficulties is a low number of

structures solved by neutron crystallography and deposited into the Protein Data Bank as
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compared toX-ray crystallographyThere are currently forgightdeposited structures in
the Protein Data Bank which were solved with the experimental method of neutron
diffraction[138]. This is compared to 65,6 &ray structured138]. The true number of
novel proteins solved by neutron diffractionpWwever, is less than fortgightas some
proteins have multiple structures. Examples of proteins with solved neutron structures
include Dxyloseisomerasg139, 140, rubredoxin[141, 142, perdeuterated aldose
reductase[143, dihydrofolate reductasgl44], lysozymeg145, 146, TOHGL [147, 148§,

and ribonuclease pL49]. Obtaining theneutron structure of Ras would represent an

I RO yOSYSYyild Ay GKS (GSOKyAljdzS® az2zad 2F GKS
such as lysozyme and RNAse A or bacterial proteins such asIl Gbifdaining the neutron
structure of Ras would providée first GTPase structure to be solved by neutron
crystallography. To appreciate the challenges presented in neutron crystallography, an

understanding of the technique from neutron generation to data processing is necessary.

From neutron to structureHow does neutron crystallography work?

Neutrons can be generated in two ways: fission and spallation. A nuclear reactor is used to
generate neutrons by fission. Fission is where large atomic nuclei (suéffestidorb a
neutron, creating a higlenergy, unstable nucleus. The return to a stable nucleus results in
the splitting of the atom, release of gamma radiation, kinetic energy and neutrons. This can
set off a sustained chain reaction to generate neutrons. Examples of available beam lines
that are reactor based are the LADI at the Institut Laud.angevin (ILL) (Grenoble, keca)

and, in the futureJ]MAGINE aHigh Flux Isotope ReactdiFIR (Oakridge, TN USA). A
spallation neutron source generates neutrons by collision of high moleculghtiaioms

with protons accelerated to near the speed of light. In brief, a proton accelerator
accelerates protons which then smash into a mercury, or other high molecular weight atom,
target. This collision generates neutrons of different wavelengiie protons are

generated in pulses subsequently generating neutron in pulses. This adds a third dimension

Q)¢
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to the diffraction data from a spallation source: time of flight (TOF). This is in contrast with
a reactor generated beam source where neutrons @etinuously generated and a third
dimension is not possible. A Spallation source is avaifabla@ological crystallographgt

the Protein Crystallography Station (PCS) at the Los Alamos Neutron Science Center
(LANSCE) (Los Alamos National Laborat@g) ldnd at the futur&acromolecular
Diffractometer MaND) at Spallation Neutron Source (SNS) (Oak Ridge National Laboratory,
USA).

In neutron crystallography it is difficult to get a strong signal to obtain data to build a model.
This is mainly caudeby weak flux of neutron beams and weak scattering of neutrons. The
currently available neutron sources (either reactor or spallation) have a relatively low flux
especially when compared t¢ray sources. The best neutron sources in the world have a
flux of 10”8 neutrons/cn/s-1. For comparison, a modern rotating anodeay generator

has a flux of about 10711 photons/efis-1 and a third generation synchrotron has an even
greater flux ofX-rays at 1016 photons/cR2/s-1. To solve this problem, advasin beam

line technology are being developed to increase flux. A second reason for weak signal is
that neutrons scatter weakly and thus most are not diffracted. Since these two problems
are not manageable by the eadser, solutions to these problems amsmaller, more

individual scale include optimizing crystal volume and increasing the signal to noise ratio by
using deuteratiorf150. Increasing the volume of the crystal increases the intensityeof th
spots, and the amount of data collected, with respect to the following equation
I=L*F>*V*A/(v,o)? where | is diffracted intensity, Is the incident neutron intensity, F is the
structure factor, V is the crystal volume, A is the area subtended byatin@ls and yis the
volume of the unit cell151]. Using deuteratiopwhere exchangeableydrogen atomsre
exchanged by soaking in deuteriymeutron diffraction has been successful with a a/st
volume as low as 0.3mhi144]. Usingperdeuteration where protein is expressed

deuterium and therefore all moleculesefully deuterated this volume can be reduced to

~0.1mn? [143), and is used successfully in this study. The use of a polychromatic beam also
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increases the amount of data collectflb?]. The use of nitiple wavelength neutrons is
referred to as Laue diffraction. In neutron data collection the guasie diffraction is the

method employed; quadiaue diffraction ges a range of wavelengths

The quaslLaue diffraction method which utilizes a multiplevelength beam is different

from X-ray diffraction, which traditionally uses a monochromatic beam. The dLas®
diffraction method is used primarily to collect as many neutrons as possible to increase the
signal, and to decrease the collection timeatoealistic leve]152]. Typically, a range of
wavelengths from BA is used. With current neutron technology exposure times are long;
one frame can be collected for over 24 hours. Given tien designing neutron

collection strategies it is important to collect as few frames as possible and use as many of
the generated neutrons as possible. The benefit of using multiple wavelengtizd teere

are more reflections. Using the Ewald Spherdefine spots that will give diffraction, two
circles are drawn instead of just one. One circle has a radius of 1/the shorter wavelength
and the other circle has a radius of 1/the longer wavelength. Any reflections that fall
between these two spheregsi A & F& . NI 33Qa 1 ¢ yR IADBSE NIa
additional attempt to increase the amount of data collected over time is to collect as many
diffracted neutrons as possible. The use of a spherical detector allows for significant
increase in tke amount of diffracted neutrons collected since neutrons diffract in all
directions. This unfortunately creates a fixed detector distance and therefore limits the size

of the unit cell that can be collected and analyz&82].

The Laue method does have drawbacks: problems with harmonic and spatial overlap and
mosaicity. Spatial overlap is when a diffraction spot encroaches on its neighbor. This can
make resolving the intensities more diffical the intensity of one spot interferes with its
neighbor. A large unit cell (>100A) which gives diffraction spots that are closer together
would therefore result in greater problems with spatial overlap. Space groups with higher

symmetry reduce this pblem by negative interference of diffracted neutrons resulting in
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systematic absences and fewer spots on the detector. Advances in detector technology and

use of TOF have also increased the unit cell dimensions pofsilolata collection For

example MaNDiwill be optimized to colleatlata on crystals withunit cells lengtls of 150A

and beyond. This increase opens the door to solve more protein structures by neutron
crystallographyincludingthose ofRascrystallized in the B21 form with alongestunit cell

lengthof ~160Aand in R32 with a unit cell edge-e135A. Mosaicity also increases

potential spatial overlap in the Laue method and since neutron diffraction data processing is
particularly sensitive to mosaicity, crystals with low mosaicityehless issue with spatial

overlap. Another cause of spat@terlap is harmonic overlaps. This arises from the
FYoATIdzZA e Ay . NIF3IIQa [Fo BKAOK adrkrisSa RATFTTFNI
GKS 61 @St SyaiK 2F AyOARSYyG 61 @S R Aa (KS alL
angle between incideniil @ ' yR GKS aOFGiSNAy3 LI FyYySo 2 K|
K2f R4 GNXHzS T2NJ 0<KHIRKHUXY O0<KOXRKOUX |yR &z

Cryo crystallography was a significant advancemeray crystallography reducing the
damage to crystals from the radiation givoff from theX-ray beam. Cry&reezingalso

reduced Bfactors and trapped ligandd.33]. Neutrons used in neutron crystallography do

not observablydamage biological crystals; an advantage given the long exposure times.
Neutron gystallography has also typically been performed at room temperature. Studies
have shown that dereasing the temperature to 15#as improved the Bactorsand

allowed a greater number of water molecules to be modeted neutron crystallography
structure[153. There is great interest in advancing cryo technology in neutron
crystallographyto better be able to trap ligands or highly mobile areas. One problem with
cryo neutron crystallography is that mosaicity can be increased in the freezing process.
Large crystals, needed for these studies, are sometimes even more sensitive to the freezing
process as it is difficult to freeze the entire crystal simultaneously. As described above, the
increas& mosaicity causes problems with special overlap and thigyabo process the

data.



69

Despite the list of limitations for neutronystallography, the main benefitf the

technology is the ability to se®ydrogenat a reasonable resolution. The visualization of
hydrogen is possible because the scatteringytrdensity of hydrogen with respect to
neutrons is significantly greater than with respect¢oays. This difference is due to

neutrons diffracting by interaction with atomic nuclei rather than the electron cloud s in

ray diffraction. This means th#he diffraction capability of a given atom is generally
consistent across the periodic chart, though isotopes can var¥rdy diffraction,

hydrogen has a low coherent scatter length due to its small number of electompared

with atoms such as chon or oxygenmaking it difficult to visualize. In neutron diffraction,
hydrogen has a coherent scatter length-6f374 (102 cm) compared tanitrogen, carbon
andoxygenof 0.937, 0.665 and 0.580 respectively. The negative scatter length density of
hydrogen makes hydrogen atoms appear as negative density iRtRemap (Figure 4.2

This differentiates hydrogen from deuterium as deuterium, has a positive scatter length
density of 0.667 and appears as positive density in the data. The greater a&bgalue of
RSdzi SNA dzyQa & Ol & G $hadmoimht itisPosifive akes Befiglidialité | y R
replace hydrogenvith deuteriumfor visualization of hydrogen atoms in protein molecules

by neutron crystallographyAnother consideration for usingedterium is that hydrogen

has a large incoherent scatter length of 80.27 barns. This produces a significant amount of
noise in the data. Deuterium has an incoherent scatter length of 2.05 barns wdmch
improvethe signal to noise ratid0fold [154], thus improving the data and resulting maps

of samples that use deuterium versus hydrog&s2].
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FullD FullH HH/DH (0.6:0.4)

Figure4.2: Density map difference between deuteration leve(B¢ae cad FOUrier syntheses compute
at 1.0A and corresponding to three different cases: neutron fullyteiated, neutron fully hydrogenatec
and neutron partially deuterated, in which the hydroxyl H (HH) of tyrosine shares its site with deute
(DH) with an occupancy ratio of 0.6:0.4 (Modified from Afonine et al. P@].0 Deuterium is present in
electron density map whereas hydrogen is presenmegative density in the difference density map.

There are two methods of deuteration, or replacing hydrogen with deuteriurprotein
crystallography.In deuteration, cystalsare soaked in BOresulting in thereplacenent of
exchangeable hydrogen atons50% of hydrogerassociated wittthe protein, water
molecules and other solvent moleculesThis greatlymprovesthe signato noise ratio and
thusresults in better quality data. Perdeuteration is a teijue that takes deuteration one
step further. Perdeuterated proteins are expressed in media containing e@yabd fully
deuterated carbon sources, which results inhgitirogen positions being replaced with
deuterium, not just exchageable hydrogen atomsThis yields further improvement to the
data by reducing the signal to noise ratim some caseperdeuteration has been observed
to significantly lower the limit ofninimum crystal volume to 0.1m#j143. In general, he
advances in deuteration and perdeuteratibas decreasethe crystal volumenecessary for
data colletion, opening the door for a greater number of proteins to be studied by
netutron diffraction It is no longer necessary to obtain crystals of sizes approaching
1.0mn?, a great limiting factor in protein neutron crystallography until receniifiere are
however,considerations to be kept in mind substitutinghydrogen for deuterium One of
the most important is that the bord length is longer for deuteriurthan hydrogen and
therefore are must be taken to ensure that deuteration perdeuterationdoesnot alter

the structure. Although sudies havesuggested that perdeuteration does not notably alter
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protein structure[154-157], it is not uncommon to collect-ray dataon crystals of
deuterated (or perdeuterated) proteins for comparison with the structures solved from

crystals of hydrogenated proteins

Because BD is expensive as compared to the ubiquitou®Hhe use of bioreactors to

create a small volme, high concentration of protein expressing bacteria is ideal for neutron
crystallography. Since these cells tend to grow significantly slower when adapte@to D

media, the use of Ampicillin (Amp) resistance as a selective pressure is not ideal for

perdSdzi SN} A2y SELINB&&AZY D ¢ K S -ldcii®ageSidfgundd A GA y 3
in the periplasmic space between the inner and outer membranes of the bacteria. The

2dzi SNJ YSYO NI yS Aastaniaselinfo $h& melik (A picilin garmithiee

RSAINI RSR YR AU Aa L}Raaaiof Slactakdsdicar2odii8y £ 2y 3 =
and dividing cells lose the pressure to keep the PER@&i plasmid. This can result in lower

protein yields as the cells can eject the plasmid during expresgianamycin, unlike

ampicillin, is cytosolic and therefore has a redutikelihoodto leak into the media keeping

selective pressure to retain the plasmid over the long period of time necessary for protein

expression in ED[15§].

Neutron diffraction and Ras hydrolysis:

Here we seek to advance both the technique of neutron crystallography and the
understanding of the structurand medanism of hydrolysis mechanisohRas. Neutron
diffraction provides a way to examine the hydrogenation state of Ras especially with
respect to the active site. Knowledge of the protonation state arsitpms of active site
hydrogen atomswill help eluadlate the mechanism of Ras hydrolysis of GTP. Currently
there iscontroversyas to the mechanisrof intrinsic hydrolysis for Ras. Using neutron
diffraction we will examinéhe proposedmechanismswith regards to the hydrogeatoms

present in the active 8 and further refinat based on neutron data
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Methods:

Deuteration: Crystal optimization and soakinghgtirogenatedprotein:

H-Ras (1166) was purified as in Chapst and 3 An exchange reaction was performed to
exchange the bound nucleotide tq@NHp, a norhydrolysableGTP analog. Crystal
screening was performed usisgting drop CombiClover Crystallization Plates (Emerald
BioSystemys The drop consisted of a 1:1 ratio of protein solution to well solution. The drop
size was 120uL. The lgrest crystals were obtained using a protein concentration ef 12
18mg/mL and were grown to a length of greater than 1mm in the longest dimension.
Crystals were transferred to@0 solution of20mM HEPES pH 8.0, 25mM NaQh¥0

MgC}, 10mM DTT, 16200mM @Acetate, 3@ PEE350 and soaked for greater than 6
weeks in hanging drop traysThe soaking solution wagchangd periodicallyfor fresh BO
solution. Soaked B21 and R32 crystals appeared undamaged and were sent tollLADI

the ILL (Grenoble, Fnae).

Cells, plasmid and,D adaptation for perdeuteration:

Expression of perdeuterated Ras was adapted from the protoddkifieur et al. 2009

[158land was performed aDak Ridge National Lab. Kanamycin resistance was introduced
into HRas (1166) in the PET2lectorusing thefi5 Kan insertion kit (Epicentre an Illumina
company and is referred to as PEFRhAsKan. Bi21 cells wee transformed with the

modified PET2RasKan vector then plated on LB plates. The sequence of Ras was checked
to ensure no mutations occurred in the process. Cells grown on LB plates were streaked on
plates made with Enfors minimal media (minimal medm@de with HO. Once cells are
adapted to growth on minimal media plates made witfCkthey are transferred to

minimal media plates made with,D. Reagents used to make solutions for growth,@ D

underwent an exchange from H to D. In this process ¢agents were dissolved inO
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and the liquid was evaporated using a rotovap. This process was repeated to ensure full
exchange of H for D and thus ensuring the greatest incorporation of D into expressed
protein. Once cells are adapted to@growth they & transferred to liquid minimal media
made with DO. Cells adaption continues over several days keeping cells in log phase by

diluting the cells when they reach @jpof ~1.0.

Adapted cellsvere used to inoculate a bieermentor. A volume of 100mL aflapted cells
was used to inoculate 900mL of deuterated minimal media. The dissolvkyé€s were
monitored to assess cellular growtlAs cells consume the aNable deuterated glycerol the
dissolved @levels decreaseWhen the dissolved Oeveleda feed solution (10%w/v
glycerol and 0.2%w/v MgQfQwvasadded. During growth pH is monitored and mainteh
by addition of NaODCells were inducedby addition of IPT@t anODyp 0f 9.0). Cells were
harvested ~24hrs after inductions by centrifugatidfor initial rounds adapted cells are

flash frozen (without glycerol) to act as a stock for future inoculations.

Perdeuterated Protein Purification

Expressed perdeuterated protein was purified using the-perdeuterated Ras protocol
(Chapter 2 and 3nd all purification buffers were made with®. Briefly, cell paste was
resuspended in 50mL of buffer A (20mM TRIS pH 8.0, 50mM NaCl, 5mi Mgi2IDTT,

5% vl/v glycerol, and 5uM GDP). Cells weredys/ sonication and debrpelleted by
centrifugation. DNA was removed by addition of PEI and centrifugation. The supernatant
was run over a QFF anion exchange column at a flow rate ofl.20@m When UV
wavelength 280eturned to base line a gradient 0f3D% buffer B (buffer avith the

addition of 1M NaCl) was run over 200min with a flow rate of 3.0mL/ntnactions of

2.5mL were collected over the gradieriRas elutesit around 15%B Fractions containing

Ras were concentrated to less than 5mL and applied to a S100 gel filtration column at

1.3mL/min Ras eluted aaround 13@0nL Fractions were combined and concentrated.
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When necessary, purity was improved by running an additional anion exchange column.
QHP was run with a gradient 025%with buffer A and buffer Bver 200mL Ras eluted at
around 10% B After purification a nucleotide exchangé GDP to GppNHp was performed

as in nonperdeuterated Ras.

In different perdeuterated Ras preparations@or HO was used in the Ras exchange

buffer (32mM TRIS pH 8.0, 200mM ¢)¥BQ, 10mM DTT and 0%w/v NOG) and the Ras
crystal stabilization buffer (20mM HEPES pH 7.5, 50mM NaCl, 20mMavidd10mM

DTE). The pH of Ras exchange buffer made withvias adjusted to 8.4 to adjust for the
different properties of H versus D. Ras exchange buffer mattheH,O was modified to
include 10% glycerol and OmM DTE. Performing the exchange reaction on perdeuterated
protein in HO exchange buffer resulted in a significantly higher protein loss which was
reduced by the addition of glycerol. After the exchang&ction was completed buffer
exchange to Ras crystal stabilization buffer was performed. Exchange from Ras exchange
buffer made with RO to Ras crystal stabilization buffer made wit©DQvas performed

using a NAP desalting colunim reduce the amounbf deuterated crystal stabilization

buffer required. The exchange of the solutions made wit® Mas performed using
concentrators ather than a NAP desalting colurtoireduce protein loss. The pH of the Ras
crystal stabilization buffer made with,O wasalso adjusted to pH 8.0 to account for the
different properties of hydrogen and deuteriun@lycerol ab%v/v was also added for

protein stability. Purified and exchanged protein was concentrated to greater than

20mg/mL, flash frozen in liquid;Nand sbred at-y n e /  F2NJ ONB A Gl £ € AT F GA 2\
PerdeuteratedCrystallization:
Crystallization of protein exchanged to gsolution was initially performed by the

hanging drop method using a 1:1 ratio of protein solution and well solution. In this case,

3uL of a potein solution at a concentration of 3#8mg/mL was used with 3uL of well
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solution. The well solution was comprised of 400uL of PEG lon Screen #28 (200mM
CaAcetate and 20% PEG 33b@h 0.1%w/v NOG addedith varying amounts of additional
PEG 3350B0uLto 150uL of a 50% PEG 3350 solution) and crystal stabilization bb€el (
to 175uL of2.0mM HEPES pH 82Z6mM NaCl,10mM MgC} and0-10mM DTE). All solutions
were made with BO. A crystal size of 3@®0um in the longest dimension was obtained.
The® crystals were obtained in the 23 space groupData sets omperdeuteratedRas

crystalswere collected usingcray diffraction at room temperature and 400K

In crystallization trials with hydrogenated protein it was shown that the additidN@G
produced a higher quantity of the R32 crystal form compared wig2 P8rystal form.
Crystallization trials were set up using protein p©Orystallized in conditions similar to

above with the addition of 0.1% NOG added to the PEG lon Screen #28rsolutibke
hydrogenated protein set in hydrogenated conditions, the resulting crystals were still in the
P321 space group. It is sometimes necessary to crystallize perdeuterated protei@ in H
and then soak in fD because crystallization in® can varyrom HO crystallization. It was
necessary to switch from hanging to sitting drops to increase the crystal volume. Sitting
drop trays were set with perdeuterated protein in a hydrogenated solution and resulted in
R32 crystals. After optimizing crystabd sizes of 5uL by 5uL and 10uL by 10uL in clover
leaf sitting drop traysEmerald Biosystemshe best performing wells were scaled up and

set using 9vell glass plates and a drop size of 100uL to 120uL. Crystals grew to a maximum
size of approximatelgmm®. Crystals were transferred to a®soak solution (10mM

HEPES pH 8.0, 25mM NaCl, 10mM MdODmM CaAcetate, 30% PEG 3350) and soaked for
over 2 months. Crystals were transferred into a new drop and the well solution was
changed every few weeks thmghout the soak process. After soaking crystals were frozen
in liquid N with cryo protectant (30%/v glycerol in well solution). Some crystals were
transferred to a higher CaAcetate soak solution (150mM rather than 100mM) to improve
occupancy of the &dsteric site. These crystals soaked for ldmd then were either

mounted in capillaries for room temperature or cryo studies as above. In initial crystal
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optimization the story of the effect of presence of DTT/DTE was evolving. Subsequently, in
early aystallization trials the protein stabilization buffer contained 10mM DTE. The crystal
stabilization buffer used in the well solution and in the soak solution also contained DTE.
Once it was clear that DTT/DTE was able to shift the equilibrium betweeortiand off

states of Ras in the R32 space group, the concentration of DTE was dropped to 1mM in the
protein stabilization buffer. The crystal stabilization buffer used for the weltisol and

soak solutions was madwvith OmM DTE.

Data Collection ashstructural refinement:

Data collection was performed at room temperature on our home MAR345 area detector
mounted on a Rigaku RuH3R rotating anode generator. Structures were also obtained at
120K on the same source. Synchrotron data were collecteidAR CCD detector on the
SERCAT 24D beamline at the Advanced Photon Source (Argonne National Lab) at 100K.
Data collected on the Rigaku generator was processed using HKL or HKI] 2@xta
collected at SERAT was processeding HKL2000Molecular replacement was performed
using PHENIP8] with previously solved RaSppNHp structures witRDBcodeslcq, 3k8y

or 2rge used for phasing. A round of rigbly refinementwasthen performedwith a high
resolutions limit of2-2.5A. This was followed by a roundsohulated annealing to 2000K
and refinementusing phenix.refine. Subsequent rounds of refimatwere also performed

using phenix.refine. COQIU] was used for model tauilding
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Results:

Deuteration results:

Optimized crystals of hydrogenated Ras were grown{d td a length of 1.0mm or greater

in the largest dimension for both the P31 and the R32 space gro(figure4.3AandB).
Crystals were then soaked in deuterium to leaisge the exchangeable hydrogen atoms

The soak conditions did not visibly damagestais. Crystals were shot on the LAID&t the

ILL (Grenoble, France), test shots showed neutron diffraction spots were visible after 2hrs
for both the deuterated P21 and the R32 space grougidure 4.AandB). After 18hrs of
exposure the P21 crysal revealed higher resolution diffractiofrigure 4.4).

Perdeuteration results:

Expression of perdeuterated Ras was successful and Ras was found in the soluble fraction.
In the highest yielding prep the yield of protein was 50mg Ras after purficatid
exchangestarting with18.99g of cell paste. Purification of perdeuterated Ras was identical

to the purification of hydrogenated Ras and high purity was obtained for crystallization.

Ras P2®1 crystallization and structure:

Perdeuterated crystalwere obtained in both the B31 and R32 space group.
Perdeuterated Ras crystals grown gCDconditions with or without NOG were in the R3
crystal form. A crystal length of 48D0um was obtained in the P&L crystal form.
Crystals obtained were ifdy chunky Figure 4.€andD). Crystal optimization of the PAL

crystals was only performed using hanging drop trays. This limited the size of the drop and
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subsequently the total protein and crystal size. The largest crystals were mounted in
capilaries and test shots were performed at LANSCE (Los Alamos National Lab, USA). No

visible diffractions were detected after 12hrs of exposure.

Figure 4.3 Optical photographs of Ras crystals. A2BRZrystal ohydrogenatedRas soaked in,D
grew to an approximate size of 1.0X0.5X0.5mm. B: R32 crys$talinfgenatedras soaked in,D
grew toan approximate size of 1.0X0.5X0.5mm. C and E21R3ystals of perdeuterated Ras grown
in D,O. E: R32 crystal of perdeuterated Ras grown@ H-: Crystal from E transferred to 3oak
solution shows some crystal damage. G and H: PerdeuteRas grown in @ R32 crystals. G:
Crvstal size was about 1.0X0.8X0.4mm. H: Crvstal size was about 1.3X1.0X0.6mm.
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Figure 4.4:Neutron Laue diffraction patterns for Ras at different exposure lengths. Collection was
performed at the LADIII at the ILL (Grenoble, France). A 2hr exposure obalRgystal (pictured ifrigured)
resulted in diffraction spots (A). After 18hr of exposure of the same crystal higher resolution spots are
detected (B). Diffraatins were also seen for the R32 crystal (pictureBigurd) after 2hr of exposure (C).
No 18hr exposure for the R32 crystal was performed due to beam line time restrictions.
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Room temperature data (Structure ID: 72Bwas collected on our home generator

1.86A. Severaitructures werecollectedunder cryo condition®n our home source at 120K
(Structure ID: 713, 714, and 7-23 with a resolution of 1.91A, 1.86A and 1.78A respectively.
Data was also collected on the-B2 line at SERCAT at 100K (Structure ID: 849 and 858) to
1.69A and 1.78A respectivelJgble 4.). The high resolution (1.3A) A& structure {ctq)

[4] was used as the comparison modéverall the perdeuterated structures are consistent

with the hydrogenated structures.

~

Figure 4.5 SDSPAGE separation perdeuterated Ras. The column labeled A corresponds to
concentrated Ras protein used for crystallization. Column B represents a molecular weight ladder.
Lanes in between represent fractions from the Ras peak from QHP separation.

Though the dynamic switch regions in Ras are plfytstabilized by crystals in the 23

space group there is still varying degrees of order amongst the data. Given that neutron
data is generally collected at room temperature it is important to examine the
conformations seen at room temperature. Rashe P321 space group was previously
solved to high resolution (1.31A) at room temperatuRDEcode: 3tgp)9]. A comparison
between the cryo structure of hydrogenated Ras in the2RZrystal form (1ctg) and room
temperature data (3tgp) reveal structures that arenststent(Figure4.®) with an average
backbone root mean square deviation (RMSD) of 0.282fhe room temperature

structure,Q61 interacs with the catalytic water molecule as in the RRasGAP complg¢9].
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Table4.1: Data collection and refinement statistics for petderated Ras crystals grown in@conditions in

the P321 space group.Sructure IDsare assigned numbers and correspond to the data storage number.

Structure ID 713 714 714-2 849 858 713-2
Data collection
Space group P3,21 P3,21 P3,21 P3,21 P3,21 P3,21
Beamline Rigaku Rigaku Rigaku ID-22 ID-22 Rigaku
Collection 120K 120K 120K 100K 100k RT
Temperature
Cell dimensions 39.134 40.147 40.116 39.142 39.253 40.107
a,b,c (A 39.134 40.147 40.116 39.142 39.253 40.107
158.215 160.947 160.594 158.625 158.862 160.861
a, b,g (® 90,90,120 90,90,120 90,90,120 90,90,120 90,90,120 90,90,120
Resolution (A) 35-1.91 35-1.86 35-1.78 35-1.78 35-1.69 35-1.86
(1.98-1.91) (1.93-1.86) (1.84-1.78) (1.84-1.78) (1.75-1.69) (1.93-1.86)
Rsym OF Ryerge 0.104 0.109 0.136 0.091 0.076 0.317
(0.857) (0.628) (0.757) (0.184) (0.420) (0.000)
/" 22.77 38.68 23.58 61.52 54.88 12.56
(2.204) (5.731) (2.851) (29.29) (12.36) (2.138)
Completeness (%) 96.3 99.2 90.1 96.6 99.8 84.4
(91.1) (96.9) (91.3) (97.8) (100) (94.2)
Redundancy 4.4 9.4 6.5 8 9.6 4.6
(3.1) (6.5) (4.5) (8.5) (10.4) (5.4)
Refinement
Resolution (A) 1.91 1.86 1.78 1.78 1.69 1.86
No. reflections 11260 13335 13763 13721 16606 11321
Ruwork / Riree 22.07/29.73 17.26/21.10 20.48/24.40 21.56/27.54 22.55/29.45 19.90/25.85
No. atoms
Protein 1314 1297 1286 1322 1297 1322
GppNHp 31 31 31 31 31 31
Mg 1 1 1 1 1 1
Ca 0 0 0 0 1 0
Water 82 88 70 109 138 61
B-factors
Protein 30.37 21.80 23.03 24.55 16.63 22.22
GppNHp 26.26 14.10 16.30 16.06 10.77 14.20
Water 34.17 30.48 31.40 31.98 24.03 30.30
R.m.s. deviations
Bond lengths (A) 0.008 0.008 0.008 0.008 0.008 0.008
Bond angles (°) 1.201 1.186 1.218 1.244 1.245 1.132
Backbone RMSD (&) 0.486 0.403 0.317 0.539 0.557 0.403
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In 1ctg Q61 was away from the catalywater in a noncatalytic confornation. The

catalytic water also was absenthe room temperature data set reveals a fairly ordered Ras
active siteFigure 4.8). In the perdeuteratedroom temperaturestructure switch Il is only
partially orderedwith little density forresidues 63167. There islectrondensity to support

anucleophilicwater molecule in the active sit@igure 4.7.

Figure4.6: Room emperature data set of Ras in 23 crystal form.A: Ribbon diagram showing a hig
resolution (1.28) P321 Ras cryo structuréDBcode: 1ctq[4], warm pink) superimposed on the bound
GppNHp molecule with a high resolution (1A31oom temperature structureRDBcode:3tgp[9], blue)

B: The active site of room temperature,PB Ras (blue). Y32 is swung away from the active siteA)
and Y32 of a symmetry related molecule ((B32ight blue) is interacting with the GppNHp. Electron
density maps are shown in grey and contouted..O" .

The perdeuterated structures collected at 100K and 120K all overlaid well with the high
resolution P321 structure Figure 48A). The RMSD betweemé hydrogenated structure
(1ctg) and perdeuterated structure collected at cryo temperature wased from 0.317
0.557A The largest variation is in the pssvitch | region and iswitch Il The degree of
order inswitch llvariedin the different structires with residues EGRI67 having weak or no

electrondensity. When the side chain of Q61 was ordered it was away from the active site
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in a similar conformation tthe 1ctq structurewhere it is not thought to be active. There
waselectrondensity to suport the nucleophilicvater molecule in some of the structures

including 7142, 849 and 858.

Figure 4.7 The active site of the perdeuterated Ras grown in the P8rystal forntollected at room
temperature (cyan) The symmetryy32 {¥32B) is inserted into the active site is shown in grey. Electr
density maps are shown in grey and tmured to 1.0 .

In two data sets (849 and 858) residues NEZL (preswitch | region) and D1GY109 (bop
7) adopted an alternate conformatiorin these structures V29 move@s8A relative to its
position in 1ctgfrom the core of the proteinKigure 48B). Theresultingshift in F28vould
result in steric hindrancbetween the carbonyl of F28 and the side chain O of D109 in a
symmetry related molecultherefore correlatinghe conformational changeseen in the
pre-switch region and loop {1.78A). The shift in the psavitch | region is similar to the
shift seen betweerstate 2 and state 1 in NRas. The high resolution B31 structure shows
similar interactions between Rasd the bound nucleotide (Figure AP In M-Ras water

molecules were proposed to bridge the interactions lost upon movement off1129The
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structures obtaned heresupport the promsed water molecules in state(Eigure 4.8).

Wat29 bridges the interaction between the carbonyl of V29 and the ribose sugar which
would be lost. Wat182 also bridges the backbone amide of V29 to Wat1008. In the state 2
structure Wat1008 bridges the backbone amide of Val29 to the carbonyl of A@8re

4.97).

A

Figure4.8: Preswitch | variation.A: Cartoon of a superposition of the variousZ3perdeuterated Ras
structures collected on Ras in the,PB space group (1ctq). Overall little backbone variation is seen e
for small ariations inthe pre-switch Iregion, switch Il, and loop 7. The colors are as follows: 1ctq (war
pink) 713 (orange), 714 (yellow orange), Zfpale yellow), 849 (light blue) and 858 (purple). B: A clo
view of the variation irthe pre-switch | regpn reveals two positions for V29In 1ctq, 713, 714, and 74
V29 is found in a conformation toward the nucleotide. In 849 and 858 V29 is flipped away from the
nucleotide.

Ras R32 Crystal Optimization angB3o0aking:

Perdeuterated Ras crystals in the R32 space group were obtained by using hydrogenated
crystal growth conditions witNOG. Crystals were grown in sitting drop trays with a 1:1
protein to well solution drop with a final drop size of-20uL. The concentration of DTE
originally used for the protein stabilization buffer and the crystal stabilization buffer was

10mM. Thisvas dropped to 1mM in the protein stabilization buffer and OmM in the crystal
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Figure 4.9 Preswitch | hydrogen bonding networks. A. The-pwétch regon in 1ctg (warm pink) form.
interactions with the bound nucleotide. Wat 1008 bridges between H27 and V29 with A18. B: In!
open preswitch | (858 purple) water molecules 29 and 182 bridge interactions that would be lost b
movement of V29.

stabilization buffer. This change in both hydrogenated or perdeuterated crystallization did
not seem to alter the quality of crystal obtained. The concentration of Gafeeas also
varied from100mM to 400mM in the well solution to determine the concentration
necessary to occupy the allosteric site. The largest crystals obtained through optimization

in a 20puL volume were around 3@Q@0um in the longest dimension. Togrove crystal size

larger volumes wre neededand toaccomplish this9-well plates were used. After
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optimization in the smaller sitting drop trays the best performing wells and protein
concentrations were used in theWell sitting dropplateswith a total volume of 100120uL

The largest resulting crystals were around 1h{Rigure 4.%H).

The first crystals obtained in the R32 space group were soakeD.@ axchangsolution

that also contained OmM DTE. Crystals under 300um visibly appeangihmnaged and
diffracted well byX-ray diffraction. A batch of 300 500um crystals was transferred to a

the DO exchangesolution for over 2 months that containédimM DTE with the well

solution being exchangeevery few weeks Unlike the previous crystalse largest of these
crystals showed some cracking after soaKidgmpare crystal in Figure £&® Figure 4.6).

The smaller crystals appeared undamaged. Before mounting these crystals in capillaries or
loops, crystals were transferrddom the 100mM CaAcetate RO exchange buffeio a

higher CaAcetate (150mM or 200mM) containing drop for 1hr (contained OmM DTE). This
was meant to ensure occupation of the allosteric siata was collected at SEFAT for
soaked crystals at both 150mM and 200mM CaAe&e(&tructure ID: 1507 and 1508
respectively).After observing the damage of the crystals in the soak conditigh, D
exchange for the largest crystals obtained was performed by vapor diffusion. The
hydrogenatedwell solution used to grow the crystals waschanged for well solution made
with D,O. This would provide a gentler soak. It also negates the necessity of extra
PE@350 Well solution was exchanged about every two weeks. After the first exchange
mold was observed in some trays. NaAzide was @doé¢he well solution to inhibit mold
growth. Crystals that were soaked for over seven weeks\{dth NaAzide) visually

appeared unaffected. After eight weeks of soaking and an earthejuaistals were

cracked.

Several data sets were collectedp#rdeuteratedRas crystals grown in@ detailed in
Table 42. All resulting crystals were in the R32 space group. Data sets were collected at

room temperature and atryo temperatures{00k120K)
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Table 4.2 Data collection and refinement statistics greesented for several structures of perdeuterated Ras
in the R32space group

Structure ID 1608 1614 1736 745 747 756
Data collection
Space group R32 R32 R32 R32 R32 R32
Beamline Rigaku Rigaku Rigaku
Collection RT RT RT 100K 100K
Temperature
Cell dimensions 90.262 90.474 90.527 88.500 88.448 88.367
a,b,c (A) 90.262 90.474 90.527 88.500 88.448 88.367
136.909 135.253 134.928 134.965 134.872 134.562
hi, () 90,90,120 90,90,120 90,90,120 90,90,120 90,90,120 90,90,120
Resolution (A) 50-2.25 50-2.20 35-2.27 35-1.92 50-1.60 50-1.54
(2.29-2.25) (2.24-2.20) (2.31-2.27) (1.99-1.92) (1.66-1.60) (1.60-1.54)
Rgym O Rinerge 0.191 0.134 0.11 0.385 0.060 0.056
(0.435) (0.697) (0.825) (0.717) (0.436) (0.520)
/> 17.04 15.20 20.39 19.83 35.58 42.33
(2.25) (.556) (1.09) (3.96) (3.88) 4.07)
Completeness (%) 98.9 84.2 93.7 100 97.6 100.0
(91.4) (15.7) (85.4) (100) (98.2) (100.0)
Redundancy 6.2 7.0 5.7 9.5 7.4 9.8
(3.0) (1.12) (2.3) (7.9) (7.2) (8.1)
Refinement
Replecement Model 3k8y 3k8y 2k8y 2rgd 2rgd 3k8y
Resolution (A) 2.25 2.20 2.27 1.92 1.60 1.54
No. reflections 10299 9343 9422 15789 26459 30342
Ruork / Riree 16.39/20.63 18.85/23.93 18.18/21.62 17.85/22.31 17.46/19.81 18.43/19.52
No. atoms
Protein 1303 1266 1243 1304 1289 1331
GppNHp 32 32 32 32 32 32
Mg 2 2 2 2 2 2
Ca 1 1 1 2 2
Acetate 0 0 0 0 0 1
Water 60 36 41 145 146 154
B -factors
Protein 36.8C 50.83 51.41 25.05 21.03 22.9€
GppNHp 26.24 43.54 44.09 17.96 14.99 16.20
Water 37.53 52.62 52.03 33.01 31.15 31.93
R.m.s. deviations
Bond lengths (A) 0.008 0.008 0.010 0.008 0.008 0.007
Bond angles (°) 1.080 1.091 1.159 1.137 1.140 1.132
Experimental:
Conformation ON ON ON OFF OFF ON
DTE conc (mM) 5 0 0 5 7 2

D,O Soaked No Yes Yes No No Yes




Table4.22 Continued

Structure ID 912 916 918 936 938 1507
Data collection
Space group R32 R32 R32 R32 R32 R32
Beamline ID ID 1D ID BM
Collection 100K 100K 100K 100K 100K 100K
Temperature
Cell dimensions 88.050 89.249 89.047 88.359 88.703 88.918
a,b,c (A 88.050 89.249 89.047 88.359 88.703 88.918
134.459 136.138 135.509 134.971 135.449 135.749
h,i,Q(C°) 90,90,120 90,90,120 90,90,120 90,90,120 90,90,120 90,90,120
Resolution (A) 50-1.62 50-1.50 50-1.70 35-1.62 35-1.83 50-1.54
(1.65-1.62) (1.53-1.50) (1.73-1.70) (1.65-1.62) (1.86-1.83) (1.57-1.54)
Rgym OF Rijerge 0.077 0.047 0.064 0.067 0.134 0.064
(0.553) (0.672) (0.599) (0.540) (0.805) (0.414)
/> 47.80 61.27 56.42 35.29 23.67 55.80
(3.43) (2.81) (3.49) (3.72) (2.5) (6.37)
Completeness (%) 99.9 99.9 99.9 100 100 100
(100.0) (99.7) (99.8) (100) (99.9) (100)
Redundancy 9.8 10.5 10.3 10.7 8.8 10.9
(7.8) (7.0) (8.3) (9.0) (5.7) (10.9)
Refinement
Replecement Model 3k8y 3k8y 3k8y 2rgd 2rgd 3k8y
Resolution (A) 1.62 1.50 1.70 1.62 1.83 1.54
No. reflections 25700 33593 22894 25970 18278 30698
Ruork ! Riree 16.62/18.85 18.61/20.88 17.93/20.59 17.06/19.59 18.19/21.63 17.93/19.88
No. atoms
Protein 1309 1311 1308 1319 1279 1316
GppNHp 32 32 32 32 32 32
Mg 2 2 2 2 2 2
Ca 2 2 2 2 2 2
Acetate 1 1 1 0 0 1
Water 208 218 172 155 139 218
B-factors
Protein 20.27 23.05 24.47 17.77 25.84 18.36
GppNHp 15.81 16.82 17.61 10.95 18.79 12.86
Water 30.98 34.01 34.95 28.88 34.93 29.01
R.m.s. deviations
Bond lengths (A) 0.007 0.008 0.007 0.008 0.008 0.008
Bond angles (°) 1.163 1.151 1.111 1.164 1.099 1.149
Experimental:
Conformation ON ON ON OFF OFF ON
DTE conc (mM) 6 2 2 5 5 0
D,O Soaked No Yes Yes No No Yes
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Table 4.2 Continued.

Structure ID 1508 1606 1611
Data collection
Space group R32 R32 R32
Beamline BM Rigaku Rigaku
Collection 100K RT 120K
Temperature
Cell dimensions 89.080 88.485 88.499
a,b,c (A) 89.080 88.485 88.499
134.972 135.144 134.967
hi,Q(C") 90,90,120 90,90,120 90,90,120
Resolution (A) 50-1.90 50-2.00 50-1.95
(1.93-1.90) (2.03-2.00) (1.98-1.95)
Rsym OF Ryjerge 0.099 0.105 0.106
(0.625) (0.683) (0.638)
/- 42.37 23.69 22.91
(7.31) 1.77 (1.80)
Completeness (%) 100 99.7 99.6
(100) (97.2) (95.2)
Redundancy 10.9 9.9 9.5
(10.5) (4.6) (4.2)
Refinement
Replecement Model 3k8y 3k8y 2rgd
Resolution (A) 1.90 2.00 1.95
No. reflections 16471 13963 15023
Ruwork / Riree 17.13/20.63 16.65/21.23 17.38/21.82
No. atoms
Protein 1313 1318 1285
GppNHp 32 32 32
Mg 2 2 2
Ca 2 1
Acetate 1 1 0
Water 169 159 149
B-factors
Protein 23.3€ 27.75 24.85
GppNHp 15.16 21.87 18.30
Water 31.46 35.33 33.64
R.m.s. deviations
Bond lengths (A) 0.008 0.008 0.008
Bond angles (°) 1.098 1.107 1.149
Experimental:
Conformation ON ON OFF
DTE conc (mM) 0 0 5
D,O Soaked Yes No No
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Room temperature data dfydrogenatedprotein:

The switch regions in Ras are highly mobile and can be disordered unless stabilized by a
protein binding partner or crystal contacts. To examine the effects that cryo freezing had
on the stabilization room temperature data were collected for WT Rasmio CaAcetate
(Table 42: Structure IDL608). The resulting structumverlayed well with the WT cryo data
set grown in CaAcetate (3k8igure 4.18) with an average backbone RMSDs of 0.29A.
Helix 3, helix 4 and loop 7 were shifted from the allosteficonformation similar to the
allosteric on conformation (Figure 4 B0 The backbone of switch Il was ordered except for
a density break at S6%igure 4.1A8). As inthe cryo structure not all side chains in switch Il
are ordeed including E62, E631d S65 with @sidues Y64, M67 and RB8ingonly partially
ordered. Q61 comprising part of the active site is disordered past th&ig@ ¢ 4.1B).

The bridging water molecule is absent and Y32 is making a direct interaction with the
nucleotide (2.47A) Surprisingly, given the structure adopts the allosteric on conformation
of loop 7, helix 3 and switch Il, in the RT data set there is no density to support a bound
CaAcetatdFigure 4.10). R97 is found in two conformations one similar to that seefén t
allosteric on state and one that would sterically clash with the bound acetate. Despite the
cemptye allosteric siteJoop 7 residue®/103-V109 along with the backbone of helix 3 and

switch Il overlay with the on statgigure 4.18).
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AT 2N

Figure4.10. Room temperature comparison of Ras in the R32 crystal f@artoon of the room
temperature structure of Ras grown in CaAcetate (violet) superimposed on Ras in the allosteric on
(PDBcode:3k8y, green). Ribbon diagram shows thdixHg& loop 7 and switch Il are in the allosteric or
state. The allosteric off state represented by the Q61L mutant (2rgd) is shown in cyan. Residues
R68,Q99, V103 and Y137 represent important residues in the coordinated movement between hel
3/loop 7 and switch Il and are shown as sticks. Superposition was on the bound GppNHp.

Perdeterated R32 Ras Structure Results:

Data werecollected for perdeuterated Ras grown intHbefore and after back soaking into
D,O conditions. The resulting structures adopted both the allosteric off and on states.
Soaking in ED did not observably &t the structure. Not surprisingly,hiere was

correlation with the presence of DTE either in the growth condition or in the soak condition
and the structure adopting the off conformatidifable 4.2) The trend is not clear as

crystals in the presence ebmM DTE (Structure ID: 745, 912, 936, 938, and 1611) adopted
both the on (912) and off (745, 936, 938, and 1611) conformatidsce the DTT/DTE

effect was elucidated, the DTE concentration in the growth condition was dropped to
0.5mM and the DTE conceation in soak conditions was dropped to OmM. All structure
with OmM DTE are found in the allosteric on state. Despite the effect of DTE there is not

strong enough density to model a DTE.
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Acetate

Figure4.11: Room temperature electron densityA: Ras collected at room temperature reveals an
ordered switch Il (violet) in a conformation similar to tHesteric on state (3k8y; grey). B: Despite ar
helix 3, helix 4, loop 7 and switch Il conformation consistent with the allosteric on state, the alloste
at room temperature shows no density to support a bound CaAcetate. C: The active sé&dorih
temperature data set has Y32 making a direct interaction with the nucleotide.
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CaAcetate levels were varied in the perdeuterated struesito ensure better occupancy of

the allosteric site. In 916 and 918 CaAcetate levels were 200mM in the growth condition.
These structure, however, had higher levels of DTE and were subsequently in the allosteric
off conformation. Crystals soaked atQiiM CaAcetate for over 2 months then transferred

to 150mM(1507)were in the allosteric on conformation with a bound CaAcetate in the
allosteric site(Figure 4.12). Crystals transferred t800mM CaAcetat€1508) were similar

to the crystals in 150mML607). The average backbone RMSD was 0.24A and 0.32A
respectively. In 150mM CaAcetadteere is weak density to place Q61, however, there is
density to support the bridging water moleculeigure 4.18). In the 200mM CaAcetate
structure there is also weakedsity for Q61. Surprisingly, there is no density to support a

bridging water moleculéFigure 4.18).

Room temperature was also collected for perdeuterated Ras soakegDin The data sets
collected were from crystals undergoing the same growth and gpacedure at 150mM
CaAcetate as 1507. Residue Q61 was partially ordered in this strudtBPewas making a
direct interaction with the nucleotid¢Figure 4.18). There was density to support a
nucleophilicwater molecule. Like thiydrogenatedroom temperature structure (1608),
the protein was in the allosteric on state but there iselectrondensity to support a bound
CaAcetatdFigure 4.1B).

Discussion:

Here we sought to examine the feasibility of using neutron crystallography to deterimne t
H/D positions in Ras. We also examined the effect that peedation has on the structure

of Ras in the P21 and R32 space group. Through crystal optimization | obtained large
(>1mm in at least one dimension) Ras crystals in both space groupsesiiteng crystals
were soaked in fD conditions for improvement in the signal to noise ratio. After two hours

of exposure at the. ANDIIII at the ILL (Grenoble France) diffraction spots were visible in
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Figure4.12 Perdeuterated active and allosteric site conformatiors. The allosteric site of 1507 (teal
cryo structure of perdeuterated R32 Ras soaked,i, Peveals an occupied allosteric site. B: The ac
site shows the presence of a bridging water molecule, Wat 189. Electron densityfofi2fp is shown it
grey and contoured to 1.0

both space groupérigure 4.AandC. The PR1 crystal was shot for an additional 16hr
(18hr total)(Figure 4.8). Spots were estimated to be diffracting to around 2.5A, within the

resolution for visualization of H/D. This shows clear feasibility for collecting neutron data

on Ras.
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Figure4.13 Room temperature peleuterated conformationsA: Similar to the hydrogenated room
temperature structure (1608) the perdeuterated R32 room temperature structure (Structure IE2,71:
violet purple) reveals no density to support a bound CaAcetate to the allosteric site. 3k8y is showt
to show pl@ement in an occupied allosteric site. B: The active site reveals Y32 in direct contact v
Qphosphate. There is density to support the catalytic water, Wat 175. Electron density of-thenap
is shown in grey and contoured to .1

Though thesoaked crystals diffracted well, we looked to improve of resolution by using the
technique of perdeuteration. We especially want to improve the R32 wliehad not the
opportunity to test for longer data collection timedPerdeuterated Ras was expressea
bio-fermentor and purified to high puritgFigure 4.3 Crystals were obtained inO growth

conditions. Surprisingly, even with the addition of NOG these crystals were in b P3
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space group. This prompted crystallization trials of perdeutetgietein grown in
hydrogenated crystallization conditions. The crystals grown in hydrogenated conditions
were of the R32 space group. The hydrogenated grown crystals required soakingdnto D

to exchange all exchangealflgdrogen atoms Large crystal>500um) did not perform

well being directly transferred into a,D soak conditiorfFigure 4.8). Whether this was

related to the RO or the changes from the well conditions to the soak condition ise@anc

To address this, a gentteethod was used wherthe well solution was exchanged te@

and the drop was exchanged by vapor diffusion. After seven weeks of soaking, crystals
appeared undamaged. A couple days later big cracks were seen which was perhaps due to

an earthquake.

The structures resultiopfrom the perdeuterated protein yielded some surprising results.
The crystals in the B31 space group showed that a shift in the {switch | region ané
related shiftin loop 7(Figure 4.8 andB). The change in the pi®witch | regions is similar
to the conformational change seen in the-Rhs transition from state 1 to statg?]. The
distribution ofH-Rasin solution favors thestate 2conformation wlere Y32 of switch | is
closed over the nucleotideThis observation supports the idea that perdeuteration may
changethe dynamics of switch | and change ttlistribution of state 1 versus state 2. This
would provide anexplanationwhy in hydrogenated cstallization conditions containing
NOG crystals grew in the R32 morphology while in perdeuterated conditions crystals were
P321. The conformation of V29 in the open conformation would sterically clash with the
Ca ion that coordinates the backbone of F2&l the hydroxyl group of D30, a symmetry
relatedE31 and a symmetry related D3Bhis Ca ion overlays the position of an inserted
Lys from Rafl7]or NORE1AL6] and presumablyis involved in the stabilization of switch |

in the effector bound conformatiof50].

The results fronthe R32 space groughowedthere was also a change in the conditions that

resulted in the off state where helix 3 and loop 7 are away from helix 4. Lower PEG soaks
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(30% PEG 3350) with DTT/DTE concentrations of lesd.@mail resulted in the allosteric

off state. This may also representchange in the equilibrium between hydrogatad and
perdeuterated RasWhile in most structures there is little density to support a DTT/DTE in
the switch Il/helix 3 pocketemoval resulted irstructures inthe onconformation

Structures in the ostate were consistent with nofperdeuterated structures. In 1507 the
bridging water molecule was present and Q61 is partially ord€@reglire 4.1B). This

shows that though perdeuteration may alter the equilibrium between switch conformations

in Ras that theonformations remain similar.

The P321 space group has Y32 in a conformation away from the active site as in the Ras
RasGARomplex Y32 from a symmetry related molecule is inserted into the active site in a
similar fashion to thérgfinger. Q61 irthis space group is found in at least two
conformations. One interacts with the catalytic water as in the GAP structure. One is
swung avay in an inactive conformationA possible explanation for the multiple Q61
conformationsis Q61 loses the interacin with the NH2 groups in thargfinger. Though it
would be ideal to solve the complex of Ras bound to RasGAP to examine GAP stimulated
hydrolysis, this is currently not possible. The unit cell for the complex ifd81621®R by
~1084, to largefor neutron crystallography Though not an exact mimite P321 space

group would still provide information to further refine the understanding of GAP stimulated

hydrolysis.

Neutron crystallography is typically performed at room temperature. ltdgrdirmation of
feasibility thathigh resolutiorhydrogenatedoom temperature data oRas structures in

both the P321 and R32 space grosieveal active sites that have most of the pertinent
featuresin an ordered conformatiofFigure 4.8 and 4.1B). ThoughQ61 is prone to

disorder valuable insight can still be gained by learning the hydrogen positions in the rest of
the active site. The perdeuterated structures showed weaker density for active site

components such as Q61, however these structures werevei resolution. Like the
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room temperaturehydrogenatedstructurethere was minor density to support the catalytic

conformation of Q6XFigure 4.1B).

Here we showhat we have made great progress in aifortsto solve the neutron crystal
structure d RasGppNHp We have proven feasibility and are currently in the process of
producing more of the large Ras perdeuterated crystals for neutron data collection in both
crystal forms.This informatiorwill strengthen proposed mechanisms for both GAP
stimulated (P321) and intrinsic (R32) hydrolysiRas wilfepresent the first GTPase to have

its structure solved by neutroarystallography
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CHAPTER 5

StructuralAnalysis ofuncomplexedRapA.

Summary:

Rapla, a small monomeric GTPases, has emergadiagortant signal transduction

protein in varied cellular functions including eedlll junction formation and cell adhesion.

Rap1 is the closest homolog to the GTPase, Ras, which is mutated in 30% of human cancers.
Understanding the structural nuansef Rapl will aid in the understanding of Ras. Here we
present uncomplexed structures of RaplA. Together with a previously solved structure, the
structures presented show that Rapl can adopt five different active site conformations

which when compareda Ras show interesting parallels. The data presented also shows

that global conformational changes seen in Ras are regulated differently in Rap1.

Introduction:

Rapl is a small monomeric GTPase belonging to the Ras subfamily. Rapl acts as a signal
transduction molecule involved in many cellular processes including cell polarity, secretion,
celkcell adhesion, differentiation among others. Rapl has two isoforms that share over
90% sequence identity, Rapla and Rapitere all but two of the substitutios are at the
Gterminalhyper variable regiorHVR (Figure 12). Rapl is activated by exchanging GDP

for GTRfacilitated by guanine nucleotide exchange factors (GEFs). GEFs such as Epac bind
RapGDP, loosen nucleotide binding and release the GDPiatidar the more abundant

GTP to bind159. The binding of GTP organizes the dynamic regions, switch | (residues 30
40) and switch 1l (redues 6076), allowing binding of downstream effectors. The hydrolysis
of GTRo GDP on Rap results in thmactive form. GTPase activating proteins (GAPS) such
as Rap1GAP bind to switch | and switchdlping toincreasethe rate ofintrinsichydrolyss
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from .00035to 7.2min* [53, 54]. The cycling between GTP and GDP in GTPases is critical for
maintaining proper cellular function. Many mutations in GTPases, GAPs or GEFs disrupt this
cycling and result in a disease stateis therefore important taunderstand how this

balance is maintained

Rap1l is the closest family member to Ras, sharing 5% sequence identity, and was first
identified for its ability to rescue-Ras transformed cel[24]. Rapl shares a high sequence
homology with Ras in the effector binding regions and not surprisihglgs shownn vitro
that Rapl was able to bind the Ras effectorRat, PI3K and RalG[23]. Rapl binds-Raf

in a manner similar to Ras through the Ras binding domain (RBD) and the cystine rich
domain (CROJL60], but the interaction with Rap1l results in very different biological
outcomes from those of RasNhere Ras binding teRaf was able to stimulate cell
proliferation through the MEK/ERK pathw$61]), Rapl binding to-Raf does not. This
interaction, observed with @erminal truncated Rapl (residuesl®7) has not been shown
in vivowith full length Rapl and thus remains controversial. Rapl also higé affinity for
the Ras effectoRalGD®23]. Interestingly, Rapl but not Rap2 can stimulate RalGDS
activity. Rapalso interacts with L o Y  cdaltlimughitiniibits the pathwaywhereas Ras
is anactivator[162]. The ability for Rap1l to bind the Ras effector Raf may not be all that
surpiising given the high degree of similarity in their effector binding regions. These
interactions highlight the need to understand the specificity between GTPases and their

binding partners.

Ras has been intensively studied for years as it plays a rotecogenesis. The result has

been a wealth of structural and biochemical information that has provided insight into the
nuances of Ras. This wealth of knowledge of Ras provides a point of comparison for all
small GTPases. Rap especially benefits fronpaason due to its high sequence similarity

to Ras and a propensity for similar effectors. As a point of comparison, most GTPases in the

Ras superfamily haweGln at position 61hat has been determined to play a key role in the
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hydrolysis rate of RadMutation to any residue other than GIn not only decreases the
intrinsic hydrolysis rate by 10 fold but can also be oncogediic Though there is

consensus on the crucial role of Q61 in Ras hydroly&se is still controversy on the
mechanisnthrough whichit is oncogenic and what role it plays in the cell. In the canonical
form of Ras within the BR21 space group, Ras adopts a conformation similar to when it is
bound to RasGAP). In this structure, Q61 interacts with a water moleculaiv5), the
catalytic water molecule. It was proposed that Gln functions to plaa# ¥, the
nucleophilicwater, for nucleophit attack on the nucleotide. Ras was more recently solved
in a different space group, R32, where the structure is more similar to anteffoound
complex of Ras such as NORE1a and@Raipters 2 and)350]. This crystal form resulted

in two different conformations termed allosteric on and allosteric off.

In the allosteric off conformation of Ras, helix 3 is away from helix 4 rtbit@ active site.
Switch 1l in the original growth conditions was disordered but introducing moderately or
highly transforming Ras mutations (Q61L, Q61l, etc) or binding of a pocket between helix 3
and switch Il resulted in an ordering of switch Il win€61 interacted with Y32 closing it on
the nucleotide and preventing GTP hydroly§@]. In the allosteric on conformation,
CaAcetate is bound to a remote site near R97 of helix 4. This binding accompanied a shift in
loop 7 and helix 3 away from dwah I, resulting in a highly orderedvitch Ilconformation

where the active site appears poised for catalygisecond water, seem the effector
complexeRasNOREA andRasRafis locatedd S 6 SSy | ophosphstdandi KS
corresponds to the bridgg water molecule seen in owild typestructure ofRas.While in

the on state associated with the wild typ@61 interacts with tk bridging water molecule

it is not present in thdighlyor moderatelytransforming Ras mutastsuch a®61L, butis
present in the weakly transforming mutant¥/e have suggestetthat wat 189isinvolvedin
catalysisandits absencemay be related to the decrease in intrinsic hydrolysis of the

different Q61 Ras mutan{®0].



102

Rapl and Rapave a Thr instead of a Gdih position 61 and in this respect they batiifer

from RagqFigure 1.2). This substitution results in a 10 fold decrease in hydrolysis rate

similar to mutations of Ras at position 6Mutation of Thrto Gln in Raptesults in a

hydrolysis rate that isimilar to that of Raf53, 163]. Several Rap structures have been

solved including Rap@TP, Rap&TP { 2~ -@OFL3164], RapiRafRBD (residues 51

131)[17], RapiRapGAR41], and RapEpadl65. A structure of a Rapl mutant

E30D/K31E which makes switch | of Rigightical to Ras (named Raps) was also solved in

complex with RaRBOJ17]. The structures of RapaTP, RapRaf and RapRaf overlay

well. Differences were @®erved in both switch regions that affect the active site. Switch |

residue, Y32, of Rapl in complexwithRaf 5 Y I {Sa I RANBOG- KERNR3IASy
LIK2ALIKIFGS 6KSNB KS -phosphatdnRaps Ninddiatadbya ¢ A G K K S
bridging water molecie as in Ras Switch Il in the RapRafRBD complex takes a

conformation where T61 interacts with a water equivalent to thecleophilicwater

moleculein RagFigure 5.1) This interaction was similar to the one seen between Q61 and

the nucleophilicwater in Rasolved from crystals with symmetry thfe P321 space group

(Figure 1.4. The effector complex Ragaf has switch | and switch Il involved in crystal

contacts. This complex is also controversial as to its biological relevance. Follaving

appearance of thigomplexin the literaturee G KS & 0 NHzOG dzNB 2 F wl LImQa
wlk L o0cmx: &aSIldzSyOS ARSyGAGey gl a az2t SR 0 2 dzy
[13]. This structure overlaid well with the RaRaf structure. Switch | was in andar

O2Yy F2NXI GA2Yy AY (KS D¢t AGNHZOGIZINE 6AGK |, oH Y
phosphate. Inthe Rap@TP structure the distance between Y32 and the nucleotide was

shorter at 3.0A compared to 4.0A in the complex structure. This interactionosti® the

D¢t { &0dNHzOGdzNBE LISNKF LJA Rdz2S 2 GKS RAFTFSNBY
the O[13]. One difference ithe Rap2GTPstructure is that thenucleophilicwater

molecule is not presentSubsequentlythe structure of Rap2 was obtaindéam crystals

with P2, symmetry where switch Il adopted an alternate conformatid®4]. The

nucleophilicwater was present athwas near T61Thebackboneof T61was ordered but
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the orientation of the side chain was not well defined. In this crystal form switch Il was
disordered from 6264 or from 6266 depending on the molecule in the asymmetric unit.
This is consistent with disordered switch 1l in Rap2 as observed for Ragre are

currently nopublishedstructures of uncomplexed Rap1.

Here we present the structure of Rapla bound to both its natural ligand GTP and to the GTP
analog GppNHp. The resulting crystals had molecules in the asymmetric unit. In both
molecules switch | was stabilized in a closed conformation by crystal contacts. Switch Il was
modulated by crystal contacts in one molecule but not in the other. The resulting structures
showed novel active t& conformations which may shed light on the functdmechanism

of Rapl.

T61

| A59

Wat546 ' ! ‘
- ? 2.7 ‘ o
50~ ! Bridging /
,Q Wat + Catalytic

227  Wat

4
P 27 N R

Y32
GppNHp

Figure 5.1 The activeite of Raps in complex with RaT61 interacts with the bridging water in a similar
manner to the interaction between Q61 and the bridging water molegqulRas. T32 is shifted away from the
Qphosphate with a distance of 3%
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Experimental Procedures:

Cloning and Expression:

Truncated Rapla {169) was mutated to prevent aggregation in expression and purification
(C40S, C118S, and C139S). Tress@ues were selected by comparing the sequences of
Rapl, Rap2, Ras, and Ral and using the-Rap&tructure (1c1j17]). The resulting clone

was transformednto Bl-21 DE3 cells (Novagen). Cells were grown in LB overnight at 37°C
while shaking at 225rpmFlasksvere inoculated with the overnight culture and grown at
37°C. Cells were induced at anggdf 0.6-1.0with 0.5 mM IPT@ndthen collected
throughcentrifugation after 56 hours of induction. The resulting cell pellet was stored at
80°C.

Purification:

The pellet was resuspended®@mL Buffer A20mM HEPES (pH 8.0), 40mM NaM5
MgC}, ImM DTT, 5%w/v glycerol, angisl GDP) wh protease inhilttors added (2ug/mL
antipain, 5mM Benzamidine, 1mM pefabloc, 1pug/mL leupeptin, 1pg/mL pepstatin A, and
lug/mL E64). The resuspended pellet was sonicated and cell debris was removed by
centrifugation at 18,000 rpm for 20 min. PEI (0.5%) was added slovitg @nd stirred for

20 min. Precipitated DNA was removed by centrifugation at 18,000 rpm for 20 min. The
sample wapassed througla 0.45 umfilter then applied to a Q SepharosastHow

column. Rapla was eluted off the anion exchange column wiB0Omllgradient of 016%
Buffer B (Buffer &xcept 1 M NacCl) in Bufferactions containing Rapla were located on
a 12% SDBAGE gel. These fractions were concentrated to less2imhnand run on a
HiPrep 26/60 SephacryiZB0 HR gel filtration column el filtration buffer (Buffer A

except 150mM NaCl). Fractions were concentrated and the salt concentration was brought

down by dilution with Buffer A. Samples were run on a Q Sephargbdetformance
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(QHPX@anion exchange column and eluted witl2@0mL0-8% Buffer B in Buffer A. QHP
separation was able to separate Rap&BP and Rapi@TRFigure 5.2) Rapl bound to
GTP was ready for crystallizatiohhe GDP peak contained more contaminants; better

crystals were obtained when only the GTP peak wad uséurther experiments.

mAL B
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Figure5.2 Chromatogram of Rapl run on a QHP column. Peak A corresponds to the GDP bour
protein. Peak B corresponds to the GTP bound peak and was used for crystallization.

Exchange Reaction:

GppNHp: Purified protein from QHP was concentrated to less than 2sihg & NAP
desalting columrihe buffer was excanged to Exchange buffer (20ntNEPES, pH 8.0,
200mM Ammonium sulfate, 10mM DTT, 0.1%atyl-glucopyranoside, 10% glycerol).
GppNHp was added in three times molar excess with alkaline phosphatase conjugated to
agarose beads and reacted for 45 min at 37°C. Following incubation, agarose bead were

centrifuged and discarded. The resulting sumaant was exchanged to Crystallization
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buffer (Buffer A except 1uM GppNHp instead of GDP) through concentsatinotein was

then ready for crystallization.

Crystallization and Data Collection:

For Rap1a& TP and Rapi@ppNHp crystallization, hangidgop trays were set with a

protein concentration of 5mg/mL. Crystals welg@ned at concentrations fromr8g/mL

to 15mg/mL but lower concentrations yielded fewer more singular crystals. The
crydallization was Crystal Scre@0 (100mM Na Acetate Trihyate, pH 4.6, 200mM
Ammonium Sulfate, and 25% w/v&EB000) from HamptondRearch or variations on
precipitant or buffer concentrations.Crystals were also grown in 100mM Na Acetate,
100mM MES pH 5.0 or 5.5 with 25% PEG 4006)stals grew in less thdhrsat 18°C
Resulting crystals wermayo protected in Crystal Screen 20 with 30%v/v PEG 400 and frozen
in liquid ritrogen. Diffraction data wre collected atlO0K athe SEFCAT IERO line at APS
(Argonne, Il).An X-raywavelength of 1.0A with aascllation angle of 1.0° per frame was

used. The detector distance was 120mnateDnere processed with HKL20(8].

Soak:

RapXGmpNHp crystals were soaked in 50mM Na Acetate TrihydrataMOIES, pH 6.0,
5mM MgCJ, 100mM Li Sulfateand 30% PEG 4000 for2lhours. Crystals weryo
protected andfrozenas aboveand data wa collected at 100K on the{2 beamline at
SERCAT(Argonne National Lab)

Phasing and Refinement:

The initial phasing for all the structures was donenimlecular replacement. The initial

molecular replacement of Rag& TP was performed witthe Rapl structure taken from the
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RaptRafRBD complex (PDB cotlely) [17] with Raf and all nosprotein atoms removed
from the model for molecular replacementnitial fit was generated with CN556].
Molecularreplacementfor subsequent structuresas doneusing Phasar with eithehe
solvedRap1GTP or RapGppNHpmodels afterall nonprotein atomswereremoved A
round of rigidbodyrefinementwasfollowed by simulated annealing using Phenix.refine.
Further refinement waperformedusing Phenix.refinf8]. COOT was used for the manual
rebuilding of the mode]10].

Results:

A Gterminally truncated form of Rapla-1l69) containing the entire catalytic domain was
used for this study and is subsequentferred to as Rapl. For better expression and
purification three Cys to Ser mutations were introduced; C40S, C118S, and C139S. These
residues were selected by examining the R&af, RapZ TP and Ras structures. They also
overlay well with the RapRafstructure and do not seem to affect the global structure of

the protein. Both the C40S and the C118S mutations make no interactions in the obtained
structures. In two molecules the hydroxyl group of C139S is within hydrogen bonding
distance of N108 but does not seem to stabilize any particular conformation. Crystals of
Rapl bound tdooth GTP and GppNHp were obtained with symmetries of the space group
P22,2 with two molecules in the asymmetric unit. The data refinement statistics are
shown inTable5.1. RapiGppNHp crystals grew in a solution of Na Acetate Trihydete

4.6). To examine if Rapl has a similar allosteric site as Ras or if the site is Ras specific, soaks
were perfamed in a solution containingdnM Na Acetater CaAcetatdufferedwith MES

at pH 6.0. Crystals were not stable above pH 6.5 in the conditions tdethrtunately,

soaks in CaAcetate resulted in a precipitate forming and destroyed the cry$taesoak in
NaAcetate was gentler and thiesultingstructure, referred tdhere asRaptNaAcetate has

data collection and refinemertdtatistics @ shown in Tablé&. 1.



Table 5.1Data collection and refinement statistics for Rap1A bound to GTP or GppNHp

Structure 1D 334 337 612 LiSO4_soak_1.5/
Structure Name Rapl-BW Rapl-GTP Rapl-Thr Rapl-NaAcetate
Mol B Conf. Bridging Wat Disordered Thr Disordered
Data collection
Space group P2,2,2 P2,2,2 P2,2,2 P2,2,2
Beamline 22-1D 22-1D 22-1D 22-1D
Collection 100K 100K 100K 100K
Temperature
Cell dimensions 111.869 112.628 113.634 112.99¢
a,b,c (A 42181  41.821  42.33% 41.99¢
66.178 66.134 66.750 68.471
h,i,Q(°) 90, 90,90 90, 90, 9C 90, 90, 90 90, 90, 9C
Resolution (A) 500-1.80 500-1.55 500-1.58 50-1.50
(1.86-1.80) (1.61-1.55) (1.64-1.58) (1.55-1.50)
Rsym OF Rinerge 0.048 0.060 0.093 0.076
0.497 0.549 (0.648) (0.509)
1/ 37.3 38.3 25.3 25.9
(2.19) (2.57) (1.93) (2.17)
Completeness (%) 97.5 97.5 98.3 99.7
(82.1) (95.0) (90.3) (98.0)
Redundancy 6.9 7.0 5.9 6.7
(4.9) (5.0) (3.4) “4.7)
Refinement
Resolution (A) 1.8 1.55 1.58 1.5
No. reflections 28015 43014 41329 49090
Ruwork / Riree 21.29/26.01 18.71/21.29 19.53/22.60 19.48/22.88
No. atoms
Protein 2678 2628 2671 2669
GTP/GppNHp 64 64 64 64
Mg 2 2 2 2
Water 129 316 312 323
Sulfate 0 1 1 2
B Factors
Protein 33.06 21.78 23.72 21.10
GTP/GppNHp 27.47 15.85 16.65 15.78
Water 38.52 28.92 30.29 26.33
R.m.s. deviations
Bond lengths (A) 0.007 0.007 0.007 0.007
Bond angles (°) 1.171 1.170 1.150 1.114
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Table 5.1Continued

Structure ID 1000 1003 1024 1030
Structure Name 40uL 35uL pH 5.0 pH 5.5
Mol B Conf. Thr Thr Thr Thr
Data collection
Space group P2,2,2 P2,2,2 P2,2,2 P2,2,2
Beamline 22-1D 22-1D 22-ID 22-ID
Collection 100K 100K 100K 100K
Temperature
Cell dimensions 112.561. 112.833 112.938 112.908
a,b,c () 42.226 42.353 42.967 42.065
66.778 66.672 66.896 66.183
h,i,Q (") 90, 90, 9C 90, 90, 9C 90, 90, 9C 90, 90, 9C
Resolution (A) 50-2.08 50-1.93 50-2.05 50-2.00
(2.15-2.08) (2.00-1.93) (2.12-2.05) (2.07-2.00)
Rsym OF Rinerge 0.085 0.106 0.098 0.138
(0.394) (0.515) (0.537) (0.400)
/> 16.4 12.5 12.1 13.8
(3.55) (2.34) (2.30) (2.73)
Completeness (%) 99.8 99.2 95.0 99.3
(99.0) (97.2) (84.8) (95.0)
Redundancy 4.6 5.6 4.7 5.9
(4.0) 4.3) (3.5) “4.7)
Refinement
Resolution (A) 2.08 1.93 2.05 2.00
No. reflections 18649 23069 18516 20709
Ruwork / Riree 18.08/23.82 18.04/23.26 17.86/23.48 18.55/24.39
No. atoms
Protein 2668 2672 2670 2664
GTP/GppNHp 64 64 64 64
Mg 2 2 2 2
Water 142 180 188 173
Sulfate 1 1 1 1
B Factors
Protein 20.95 14.81 23.81 17.75
GTP/GppNHp 16.54 10.62 18.88 13.21
Water 24.21 19.58 28.67 20.52
R.m.s. deviations
Bond lengths (A) 0.008 0.008 0.008 0.007
Bond angles (°) 1.135 1.146 1.130 1.148
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Thestructuresobtainedwere globallyvery similarwith variationsprimarilyin the active
site, switch II, anthe loop regions(Figure 5.3) These differences were seen when
comparing molecule A tmoleculeBin the asymmetric unitbut were alssseen when
comparing molecule Bom the differentstructures. Among the resulting structuresiére
were three different active site conformations. The active site variations accompanied
different switch Il conformations. Other regions that showed vasieg amongst the solved
structures were loop7, loop9, helix4 and tderminus. Examining these different
conformations may give insight into how Rap1l utilizes flexible regions to intertct

protein binding partnersn the celland provides a valuabjgoint of comparison with Ras

Switch Il

Figure5.3: Global comparison of Rapla. A: Molecule A from the A, RapBW, RapiThr and
Rap1NaAcetate are structurally similar. Molecule A of R&YP is used a molef this
conformation. B: Molecule B from Ra@l'P, RapBW, RapiThr and RapNaAcetate reveal more
structural differences especially in Loop 7, Loop 9 and switch Il.-&&pImolecule A is included for
comparison. The RagAW molecule B conformatias consistent with the cdiormation seen in
molecule A.
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T61 interacts with theucleophiliovater molecule

In molecule B of the Rap&TP structure, Y32 is making a direct hydrogen bond with the
nucleotide (2.57A) and wat230 (2.59A) as seen in the Rap2 andRRdstructuregFigure
5.4). A direct interaction is also seen in molecule B of the Rapitture solved in the
presence oNaAcetateat a higher pHbound to GppNHp (2.544he RapiNaAcetate
structure). In this structure lowever, wat230 is absent. The catalytic wataolecule is

02 2 NRA Y I (hdésphate of @TR/SppNHp as well as the carbonyl of T35 as is
common in GTPases. In the canonical form of Reils P321 symmetryan interaction
between the side chain of Q61 and thacleophilicwater molecule is obsged. RapiGTP
and RapiNaAcetateare similar tathe canonical form of Ras. Timeicleophilicwater
molecule is within hydrogen bonding distance to the hydroxyl group of T61 at a distance of
2.77A and 2.83A respectively. The backbone amide of T61 is alsghbmwithin hydrogen
bonding distance of thaucleophilicwater with a distance of 3.11A in the R&TP
structure and 3.15A in the RagNaAcetatestructure. This conformation is similar to the

one observed in the RapaTP and was termed the naatalyticconformation.

Wat209 77
AN

@

Figure 5.4 T61 interacts with the catalytic water moleculehe active site of the Rag@TP (teal)
reveals an active site where the hydroxyl group of T61 interacts with the nucleophilic w#tea wi
distance of 2.8A
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Prebridging water molecule:

A bridging water molecule can be observed in-Bffesctor complexes or istructures of Ras
solved from crystals with symmetry of tiR82 space groypvhich mimics Ras bound to its
downstream effectors. In moteile A of the solved Rapl molecules switch | is stabilized by
crystal contacts in a closed conformation. This closed cordbon is similar to the state 2
conformation in Ras which is stabilized by effector binding of switch I. Y32 makes a direct
interaO 0 A 2 Yy @gphasphateéiokefthelGTP or GppNHp bound Rap1 structures with
distances ranging from 2.6A to &0 A water molecule is present (wat87) that is within
HPP) 2F , oH | Y Rphosphati ik gl molebye) A sRuturdsigui® 5.9).
Theproximity of wat87to both the nucleotide and Y32 is similar to the bridging water
molecule seen in published Ras and Raps structures. However, Y32 makes a direct
interaction with the nucleotide so w87 does not act as a bridging water molecule toDise
close proximity it could be called a ppeidging water molecule as it is positioned to

become the bridgingw& NJ Y2t SOdzZ S | g+ AGAYy 3 JphosplateT i 2 F
Another difference seen in these structures is that the carbgngtipof G60 is oriented

towards the active site rather than away. This change allows the carbonyl to beximfiyo

of wat87 with distances between 2.9A to 3.7A. In molecule A ofahe structure in which

we see the bridging water molecule as in Ras (referred to heRap&BW), wat87 is the

furthest from G60, and is closer to the bridging water molecule position. Thasrnsas a
RSONBI &S Ay GKS RAaGl yOSphosphétd, wiScBsghoriest® o6y T
molecule A of thdRaptBWstructure.

Presence of a bridging water molecule in Rapl.
While in Ras both direct and indirect interactions between Y32 aadtitleotide have

been observedin previousy publishedRapl and Rap2 structures the hydroxyl group of Y32

makes a direct interaction with the nucleotide. The exception to this is the-Rapl Q {
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structure where the distance is 7A. In molecule B of taplIBBW structure the distance
0S506SSy | oH K& RNJRhbspHate 8 AZBAzLThid djstancaiiki& forca direct
interaction and similar to the distances in the indirect interaction seen in Ras and Raps. Like
these structures, a water moleculessen betwea Y32 and the nucleotide (watBat a
RA&GEIEYOS 2F uwont) G-ghosprmte(Figung RB).HIbtheyRppRAINE ¥ G K S
structure and in Ras structures the hydroxyl group of residue 61 interacts with the bridging

water molecule. In ourtsuctures, T61 is facing away from the active site. This

conformation for T61s also seen in molecule A, however, in molecule Bwactts as a

bridging water molecule whereas in moleculé&/32 is in a direct interaction

T61 can replace the bridging ves molecule between Y32 and the nucleotide

A third active site conformation is seennlecule B of one dhe RaptGppNHp structures

(referred to here as th®apXThr structurg. This structure was also obtained when varying

buffer concentration of ptdf the growth condition.Likein the Rap1BW structure Y32 of

switch | is no longer in direct contact with the nucleotidéth a distance of 4.16A between

. 0H | y-phosfihit& of @pNHp. Previously this shift accompanied positioning of a

bridging waer molecule. In RapThr, the hydroxyl group of Thré1shifts ~3A frime

position found inthe Rap1GTP structure and replaces the bridging water molecule. As a

result, the hydroxyl group of T61is5. | g @ FNRY 0 Pliosphatedigurer y R G K S
5.6).

The shift in T61 also accompanies a different coordination ohtleeophilicwater

molecule. A the previous structures, the backbone amide and carbonyl group of Thr35

I Y R -pHospha® interacts with thaucleophiliowater. In addition swich Il gains an
interaction with thenucleophilicwater in this structure as well as witthe amide groups of

Gly60, Thr61, and Gly62, with distances of 3.27A, 3.12A and 2.97A respectively. This gain of

a hydrogen bond may explain tisdservedordering ofswitch Il



A
T61
ol
Pre-
Bridging
B

Figure5.5: Prebridging and bridging water molecule conformatioAs.The RapGTP
structure acts as a representation of the active site seen in Molecule A (yellow). T
swung away from the active site. Y32 interacts is iireciconformation with the
nucleotide with a distance of 2&¢ B: The active site of RaBW molecule Btructure
reveals thaty32 adjusts to accommodate a bridging water moleeuita a distance of
4.2A between the hydroxyl group of Y32 and tf¥phosphate. T61 is swung away

similar to the conformation seen in molecule A.
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Wat209

Figure5.6: T61 replaces the bridging water molecuRap1Thr molecule B (cyan) adopts a novel
conformation where T61 replaces the bridging water molecule seen in Ras and thé&8Ramolecule B
structures. Electron density is contoured at'1.0

Switch Il conformations:

The different active site conformations including differences in switch Il residue 61 results in
different switch Il conformations. Switch Il in molecule B is free of crystal contacts and has
more freedom to ample different conformationghan does molecule AThus in the Rapl
GTP structure, switch Il becomes disordered between Thr61 and Met67. In the Rapl

NaAcetatestructure switch Il is disordered from residues®2

Switch Il of molecule A where a ppeidging water molecule is seen also adopts a previously
unseen conformation in Rapl. Itis ordered and is involved in crystal contacts with switch |

of a symmetry related molecule A. In switch II, T61 is oriented away from the active site as
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in the RapiRaplGAP structure but the overall conformation of switch Il is utiigieseen

in complex withRapIGAP. The hydroxyl group of T61 interacts with the backbone amide of
Q63. The carbonyl is within hydrogen bonding distance of the NH groups of R684BMD1A
3.08A) tying the lower part of switch Il to the upper half of switch Il. There is also a water
molecule that is 3.11A away that interact with S11 and would tamectswitch Il to the
P-loop. The carbonyl of Q63 interacts with wat6, which throughSabridges to the

hydroxyl of Y71 and the carbonyl of A59. The hydroxyl group of T65 interacts with the
backbone amide of R68 and is within hydrogen bonding distance of iRe€idueA59

begins alpha helix 2 in Rapl. In the moledulonformation F64s flipped towards helkd

and isin a different conformation than previously seen. This conformation is unlike what
was seen in the RapRaf structure where switch Il is also stabilized by crystal contamts,

is a change from the location of Y64 irsRadifferent Ras effector complexes, FRA8K and
RasNORE1la. The conformation of switch Il seen with ebpidging (molecule A) and
bridging water molecule (Rag8W) do not vary significantly. There is weaker derisity
molecule B of the RapBW stucturefor residues 62 and 63 which may result from the

decrease in crystal contacts

The RapdThr structure has a different switch Il conformati@figure 5.7) This is not

surprising given the movement in T61 to replace the bridging water molecule.

Global comparisons:

¢g2 3Jt20Ff O2yF2NXIFGA2ya NBE aSSy Ay wlao L
G261 NR&a KStAE n NBadzZ GAy3 Ay Fy 2NRSNAy3a 27
3/loop 7 shift and there are steric clashes witletswitch Il conformation seen in the on

state. This results in either a disordered switch Il or switdndéred in what we call the

anti-catalytic conformation The conformation seen in the Rapl structures overlays with

GKS a2yé¢ adl G83isskifteavtbwiardsshili$ NI fastStie Shift is more
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Helix 3

Figure 5.7 A comparison of the conformations adopted by switch Il in R@p&.RapiBW molecule

B (violet) shows a novetdwitch liconformationwhere F64 is swung towardelix 3 this conformation

is also adopted in all Molecule A solved. ThpIREhr molecule B (cyan) structure reveals a switch I
conformation where F64 is swung away from helix 3 which is similar to the placement of Y64 in Ras
bound to effector molecules.

pronounced in the Rap1l structures. In Ras this shift required either a binding partner or a
CaAcetate bound at the allosteric site. In Rapl there is no bound CaAcetate. The
conformation of he allosteric site is also different. In Ras residue 101 is a Lys where in
Raplitis a Leu. The L101 conformation overlaps the acetate binding site observed in Ras.
In RasR97 is involved in the binding of the®ia the allosteric site. In the Ragfructures

this residue is shifted and overlays where thé'®@auld bind in Ras. In Ras it is seen that
R97 stacks with Y137 and that this is shifted ubimaing of CaAcetate in thalosteric site.

In Rapl Y137 is equivalent to W138 and R97 stackipiggserved.

The changes seen updigand binding at thallosteric site in Ras is a coordinated
movement between helix 3, loop 7 and the active site. There are substitutions in Rap1l that
may decouple this movemerfEigure 5.8) Y96 is involved in theoupling in Ras whereas in

Rap1 this residue is L96. In Rapl residue 80 is a Leu rather than a Cys. These differences
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may help stabilize hydrophobic interactions with L93 and ihdtelix 3, leading to the on

state conformation where it is shifted veard helix 4 anddisfavoring a shift to theff state.

V109
9 L101/K101

W138/Y137

Q94/H94

F90

Figure 5.8 Comparison of Rapriolet) helix 3 andhelix4 residues wit Raggreen)in the allosteric
on state. The conformation of R97 in Rapl overlaps tﬁékm:sding sitein Ras L101 in Rapl overlap
the acetate binding site in Ras and would prohilgiétate binding in the allosteric site as in Ras

Loop9 is a site of an insertion (N140) in Rapl compared with Rap2 and Ras. The extra

residue gives more flexibility to loop9 and results in two observed conformafkigare

5.9A). In most struaires (all molecule A structures, RaNaAcetatemolecule B, and Rapl

BW molecule B) S139 (one of the C to S mutants) N140 and C141 continug(Riglue!

5.9B). In the RapIThr and RapGTP structurel KSa S NBaARdzSa | NBy Qi LI
swungtowards theGterminusto ¥ 2 NX-turh from W138 to C14{Figure 5.9). The side

chain of S139 is within hydrogen bonding distance of the side chain of D108 with a distance

of 2.9A in the RapThr structure and a distance of 3.36A in the RGP structure. N140

gains interactins with theGterminus and loop 7. The hydroxyl group is about 3.4A from
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D108 in both structures. The NH group is 4a8d 3.21A from Q164. The carbonyl group
interacts with the backbone amide of M111 with distances of 8.8@d 3.01A.

Helix 4

N140

A135

R136

S139

Figue 59: Two different conformation®f loop 7 are observed in the presented Rapl structurs.

In all molecule A structures (yellow, orange, pink, light green) and in molecule B of th&Rap1
(magenta) and RaplllaAcetate (plum) structures N140 is towarthe solvent. In the Rap&TP (teal)

and RapiThr (cyan) structures N140 is shifted towards theitninus. B: The RafW molecule B
structure is used as a representation showing the stabilization and continuation of helix 4. In this
conformation S18 (Cys in wild type Rap1) is within hydrogen bonding distance of R97, however, this
interaction does not seem to alter the overall structure. C: The Répkhows a different loop7

O2y F2NXI A2y ¢ KSINE Inftisdlgrmatiéhobdi® &ms Interactions with loop7

and Gterminal residues.
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TheGterminus has been truncated at residue 169 and in most cases is ordered only to R167
or K168. Thé&terminus of RapdGppNHBBW is shifted from the other molecule A
conformations. The backbone is shifted from R163 to K168 (T169 has weak to no density in
all structures). In the Rap&TP, RapNaAcetate and the Rapdlhr structures where thé&
terminus overlays well there is density to support the entire side chain of both R167 and
K168. Inthe RapBW where theGterminus is shifted, the side chains df6¥ and K168

are disordered. Molecule A is consistent amongst all the structures obtained and as such

we used molecule A from the Raf@&ITP structure for comparison.

Small molecule binding:

In Ras small molecule binding accompanied changes in glotfarmations. In Rapl a

bound S@ from the mother liquor and acetate in soak conditions bound Rap1 with
differing results. In unsoaked structures there is g ,3@und in the crystallization

condition, bound to molecule A. This sulfate makes inteoastwith the backbone amides

of Q87 and S88 as well as with two water molecules. It is replaced in molecule A of Rapl
LiSQ@ and in molecule B with two water molecules. The sulfate binding does not seem to
have any structural repercussions. In moledsilef the RapINaAcetatestructure residues

87 and 88 are less defined. There is welgktrondensity for a water molecule interacting
with the backbone amide of GIn87 but no density is there to support a water molecule

interacting with the backbone amide Ser88.

The allosteric binding site in Ras involves binding of CaAcetate. This binding is not observed
with MgAcetate or in Cagl To examine whether this is also seen in Rapl we performed
soaks of Rapl crystals in the presence of CaAcetate and tdéActlaAcetate is found in

the mother liquor (100mM) as the buffer at pH 4.6. First a stabilization condition was
determined where Rapl crystals could be soaked for greater than 1hr. The stabilization

condition substitutedithium sulfatefor ammoniumsulfate and raised the pH from 4.6 to
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6.0. Crystals soaked in stabilization condition were stable and resulted in a 1.55A data set
(Table 1). Unfortunately, substitution of CaAcetate for NaAcetate in the soak condition was
not successful at similar contations. Substitution of CaAcetate caused a precipitation at
pH 6.0. The RapgdaAceatestructure soaked at pH 6.0 revealed two acetate binding sites

not in unsoaked crystals.

The first bound acetate binds near where the allosteric binding sgeas in RagFigure

5.104). This acetatenoleculeinteracts with the NE of Arg97 (3.12A), the same residue that
acetate binds to in the allosteric switch of Ras. However, the binding of acetate to Arg97 in
Rap is ira different manneto the acetate binthg in RagFigure 5.18). The effecbnthe
hydrogen bonding networkn Rasgs not seenn Rapland switch Il is disorderdaeyond

residue Thr61. There are conformational changes in Rigcetatecompared to

unsoaked structures. Loop8 and hedixaveuncleardensity and helix is shifted. The

density becomes less defined at E121 where there is a binethie backbone electron

density continuity This continues through loop8 and to the end of helix4. Many side chains
in helix4 become disordered.h& backbone density for E129, G131 and W138 is also weak.
The conformation of Loop 7 is also altered resulting the carbonyl of E107 being 2.99A away

from NHR97.

The second acetate binding site is found interacting with the carboxyl group of residue
Phe143 of molecule A and with three water molecules. In the soaks there is also a different
S04 binding site observed. This site is in crystal contact between location and helix 3 of
symmetry related molecul@s. The sulfate interacts with the backbommide of E45. The
binding of this acetate and sulfate do not seem to alter the structure as no conformation

differences are seen in molecule A compared with the unsoaked structures.
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Loop 7

Loop 9

Helix 4 Switch Il

Figure5.10 Calcium Acetate binding sité: Rapl crystals soaked in NaAcefgiem)at pH 6.0 have a
bound acetate molecule near R9B: Both Ragreen)and Rapl have an bound acetatear R97
however, the bindingccurs differently.

Discussion:

While there is no correlation established between oneoigity and Rap, it is an essential
protein in the cell; this makes understanding how it functions importa®apl plays a role
in the formation of cetcell junctions an in cetiell adhesion.Rapl is the closest family
member to Ras, an important cangarotein, and has been shown to rescue Ras
transformed cell§24]. The ability of Rapl to rescue Ras transformed wvedks originally
attributed to competitive bindingof Raf, but a direct interaction between full length Rap
and Raf in the cell has yet to be establisfi2d. It is now believed that the ability of excess
Rapl to revert Ras transformed cell is relatedRegpl function in celtell adhesion Given
that Ras is mutated iB0% of human cancers andgsominent in high mortality cancer sh
aspancreatic(90%), lung (30%) and colon (5@%cer a drug inhibiting Ras function in
cancer is desirablgg6]. Rapl provides jarotein with which to study specify determinants
in Ras as it is one of its close family members. This is important idésegnof a drug that
would be specific for RasTo date there has been little structural information avalggor

Rap particularlyfor Rap1l since virtually all of the structural work to data has focused on
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Rap2 Many of the solved structures have a disordered switch Il conformation or have
switch Il conformationstabilized by crystal contacf$3, 164]. Here we present structures
of RapA solved bound to GTP and to the GTP analog, GppNHp. These stractopes

novel conformations and add to the complexity of Rap function.

We observedwo conformations for Y32, where it makes eitlgedirect and an indirect

Ay (G SNI OG A-phpsphmte 6f GTRIOKitS anflogue GppNHpbridging water

molecule between Y32 and the nucleotide was obsema®deen in our Ras structureste
Rap1BW is the first structuref wild type Rapl where Y32 is making an indirectragon

with the nucleotide througha bridging water moleculé-igure 5.8). The Rap&TRS
&U0NHzOGdzNE KIFR F RA&GLI y-OHospafE[13f his@iStanée$sSy |, o H
consistent with he distance observed in the Ras solved from crystals with symoéthe

P321 space group and the RR&isGAP structure as wgl| 41]. The RapRaf structure,

which is Rp1l with two switch | residues mutated, has a bridging water mole@titgire

5.1). The movement in Y32 was attributed to the tighter interactions between Raps and Raf
compared with RafRaf. In the RapRaf structure, the switch Il of Raps and the switch
conformation of Rap1 is similar. There is, however, a 2.5A shift in the hydroxyl group of
T61. T61 shifts to interact with the bridging water moledald. This conformation is
analogous to what is seen with Ras in the allosteric on state. There, Q61 forms an

interaction with the bridging water molecu[@07].

In molecule An all of ourRapZA structures we see a conformation where Y32 is within
K@RNR3ISY 02y RA y-Phosphatd hul ayv&& maleulelisfséen iRa similar
position to the bridging water moleculgigure 5.8). We call this a preridging water
molecule. The RapBW chain B takean almost identical conformation where the pre
bridging water molecule nows shifted into position of théridging water molecule. Itis
logical to suggest that the p#eridging water molecule shifts upon Y32 movement to

become the bridging water molate as seen in RagBW chain B.
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Hydrolysis experiments examined mutations of T61 in Rapl. Mutation to Q61 resulted in
hydrolysis rates similar to that of Ras as shown previously. Mutation of T61 to Leu or to Ala
did not significantly alter the hydradys rate with respect to intrinsic or GAP stimulated
hydrolysis. The RagRapGAP complex shows a T61 conformation where T61 is away from
the active site and thus not involved in the hydrolysis mechanism. It may, however, help
stabilize the formation offte GAP complex. We have proposed a mechafosmtrinsic
hydrolysisn Raghat involves placement of a bridging water molecule. In Rapl we saw a
bridging water molecule with T61 swung away from the active site. This would be

consistent with a mode dhtrinsic hydrolysis in which T61 is not involved.

None of the Rap structures solvadoptthe allosteric off conformation seen in Ras. In Ras
the on state was stabilized by either effector or small molecule binding. In Rap the on state
was observedn the absence of small molecule or effector binding. This could be due to an
increase in the hydrophobic interacti@tabilizinghelix 3 tavard helix 4(Figure 5.8) The

active site is stabilized in the off state of Ras by either small molecule biodongrogenic
mutation ard is also seen in the Rdmportin- complex. The Q61T mutation in Ras is
weakly transforming. Substitution of this residue may not be able to stabilize the off active
site conformation as does the highly transforming mutatiomattare hydrophobic. This

may explain why this conformation is not seen in Rap.

Little is known about the structures of Raffector complexes. While the R&paf complex
was solved over a decade ago little structural information has been gatherezlthigia.
This complex is also unclear as to its biological significance and does not involve interaction

with switch Il as the NORE1 and PI3K does in Ras and likely in Rap.

We also see a Rapl conformation in which T61 replaces the bridging water molédsle

unclear whether this would be a catalytically active conformation. The hydroxyl group on
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0KS ¢KNJ YlF& 0SS FofS (2 I Ol -phosphateand ¥a2.0TheS T2 NJ
Thr, however, would be less flexible in position than a wateretde. Movement of the

LINEG2Y (2 GKS 0 NX R 3physahateanighthé mdeesfrictadihdnin | Yy R ¢
the bridging water molecule due to constrains associated with switch Il backbone

conformation However, this could be an advantage if the piosi of the Thr hydroxyl

group is optimized for catalysi3.he accompanying switch Il conformation shows similar

placement of F64 to Y64 in the R4ORE1la complex. This is important because Rapl is

able to bind NORE1a, forming interactions with switahd switch Il. The comparison and

similar placement of residue 64 suggests it is an important residue for binding in Ras and

Rapl. In other structures, the placement of F64 is shifted slightly but may be a result of

crystal packing.

Ras has been sdu in several different crystal forms and reveal different switch Il
conformations. Here weeveal severatonformationsaccessible tewitch I| and
consequentlythe active sitein Rapl The Raps and Rap complexes with Raf show slightly
different actiwe sites. In the Rap&af complex a bridging water molecule is observed
whereas inboth the RapiRafand RapiRapGAP structureas well asn allRap2 structures

no bridging water molecule is observed. This lead to a conclusion that Rap does noautilize
bridging water molecule and that Y32 is closed over the nucleotfde.have now shown

that both T61 and a bridging water molecule may be present, linking the hydroxyl group of
0KS KAIKE & 02 yph&spldats d GTPo The sigificinée 6@

conformations to catalysis in Rap1A remains to be determined.

There is an observed $®@inding site in the molecule ik both thestructures of RapA-GTP

and RaplAGppNHp. This binding involves interactions with Q87 and S88. While there are
no obvious structural changes due to bindijrtigese residues are involved in Rapl trafficking
in the cell. Rapl is gernylgernylated and contains a polybasic region Gtéisninus.
Substitution of 8539 with the sequence found in Ras (TAQST to NNTKSerkesuH shift









































































































