STRUCTURAL AND KINETIC CHARACTERIZATION OF PROTEIN

AMPYLATION BY VOPS FIC DOMAIN

APPROVED BY SUPERVISORY COMMITTEE

Kim Orth, Ph.D

Xuewu Zhang, Ph.l

Diana Tomchick, Ph.[

Kevin Gardner, Ph.I

Margaret Phillip, Ph.D



STRUCTURAL AND KINETIC CHARACTERIZATION OF PROTEIN

AMPYLATION BY VOPS FIC DOMAIN

by

PHI HOANG LUONG

DISSERTATION

Presented to the Faculty of the Graduate SchdBiarhedical Sciences
The University of Texas Southwestern Medical Ceatddallas
In Partial Fulfillment of the Requirements

For the Degree of

DOCTOR OF PHILOSOPHY
The University of Texas Southwestern Medical Ceatddallas
Dallas, Texas

November, 2011



DEDICATION

To Xiaomo Jiang



Copyright
by
PHI HOANG LUONG, 2011

All Rights Reserved



ACKNOWLEDGEMENTS

| thank my cool mentor, Kim Orth. You are coohés triple infinity. Thank you
for your cool endless encouragement, your cool arehip, and your cool support. You
have been a positive influence in my graduate etudind in my life. You are always
optimistic, which | should learn from you when lt@egood result. Thank you so much
for your guidance and please allow me to bug yaredn a while when I'm gone.

| want to thank Yi-Heng Hao. Yi-Heng was my teactigoughout my graduate
studies and has taught me everything he knows. efigHmade my day to day
experiments a lot easier. You always helped ansmequestions. | was very lucky to
have you as my teacher.

I thank my committee members Diana Tomchick, Maggdhillips, Xuewu
Zhang, and Kevin Gardner. Thank you, Diana, fordllyour guidance. There was
absolutely no way the structure of VopS would hbgen solved without you. You are a
beautiful person and | am very fortunate you wese mentor. Thanks, Meg, for your
invaluable guidance on the enzymology project. édeel a lot of input for the kinetic
studies and | was glad | could pick at your brdihank you, Xuewu, for being my
committee chair. | felt comfortable just hoppingpityour lab to ask for things and to talk
to you. Thanks, Kevin, for being attentive about well-being during the years and
during my post doc searching. | picked you as aroittee member, because | thought
you are absolutely awesome and you make me laugh.

Yan Li, thank you for being such a great help fassmspectrometry. | wish only
the best for you. Chad Brautigam, thank you forrjloelp with the structure project and
comments on the VopS manuscript. Thank you, Radteladand John Humphreys, for
your continuous support in reagents and your eigeeirt structure and enzymology. You

guys are always fun to talk to. | thank Lisa Kiveho provided powerful insight with her



god-like skills in bioinformatics. Thank you, Casléluerta, for being very helpful during
my kinetic studies. Yan, Chad, Radha, John, Lisad, @arlos, thank you so much for
letting me pick at your brains throughout the years

| want to thank Ron Taussig. At various randomesnh would show up in your
lab and ask for help. You were always willing teyide the tools and reagents | needed
for the experiments. You are pretty cool yourself.

Thanks Howard Hang and Markus Grammel for sucteatgollaboration. Your
expertise made the AMPylation “click” project garyesmoothly.

| want to thank past and current lab members faking the lab a lively and
productive place to work in. Thanks Melanie Yarlgbwand Dara Burdette for laying the
ground work for my studies. | thank my friends ammfleagues at UT Southwestern that
helped made graduate school and research eas@m¥j Tina, Jessica, Greg, Andy,
Thi, Francis, Laura, Jenny, Ben, and Nishanth yoyscare amazing. Graduate school

was fun and | wouldn’t mind staying a little longbut | guess it's time to move on.

Vi



BIOCHEMICAL AND STRUCTURAL CHARACTERIZATION OF PROEIN

AMPYLATION BY VOPS FIC DOMAIN

PHI HOANG LUONG

The University of Texas Southwestern Medical Ceatddallas, 2011

Supervising Professor: KIM ORTH, Ph.D.

The bacterial pathogeWibrio parahaemolyticusmanipulates host signaling
pathways by injecting type Il effectors into thgaplasm of the target cell. One of these
effectors, VopS, blocks actin assembly by AMPYylgtanconserved threonine residue in
the switch 1 region of Rho GTPases. The modifiedP&sEs are no longer able to interact
with downstream effectors due to steric hindrancéhk covalently linked AMP moiety.

Herein we analyze the structure of VopS and itslwamarily conserved
catalytic residues. We describe features of theS/agystal structure, including a hairpin
element that is responsible for protein—proteirrattion and residues involved in ATP
binding. Steady-state analyses of VopS point matanbvide kinetic understanding on
the functions of conserved residues for the AMRgtatactivity. Further mechanistic
analysis of VopS with its two substrates, ATP andc42, demonstrates that VopS
utilizes a sequential mechanism to AMPylate Rho &FEB. The structure of VopS and
its ternary reaction mechanism provide critical updwork for future studies on
AMPylators, a novel family of enzymes that modifydhoxyl-containing residues with

AMP.
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We also developed molecular tools to facilitate shely of protein AMPylation
in collaboration with Howard Hang at The Rockefeligniversity. An ATP analogue,
N°pATP, was developed that utilizes click chemistoy allow for the detection of
AMPylated proteins by fluorescent or biotin tagSpATP can be utilized ifn vitro
AMPylation reactions catalyzed by known AMPylatarecluding Fic domain and
adenylyltransferase domain proteins. Further, wavsd that NpATP can be used for
the detection and purification of endogenous AMEdaproteins.

Preliminary studies were performed on anothercédfe protein of unknown
function VopQ fromVibrio parahaemolyticusThe protein sequence of VopQ does not
resemble any known protein domains. Various coottrwere made for VopQ, and here

| describe the purification and crystallizationvadpQ.
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CHAPTER 1

Review of Literature

TheTypelll Secretion System and Vibrio parahaemolyticus
Pathogens exert multiple virulence mechanisms ghatnote pathogenesis and

disrupt host immune defenses during infection. Mangnan bacterial pathogens encode
a common virulence mechanism called Type Il SémneBystem (T3SS) (1). The T3SS
are essential for bacterial virulence and humad--oarne illnesses caused by pathogenic
bacteria, such as species fr@almonella Shigella Yersinia and Vibrio genera and
pathogenidscherichiacoli strains.

The T3SS apparatus forms a direct contact betweeacterium and the host
cell (Figure 1). It contains a base that spanssadoacterial membranes, and a needle-like
structure that extends through the bacterial call and across the host cell membrane. A
bacterial translocator complex forms the pore m llost membrane. The formation and
extension of the needle complex into the hostalldiv a set of bacterial proteins, called
effectors, to be translocated through the needtethre host cytosol (2). These Type llI
secreted effectors are quiescent in the pathogémmbuic or capture an endogenous
eukaryotic host activity inside the host cell terdpt host function and promote pathogen
survival (1).

Vibrio parahaemolyticugV. parg. is the leading cause of seafood-associated
food poisoning in humans through the consumptionrafercooked shellfish. Infection
with V. paracauses gastroenteritis associated with clinicalpggms including diarrhea,

nausea, vomiting, fever, and headache (3,4). Pattiog strains
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Figure 1. The Typelll Secretion Machinery. (A) The Type Il secretion needle system
spans both the inner and outer membranes of thterimand forms a pore in the

eukaryotic plasma membran@) Electron micrograph of Type Il secretion needles
from Yersinia enterocoliticaFigures adapted from (5).



of the Gram-negative bacter\d para encode two different T3SSs, and each system
translocates a unique repertoire of effectors. firekesecretion system, T3SS1,\ih para

is necessary for cytotoxicitgbserved in infected tissue culture cells, while second
secretion system, T3SS2, has been associated mighotoxicity, in a model of rabbit
ileal loop infection (6). KnownV. para effectors secreted by T3SS1 include VopQ
(VP1680), VopR (VP1683), VopS (1686), and VPA04%50gether these four effectors
contribute to a specific cytotoxicity mechanismttimaolves the induction of autophagy,
followed by cell rounding, and finally cell lysi§), The mechanism of VopR-mediated
cytotoxicity is unknown; VPA0450 has been identfias an inositol polyphosphate 5-
phosphatase that cleaves the 5 position of inesitidside host cells during infection (8).

My projects focus on VopQ and VopS, discussed below

Bacterial Effector Chaperones

Effector chaperones keep effectors in an inacttatesin the bacterium, and
deliver effectors to the needle for secretion. &iht effector chaperone proteins have
high structural similarities that are usually neflected by their primary sequences (9).
These chaperones are typically around 15-17 kDd, axe acidic in nature with an
isoelectric point of around 4. Chaperones form hdimers, or heterodimers with other
chaperones, resulting in a heart shaped strucBeeeral bacterial effector chaperones
have been shown to interact with the N-terminalaesg) of effector proteins (Figure 2A
and 2B). Crystal structures of chaperones in complith the chaperone binding
domains (CBD) of effector proteins reveal that apgrone homo dimer interacts with a
monomer of the effector (10,11).
In the V. paragenome, positioned in tandem with VopQ, VopR, amap¥ genes are
their putative chaperones, VP1682, VP1684, and WPlGespectively. VP1682,

VP1684, and VP1687 were predicted to be chaperahes to their structural



characteristics. (12). Only VP1682 has been biodtedly characterized to be the
chaperone for Vop@13). VP1684 and VP1687 are predicted to be thearomes for
VopR and VopS because they are positioned in tantdesach other. It is unclear if

VPAO0450 has a designated chaperone.

TheVibrio parahaemolyticus effector VopSisan AMPylator of Rho GTPases

Initial infection studies with wild-type lab straand a VopS mutant strain uf
parademonstrated that VopS inhibits the function of RiPases, such as Rho, Rac and
Cdc42 (14). The Rho family GTPases are small Geprstthat have essential roles in
actin cytoskeletal dynamics (14). Bioinformaticabsis revealed that the C-terminus of
VopS contains a protein domain called Fitathentation_mnduced by gclic adenosine
monophosphate) (15). Yarbrough and colleagues §288overed that the Fic domain
of VopS uses ATP (adenosine triphosphate) to dyrdcansfer an AMP (adenosine
monophosphate) moiety to conserved threonine resithreonine 35, Thr35) on Cdc42
and Racl, and threonine 37 (Thr37) on RhoA. Thislyaiscovered posttranslational
modification by VopS Fic domain was named AMPYylat{t5). The conserved threonine
of Rho family GTPases is located on the switch gioe and is responsible for
coordinating the magnesium involved in GTP bindidgVPylation of this residue
prevented Rho GTPases from interacting with doweastr effectors, thereby inhibiting
actin assembly in infected cells (Figure 3). The RWation activity of VopS was
abolished when a histidine in a conserved motihanFic domain was mutated to alanine
(15). Within months of the publication of this wodn VopS, a second Fic domain
containing protein, IbpA fromdistophilus somn{H. somni.)was described to AMPylate
Rho GTPases on a conserved tyrosine residue (Tym32)he switch 1 region.

AMPylation by the Fic domain of IbpA also resulieca cell rounding phenotype (16).
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Figure 2. Structures of T3SS bacterial chaperone complexed with the CBD domain

of effectors. (A) Structure of chaperone InvB dimer (white/grey) ptewed with SipA
(blue) CBD [PDB ID 2FM8] (10)(B) Structure of chaperone SicP dimer (white/grey)
complexed with CBD region of SptP (light blue). NdaC-terminus of bacterial effector
are designated [PDB ID 1JYO] (11).
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Figure 3. AMPylation of Rho GTPases disrupts actin cytoskeleton. (A) AMPylation

of Rho GTPases by VopS sterically hinders substatding leading to disruption of
actin cytoskeleton dynamic¢B) Transfection of HelLa cells with VopS induces cell
rounding. Nuclei stained blue and green fluorespeotein used as transfection marker.
Figure 3B adapted from [8].



The Rho family GTPases

Rho family GTPases control actin cytoskeleton dyicanby defining cell
polarity, shape and movement (17). Rho family GEBaare approximately 21kDa
proteins and belong to the Ras superfamily of siBafiroteins. GTPases are molecular
switches that adopt two distinct conformations aelreg on the nucleotide bound state.
GTPases are inactive when bound to GDP and actiamwound to GTP. In the active
conformation, GTPases use their conserved strucalements, called switch 1 and
switch 2 regions, to interact with protein substsadnd stimulate downstream pathways
controlling actin dynamics (18). GAPs (GTPase-ading proteins), GEFs (guanine
nucleotide exchange protein), and GDIs (guanindeotide dissociation inhibitors) are
regulators of GTPas€49). GAPs stimulate the GTPase to hydrolyze GT8Rd which
will inactivate the GTPase. GEFs promote GTPaswatizin by inducing a release of
bound GDP in the GTPase in exchange for GTP. Glind b GTPases to inhibit
nucleotide exchange and also prevent GTPases froaliding to the membran@0).
The GTPase itself has an enzymatic activity that logdrolyze GTP to GDP and this
hydrolysis activity is promoted by interaction wiBAP (GTPase-activating proteins)
proteins.

The first Rho family member, RhoA, was discovered 885 and currently there
are at least 20 known members of this family (Zhe best studied members are RhoA,
Racl, and Cdc42 and their activation induces cgllesil effects in the form of stress

fibers, lamellipodia and filopodia, respectivelyglire 4).

TheFic Domain

Fic domains are evolutionarily conserved from prgkges to eukaryotes and fall

into a domain superfamily called Fido, which cotssiE three protein domain families:



Lamellipodia Stress Fibers Filopodia

Figure 4. Actin structures. Activation of Racl, RhoA, and Cdc42 induces foliorabf
lamellipodia, stress fibers, filopodia actin sturets, respectively. Images are
pseudocolored highlighting cellular actin. Imagertesy of Neal Alto.



Fic domains, Do (death on curing) domains, and AvrB (avirulencetgin B) (15,22).
All members of the Fido superfamily have similatitey topology (Figure 5A). Fic and
Doc domains have the conserved central HPFX[D/E{&@KJR motif while AvrB
members lack the conserved histidine in this m(R). Higher eukaryotes such as
human, fly and worm possess only one Fic domairtaboing protein in each species
(22). The eukaryotic Fic proteins appear to hasagle-spanning transmembrane region
at their N-termini that is not observed in bactédfia proteins.

Structures of Fic-containing proteins from a ranfi®acterial species including
Helicobacter pylori(H. pylori) [PDB ID 2F6S],Shewanella oneidens{§. oneidens)s
[PDB ID 3EQX previous PDB ID was 2QCOBRacteroides thetaiotaomicrortB.
thetaiotaomicrop [PDB ID 3CUC], andNeisseria meningitidigN. meningitides[PDB
ID 2GO3] have been determined by the Protein Sirachitiative (Figure 5B and 5C)
(22,23). These proteins have not been biochemichbyacterized and their functions are
unknown. A multiple sequence alignment of the Avitiec, and Fic family are shown in
Figure 5D. The alignment shows Fic protein frdth pylori [PDB ID 2F6S], S.
oneidensis(labeled as 2QCO0 in the alignment), add meningitide§PDB ID 2GO3]
along with the predicted VopS Fic domain regiorg(ifé 5D). The Fic domain family
displays a conserved topology, with a central 2xHalindle encircled peripherally by up
to 6 helices (Figure 5A). The Fic motif HPFX[D/E]BBIK]R lies within the loop
connecting the 2 central helices, a4 and a5. A areedg beta hairpin/loop structural
element depicted as bl and b2 in Figure 5A is jpositl near the Fic motif and is also
present in all solved structures (22). Individial proteins may also have unique non-
conserved structural features. For example, as showigure 5C, the non-conserved
regions of a Fic domain protein from Bacteroidestdfotaomicron are colored in white.

VopS also has a distinctive N-terminal region engassing two-thirds of the protein not
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HFHH-{HHHHHH————HHHHHHH-IHB%HHHHH —————— HHHHHHHHHHH----HHHHHHEHHHA
86 VEKYVEXNIAEEF SERATRIWLDLLLKKE [ 10 ) DKAASLSAXERSPVNDLEIKTLLKE
188 AXAHYOFEAI ER Aﬁ LNILYLIDO([16] HKODMYRLLLNV[5]WOPWIIFILN
R ]

182 ALLHYRYTRIEN N €] LLVNFVLHRY [10] DKSNBLNILHDC[19] LPEVNYLSS
344 ALAHYKLVYI) Gl ‘S’IHLLM\]LILM\‘A[I"‘]QRS [YHVLEAA[ 4] VRPEIRFIAK

CGB523 365 ALAHYKLVH 2T SHLLMNTLLMRA (10) QRSKMYHFLKLA[ 4] IRPEVRFIAD

YPDSF_0641 182 ALAHHREGWT] R

mlle421 199 PARHHRENY A3tV SIILMSHAMAHEA [19] SRG RMMDHA [ 16 ] RALADFTLW

OAZ238_1055 273 AVLAEGEVYIEL el L‘-quI FHHVLAER [17]RID AVLESYSARLLPEIEWTPT
> 338 KHLFAGVIG -iERI GIgMLYATAELRND [ 5] AMNABNSLHGIK-~—==========—

TVEILLTYSLLIKY [19) DRERMYSMLAEA ([ 7] LEQWCLYVLT

56 ATYLVATAR BATKETALNSALLFLRRNG [8] LADLTVGAATGE-ISVSSVADTLRR
55 AALLOSLARI ATAWARAWTFLHIN [11 ] RAEDLMNEVATR[ 7] AAELAGFRAR
57 AAYLFGLARNS TATVSAAVFLLENG [8 ] NLYAFVLAVAAGE IDEEGATRFLRD

)5 58 AAYGYSLTH TAFAVMATELLVNG [ 8] EVVTIMERLSTDOKTQQSLAEWLAH
57 SAYLFHIVC TGAAATLIFLSOND [8] EFEEMVCRVADGLESKEEISNFLKH
LEAMLS [ 5] VEKYRSLLDS

252 ARTHWWAASAMEDCI KAEFAARAIASAHC[?‘]NGNVSE
262 ARLHWWAPASAAPDW* KAEFAARSIASAHG 7] HGIVES LR[ 5] VADYPNFFER
i

257 GEIHWWLAHAMEDE/K KSELCVRAIAQAKG [7) SGIVPELEAMTM( 5] IKQYPSMEDD

Figure 5. Examples of Fic protein structures. (A) Cartoon of the core conserved Fic
domain and letter assignment of conserved strdcelements.(B) Structure of Fic
protein from H. pylori [PDB ID: 2f6s]. (C) Structure of Fic protein fromB.
thetaiotaomicron [PDB ID: 3cuc] White colored secondary elementssigieates
nonconserved structural features in the proteiantll C-terminus are designated N and C
respectively(D) Multiple sequence alignment of the Fido domain fgmiembers. Fic
(blue), doc (green) and AvrB (magenta) family mersbevere aligned where
hydrophobic residues are highlighted yellow, comsérsmall residues are grey, and
conserved polar residues are colored black. Vop@geo the Fic family. Notice that
doc members lack conserved beta-strands and AvrBb@es do not have the conserved
histidine that is present in Fic family membersc@wlary structure (SS), helix (H), and
beta-strands (E) are designated above each alignFigares were adapted from (22).
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conserved in other Fic proteins according to pnsaquence analysis. In addition, the
tyrosine AMPYylation activity of IbpA requires a rmonserved region to the N-terminus
of its Fic domain (16). The identification of AMRylon activity was the first biological
function ascribed to a Fic domain-containing protéihe function of Fic domains as
enzymes capable of phosphotransfer reactions waknmawn until the biochemical
characterization of VopsS, therefore, we set outdtermine the structure of VopS, a Fic-
containing AMPylator, and compare it to known Fignthin structures with unknown

functions(24).

The Discovery of Protein AMPylation A Half Century Ago.

Protein AMPylation (adenylylation) was discoverey Barl Stadtman in the
1960s when he found that glutamine synthetase adieapsferase (GS-ATase) iB.
coli can transfer AMP to glutamine synthetase. GS-ATlaseains possess a GpD-X-

D motif that is required for their activity (25)GS-ATase has two independent catalytic
domains that can catalyze the removal or additibMP to glutamine synthetase,
respectively (Figure 6A) (26). The structures adsh two adenylyltransfearase (ATase)
domains have been solved individually. The N artdr@inal ATase domains share 24%
sequence identity and high structural similaritgrman RMSD of 2.4 (Figure 6B) (27)
Both de-AMPylation and AMPylation activities targéyrosine 397 of glutamine
synthetase. (27,28)

The physiological function of GS-ATase is to cohmmdrogen metabolism (29).
When intracellular nitrogen levels are high, sushh&ggh glutamine levels, GS-ATase
mediates AMPylation to inhibit glutamine synthetaseinhibit glutamine synthesis.

Under low nitrogen conditions, such as low glutagrievels, the GS-ATase removes the



12

A
1| deAMPylation Region R AMPylation Region 946
GS-AMP + Pi — GS + ADP GS + ATP —> GS-AMP + PPi
B
» /O %
5 ?‘C#
A" N
) Oy
Wy
> § 4
s E'1
. /rii -
"lt..‘! “‘-“‘:‘“ .
UUWN .
o mb-.:"‘-‘ @ "
N ©
deAMPylation Region AMPylation Region

Figure 6. Domain organization and structures of GS-ATase. (A) Domain architecture
of GS-ATase fronk. coli. R: Regulatory region of GS-ATase. N-terminal deRyhtion
region produces ADP as product. C-terminal AMPglatiegion uses ATP to AMPylate
GS. (B) Structures of N- and C-terminal deAMPylation [PDB: 1V4A] and
AMPylation [PDB ID: 3K7D] region of GS-ATase. Theomserved alpha/beta fold
belonging to the adenylylation domain family isaed for the deAMPylation region
(blue) and for the AMPylation region (red). Blagghgres designate the two catalytic
aspartate residues of adenylylation domains.
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Figure 7. VopQ is necessary and sufficient to induce autophagy in mammalian cells.

(A) Cartoon of autophagy highlighting engulfment ofthproteins, the formation of an
autophagosome and degradation of proteins in ttedyaosome(B) Hela cells stably
expressing GFP-LC3 were microinjected with recorabhtnVopQ. GFP-LC3 punctae

(green) forms upon VopQ microinjection. DNA (blugas stained with Hoechst (blue)

and Texas-Red dextran (red) was used as an injestarker. Figure 6B adapted from
(30).
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AMP with its de-AMPylation activity to relieve thiehibition of glutamine synthetase.
De-AMPylation mediated by GS-ATase utilizes inongaphosphate as substrate and
generate ADP as product, and requires additioréjpr components to promote the full

activation of GS-ATase de-AMPylation activity (29).

The Vibrio par ahaemolyticus effector, VopQ
VopQ was shown to be necessary and sufficient tiudae autophagy in

mammalian cells but the biochemical and molecueisof VopQ activity is not known.
VopQ contains 492 amino acids and has a molecudightvof 54kDa. BLAST searches
showed VopQ is conserved only in othébrio species. Structural predictions suggest no
similarity with any other proteins in the Proteiat2 Bank (PDB).

Autophagy is a major protein degradation pathway thindependent of the 26S
proteasome system and is ubiquitous in eukary@8dy. Under nutrient stressed
conditions autophagy is induced to promote the aldmfion and recycling of cellular
contents in order to generate nutrients for cellpaocesses (Figure 7A). During
autophagy, cytosolic proteins are enveloped andiestgred into double membrane
vesicles called autophagosomes. The autophagosioemefuses with the lysosome,
forming the autolysosome where the hydrolases deaviby the lysosome degrade the
proteins(32).

Using Hela cells that stably express GFP-LC3, Biedest al 2010,
demonstrated that recombinant VopQ microinjectdd idelLa cells was sufficient to
induce autophagy within minutes (Figure 7B). GFP3LBeLa cells infected with a
Vibrio strain coding for VopQ induced autophagy, indidaby GFP punctae formation
in GFP-LC3 HelLa cells (30). In contrast, infectiaith VopQ deficientVibrio strain

could not induce autophagy. Electron microscopy Mibrio infected RAW 264.7
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macrophages further supported the requirementeoMdpQ gene for the induction of

autophagy.

Goal of Experimental Chapters

Chapter 3 describes the determination of the Va®ic structure using X-ray
crystallography, providing a structural basis far @omain-mediated AMPYylation. | first
describe the overall structure of VopS, and thesratterize the functions of conserved
Fic motif residues using the solved structure andiitro AMPylation assays. | also
describe the regions on VopS that mediate its aotemn with ATP and GTPase. In
addition, | discuss crystallization attempts toorgstallize VopS with small molecule
and protein substrates. In the discussion sectialk kbout structures later determined by
other groups that provide insights into Fic donragdiated AMPYylation.

Chapter 4 describes the kinetic contribution of seomed residues in protein
AMPylation mediated by VopS. | discuss the Michalienten values of VopS
AMPylation activity and characterize at a kinegéwél residues important for activity. |
determine the relative contribution of residuesimed in ATP and Cdc42 binding using
steady-state kinetic analyses and discuss theigpaotechanism of VopS mediated
AMPylation of Rho family GTPases.

Chapter 5 describes the development and charaatierizof a chemical probe as
a molecular tool to study AMPylation. | describe tbharacterization of the chemical
probe using enzymes from both Fic domain (VopS lapdFic2) and AT-ase domain
(GT-ATase) families. Further, | demonstrate andatae the applicability of the probe
for the identification and purification of endogerscAMPYylation substrates.

In Chapter 6 | explain attempts to solve the ciystaicture of VopQ in order to gain

insights into the function of VopQ. | discuss pigdtion and crystallization trials of
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VopQ. The purification and crystallization of Vop&tempts in this chapter provide a
general scheme on how to purify stable and soludaleterial effector proteins for
biochemical characterization.

In the Discussion and Future Directions sectioprdvide a summary of the
experimental findings. | also provide an updatererent findings in the field after the
completion of my thesis project. | then discussstjoas that are most interesting to me

and propose experimental approaches on how to ssitirem.



CHAPTER 2

Materials and M ethods

Protein Expression and Purification

VopS-(75-387) was cloned into pGEX-TEV vector tmgeate a (GST)-tagged
VopS-(75-387) construct for purification using G&ffinity chromatography (Sigma).
The construct was transformed and expressé&samerichia coliBL21 (DE3) cells with
0.4mM final isopropylp-D-thiogalactopyranoside (IPTG) (Roche Applied &cig) for
20 hours at 20°C. Cell pellets were stored at -8@€lls were then lysed using a cell
disrupter (EmulsiFlex-C5, Avestin Inc.) and affinipurified via GST chromatography
(Sigma). The GST tag was removed with overnigbaieage at 4°C using recombinant
His-TEV protease. The protein was then loaded artteml HiTrapQ HP column (Buffer
A 25mM Tris pH 8.0, Buffer B 256mM Tris pH 8.0 + 1MaCl). VopS fractions were
pooled and subsequently loaded onto a HiLoad 1&6ferdex 75 (GE Healthcare)
column in a final buffer containing 10 mM Tris pH57 50 mM NaCl, 1 mM DTT.
Selenomethionine-labeled VopS-(75-387) protein vexpressed in the methionine
auxotrophE. coli strain B834 (DE3) (Novagén Cells were grown using SelenoMét
Medium supplemented with selenomethionine (MolecWmensions Limited) and
VopS was expressed and purified similarly to théveaprotein. Wild-type GST-VopS
and mutant GST-VopS (31-387) constructs were clpeagressed, and purified with
GST affinity chromatography as described above.S/aputants were made using site-
directed mutagenesis that was performed accordingnanufacturer’'s instructions
(Stratagene). For kinetic studies the wild-type andant GST-VopS-(31-387) constructs
were expressed and purified using GST affinity aratography as previously above.

The GST-tag was cleaved as described above angrtitein was loaded onto a 1ml

17
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HiTrapQ HP column to collect cleaved wild-type outent VopS-(31-387). Protein was
buffer exchanged in 10 mM Tris (pH 8.0), 100 mM NlaCmM DTT, 10% glycerol with
Amicon 10K concentrators and stored at -80°C. This-Gtic42-(1-179)-(Q61L)
construct was generated using a pET28a vector @émaThe clone was transformed in
BL21 (DES3) cells and protein expression was sindlardescribed above. His-Cdc42-(1-
179)-(Q61L) pellets were purified using immobilizetktal ion affinity chromatography
(Sigma). Protein substrate was buffer exchanged stockd at -80°C as described
previously. Protein concentration was assayed byBtadford method (Bio Rad) and
purity by SDS-PAGE analysis.

Protein constructs for click chemistry experimentelude VopS-(31-387)
pGEXTEV and VopS-(H348A)-(31-387) pGEXTEV, GST-EipGEXTEV, GST-Fic2-
(H3717A) pGEXTEV, Rabla (Canis) pET28a, DrrA (1-BRET28a, RacV12 pET28a,
RhoA pGEX-KG, His-Cdc42-(1-179)-(Q61L, T35S) pPRGHEKa, His-Cdc42-(1-179)-
(Q61L, T35A) pPROEXHTa and His-Cdc42-(1-179)-(Q6M32A) pPROEXHTa were
expressed and transformed in BL21 (DE3) cells. édnoexpression was performed
overnight at room temperature with 0.4 mM IPTG. tBiro pellets were purified using
glutathione-agarose (Sigma) or immobilized metal affinity chromatography (Sigma).
VopS active and VopS mutant constructs were cleaseztnight and purified with
HiTrap QHP column as mentioned above. Proteins Wwafier exchanged in 20 mM Tris
pH 8.0, 100 mM NaCl, 10 % glycerol, 1 mM DTT with Amicon 10K concentrator and
stored at -80°C. Protein concentrations were aslsayahe Bradford method (Bio-Rad)
and purity by SDS-PAGE analysis.

Protein expression of GST-VopQ (pGEX-TEV) constsuatere expressed in
BL21 overnight in 0.4mM IPTG at room temperaturelesa noted. GST-VopQ
constructs were purified by GST affinity chromatagny as described above and cleaved

overnight at 4°C with His-TEV protease. Where nadeQHP HiTrap Column was used
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for further purification as described above. Vop@R)fractions that were loaded onto
Superdex 75 used buffer with 20mM Tris pH7.5 50m&CON

For coexpression studies, VopQ (pPROEXHta) contstrand VP1682 (encodes
Histag while VopQ (pET28a) has no tag unless noted Types of VP1682 chaperone
were made. The VP1682 (pPROEXHta) contains a Hjswtaile VP1682 (pET28a) is
tagless. Also VopQ (pPROEXHTa) encodes for athliiswhile the VopQ (pET28a) is

tagless.

Protein Methylation

Protein in 1X PBS at a concentration of 2 — 4 nigims labeled with 20 pl of
dimethylamine borane complex to 1 ml of protein. {0of 1.0 M formaldehyde was
added per ml of protein sample. Aluminum foil wasapped around the protein sample
to exclude light during the reaction and the proteas incubated for two hours at 4 °C.
An additional 20 ul of dimethylamine borane compémd 40 ul of 1 M formaldehyde
per ml of protein sample was added and incubatetiim hours at 4 °C in the dark. 10 ul
of dimethylamine borane complex was added and ateabovernight at 4 °C. Protein
was loaded on a gel filtration column in 10mM TpK 7.5, 150mM NaCl to remove

methylation reagents and to buffer exchange thepksam

Limited Proteolysis

Stock trypsin dissolved at 1 mg/ml was seriallygit (1:10, 1:100, and 1:1000)
in 10 mM HCI. 1 pl of trypsin dilution was addexdrecombinant VopS-(31-387) in 50ul
volume. Each reaction was incubated at room teatper for 30 minutes and 5ul of 0.1
mg/ml pefabloc (Roche) to stop the proteolytic tiesc Reactions were analyzed by
SDS-PAGE, stained with Colloidal Blue (Invitrogeahd samples were N-terminally

sequenced. Samples subjected to MALDI-TOF to deter the total molecular weight.
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Limited proteolysis of papain was performed at 11:000, and 1:1000 dilution
from a 1mg/ml stock. 1 ul of papain was added ipunB@olume. Protein was incubated
at room temperature for 30 minutes and stopped Bithsample buffer and boiled 10

minutes at 95 °C.

Protein Crystallization

Initial screening of purified VopS-(75-387) at 12g/ml was performed in
sitting-drop vapor diffusion mode in 96-3 well IHii€lates (Art Robbins Instruments) at
20°C. Initial hits were seen in the PEGs Suite ¢@r. Crystal condition #37 with 0.1M
HEPES (pH 7.5) and 25% (w/v) PEG 3000 was selefdedptimization. Optimized
crystallization conditions were 0.1 M HEPES (pH57:2pH7.5) and 21% PEG 35@0
4°C with 6 mg/ml protein. Initial screening for V@pconstructs were performed in

sitting-drop vapor diffusion mode in 96-3 Intelliafes as described above.

Data Collection, Structure Deter mination, and Refinement

Diffraction data were collected at the StructuralB8gy Center at the Advanced
Photon Source (Argonne National Laboratory). D= were indexed, integrated, and
scaled using the HKL-3000 program package (33).rdiave VopS-(75-387) crystal had
the symmetry of space group P21 with unit cell peters a= 66.67 A, b= 62.32 A,
c= 75.76 A,p= 91.3°, diffracted X-rays to a minimum Bragg-spacidmin, of 1.80 A,
and contained two molecules in the asymmetric uPfitases were obtained from a
selenomethionyl-substituted protein crystal by tk@ngle-wavelength anomalous
dispersion (SAD) method using X-rays with energgmthe selenium K absorption edge.
Selenium sites were located using the program SHE[34). Phases were refined with
MLPHARE (35) resulting in an overall figure of mieaf 0.17 for data between 30.0 and

2.28 A. Phases were improved via density modificatand two-fold symmetry
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averaging in the program dm (36), resulting ingaife of merit of 0.65. An initial model
containing ~93% of all residues was constructecoraatically using the program
ARP/WARP (37). Manual model building was performedth the program Coot (38).
Refinement was performed with native data to alutism of 1.8 A using the program
PHENIX (39) with a random 5.07% of all data setlador Rfree calculation. Molprobity
was used during refinement to check on the modalitgu(40). All protein structure

figures were constructed using the MacPyMOL progféi).

Filter Binding Assays

VopS-(31-387) activity was assayed by AMPylation lis-Cdc42-(1-179)-
(Q61L) with *P-u-ATP purchased from Perkin Elmer. P81 Whatmaerltwere used
for filter binding. Buffer conditions were 20 mMegdes pH 7.4, 5 mM Mggl100 mM
NaCl, 1 mg/ml BSA, and 1 mM DTT. Adenosine trippbate (ATP) was dissolved in
20 mM Hepes pH 7.4. Reactions were performedipfidate at 25°C and initiated with
¥p4-ATP (30-120 cpm/pmol) and time points taken at3(®,45, 60, 75 for mutants and
additional time point at 90 seconds for the wildeyprotein. A 3l reaction volume per
time point collected was used. Reactions were stfqy pipetting 20 of the reaction
onto P81 Whatman filters. Filters were then imragdy immersed in 75 mM
phosphoric acid and stirred in a beaker on a platfehaker. Filters were subsequently
washed three times with 75 mM phosphoric acid,ednaith acetone and allowed to air
dry. Each filter was placed in a vial with scilailon fluid and counts per minute were
measured using a Beckman LS6500 scintillation @urto determine apparent steady-
state kinetic values for ATP with VopS-(31-387),sHidc42-(1-179)-(Q61L), protein
substrate was kept at a constant concentration 0f8f @M while varying ATP
concentrations (40, 80, 120, 160, 250, 400, 700010500, 200uM) were studied.

Apparent kinetic values for ATP with mutant VopSstructs were performed at 60b
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protein substrate, varying ATP with concentratiafisl00, 200, 300, 500, 750, 1000,
1500, and 200@M. Assays of the R299A mutant had the same ATP eanations as
other VopS mutants, but an additional measuremend@ uM ATP was taken. To
determine apparent steady-state kinetic valuetHisrCdc42-(1-179)-(Q61L), the ATP
concentration was fixed at 200QM while varying His-Cdc42-(1-179)-(Q61L)
concentrations (50, 75, 100, 150, 200, 300, 500, 8200uM). The R299A mutant was
assayed at 2000M ATP, while the following concentrations were uded the protein
substrate: 50, 75, 100, 200, 300, 500, 800, and 1R0. To determine the reaction
mechanism, ATP concentrations were fixed (50, T®, 200, 100QuM) while varying
the concentration of His-Cdc42-(1-179)-(Q61L) (88, 100, 200, 50QM).

Inhibition studies with AMP, AMPCPP, and PPi werxrfprmed under steady-
state conditions.. For AMP and AMPCPP inhibitiomM VopsS, 160uM ATP and 300
uM Cdc42 were incubated with different concentratiof AMP or AMPCPP. Reactions
were stopped at 75 seconds and performed in dtgdicdo test PPi inhibition, 5nM
VopS, 1 mM ATP, at various Cdc42 (84, 100 uM, 150 uM, 200 uM, 500 uM), and

PPi (OuM, 150uM, 400uM, 900uM) concentrations were used.

Kinetic Data Analysis

Single-substrate kinetic measurements were fitted the Michaelis-Menten
equation (Equation 1) using GraphPad Prism 5,

V= Vma[SH(Kn+ [S]) (EQ. 1)

Bisubstrate kinetic studies fitted best to a (satjgh random, rapid-equilibrium
model using Sigma Plot 11.0 Enzyme Kinetics 1.3udfigns for random rapid-
equilibrium (Eq. 2), ordered rapid-equilibrium (E®), and ping pong (Eg. 4) are listed
below, respectively.

V= Vmax[A][B]/( @ KK +Ko[A]+K J[B]+[A][B]) (Ea. 2)
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V = Vmax[A][BJ/(K oKy +Ku[A]+[A][B]) (Eq. 3)
V = Vi [A][BY/(K o[B]+ K [A]+[A][B]) (Eq.4)

Vmax IS maximum velocity and A and B represents substrdtgsandK, are
Michaelis-Menten constants of the substratescarglthe interaction factor between A

and B.

In vitro gel based AMPylation Assays

AMPylation assays used purified recombinant proteiith 200uM cold ATP
and 0.1-0.41Ci **P-u-ATP. 100uM of His-Cdc42-(1-179)-(Q61L) was incubated with 5
nM of GST-VopS-(31-387) wild-type or mutant proteikssays were performed at 25°C
in buffer containing 20 mM Hepes pH 7.4, 5 mM MgQ00 mM NaCl, 0.1mg/ml BSA,
1 mM DTT. Reactions were stopped with SDS sampféeh Samples were boiled and

separated by SDS-PAGE and visualized by autoraajiduyt.

Cédl Lysate preparation for Click Chemistry Reactions.

Hela lysates were prepared from 10 cm 80-90% cenflplate and washed 2 X
2.5ml cold 1X PBS. Cells were washed 1X 2.5ml 1XSPB Roche protease inhibitor
tablet or cells were scraped and then Roche pmtedsbitor from 100X Roche tablet
stock was added to eppendorf tube. A final 0.5%omriwas added from 10% Triton
stock and allowed to sit on ice from 30 to 60 masutCells were spun 20,000g 4°C and
supernatant were dialyzed 2 times in 1 Liter 1X PB®.5% Triton in a 2000 kDa

MWCO Slide-A-Lyzer (Promega).

In vitro AM Pylation reactionswith N6pATP
N6pATP and azido-rhodamine was generated and prdvigt Markus Grammel

and Howard Hang at Rockefeller (42). Reactions WifpATP at 100uM were
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performed in 1X PBS pH 7.4 + 5mM Mglith a total volume of 15 pl and incubated
at 1 hour 30°C and reactions were then stopped dthanol/chloroform precipitation.
Tubes at room temperature were filled with 85 ptewao 100 pl. 400 ul of cold
methanol and 100 pl of chloroform was added andnthewas vigorously vortexed.
Then, 300 ul water was added, the mix was vortexgadn and centrifuged at 20,000 g
for 5 min at room temperature (RT). The upper phaae carefully removed without
disturbing the interphase. Tubes were placed oandeadd 1 ml of ice-cold acetone was
added and the samples were vortexed. The samplesosatrifuged at 20,000g for 10
min at 4°C. Supernatant was decanted and the samples wedefair about 5 min at RT

or until dry. The resulting protein pellets wereddilved in 15 pl 1X PBS + 4% SDS

For in-gel fluorescence detection of°®TP modified substrate proteins,
resolubilized protein pellets from AMPylation reacis were reacted with azido-
rhodamine (az-rhd).For this purpose a click-chemistry master mix \waspared with
7.5 ul 4ST, 0.25 ul 10 mM azido-rhodamine, 0.5 [ BM TCEP (tris(2-
carboxyethyl)phosphine), 1.25 ul 2 mM TBTA (trist§&nzyl-1H-1,2,3-triazol-4-
yl)methyl) amine) in 1:4 DMSO:n-butanol and 0.5QuUSQ per individual sample. 10
Ml click-chemistry master mix was added to eachviddal protein sample to yield a
total volume of 25 ul with 0.1 mM az-rho, 1 mM TCE®1 mM TBTA and 1 mM
CuSQ. Click-chemistry was carried out for 1 hour atmotemperature. Click-chemistry
was stopped by addition of 10 ul sample buffer. @amwere incubated at 9& for 5

min and run for analysis on SDS-PAGE).

Protein gels were rinsed with deionized water awedlhated for multiple hours in
50% water, 40% methanol, 10% acetic acid“&.8Before in-gel fluorescence analysis,

protein gels were transferred to deionized watedrinaubated for at least 30 min at room
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temperature. Protein gels were scanned on an AamerdBioscience Typhoon 9400

variable mode imager (excitation 532 nm, 580 nterfil30 nm band-pass).
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List of Primers

NAME SEQUENCE
143 N107VP1680
HINDIII BAMHI ATCGAAGCTTGGATCCGAGCGAAAAATCTTGGAAGTG

FWD

165 CDC42 NCO1
FWD

ATCGCCATGGATGCAGACAATTAAGTGTGTTG

168 C12 CDC42
XHO1 REV

ATCGCTCGAGTCAAGGCTCCAGGGCAGCCAAT

171 N74 VP1686
BAMH1

ATCGGGATCCGCGATCACAAAAGCAGTGTTTG

172 CDC42 Q61L

GGACTTTTTGATACTGCAGGGCTTGAGGATTATGACAA

FWD TTACGA
176 CDC42 Q61L TCGTAATCTGTCATAATCCTCAAGCCCTGCAGTATCAA
REV AAAGTCC

188 VOPS F350A

GGT GTG ATT GGT TAT CAC GGC GCT ACC GAT GG(Q
AAC GGA CGC ATG

189 VOPS F350A

CAT GCG TCC GTT GCC ATC GGT AGC GCC GTG ATA
ACC AAT CAC ACC

194 VOPS N354A

GGTTATCACGGCTTTACCGATGGCGCCGGACGCATGG

FWD GGCGCATG
195 VOPS N354A CATGCGCCCCATGCGTCCGGCGCCATCGGTAAAGCCG
REV TGATAGCC

196 N76VOPQ
BAMH1 FWD

ATCGGGATCCCAGGCACTGCTTAAGGAAGAA

198 VOPS R296A

CGT TTG GTA CCA AAT GTA GAA GCA GAT TAC CGT
GGG CCA AAT ATC

199 VOPS R296A

GATATTTGGCCCACGGTAATCTGCTTCTACATTTGGTA
CCAAACG

200 VOPS R299A

CCA AAT GTA GAA CGC GAT TAC GCA GGG CCA AAT
ATC TCT GGT GGC

201 VOPS R299A

GCCACCAGAGATATTTGGCCCTGCGTAATCGCGTTCTA
CATTTGG

GTA CCA AAT GTA GAA CGC GAT TTC CGT GGG CCA

202 VOPS Y298A AAT ATC TCT GGT
ACCAGAGATATTTGGCCCACGGAAATCGCGTTCTACAT

203 VOPS Y298A TTGGTAC

212 N78 VOPS

BAMH1 EWD ATCGGGATCCGCA GTG TTT GAC AAC GAA CAG

215 VOPS D352A
FWD

ATT GGT TAT CAC GGC TTT ACC GCA GGC AAC GGA
CGC ATG GGG CGC

216 VOPS D352A
REV

GCG CCC CAT GCG TCC GTT GCC TGC GGT AAA GC(
GTG ATA ACC AAT

227 VOPS L308A
FWD

CCA AAT ATC TCT GGT GGC ACA GCA CCATCT AGT
ATT GGT GGG GAA

228 VOPS L308A
REV

TTCCCCACCAATACTAGATGGTGCTGTGCCACCAGAGA
TATTTGG

230 VOPS N100

ATCGGGATCCCAGATGTTGTTTAAAGACGCG
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BAMH1 FWD

233 FIC2 BAMH1
FWD

ATCGGGATCCAAATCATCTCCGCAAGAGGGA

235 FIC2 XHO1 REV

ATCGCTCGAGTTATTTTTTTGCCAACTCTTTTA

239 VOPS N150
BAMH1 FWD

ATCGGGGATCCTCTGGCAAGAACCTCAAAGCG

240 VOPS N200
BAMH1 FWD

ATCGGGATCCGTGATGCACCTAAAAGCAGCG

241 VOPS N175
BAMH1 FWD

ATCGGGATCCGGTGGTGGCGTGGCGGCTGCT

242 VOPS N225
BAMH1 FWD

ATCGGGATCCGAAGGTCTTCCTGAAGACGCT

245 CDC42 T35A
FWD

TTTCCATCGGAATATGTACCGGCGGTTTTTGACAACTA
TGCAGTC

246 CDC42 T35A
REV

CCA AAT ATC TCT GGT GGC ACA CGC CCATCT AGT
ATT GGT GGG GAA

280 RAC1 T35S

TTTCCTGGAGAATATATCCCTGCCGTCTTTGACAATTA

FWD TTCTGCC
GGCAGAATAATTGTCAAAGACGGCAGGGATATATTCT

281 RAC1 T35S REV SN

340 N80 VOPQ

BAMH1 FWD ATCGGGATCCAAGGAAGAAAAACCAGAAACC

?F’QSE‘t,VOPQ XHO1 ATCGCTCGAGTTAAATCCAGCCTTCGGCTAAG

389 N15 VOPQ

NCO1 FWD ATCGCCATGGCCATGAACACGATTCAACCACTG

392 N247 VOPQ

NCO1 FWD ATCGCCATGGCCGCCACACTTGGTATGGCG

ﬁ,?f’o\iopQ N28 ATCGCCATGGCCCGAGTAATCAGCAAAAGAGGC

424 N101 VOPQ

NCO1 EWD ATCGCCATGGGCGGAGAACCATTAACCGAGCGA

425 VOPQ CBD ATTGCCGCGCAAAAAGATGACCGAGGAGAACCATTAA

FWD CCGAGCGAAAA
TTTTCGCTCGGTTAATGGTTCTCCTCGGTCATCTTTTTG

426 VOPQ CBD REV pialibdbe:

427 VOPQ FL NCO1
FWD

ATCGCCATGGCCATGGTGAATACAACGCAAAAA

428 1682 NCO1 REV
NO STOP

ATCGCCATGGGCACACGCAGTGGTTGAACATG

431 1682 NCO1 NO
START

ATCGCCATGGGCAACACGATTCAACCACTGCTC

432 1682 XHO1
VERSION 2

ATCGCTCGAGCTACACACGCAGTGGTTGAACATGAC

436 N101 VOPQ
ALGINO NCO1
FWD

ATCGCCATGGGCGGTGAGCCACTTACTGAGCGT

438 VOPQ ALGINO

XHO1 REV

ATCGCTCGAGTTACACCCAGCCTTCTGCCAA
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442 C15VP1682
XHO1 REV

ATCGCTCGAGTTATGAAAGATCTTGATCCAACAT

452 VOPQ
HARVEY| BB120
XHO1 REV

ATCGCTCGAGTTAAATCCAGCCTTCTGCTAA

453 VOPQ
HARVEYI BB120
N163 NCO1 FWD

ATCGCCATGGGCGGTGAACCGCTAACGGAACGA

467 N29 VOPQ

ATCGCCATGGGCGTAATCAGCAAAAGAGGCGAA

NCO1 FWD

476 NC17 VA1682

XHO1 REV ATCGCTCGAGCTACGCTTGATCCAACATTGCGAA
486 C10VP1682

XHO1 REV ATCGCTCGAGCTAATGATTTGAAGTGGCTGAAAG

487 C5VP1682 XHO1

REV

ATCGCTCGAGCTAAACATGACTTTGTTCATGATT

489 C15VP1682
SPE1 REV NO STOP

ATCGACTAGTTGAAAGATCTTGATCCAACAT

490 C10VP1682
SPE1 REV NO STOP

ATCGACTAGTATGATTTGAAGTGGCTGAAAG

491 N101 VOPQ
SPE1 FWD

ATCGACTAGTGGAGAACCATTAACCGAGCGA

493 C15VP1682
LINKER 1 SPE1
REV

ATCGACTAGTGCTGGAGAGGGACGAATCAGATGAGAG
GTTTGAAAGATCTTGATCCAA

495 C15VA1682
XHO1 REV

ATCGCTCGAGCTATGGAATCGCTTGATCCAACAT

496 C15VA1682
SPE1 REV NO STOP

ATCGACTAGTTGGAATCGCTTGATCCAACAT

499 VOPQ GS TAIL

ATCGCTCGAGTTAGCCCGAGCCCGAGCCAATCCAGC(C

XHO1REV TTCGGCTAAG

506 CDC42 Y32A AACAAATTTCCATCGGAAGCCGTACCGACTGTTTTTGA
FWD CAAC

507 CDC42 Y32A GTTGTCAAAAACAGTCGGTACGGCTTCCGATGGAAAT

REV TTGTT

510 VOPQ K363Y ATGAGTTCACCTCAAGCGCCATACGAAGCGCAAGAGA

FWD TGGAAGCC

511 VOPQ K363Y GGCTTCCATCTCTTGCGCTTCGTATGGCGCTTGAGGT(
REV AACTCAT

514 DRRA NDE1
FWD

ATCGCATATGAGCATAATGGGGAGAATT

516 C340 DRRA
XHO1 REV

ATCGCTCGAGACGTTGAACACCCAGCTCTCT

520 RAB1A DOG
NDE1 FWD

ATCGCATATGTCCAGCATGAATCCCGAA

521 RAB1A DOG
XHO1 REV

ATCGCTCGAGTTAGCAGCAACCTCCACCTGA
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Construct Description Source
Soluble active construct of VopS;
pGEXTEV VopS-(31-387) BambiL and Xhotl (15)
pGEXTEV VopS-(31- Histidine 348 to alanine mutant; (15)
387)-(H348A) BamH1 and Xhol
ggzﬁlgg\;/ox;)ps_(gl_ Phenylalanine 350 to alanine mutant This study
ggz)fggg/z\gps-(sl- Aspartate 352 to alanine mutant This study
2867E)§:\-|§\5/4\£p8'(31' Asparagine 354 to alanine mutant This study
gg7|5)§;§;/6\£))p8-(31- Arginine 356 to alanine mutant This study
Cloned by

pPGEXTEV VopS-(31-
387)-(R299A)

Arginine 299 to alanine mutant

Soonjoung Kim
(rotation student)

pGEXTEV VopS-(31-

387)-(L308A) Leucine 308 to alanine mutant This study
Construct used to solve VopS .
PGEXTEV VopS-(75-387) structure: BamH1 and Xhol This study
pGEXTEV VopS-(75- Histidine 348 to alanine mutant; This stud
387)-(H348A) BamH1 and Xhol y
PGEXTEV VopS-(79-387) BamH1 and Xhol This study
PGEXTEV VopS-(79- .
387)-(H348A) BamH1 and Xhol This study
. Fic2 domain from Histophilusomni; .
pPGEXTEV Fic2 BamH1 and Xhol This study
. Histidine 3717 to alanine mutant; .
pGEXTEV Fic2-(H3717A) BamH1 and Xho1l This study
ESZE)XTEV VopQ-(108- BamH1 and Xhol This study
ESZE)XTEV VopQ-(77- BamH1 and Xhol This study
Gift of N. Alto
PGEX-KG RhoA Human RhoA construct (UTSW)
gg;E)XTEV VopS-(101- BamH1 and Xhol This study
2867E)XTEV VopS-(151- BamH1 and Xhol This study
ggE)XTEV VopS-(176- BamH1 and Xhol This study
gé(;E)XTEV VopS-(201- BamH1 and Xhol This study
22(337E)XTEV VopS-(226- BamH1 and Xhol This study
pPET28a VopQ-(29-492) Ncol and Xhol; tagless constru This study
pET28a VP1682-(1-137) Ncol and Xho1; tagless coostr This study




30

pET28a Cdc42-(1-179)-

Dominant active Cdc42; Kan

(Q61L) resistance; Ndel and Xhol This study
pET28a Rabla Rabla fraGanis;Ndel and Xhol This study
N-terminal construct containing .
PET28a DrrA-(1-339) AMPylation region; Ndel and Xhol This study
pET28a RacV12 Dominant active construct of Racll ) (15
pPROEXHTa Cdc42-(1- | Dominant active with threonine 35 to This stud
179)-(Q61L, T35S) serine mutation; Ncol and Xhol y
pPROEXHTa Cdc42-(1- | Dominant active with threonine 35 to This stud
179)-(Q61L, T35A) alanine mutation; Ncol and Xhol y
pPROEXHTa Cdc42-(1- Dominant active with tyrosine 32 to This stud
179)-(Q61L, Y32A) alanine mutation; Ncol Xhol y
pPROEXHTa Cdc42-(1- Dominant active Cdc42; Amp This stud
179)-(Q61L) resistance; Ncol and Xhol y
ESZR)OEXHTa VopQ-(248- Ncol and Xhol This study
ESSOEXHTa VopQ-(29- Ncol and Xhol This study
ESZR)OEXHTa VopQ-(101- Ncol and Xhol This study
EE%OEXHTa VP1682-(1- Ncol and Xhol This study
EESOEXHTa VP1682-(1- Ncol and Xhol This study
pPROEXHTa VopQ . . .
alginolyticus{102-492) Ncol and XholV. alignolyticus This study
EESOEXHTa VA1682-(1-  \co1 and Xho1y. alignolyticus This study
pPROEXHTa Fusion Protein fusion; Chaperone cloned into
VP1682-(1-137)-VopQ- Ncol and Spel; Effector cloned intgp  This study
(102-492) Spel and Xhol
pPROEXHTa Fusion Protein fusion; Chaperone cloned into
VP1682-(1-142)-VopQ- Ncol and Spel; Effector cloned intp  This study
(102-492) Spel and Xhol
pPROEXHTa Fusion GS | Protein fusion; Chaperone cloned into
Tail VP1682-(1-137)- Ncol and Spel; Effector cloned intp  This study

VopQ-(102-492)

Spel and Xhol




CHAPTER 3

STRUCTURAL AND FUNCTIONAL CHARACTERIZATION OF THE

FIC PROTEIN, VOPS

I ntroduction

VopS AMPylates the conserved threonine of Rho G&®as disrupt the actin
cytoskeleton. Several Fic protein structures weexipusly solved and deposited in the
PDB database by the Protein Structure Initiative:,vthen this project was initiated there
had been no descriptions for the AMPylation mectranby a Fic domain protein (22).
Here we provide a structural understanding on hapS/mediates the AMPylation of
Rho GTPases. The role of the Fic motif HPFX(D/E)GN()R residues in AMPylation
were not clear except for the conserved histidMetation of the histidine to alanine
abolished VopS biochemical activity. In this chaptestructure and functional
characterization of VopS protein and Fic motif desis are described. In addition,
comparisons of VopS with deposited Fic protein dtrites are made to determine the

ATP and protein substrate binding site for VopS.

Results
VopS-(75-387) Is Proteolytically Stable and Caiabjty Active

To identify the optimal fragment of VopS proteirr forystallization trials, we
used limited proteolysis with the catalytically izetVVopS-(31-387) that has the first 30
amino acid residues of the protein removed to smmeprotein solubility. Limited

proteolysis with trypsin uncovered a relativelybdtacleavage product (Figure 8A). N-

31
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Figure 8. Expression and crystallization of VopS. (A) Limited proteolysis of VopS-
(31-387) with decreasing concentrations of trypsiveal proteolytically stable product
indicated with arrow. Stable product was sent feteNninal sequencingB) In vitro
AMPylation assay withA74 VopS andA74 VopS H348A mutantReactions were
incubated with 10QM His-Cdc42-(1-179)-(Q61L) antfP-o-ATP at 25°C alone or with
A74 VopS orA74 VopS H348A mutant. The assay was stopped ate8Onsgls with
loading buffer.(C) Optimized crystals of VopS-(75-387) grown in 0.1HEPES (pH
7.25 - pH7.5) and 21% PEG 3500.
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terminal sequencing and mass spectrometry revehbddthe cleavage after lysine 74
yielded the stable product. VopS-(75-387) and VO{=-387)-H348A, a catalytically
inactive mutant where the conserved histidine 3#&he Fic motif was mutated to an
alanine, were cloned, purified froB coli, and assayed fan vitro enzymatic activity.
Consistent with previous observations, VopS-(75)38tut not the mutant VopS-(75—
387)-H348A, was catalytically active in &mvitro AMPylation assay usinifP- o-ATP

and dominant active His-Cdc42-(1-179)-Q61L as sabes (Figure 8B).

Overall Structure of VopS

The enzymatically active VopS-(75-387) was purifiewhd used for
crystallization trials. After optimization of crydtographic conditions, VopS-(75-387)
crystals grew overnight at 4°C in 0.1 M HEPES, ptR%-7.5) and 21% polyethylene
glycol 3500 (Figure 8C). The structure was phasgdsibgle-wavelength anomalous
dispersion with selenomethionine-substituted VopS-887) protein crystals that
diffracted to 2.30 A resolution. Refinement wasfpened on native data to a resolution
of 1.8 A, and the model contains two VopS-(75-38%nomers (molecule A with
residues 88-387 and molecule B with residues 80-8B8d@ 514 water molecules. The
Ruork 1S 17.2%, and thdRye. is 22.4%. Phasing and model refinement statisiies
provided in Table 3.

The VopS-(75-387) structure is predominantljelical and is divided into two
subdomains, an N- terminal arm and a C-terminalgid region (Figure 9A). The N-
terminal arm regionréd) is comprised of %-helices (H1-H9) that consists of residues
75-198. The N-terminal subdomain is not conserveather solved structures of Fic
domains, and does not appear to be homologousytexasting structures. Hydrophobic
side chains (depicted aphere} on the N-terminal subdomairthelices H6, H7, and H9

pack against hydrophobic side chains of a3 ana atabilize and maintain Fic domain
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Table 3. Data collection, phasing and refinement statisticsfor VopS Structure

Data collection

Crystal Native SeMét

Space group R2 P2

Unit cell parameters (A) a=66.67, b =62.32, a=66.33, b =61.96,
c=75.76,b=91.3° c=76.42,b=91.1°

Energy (eV) 12,684 12,684

Resolution range (A) 48.2 - 1.80 (1.87-1.80) 482128 (2.36-2.28)

Unique reflections 57,468 (2,849) 24,947 (670)

Multiplicity 4.1 (3.6) 3.4 (2.0)

Data completeness (%) 99.9 (100.0) 89.9 (49.6)

Rinerge (%)° 8.80 (84.0) 13.9 (57.3)

I/o(l) 7.0(1.7) 8.9 (2.2)

Wilson B-value (K) 22.9 35.6

Phase determination

Anomalous scatterers 21 out of 24 possible sites

Figure of merit (30.0-2.28 A) 0.17

Refinement statistics

Resolution range (A) 48.2-1.80 (1.87-1.80)

No. of reflectionRyor/Riree 57,381/2,909 (5,363/263)

Data completeness (%) 99.7 (99.0)

Atoms (non-H protein/solvent) 5,178/514

Ruork (%0) 17.2 (24.2)

Riree (%0) 22.4 (31.1)

R.m.s.d. bond length (A) 0.012

R.m.s.d. bond angle (°) 1.089

Mean B-value A 33.9/36.8

(protein/solvent)

Ramachandran plot (%

(favored/disallovx?edf)( : 98/0.0

Maximum likelihood coordinate 0.28

error

Missing residues Chain A: 75-85, Chain B: 75-767 38

Alternate conformations None

Data for the outermost shell are given in parergbes
Bijvoet-pairs were kept separate for data procgssin

mee,ge: 100=pZi[ln, i — (Il/ZnZiln, i, where the outer sum (h) is over the unique réfias and the
inner sum (i) is over the set of independent oleés of each unique reflection

‘As defined by the validation suite MolProbity (Davi.W., Leaver-Fay, A., Chen, V.B., Block,
J.N., Kapral, G.J., Wang, X., Murray, L.W., ArendaV.B., Snoeyink, J., Richardson, J.S. and
Richardson, D.C. (2007) MolProbity: all-atom cartsaand structure validation for proteins and

nucleic acids. Nucleic Acids Re35, W375-W383).
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Figure9. Crystal structure of VopS. (A) Ribbon diagram of VopS (75-387) determined
at 1.8 Aresolution. The N-terminal subdomain of VopS camtahelices H1-H9 (red)
that are not conserved among Fic-domain-containimgteins. The C-terminal
subdomain includes the later half of H9 and thiagiix H10 (white) and the structurally
conserved Fic domain (green). Highly conservedidiie 348 (blue) is shown in the
residues. N-terminal subdomain hydrophobic residuem H6, H7, and H9 (spheres)
structurally stabilize the C-terminal Fic domain oWopS. Fic motif
(HPFX[D/E]JGN[G/K]R) residues and interacting residu(His287 and Asp259) are
displayed as sticks. Leu308 and Arg299 are postiom the structurally conserved
hairpin loop of the Fic domain. In this figure aat that follow, nitrogen atoms are
colored blue, oxygen atoms red.
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tertiary structure (Figure 9B). The N-terminal sabwhin is required for full activity; the
removal of 150 N-terminal residues results in theslof catalytic activityn vitro (Figure
10). With nine turns, the H9 helix is the longeslihand serves as a backbone that spans

both N- and C-terminal subdomains (Figure 9A).

The C-terminal subdomain possesses-i8elices green that are structurally
similar to other Fic domains (Figure 9¢reer). The evolutionarily conserved core of the
VopS Fic domain comprises two internal helicesaad a5, that are encircled by helices
a, al, a2, a3, a6, and a7. The VopS Fic domaindserdeed by an additional helix H10

and the latter part of the backbone helix H9.

VopS Fic Domain Comparisons to Existing Structures

Four Fic protein structures have been determinedthey Protein Structure
Initiative and only one of these structures havenbpublished [22(43). These four Fic
structures are fronH. pylori [PDB ID 2F6S], S. oneidensidPDB ID 3EQX], B.
thetaiotaomicron [PDB ID 3CUC], and N. meningitidis [PDB ID 2GO3]. The
biochemical activity and the molecular functiontleése four Fic structures are unknown.
Structures of Fic family protein BepA froBartonella henselaéB. henselaewere also
deposited into the Protein Data Bank (44). The BepActures from Tilman Schirmer’s
group were left unpublished until recently (44) eTdequence identity of Fic domains is
lower than 20% among the known structures, progi@dirwide evolutionary sampling of
Fic domains for comparison.

The structures of Fic family members have a comskimore topology that is
decorated by various additional secondary struotleenents and domains (Figure 11)
(22). Structure superpositions of Fic proteins with VopS Fic domain (DaliLite) show

a similar tertiary structure (Z-scores ranging fra—9.0) (22). A circular permutation is
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Figure 10. In vitro AMPylation assays with VopS truncation constructs. (A) VopS
truncated protein with 30, 100, 150, 175, 200, 2b 2esidues removed from the N-
terminus were purified and assayed for AMPylatiotivity. VopS is still active with 100
N-terminal residues removed but loses activity wthBfa residues or more are removed.
(B) Coomassie stain of VopS truncated constructs.
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V. para h4
V.O%S 75 387
v
S. oneidensis Fic 2 370
A4
H. pylori Fic 1 178
Bartonella henselae Mmﬁnmdqqcm[}
BepA

ep.

P.syringae

AvrB L 39
Enterobactera TP .

phage P1

Figure 11. Schematic diagram of the secondary structure organization of known
structures of Fic domain containing proteins. Shown are the VopS protein frovh
parahaemolyticuskic protein fromS. oneidensigPDB ID 3EQX),H. pylori (PDB ID
2F6S),B. henselagPDB ID 2JK8), and of Fido protein family memberyrR, from
Pseudomonas syringgd®DB ID 2NUN), and Doc domain familgnterobacteriaphage
P1 (PDB ID 3DD7). Highlighted in red and white &ne structurally non-conserved N-
terminus of VopS and the non-conserved secondanctates of Fido/Fic domain

containing proteins, respectively. Shaded in gagerthe helices that form the conserved

Fic domain. Purple arrowheads point to positiohthe circularly permuted a' helix of
Fic domains. The conserved histidine is shown loprateins except AvrB, which lacks
the conserved histidine and is thus highlightedh\ait asterisk.
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seen in the'anelix of Fic domains (Figure 12). Thékelix in all Fic domains occupies
the same location in the tertiary structure but inothe primary sequence; it may be
located at either the N or C terminus of the prot®iopS has an N-terminal lzelix and a
second permutation corresponding to the Fic hélix a

Crystal structures of Fic domains, suchHaspylori Fic protein, include &-
hairpin between helix a2 and a3 that is positionedr the Fic motif loop and has been
proposed to mediate peptide substrate bindinghén\MopS model, the corresponding
loop does not form the hydrogen bonding pattera fhairpin and is, therefore, referred
to as the hairpin loop (Figure 12). The lack of allvdefinedp-hairpin may possibly

result from the absence of an interaction withlasgate such as ATP or a Rho GTPase.

Structural Mechanism of Substrate Interaction

Superposition of VopS with BepA structures and presentative Fic domain
from H. pylori highlights the structure differences in the harfop and illustrates
movement within this structural element (Figure.1Bhe superposition reveals four
distinct positions of the hairpin element. The Vdggrpin loop adopts a position that is
intermediate to the others. The BepA hairpin loppears to be in an open conformation,
whereas théd. pylori Fic hairpin is in a relatively closed position ttlig lowered toward
the active site. The BepA apo- and MgPPi-boundcaires have two different hairpin
loop conformations, supporting the notion that AdiRding induces structural changes in
the hairpin element of the enzyme.

Evidence for theg-hairpin mediating protein-substrate interactiorséen in the
crystal structure oBhewanella oneidensisic protein [PDB ID: 3EQX] (Figure 13B).
The N terminus of a crystallographic symmetry-rataFic domain binds edge-on to the
B-hairpin to form a three-strand@esheet. AvrB (avirulence protein B) [PDB ID: 2NUD]

from Pseudomonas syringgmssesses a structurally similar Fic topology itheltides a
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H. pylori Fic

Figure 12. Structural comparison of the permuted helix of VopS Fic domain.
Colored in purple is the circularly permuted abhef the Fic protein family. Colored in
red is the second permuted helix a7. Displayedue Is the conserved His348 for VopS
and His90 foH. pylori Fic protein positioned near the C-terminus of théalix.



41

rotein Su‘stl;:ﬁ

Figure 13. Structural mechanism for protein substrate binding. (A) Structural
comparison of beta-hairpins and hairpin loops ofdémains from VopS (greerBepA
Apo (cyan, PDB ID 2JK8), BepA MgPPi complex (yelloRDB ID 2JK8),andH. pylori
(white, PDB ID 2F6S) reveal four distinct structucanformations. The BepA structures
used for superposition had two molecules per asyngnenit where one had MgPPi
bound and the other BepA molecule was unbound. h&in loop of VopsS is in an
intermediate conformation. VopS residues Arg298 His348 have altered orientations
relative to other Fic structure) The beta-hairpin (green) 8hewanella oneidensisc
(PDB ID 3EQX) forms a three-stranded beta sheeraation with the N-terminus (red)
of a neighboring crystal mate. The conserved diisi of the Fic motif is depicted in
blue. (C) AvrB (PDB ID 2NUD) forms a structurally analogoasti-parallel beta-sheet
(green) formed via edge-on strand interactions withigh-affinity peptide. AvrB lacks
the Fic sequence motif; highlighted in blue sphesethe Met262 residue that takes the
place of the conserved histidine of the Fic motif.



42

similar B interaction with a bound peptide (Figure 13@) support of this binding
mechanism, a complex structure of Cdc42 with itertkiream substrate, p21l-activated
kinase, has revealdiistrand interactions with the Cdc42 switch 1 regi@nalogous to
the interaction with p21-activated kinase, the RidPase switch 1 region could interact
with an induced Fic domaifi-hairpin in VopS. Such an interaction would require

similar movement of the VopS hairpin loop illuseatn Figure 12.

VopS Active Site Fic Motif Residues Contribute atalysis

Fic domain family members are characterized by msensus sequence motif
HPFX(D/E)GN(G/K)R. The evolutionarily conserved tidine from the motif is seen in
the central core of the VopS Fic domain, locatedhim loop between helix a4 and a5
(Figure 9B).

Structural superpositions of VopS with pylori and with BepA Fic domains
show a conserved positioning of this loop and theesponding side chains that define
the motif (Figure 14). The VopS Phe350 side chtinks on His287 of helix a2, whereas
its main-chain carbonyl oxygen and amide nitrogenmnfhydrogen bonds with the main
chain of another Fic motif residue, Asn354 (FigaBg.

The structure of BepA complexed with magnesium plosphate has
magnesium coordinated by the acidic glutamate wesif the Fic motif (Figure 14A).
This observation supports a role of the correspundVopS residue Asp352 in
magnesium coordination, as acidic residues commplaly a role in binding positively
charged divalent metal ions. The BepA complex $tmgcreveals that the conserved
asparagine of the Fic motif interacts with pyropgdtese. This observation suggests that
Asn354 of VopS has dual functions; that is, intéeacwith thep-phosphate of ATP and
positioning the active site loop through main-chimiteractions. One notable difference

between the VopS Fic motif and those of other FFatgins is the relative positioning of
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A EVopS
‘ CJ1BepA MgPPi
|:I H. pylori

\.

26— ~aCdc42-AMP

Figure 14. Residues important for function in VopS Fic domain. (A) Superposition of
conserved residues of the Fic motif. Colored megrare VopS Fic secondary structural
elements and carbon atoms. Superimposed onto ¥op%ic motif residues frorhl.
pylori (white secondary structure and carbons, PDB ID 2F&8 BepA fromB.
henselagyellow secondary structure and carbons, PDB ID&JKPyrophosphate and
magnesium (black sphere) are complexed with Beack dashed lines represent
hydrogen bonds in the MgPPi BepA compl&) In vitro AMPylation assay incubated
with 100 uM His-Cdc42-(1-179)-(Q61L) an&fP-a-ATP at 25°C only or with 5 nM of
wild-type GST-VopS-(31-387) or mutants. The assas wtopped at 90 seconds with
loading buffer.
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the imidizolium group of the His348 ring. In VopSsk48 is rotated by ~90° relative to
the position observed in other structures (Figuié)1

Arg356 appears to have a role in protein stabligcause of its electrostatic
interactions with Asp259 from the neighboring helik (Figure 9B). Arg356 also lines a
shallow pocket that includes the other active m&dues, such as Asp352 and Asn354,
and thus may be involved in ATP binding. Accordingthe corresponding Fic motif
arginine residue in BepA is positioned near a phatg moiety of the pyrophosphate.
Distal in sequence but conserved among Fic donigiAsg299, which points downward
into the active site and is positioned above His3#&hin the same hairpin loop, Leu-
308 is the nearest residue to His348 at 3.5 A (Ei®B).

The VopS Fic motif residues appear to form a comsknctive site proximal to
the hairpin loop. Conserved active site residuesevirdividually mutated to alanine,
purified, and assayed for AMPylation activity usi@glc42 as protein substrate and [
¥P]JATP. VopS mutant analysis shows that the Fic masidues (His348, Phe350,
Asp352, Asn354, and Arg356) and the distal but @iaharily conserved residue,
Arg299, are critical for full catalytic activity {§ure 14B). Mutation of the hairpin
element residue proximal to the active site (Leg3@83ulted in a slight reduction of

activity, supporting a role for the hairpin loopprotein substrate binding (Figure 14B).

Crystallization Trials for VopS Complex with Subsbs

Next | tried to crystallize VopS in complex withgbein substrates and small
molecule substrates. One of the first attempts twa-crystallize VopS-(75-387) with
Cdc42 (1-179)-(Q61L) along with 1 mM ATP, 1 mM GMRIP, 5 mM MgC} but there
were no positive hits in the crystallization screeffrigure 15). Table 4 lists the

crystallization trials attempted for VopS.
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Figure 15. Coomassie stain of VopS and Cdc42 complex. VopS-(75-387) complexed
with His-Cdc42-(1-179)-(Q61L) for crystallizatiordls.



Table4. VopS Crystallization Trials

Date

7/2/2008

10/30/2008

11/3/2008

11/18/2008

12/19/2008

12/22/2008

1/26/2009

1/28/2009

2/3/2009

2/3/2009

4/27/2009

4/27/2009

5/8/2009

5/8/2009

5/27/2009

5/27/2009

9/11/2009

9/11/2009

9/11/2009

9/11/2009

9/11/2009

9/26/2009

9/26/2009

10/5/2009

10/5/2009

10/23/2009

10/23/2009

10/30/2009

11/18/2009

11/18/2009

11/18/2009

11/25/2009

11/25/2009

1/8/2010

1/8/2010

3/8/2010

3/18/2010

4/6/2010

Protein

VopS-(31-387)

VopS-(112-387)

VopS-(112-387)

VopS-(75-387)
VopS-(75-387)-(H348A) + Cdc42 (1-179)-(Q61L)
VopS-(75-387)-(H348A) + His-Cdc42 (1-179)-(Q61L)
VopS-(75-387)-(H348A) + His-Cdc42 (1-179)-(Q61L)
VopS-(75-387)-(H348A)
VopS-(75-387) + His-Cdc42 (1-179)-(Q61L)
VopS-(75-387) + His-Cdc42 (1-179)-(Q61L) *
VopS-(75-387) + His-Cdc42 (1-179)-(Q61L)
VopS-(75-387) + His-Cdca2 (1-179)-(Q61L)
VopS-(79-387) + His-Cdc42 (1-179)-(QB1L)
VopS-(79-387) + His-Cdc42 (1-179)-(Q61L)
VopS-(31-387)-(H348A) + His-Cdc42 (1-179)-(Q61L)
VopS-(75-387)-(H348A) + His-Cdc42 (1-179)-(Q61L)
VopS-(79-387)

VopS-(79-387)
VopS-(79-387)-(H348A)
VopS-(79-387)-(H348A)
GST-His-Fic2-(3359-3781) + His-Rac1-(1-192)
VopS-(79-387)
VopS-(79-387)-(H348A)
VopS-(78-387)

Fic2-(3359-3781)

Fic2-(3359-3781)

VopS-(79-387) + Cdc42-(1-179)-(Q61L)
VopS-(75-387) + Cdcd2-(T35A)-(1-179)-(Q81L)

VopS-(75-387) + Cdc42-(T35A)-(1-179)-(Q61L)

VopS+(75-387) + (Thr35 AMPylated)-Cdc42-(1-179)-(Q61L)

(Thr35 AMPylated)-Cdc42-(1-179)-(Q61L)
VopS-(79-387)

(Thr35 AMPylated)-Cdc42-(1-179)-(Q61L)
VopS-(75-387)-(R299A)
VopS-(75-387)
VopS-(75-387) + His-Cdc42-(1-179)-(Q61L)
VopS-(75-387) + His-Cdc42-(1-179)-(Q61L)

VopS-(75-387) + GMPPCP loaded Rac1 (1-176)

Concentration
(ma/ml)

14.7

12.1

13.4

63

25

Additives
None
None
None

None

1mM ATP, 1mM GMPPNP,
5mM MaCl2

1mM ATP, 1mM GMPPNP,
5mM MaCl2

1mM ATP, 5mM MgCI2

1mM ATP, 5mM MgCI2

1mM AMPCPP, 1mM
GMPPNP, 5mM MaCl2
1mM AMPCPP, 1mM
GMPPNP, 5mM MaCl2
0.5mM AMPCPP, 0.5mM
GMPPNP, 2.5mM MaCl2
0.5mM AMPCPP, 0.5mM
GMPPNP, 2.5mM MaCl2
0.5mM AMPCPP, 0.5mM
GMPPNP, 2.5mM MaClI2
0.5mM AMPCPP, 0.5mM
GMPPnP, 2.5mM MaCl2
1mM AMPCPP, 1mM
GMPPnP, 5mM MaCl2
1mM AMPCPP, 1mM
GMPPNP, 5mM MaCl2

None

0.5mM AMPCPP, 2.5mM
MaCl2

None

0.5mM AMPCPP, 2.5mM
MaClI2

None
0.5mM PPi, 0.5mM MgCi2
0.5mM PPi, 0.5mM MgCl2
5mM AMPCPP, 5mM MgCl2
1mM PPi, 1mM MgCI2

1mM AMPCPP, 1mM MgCi2

1mM GTPgammas, 1mM
MaCl2

1mM GTPgammas, 1mM
MaClI2

1mM GDP, 1mM MgCI2
1mM MgClI2
None
4mM AMP, 5mM MgCl2
5mM GMPCPP, 5mM MgCI2

2mM ATP, 2mM MgCi2

2mM Switch1 Rac1 Peptide
EYIPTVFD

2mM PPi, 2mM MgCI2
3mM PPi, 3mM MgClI2

1mM PP, 1mM AMP
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Temp (°C)
20
20

4
20
20
20
20
20
20
20
20

4

20

20
20
20

20

20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

20
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Adenosine monophosphate (AMP), pyrophosphate (PPi),B-
Methyleneadenosine’-Eiphosphate (AMPCPP) were tested for their apiti inhibit
VopS-mediated AMPylation to help determine propencentration for crystallization
trials to cocrystallize with VopS (Figure 16). AMPE is a non-hydrolyzable analogue of
ATP. Assays were performed in duplicates underainitelocity conditions. Increasing
concentrations of AMP (0 uM, 100 uM, 200 uM, 500 udMMM) were tested at constant
concentrations of ATP (160 uM) and VopS-(31-3870iM3. Inhibition studies with
AMPCPP (0 pM, 100 pM, 200 pM, 500 uM, 1 mM) wererieal out under the same
conditions. AMP and AMPCPP appear to be poor inbibieven at high concentrations
(Figure 16). Increasing concentrations of PPi (O, 180 uM, 400 uM, 900 uM) were
then tested at constant concentration of VopS-@&0)-BnM) and ATP (1mM). Different
His-Cdc42-(1-179)-(Q61L) concentrations were uséd @M, 100 uM, 150 uM, 200
UM, 500 uM). PPi is a more potent competitive iitoibcompared to AMPCPP and
AMP. ATP can adopt multiple conformations that adlih to adapt and bind to different
enzymes. The “C” (carbon) in AMPCPP may restriet tionfirmations the analogue can
form, hindering efficient binding to enzymes. AMPRasvunable to efficiently inhibit
VopS possibly due to the lack of beta and gammagitnate groups that are coordinated
by magnesium, mediating ATP binding to VopS (Figli¢. This is consistent with the
fact that PPi, an analog of beta and gamma phosmfaTP, inhibits VopS enzyme
activity at a greater potency. However, crystatl@atrials with PPi and VopS were not

successful.

Discussion

Summary of VopS Structure
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Figure 16.. Small molecule inhibition studies. (A) In vitro filter binding AMPylation
assays under steady-state conditions with 5nM Vag8uM ATP and 300uM Cdc42
were incubated with different concentrations of AMRssays were stopped at 75
seconds(B) In vitro filter binding AMPylation assays under steady-state conditionk wit
5nM VopS,160 uM ATP and 300 uM Cdc42 were incubated with different
concentrations of AMPCPP. Assays were stopped atet®nds.(C) In vitro filter
binding AMPylation assays under steady-state conditions @&itM VopS, 1mM ATP, at
various Cdc42 (6@M, 100 uM, 150 uM, 200 uM, 500 uM), and PPi (QuM, 150 uM,
400uM, 900 uM) concentrations.
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The overall structure of VopS and comparisonsnafkn Fic structures provided
structural understanding of the mechanism of AMfigta (1) The study provided the
first structure of a biochemically characterizedetimine AMPylator. (2) The functions of
conserved Fic motif residues were characterizeid witro AMPylation assays. (3) The
residues potentially responsible for binding to megium and ATP were identified
through comparisons with other Fic structures. L@3tly, based on the structure, we
proposed the structural basis for enzyme-subsimggeaction mediated by the conserved

hairpin loop in the VopS Fic domain.

Structural Comparisons of VopS with the StructdribbpA-Cdc42-AMP Complex

The crystal structure of a Fic domain from IbpiA somnicalled IbpAFic2 was
solved in native form at 1.8 A [PDB ID 3N3U] ansl @ complexed with Cdc42 at 2.3 A
resolution [PDB ID 3N3V] (45). The IbpAFic2 structuin the native and complex forms
is mostly alpha helical with an N-terminal arm @giand a C-terminal Fic domain
similar to VopS (Figure 17A). For the complex sture, a catalytically inactive form of
IbpAFic2 [IbpAFic2-(H3713A)] and AMP modified forrof Cdc42 (on tyrosine 32) were
used. The structure of IbpAFic2-(H3717A)-Cdc42-(AWRed) is an end-product
complex that mimics the GDI-bound state of the RPase. The beta/hairpin loop of
IbpAFic2 is disordered in the native structure, butthe complex, the hairpin loop
transitions to an ordered state upon protein satestsinding. Additional details on the
catalytic mechanism used by IbpA and VopS to AMRyRho GTPases are discussed in
Chapter 4, wherein steady-state kinetic studiesVopS-catalyzed AMPylation are
described.

Sequences of IbpAFic2 and VopS fragments usedr§stallization were aligned
to determine sequence identity and similarity. ABg2 and VopS share less than 16 %

sequence identity and about 26 % similarity. Sppsition of VopS to IbpAFic2 native
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and complex structures using the DaliLite pairvégecture alignment program show an
RMSD of 3.4 A - 3.6 A. IbpAFic2 native structuresha disordered hairpin loop but
becomes ordered in complex with Cdc42 (Figure 1AM P was modeled into the VopS
and IbpAFic2 native structures using the DaliLiteusture superposition. Surface
representations of VopS (green) and IbpAFic2 nasivactures (red) display relatively
exposed AMP binding pockets (Figure 17B). AMP isi&d in the IbpAFic2 complex
structure (blue).

Analysis of the AMP binding pocket of IbpAFic2 rele extensive hydrophobic
and hydrogen bond interactions with AMP. Residueslived in AMP binding either
through main chain or side chain interactions idellLys3670, Glu3671, Asn3672,
Ala3673, Phe3675, 1le3714, Gly3722, Asn3723, GlyB7Rrg3728, Pro3752, 11e3755,
and GIn3757. IbpAFic2 native structure and VopSengrperimposed onto the IbpAFic2
complex structure, and AMP-coordinating residuesreweompared (Figure 17C).
Residues in the conserved Fic motif of IbpAFic2y33R22, Asn3723, and Gly3724 are
important for AMP binding. The corresponding resiglun VopS are Gly353, Asn354
and Gly 355. Seven residues (Lys3670, Glu3671, 88R3Ala3673, Phe3675, Pro 3752
and GIn3757) that coordinate AMP binding in IbpAFiare absent in VopS and are
designated with asterisks (Figure 17C). The lacthee AMP-coordinating residues in
VopS is probably due to the open hairpin loop comdition that orients away from the
AMP binding pocket. The hairpin loop acts as alidt buries AMP in IbpAFic2 (Figure
17B). Point mutation of hydrophobic residues A3@n8l Phe3675 disrupted IbpAFic2's
AMPylation activity [32]. Point mutation of hydrophic residue 1le3755 that is involved
in AMP-binding also disrupted AMPylation activitly IbopAFic2 [32].

The highly conserved Arg3728 of IbpAFic2 (Arg359 fdopS), outside but
close to the Fic motif, coordinates the ribose BhgMP. This residue is present among

many Fic domains (22). Interestingly, this arginisenot present in the Fic protein of
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AnkX from Legionella pneumophilddiscussed in Chapter.7)Mutation of the ribose
coordinating arginine disrupts the AMPylation aityivof IbpAFic2. Overall the
IbpAFic2 structures, native and in complex with CAAMP, revealed two states of Fic
domains, providing great insights into how AMPybati enzymes bind to ATP and
protein substrates.

The switch 1 (red) and switch 2 (purple) regionsCdt42 have important roles
in enzyme-substrate interaction (Figure 18A & 188Witch 1 region mediates strand-
to-strand interaction with the hairpin loop of thé&c domain (blue) of IbpAFic2 as
previously proposed for VopS (Figure 13 & 18A & 18BVopS (green) was
superimposed onto IbpAFic2 complex structure ufiatiLite. The hairpin loop of VopS
is in a relatively open conformation clashing (daleircle) with the switch 2 region of
Cdc42. The hairpin loop of VopS would perhaps assantlosed conformation upon
protein substrate binding.

The switch 2 region of Cdc42 interacts with theetinal arm region (white) of
IbpAFic2 (Figure 18C & 18D). Analysis of the N-teimal arm region of IbpAFic2 and
VopS suggests a similar protein substrate bindieghanism between the enzymes and
the switch 2 region of Cdc42 (Figure 18C). Residuethe switch 2 region that interact
with IbpAFic2 are Asp63, Tyr64, Arg66, Leu67, Leyzld Pro73. IbpAFic2 and VopS
could not AMPylate Rho family GTPases when the bgtiobic residues in the switch 2
region of Cdc42, such as Tyr74, Leu67 and Leu78,aaralogous residues for Racl and
RhoA, were mutated. Mutations of opposing residhat mediate substrate interaction in
the N-terminal arm region of IbpAFic2 also disruptitss AMPylation activity (45).
Consistent with a role for the VopS N-terminus inbstrate binding, N-terminal
truncation mutations of VopS are defective in AM&igNn assaym vitro (Figure 10).

The structure of IbpAFic2 complexed with AMPylat€tic42 suggests that

future complex crystallization attempts could useAP modified GTPase to complex
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A Vop$S

IbpAFic2 Native
IbpAFic2 Complex

Arg299
Lys3664
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Glud721

| B~ -

Figure 17. Analysis of AMP nuclectide binding with IbpAFic2 and VopS structures.
(A) Structure superposition of VopS (green), IbpAFicative (red), and IbpAFic2
complex (blue). AMP (black) is showriB) Surface representation of VopS (green),
IbpAFic2 native (red), and IbpAFic2 complex (bluéfter structure superposition with
DaliLite the AMP nucleotide was modeled in for Vop8d IbpAFic2 native structure.
The nucleotide AMP is more buried in the IbpAFiaiplex structure when compared
to VopS and IbpAFic2 native proteifC) Detailed look at residues important for AMP
binding. VopS (green) was superimposed onto thé\Fig2 complex (blue) structure.
Asterisk represents residues in the lbpAFic2 comptgortant for binding AMP that are
not present in the VopS structure. The hairpin ledpvopS is in an open position
compared to the IbpAFic2 complex.
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Figure 18. The protein substrate binding surface of IbpAFic2-(H3717A)-Cdc42
AMP complex with comparisonsto VopS. (A) Structure of IbpAFic2 in complex with
Cdc42 (yellow). Cdc42 is modified with AMP on tyims 32. Cdc42 switch 1 (red)
region interacts strand-to-strand fashion with tia@rpin loop of the conserved Fic
domain (blue) of IbpA. The nonconserved arm rediohite) of IbpAFic2 interacts with
the switch 2 (purple) region of Cdc42. GDP is cetborange and AMP is black. Residue
H3717A is denoted with a sphere (cyafB) The structure of VopS (green) and
IbpAFic2 (blue) from the complex structure were eygmsed with DaliLite. Dashed
circle highlights clashing of VopS hairpin loop vithe switch 2 (purple) of Cdc42.
Histidine 348 of VopS is revealedC) A closer look at the arm region of IbpAFic2
(white) superimposed with the arm region of Vop®eém). Cdc42 switch 2 (purple)
residues that interact with IbpAFic2 arm region if@h are shown. ) Sequence
alignment of VopS and IbpAFic2 that was based eir thtructural superposition to each
other. VopS residues 75-160 did not align strudita IbpAFic2 residues 3488-3520
and so are not shown in sequence alignment. Swititieraction region (purple) and
switch 1 interaction region (red) observed in IbpZ@-complex structure are shown.
Blue circles designate residues in IbpAFic2 witleson AMP binding. Highlighted in
yellow is the hairpin loop of Fic domains and shawblack are conserved residues.
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with a catalytically inactive VopS mutant. The GEBa&hould be coexpressed with active
VopS to increase the labeling efficiency and homegg of AMPylated GTPase for
structure studies. Other crystallization strategieay want to employ catalytically
inactive mutants that do not increase the appafinity of the substrate. One example
would be to use the VopS R299A mutant that is ghtallly disrupted but thé,, for

ATP does not change (will be discussed in Chapter 4

DrrA, an ATase Domain Protein and AMPylator of Rabl GsEPa

After the publication of the VopS structure, an RiMator containing an ATase
domain, a secreted effector protein DrrA fraggionella pneumophil&.. pneumophila),
was discovered. The N-terminal region lof pneumophilaDrrA (residues 9-218) is
structurally similar to GS-ATase (4Gn vitro, DrrA was able to AMPylate tyrosine-77
in the switch 2 region of Rablb, a GTPase involieanembrane trafficking. Rablb
AMPylation by DrrA disrupted vesicular trafficking cells. Both DrrA and GS-ATase
contain the conserved catalytic motif GpD-X-D, with each aspartate coordinating a
magnesium ion. Mutations of the conserved aspartmieDrrA (D110 and D112) to
alanines abrogated its AMPylation activity (46).nCorrently, a structure of tyrosine-77-
AMPylated Rablb in GppNHp-bound form was also sl{#6). So far, structures of the
DrrA-Rablb complex have not been solved. Structacehparisons between modified
Rablb with a closely related GTPase, Rab3A, sugdkat AMP modification does not
induce structural rearrangements, but instead itshitownstream signaling by sterically

hindering the binding of substrates (46).



CHAPTER 4
STEADY-STATE KINETIC STUDIESON VOPSMEDIATED
PROTEIN AMPYLATION

I ntroduction

Fic domains are widely distributed across variouganisms, from archaea,
bacteria, to human, suggesting that protein AMRytatmay be an important mechanism
for regulating protein functions. Threonine AMPjdeit by Fic domains has not been
kinetically characterized, and the kinetic conttibn of conserved residues in the Fic
motif HPFEX(D/E)GN(G/K)R during catalysis is unknown. Studyinige steady-state
kinetics of VopS-mediated AMPylation should providenechanistic understanding of

AMPylation and a foundation for future studies.

Results

Steady-state Substrate Measurements with WT ananibpS Constructs

We determined the apparent steady-state kinetistants for ATP using a
dominant active form His-Cdc42-(1-179)-(Q61L), whejlutamine 61 was mutated to
leucine to disrupt intrinsic GTPase activity anakdt into a GTP-bound state. The
protein substrate had 12 amino acids deleted fter@ terminus to eliminate variable C-
terminal proteolysis of purified substrate. The aamtrations of VopS (5 nM) and His-
Cdc42-(1-179)-(Q61L) (60QaM) were kept constant while varying ATP concentnas
from 50-200QuM. The apparerk,, for ATP was 160 + 18M with a ke, of 26 s* + 1.0
(Figure 19A; Table 5). The catalytic efficiency f6TP was 1.60 x 10s' M™. The
kinetic constants for His-Cdc42-(1-179)-(Q61L) wehen determined with constant

enzyme (5 nM) and ATP (20QMM)

55
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Figure 19. Apparent steady-state kinetic measurements for ATP and Cdc42. (A)
Initial-velocity measurements for ATP were obtainezing a constant concentration of
Hise Cdc42-(1-179)-(Q61L) at 600M while varying ATP concentrations (40, 80, 120,
160, 250, 400, 700, 1000, 1500, 2q0@). (B) Initial velocity measurements for Cdc42
were obtained with a constant concentration of AdtP2 mM while varying the
concentration of HigCdc42-(1-179)-(Q61L) (50, 75, 100, 200, 5081). Assays were
performed in triplicate with VopS (31-387) at 5 nM. both parts, the individual data
points are depicted as circles, and the line reptssthe fit to these data using the
Michaelis-Menten equation (Eq.1).



Table 5. Apparent Kinetic Constant Measurementsfor ATP

Keat' K. koot Ko

s uM sT/M
Wild Type 26+ 1.0 160+ 18 1.6 X 10°
H348A° ND¢ ND 39X 10
F350A 3.0+0.32 1600 + 290 19X 10°
D352A 0.098 £ 0.0070 580+ 100 17X 10?
N354A 0.85+0.11 2600 + 480 3.3 X102
R356A 0.035+0.039 1700 +330 2.0X 10!
R299A 0.36 £ 0.0019 220+ 40 1.6 X 107
L308A 2.8+0.28 590+ 150 48X 103

* Mean of three assays = S.E.

® H348A VopS mutant was deemed severely inactive. H348A k_ /K (s''/M') was
calculated from an endpoint measurement (performed in tripﬁcate} at 10uM
enzyme 2mM ATP, 600uMCdc42.

¢Not determined



Table 6. Apparent Kinetic Constant M easurementsfor Cdc42

58

Keoat' K, s

s 7254 s /M
Wild Type 18+ 1.5 180 £ 40 1.0 X 10°
R299A 0.027 £0.0036 660+ 170 4.1 X 10!

* Mean of three assays + S.E.
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Figure 20. Apparent steady-state kinetic measurements for ATP with VopS mutant
constructs. Initial-velocity measurements for ATP with VopS ddlype and mutants
were obtained using constant enzyme concentratidncanstant concentration of His-
Cdc42-(1-179)-(Q61L) at 60QM while varying ATP concentrations from 4M to
2000uM). The individual data points are depicted aslegcand the line represents the
fit to these data using the Michaelis-Menten equetEq.1).
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concentrations. Varying Cdc42 concentrations frofh t6 1200 uM were used to
determine apparent values. TRgwas 180 + 42iM and thek., was 18 + 1.5 with a
catalytic efficiency of 1.0 x £ m™ (Figure 19B; Table 6).

The Fic motif (HPFX(D/E)GN(G/K)R) and the distal inm acid residue Arg299
were demonstrated to be important for full catalgtttivity (Figure 14B). To address the
question of which residue(s) of the Fic domainridaal for catalysis and to understand
the function of each residue in protein AMPylatiare set out to determine the steady-
state kinetic parameters for the small moleculessate ATP for different VopS mutants.
The most deleterious mutation was H348A; VopS hdmigathis mutation had a catalytic
efficiency of less than 4.0 x 10s™* m™, which is 9 orders of magnitude lower than wild-
type protein and 5 orders of magnitude lower ttensecond worst mutation R356A with
a value of 2.0 x 10s' m™ (Figure 20; Table 5). Although the Michaelis-Mante
constantK,, is not strictly equivalent t&p, the value still provides a useful means to
determine relative affinity when comparing the wiijghe enzyme to its mutant form. The
N354A mutation decreased the appalegtand had the most drastic increase in apparent
Km for ATP: more than 2.5 mM, which is about 16-fbigher than that of the wild-type
enzyme. This result further supports the hypoth#sis asparagine 354 plays a role in
ATP binding (Figure 20; Table 5).

VopS in which the hairpin residue Arg299 had beernated to an alanine had a
low ke Value (0.036 8), but its apparerk., for ATP was statistically indistinguishable
from the wild-type enzyme (22@M) (Table 5). This phenomenon suggests that althoug
catalysis is compromised, ATP binding is unaffedtethe R299A mutant. To ascertain
if the R299A mutant displays impaired binding obtein substrate, thk,, with respect
to Cdc42 was determined. The appatentwas 3-fold higher than that of the wild-type

enzyme (Table 6), implying that Arg299 plays a mirade in protein substrate binding.
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The Arg299 residue of VopS adopts a different sidain rotamer relative to
arginines in other Fic domains (Figure 13A). Kinesitudies with the R299A mutant
show an increased,, for Rho GTPase but not for ATP, supporting a fiowal role for
this residue in protein-substrate binding (Tabk 6). Comparison of VopS Arg299 and
the analogous arginines of several Fic domain stres, such as the Fic protein ldf
pylori, reveal differences in polar contacts. R299A resith a loop just N-terminal to the
VopS B-hairpin element (Figure 21). The Arg299 guanidimigroup forms hydrogen
bonds to a backbone carbonyl oxygen atom at ther@itius of the hairpin loop, thus
anchoring the loop at both ends. VopS Arg299 arxchbe hairpin loop by forming
hydrogen bonds (main chain and side chain) with Gtsterminus. The analogous
conserved arginingl. pylori, Arg50, interact with it$ hairpin through hydrogen bonds
between the guanidinium group and main-chain cafbmxygen atoms at its N terminus
and C terminus (Figure 21). However, thepylori Arg50 guanidinium group also forms
hydrogen bonds to main-chain carbonyl oxygen atofthe active site histidine. The
evolutionarily conserved Arg299 may function asamchor that coordinates the hairpin
loop toward the active site in addition to propepysitioning the catalytic loop for
efficient catalysis. The very low. value for Arg299 supports a catalytic function
(Figure 20, Table 5). Similar to the arginine fingbserved in GTPases, Arg299 may be

involved in neutralizing the negative charge ofdhghosphate in the transition state.

Kinetic Analysis of VopS Supports a Sequential lslieisim

The kinetic mechanisms of bisubstrate enzymes sashVopS can be
distinguished with initial velocity studies analgzesing double-reciprocal plots. In such
analyses, a set of intersecting lines supportgjaesgial mechanism wherein the enzyme

and both substrates form a ternary complex duhiegéaction. In a sequential (ternary
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Figure 21. The molecular anchor: possible role of arginine 299. (A) VopS Arg299
interactions are mainly within the hairpifB) In H. pylori Fic the analogous arginine,
Arg50, forms main chain-side-chain interactiond flniaction as an anchor that links and
holds the hairpin loop in an appropriate conforomatiand anchors the catalytic histidine
in the active site. Black dashes represent hydrbgads.
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complex) mechanism, VopS would interact with botfiPAand the GTPase to allow
transfer of the AMP group to the threonine residaecontrast, a set of parallel lines
supports a ping-pong reaction mechanism in whiegh éhzyme forms a high energy
covalent intermediate that leads to subsequentfioation of the second substrate. In a
ping-pong mechanism, VopS could potentially form cavalent phosphoramidate
intermediate where the AMP group of ATP is transférno the conserved His348 of the
Fic motif followed by AMP transfer to the GTPaseitibl velocity studies with VopS
and its substrates, Cdc42 and ATP, reveal a séttefsecting lines that supports a
sequential reaction mechanism. Kinetic analysispaning a randomr{ = 98.6) to an
ordered (% = 97.3) rapid-equilibrium model were statisticaligistinguishable, where

is the square of the correlation coefficient (Feg@R). The enzymatic analysis support a
ternary complex mechanism is used for VopS-mediafgdPylation. H348A mutant is
essentially an inactive enzyme, which support tleelehthat histidine 348 functions as a
general base during catalysis (Figure 22 B). THg @f histidine is 6.0, and so the
predicted optimal activity for the VopS enzyme wbbk at a pH greater than 6.0 where
the histidine would be more basic (Figure 23). @Ggiasat with our kinetic results, the pH
profile of VopS WT activity demonstrate the enzyisiéess active at lower pH conditions

(Figure 23).

Discussion
Summary of steady-state kinetic studies

Steady-state studies reveal that the conserved48lis8 indispensable for
AMPYylation activity. The conserved residue Arg29%iso required for catalytic activity.
This residue is not involved in ATP binding; inste# probably mediates the formation

of a transition state intermediate.
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Figure 22. Ternary complex is required for catalysis. (A) Double-reciprocal plot of
1/rate vs. 1/[ATP]. Assays were performed at fixamhcentrations of His-Cdc42-(1-
179)-(Q61L) 50uM (®), 75uM (O), 100uM (¥), 200uM (V), 500 uM (m) while
varying ATP concentrations (50, 75, 100, 200, 1@00. The data were fitted to a rapid-
equilibrium random model (Eg. 2) using Sigma Pldie best-fit lines are shown. The
square of the correlation coefficienf)(for the global fit data is 98.6. Kinetic cons&nt
from the global fit have & = 89 §" + 13, Karp = 280uM * 90, Kegeaz = 490uM + 120,

(B) Proposed model of catalytic mechanism. H348 funstias a general base to abstract
a proton from the hydroxyl of the bound Rho GTP#seonine. The activated threonine
of Cdc42 performs a nucleophilic attack on the alphosphate of ATP. N354 interacts
with the beta phosphate of ATP. The magnesiumidioated by D352, interacts with
the beta and gamma phosphate of ATP. R356 cooedithé gamma phosphate of ATP.
R299 positioned in the hairpin has a role in tlandition state. Dashed lines indicate
proposed hydrogen bondéC) Global fit of the data for ordered rapid-equiliom
mechanism. The square of the correlation coefftofg for the global fit data is 97.3.
(D) Global fit of the data for the ping-pong mechanidsfhe square of the correlation
coefficient (f) for the global fit data is 94.7. Global fits wererformed with Sigma Plot.
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Figure 23. pH profile of VopS wild-type activity. Assays were performed in triplicate
at different pH ranges. Reactions were incubatéd BnM VopS-(31-387), 100uM His-
Cdc42-(1-179)-(Q61L), and 2QMM **P-a-ATP for 75 seconds and spotted onto P81
Whatman filters. Error bars represent standard efrthe mean.
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The kinetic studies support a sequential reactieshanism whereby a ternary complex
is formed between VopS, ATP, and Cdc42. In sucbraptex, the threonine residue of
the Rho GTPase is positioned near the imidazole skhin of the catalytic histidine

(His348) of VopS (Figure 22B).

Total intracellular concentrations of ATP havemeeported at about 3 mk47).
Low millimolar ATP concentrations in normal hostllsesuggest that VopS would be
saturated with ATP since the apparptfor ATP was 160 + 1&M. On the other hand
the apparenk,for Cdc42 was 180 + 40M. Intracellular concentrations of RhoA, Racl,
and Cdc42 have been estimated to heM3 7 uM, and 2.5uM, respectively (48,49).
This implies that the activity of VopS inside haslls may be limited to the availability
of protein substrate unless other signaling mechasiare used to compensate for the
high K. Signaling molecules exhibit multiple mechanismspeed up catalysis in order
to enhance catalytic efficiency. These mechanismdudle compartmentalization,
membrane localization, and protein interaction waittaptor and scaffolding proteins
(49,50). Proteins that are membrane localized oudnt into close proximity by adaptor
or scaffolding proteins would provide a local anghhprotein concentration environment
that can promote activity of proteins with normadlyor K, or k... Studies performed by
Melanie Yarbrough to determine VopS localizationings biochemical subcellular
fractionation and confocal microscopy suggest Iaatibn to the cytosol (unpublished
results).

The VopS-(31-387) construct was used for kinetesags. The removal of the
first 30 amino acids may be a reason for the highan expecte&,, levels for Cdc42.
The first 30 amino acids of VopS is the secretignal that promotes the translocation of
the effector through the Type IIl needle compléxisinot known if the first 30 amino
acids of VopS is required for full activity or prde another function during the time

course of cellular infection.
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The order of substrate binding

The structure of IbpAFic2-(H3717A)-Cdc42 AMP supisoa ternary complex
mechanism that is consistent with VopS kinetic igsi32]. The IbpAFic2 complex
structure suggests an order of substrate bindihg. [BpAFic2-(H3717A)-Cdc42 AMP
structure display in atomic detail indicate that thosition of the catalytic histidine of
IbpAFic2 may act as a base to abstract a protan fyposine 32 to promote the attack of
the alpha position of ATP. The nucleotide bindiracket is open and exposed in the
IbpAFic2 native structure but in the IbpAFic2 coewlstructure the nucleotide binding
pocket is buried by the hairpin loop (Figure 17hisTsuggests that ATP binds first and

the GTPase substrate binds second.

Comparison of AMPylation and other protein modifioas

Similar to phosphorylation, VopS uses the abundagh energy metabolite,
ATP, to modify its substrates. Comparing the tuerovates of VopS-mediated
AMPylation with other posttranslational modificat®mediated by various enzymes, i.e.
phosphorylation, acetylation, and methylation, ssig that VopS is a relatively fast
enzyme with the apparekt, = 18 §' (Table 1). Phosphorylation by mitogen-activated
protein kinase p38 haska, of 22.6 §* (51). Histone acetyltransferase GCN5 hés,af
1.7 s*, and the G9a histone methyltransferase has,af 0.0012 & (52,53). The
AMPylation turnover values are well within the rangof other established
posttranslational modifications. Therefore, AMPigdat is a potential regulatory

mechanism that could mediate eukaryotic signalioggsses.



CHAPTER 5

ACTIVITY BASED PROBE TO STUDY PROTEIN AMPYLATION

I ntroduction

The discovery of protein AMPylation mediated byc Find ATase domain-
containing enzymes motivated us to develop toolsstiady this posttranslational
modification. We first developed an anti-tyrosin®4R and anti threonine-AMP antibody
that can detect AMP modified proteii$2). We next sought a different strategy for
detection and purification of AMPylated proteins.dollaboration with Howard Hang's
group at Rockefeller an ATP analogue’pNTP, was designed. The AMP analogous
group of NpATP, after being transferred onto AMPylation sudsts, can be modified
by additional tags through a copper-catalyzed azgeloaddition mechanism (also
referred to as “click” reaction). Such tags faeié@ the subsequent detection and
purification of AMP-modified substrates (54) . Weacacterized RbATP in AMPylation
reactions and assessed its applicability as awitgehiased AMPylation probe. First,
NPpATP can be used as a bona fide non-radioactivetisib for AMPylation reaction
mediated by several AMPylators. Second, modifiedstates can be labeled by an
affinity purification tag to facilitate the purifation and identification of novel

AMPylation substrates.

Results

General Reaction Scheme witfpRTP

68
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Copper catalyzed azide cycloaddition (CUAAC) hasrbeised tosynthesize
activity based alkynyl chemical probes for deteti@md purification of posttranslational
modifications (also referred to as “click” reacfijo(b4). An ATP analogue called
N°pATP was synthesized by Markus Grammel and HowaadgHat The Rockefeller
University. The N6 position of adenine has a prgplkalkyne that is chemically reactive
to azide groups under CuAAC conditions. The azide be attached to a fluorescent
group or biotin to allow for the detection or pigiftion of proteins modified by [WATP
(Figure 24). Recent structures of Fic and ATasealonssuggested the modification of a
propargyl group at the N6 position of adenine cobéd tolerated by these enzymes.
Figure 24 describes the general scheme for usifiATP to study AMPylation. An
AMPylation reaction with AMPylation enzyme (AMPwa), protein substrate, and
NPpATP, generates an AMPylated product. SubsequehtyAMPylated product can be
covalently modified by an azide-probe, such agjarihodamine for in gel detection by
fluorescence, and azido-azo-biotin to allow for pheification of modified substrates by

streptavidin beads (55,56).

N6pATP works in vitro with Fic Domains and ATPaséRylators

N°pATP is tested inin vitro AMPylation assays of GTPases, catalyzed by
various AMPylators. Recombinant proteins used @s¢hstudies are shown in Figure 25.

In the presence of N6pATP and VopS, Cdc42 can bdified and subsequently
labeled with azido-rhodamine, as detected by ardlsent band in the SDS-PAGE gel
corresponding to modified Cdc42 (Figure 26). Impptly, incubation of RpATP with
Cdc42 without VopS does not result in labeling. €2 35A mutant cannot be labeled,
suggesting that threonine 35 is required for laigeby NpATP. A catalytically inactive
mutant VopS-H348A cannot label Cdc42. Labeling VifipATP is also seen with other

VopS substrates, RacV12 and RhoA. Incubation ofIR4\¥ 35S), where threonine 35
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Figure 24. Labeling scheme for detection and identification of substrates. N°pATP —
N6-propargyl adenosine-5'-triphosphate; N6pAMP — -pd6pargyl adenosine-5'-
monophosphat; PPi — pyrophosphate; CuAAC - CutBlgzed azide-alkyne
cycloaddition; Tag — rhodamine fluorescence dyecleavable biotin enrichment tag.
Figure adapted from (42).
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Figure 25. Coomassie stain of protein constructs. Protein were loaded onto SDS-
PAGE gels and stained by Coomassie. Coomassieditaittive VopS protein purity can
be seen in Figure 8A.
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Figure 26. VopS modifies Cdc42 with N®pATP. (A) Labeling is seen with VopS and
Cdc42 in the presence of TP, but not in the Cdc42-(T35A) mutant. Recomhina
proteins were incubated for 30 minutes at 30°C wathwithout 100 uM RpATP.
Proteins were then chloroform/methanol precipitaiad labeled with azido-rhodamine.
Proteins were loaded onto SDS-PAGE gels and scaanegcitation 532 nm/emission
580 nm.(B) Click labeling of RacV12 (1 pug), RacvV12-(T35S) (1 ng)l &hoA (1 ug)
with VopS (0.1 ng).
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Figure 27 DrrA modifies Rabla with N®pATP. Labeling is seen with DrrA and Rabla
in the presence of IWATP. Recombinant proteins were incubated for 30uteis at 30°C
with or without 100 uM RbATP. Proteins were then chloroform/methanol priémied
and labeled with azido-rhodamine. Protein were ddadnto SDS-PAGE gels and
scanned at excitation 532 nm/emission 580 nm.



74

was changed to a serine residue, demonstrated/tpe® could modify a serine residue
with AMP (Figure 26 B).

NPpATP can also be used by other AMPylators. Drrd Rabla were incubated
with N°pATP to determine if the chemical probe can be UsedMPylators with AT-ase
domains (Figure 27). Figure 27 shows labeling obRaby DrrA in the presence of
N°pATP. The Fic domain region (Fic2) of IbpA k. somniwas also tested in an
AMPylation reaction using fATP as a substrate. Gramnelal 2011, demonstrated

that IbpAFic2 can AMP modify tyrosine-77 of Cdc4RmMN°pATP (42).

N°pATP can detect endogenous substrates in celldysat

To test whether /ATP can detect endogenous AMPylated proteins, Hella
lysates were incubated with recombinant VopS afANIP, and subsequently labeled
with azide-rhodamine. SDS-PAGE followed by fluomasce detection revealed a number
of labeled bands. A band around 21 kDa may reptesatogenous Rho family GTPases
AMPylated by VopS (Figure 28). Incubation of lysattone with NpATP does not
display enriched labeling of the 21 kDa band. Granet al performed similar
experiments with IbpAFic2 and DrrA, and showed thgtAFic2 and DrrA can label
proteins around 21 kDa in Hela cell lysates (42).

A critical experiment was performed by Grammet al, to test whether
endogenous protein substrates can be purified Af#ylation with NpATP. HeLa cell
lysate was incubated with VopS an8pNTP, and subsequently labeled with azide-azo-
biotin. After affinity purification with streptavid beads, associated proteins were
identified by mass spectrometry. Indeed, N6pAMP fifiedi Cdc42 was enriched in

VopS treated samples.



75

NEpATP 100uM
VopS (pg) 1 == 01 01 1 1

RacV12 + + F = = =
Lysate(ug) 20 20 20 10 10 20
kDa

{2 =
5O =—

34 —
26—

17—

Figure 28. Endogenous labeling of VopS substrates with N°pATP. Hela lysates (10
g or 20 ug) were incubated witfMATP (100 pM) and VopS (0.1 pg or 1 pg). Arrow
indicates endogenous labeling of GTPases.
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Discussion

Activity based protein profiling using click cheririg has been utilized to
synthesize probes to detect various post transktimodificationg42). In this study an
NPpATP probe is synthesized and demonstrated to beffantive chemical probe for
protein AMPylation. NpATP can be used as a substrate by two differemtdBmain
containing enzymes that AMPylate threonine or tyresesidue of their substrates. An
ATase domain containing AMPylator, DrrA, can alseeuNpATP to modify its
substrate, Rabla. This study further demonstragesénsitivity of the RbATP probe by
labeling endogenous protein substrates with celhtgs and recombinant AMPylators.
Importantly, when tagged with azido-azo-biotin, sthirobe can be used to purify
endogenous AMPYylation substrates.

The chemical addition of the propargyl group at #dukenine N6 position was
tolerated by Fic domains (VopS and IbpAFic2) andAdRase domain (DrrA) because
both domain families were capable of utilizinGp®TP as substrate. The AMP bound
IbpAFic2 structure shows that the N6 position ofride points out away from the
nucleotide binding site that could accommodateptiopargyl group. DrrA does not have
a nucleotide bound structure but is structurallyikir to an AT-ase domain member
called kanamycin nucleotidyltransferase [PDB ID IYNThe AMPCPP is bound to
kanamycin nucleotidyltransferase and the N6 pasitibadenine is directed away from
the active site. The N6 position is solvent exposdtdch could explain why DrrA could

tolerate a propargyl group



CHAPTER 6

PURIFICATION, EXPRESSION AND CRYSTALLIZATION OF VOPQ

I ntroduction

VopQ is a bacterial effector secreted by the T3&S4 parahaemolyticuthat is
involved in the cytotoxicity observed in tissuetout cells(7). VopQ was previously
demonstrated to be necessary and sufficient tacmdutophagy in mammalian cells, the
biochemical and molecular mechanisms of which wem&nown (30). VopQ is not
homologous to any known protein domain. To gaimcitral insight for its molecular

function, | decided to crystallize VopQ.

Results

Domain architecture of VopQ

VopQ is a 492 amino acid protein that contains idwegions. Contained in the
approximately first 30 amino acids at the N-terrmsiisi a secretion signal necessary for
effectors to be delivered through the needle compleT3SS1 (Figure 29A). Amino
acids 30-100 of VopQ constitute the chaperone hgpdiomain (CBD) critical for
binding to its chaperone, VP1682 (13). C-termimathte CBD is a region of unknown
function that has no known structural similarity aay structure in the PDB database
(Figure 29A). The C-terminal domain contains astdavo hydrophobic regions. These

hydrophobic regions may form a hydrophobic corentaract with lipid membranes.
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Figure 29. Protein architecture of VopQ. (A) Domain organization of VopQ. Sequence
signal (red), CBD region (blue), and C-terminalioeg(yellow) are noted. Two predicted
hydrophobic regions are highlighted as gréé).Protein alignment of VopQ homologs.
Highlighted in purple is the chaperone fused/tbrio harveyi 0172thomolog. Red box
indicates the secretion signal. Highlighted in gellbegins the C-terminal region of
unknown function. Star designates the beginning-términal region.
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The primary sequence of VopQ is conservelilorio species. Shown in Figure
29B is a sequence alignment of VopQ homologs fer fttst one-third of the protein
sequence. Notably, VopQ frokfibrio harveyi(V. harveyi)01720 (also known agibrio
BB120 orVibrio BA-1116) is different from other homologs, includithe absence of a
CBD domain. AlsaheV. harveyiVopQ homolog has a natural built-in chaperone fused
to the N-terminus of its secretion signal (red bdt)e rest of the protein, part of which is
shown and highlighted in yellow (starting at regidi02 forV. para), is the domain of

unknown function important for VopQ's activity irekks (Figure 29A) (30).

VopQ Construct Design

Several factors were considered when designingesgmm constructs for VopQ.
Secretion signals for effector proteins are dismdeand may inhibit protein solubility
and interfere with crystallizatio(lL0). In the crystal structures of effector progeimith
their secretion signal attached, the secretionasigesidues are disordered and not
observed in the electron densi}0). Generally, the CBD region of effectors aré¢ no
included when designing constructs to express teffec unless the interaction with
chaperones are of particular interest (10). Theilgtaof CBD may require the presence
of chaperone, and as seen previously in Figureh@,GBD has extended structural
elements that wraps around the chaperone. Theipregéguence alignment of VopQ
homologs suggests a defined boundary at residue fa@f V. para and Vibrio
alginolyticus (V. alginolyticu$ and residue 164 from th€. harveyi 017202VopQ
fragments fronV. para (residues 102-492)/. alignolyticus(residues 102-492), and
harveyi01720 strain (residues 163-554) were cloned inR@EXHTa vector, expressed
in E. coli BL21 cells, and purified by nickel chromatograpfiigure 30). These

constructs do not contain the secretion signal, @BMain, and chaperone. VopQ from
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Figure 30. Purification of the C-terminal Region of VopQ. Protein fromV. para
VopQ-(102-492) V. alignolyticusVopQ-(102-492) V. harveyi01720 VopQ-(163-554).
Coomassie stained gels of VopQ protein after nipkeification.
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V. alginolyticusandV. paradid not yield crystals, and VopQ homolog frofm harveyi
was impure. Methylation of VopQ protein from. alginolyticuswas carried out to
change the surface properties of the protein. Thene no positive crystallization hits

with methylated VopQ fronv. alginolyticus

Limited Proteolysis of VopQ

To determine if there are globular domains in Vap& may be appropriate for
crystallization, we tried to analyze VopQ proteirof V. para) with limited proteolysis.
We started with full length (FL) VopQ. However, egpsion and purification of the His-
FL-VopQ construct yielded low amounts of proteinthwidegradation products. His-
VopQ-(29-492) construct gives a higher protein djddut most of the purified protein
appears to form large aggregates as analyzed witliilgation. The small amount of
stable His-VopQ-(29-492) (non-aggregates) after fijelation was used for limited
proteolysis. Trypsin and chymotrypsin treatment diok generate clear proteolytic
products (not shown). Subtilisin and papain digestgenerated a relatively stable
product around 26kDa. N-terminal Edman sequencingealed the stable cleavage
product starts at residue 248 (Figure 31A). Cowsirwere designed to express VopQ
with the first 247 residues removed, with His orTG8g. However, expression of these

construct could not yield soluble, stable and gurgein (Figure 31B).
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Figure 31. Limited proteolysis of VopQ protein. (A) Silver stain from limited
proteolysis of His-VopQ-(29-492) with varying comteations of papain or subtilisin
protease.(B) Purification of His-VopQ-(248-492). Insoluble (Insupernatant (Sup),
beads (Bd) and elute (Elu) are designated. ExpqutEein size of His-VopQ-(248-492)
in Elu fraction is indicated with arrow.
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Coexpression of VopQ and VP1682

| next attempted to crystallize the chaperone andQ/in a complex. To date,
there has been no structure of any chaperone ipleamvith full length effector. His-
tagged VP1682 and VopQ with no tag were co-exptess&. coli, and purified with
nickel chromatography followed by gel filtration romatography. VopQ and VP1682
indeed form a complex as shown by their co-putifica(Figure 32A and 32B). VopQ in
complex with VP1682 become resistant to papaingtige (Figure 32C), suggesting that
VopQ assumes a protected compact conformation Wwheand to VP1682. | noticed that
when His-tagged VopQ and untagged VP1682 were poeeged, a higher amount of
stable VopQ can be obtained. VopQ can also be awghfrom VP1682 by anionic
exchange Q column, when pure and stable VopQ (nobiinplex) is desired.

Crystal trials with various constructs of VopQ an@1682 complex yield
reproducible crystals, but unfortunately the diffian profiles were exceedingly poor
(Figure 32D). Normally good crystals behave likasgl in that they shatter when hit by a
hammer. The larger crystals of the VopQ and VP1&8Rplex are soft, such that when

poked they are squishy like donuts.

Construction of Chaperone-VopQ Fusion protein

The V. harveyi 01720/o0pQ homolog has a built-in chaperone fused to the C-
terminal domain of the effector and so | decidechtmic nature and created a chaperone
fused effector using VopQ from. para. (Figure 29). Figure 33 shows the purification
and crystallization of a synthetic construct camitay chaperon¥P1682 fused to VopQ-
(102-492) (Figure 33). This construct has the seresignal but not the CBD domain.
Other fusion constructs were also tested (TableCfystals formed within a day.
Optimized crystals were allowed to grow for up tweek (Figure 33C). However, the

best crystals unfortunately diffracted only to 8.5
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Figure 32. Purification, proteolysis, and crystallization of VopQ complexed with
VP1682. (A) Coomassie staining from gel filtration run of Vo$3492) complexed
with VP1682. Minus (-)and plus (+) designates befand after TEV cleavage of His tag,
respectively. (B) UV profile from gel filtration of VopQ-(1-492) coptexed with
VP1682.(C) Limited proteolysis of full length VopQ alone ar complexed with full
length VP1682 using papain proteaée) Crystals of full length VopQ complexed with
full length VP1682. Crystals grew in 0.1M HEPES pb{70.1M KCI, 15% PE®O0O0O.
Crystals diffracted to greater than 20A
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Figure 33. Purification and crystallization of VP1682-(1-142)-VopQ-(102-492) fusion
protein. (A) The fusion protein eluted between fractions 16 to 18 Hiirap QHP
column. Minus ( -) is fusion protein before TEVotgase cleavage of His tag. Input is
fusion protein after cleavage and before injectato HiTrap QHP column(B) The UV
profile of fusion protein on the HiTrap QHP colun@rystals of VP1682-(1-142)-VopQ-
(102-492). Crystals were grown in 0.1M MES pH6.@2N NaCl, 10% PEG 4000 (left
panel) and 0.1M HEPES pH 7.5, 0.2M NacCl, 10% PEQG080ight panel). Crystals from
left panel diffracted to about 9.5A.
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Concentration

Date Protein (ma/ml) Additives Temp(°C)
8/14/2008 VopQ-(108-492) 12 None 20
9/4/2008 VopQ-(108-492) 12 0.5% Octylglucoside 20
8/2/2009 VopQ-(77-492) 7 None 20
9/11/2009 VopQ-(77-492) 8 0.5% Octylglucoside 20
9/11/2009 VopQ-(77-492) 8 None 4
4/27/2010 VopQ-(81-492) 8.4 None 20
8/6/2010 His-VopQ-(29-492) 36 None 20
8/6/2010 His-VopQ-(102-492) 10 None 20
8/12/2010 VopQ-(31-492) + VP1682-(1-137) 25 None 20
8/18/2010 VopQ-(102-492) 6.2 None 20
8/19/2010 VopQ-(29-492) + VP1682-(1-137) 23 None 20
9/3/2010 VopQ-(102-492)* 16.7 None 20
9/8/2010 VopQ-(16-492) + VP1682-(1-137) 14.8 None 20
9/10/2010 Methylated-VopQ-(102-492)* 9.7 None 20
9/24/2010 VopQ-(1-492) + VP1682-(1-152) 13.4 None 20
10/7/2010 VopQ-(30-492) + VP1682-(1-137) 21.2 None 20
1072412010 VopQ-(1-492) + VP1682-(1-137) 57 None 20
10/26/2010 Methylated VopQ-(1-492) + VP1682-(1-137) 15.2 None 20
1072972010 VopQ-(1-492) + VP1682-(1-137) mn7 None 20
10/29/2010 VopQ-(30-492) + VP1682-(1-137) 14.7 None 20
11/4/2010 Methylated VopQ-(30-492) 11 None 20
11/24/2010 VopQ-(30-492)* + VA1682-(1-135)* 13.6 None 20
11/29/2010 VopQ-(30-492) + VP1682-(1-147) 8 None 20
12/30/2010 Fusion: VP1682-(1-142)-VopQ-(102-492) 10 None 20
1/13/2011 Fusion: VP1682-(1-137)-VopQ-(102-492) 10 None 20
2/10/2011 Fusion: VA1682-(1-137)-VopQ-(102-492)* 10 None 20
2/9/2011 Fusion: SeMet* VP1682-(1-142)-VopQ-(102-492) 10 None 20
2/9/2011 Fusion: GSTail* VP1682-(1-142)-VopQ-(102-492) 13.1 None 20
5/4/2011 Fusion: VP1682-(1-142)-VopQ-(102-492)-(K363Y) 8 None 20
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Discussion

The biochemical mechanism of VopQ function in mariama cells is still
unclear. Protein sequence analysis of VopQ reveadddomology to any known protein
structure suggesting VopQ may have a unique straictold. Alternatively, VopQ may
have low sequence identity and share similarity kmown structural fold. Crystallization
trials for VopQ were pursued in order to gain aigurral understanding of its function.
Various VopQ fragments, complexes, and fusion fowese tested but with no success
(Table 7). Until the substrate is discovered it nhaydifficult to solve the structure of
VopQ. When the substrate is known | would recommasihg the VopQ-(102-492)

construct to complex with the substrate for cryiziation trials.



CHAPTER 7

DISCUSSION AND FUTURE DIRECTIONS

Summary of Resear ch Findings

VopS from V. para is an AMPylation enzyme with a role in bacterial
pathogenesis. The crystal structure of VopS redetiat it contains two sub domains.
The unigue N-terminal subdomain is likely involviedprotein substrate binding, while
the C-terminal Fic domain mediates catalysis. Famalin contains the conserved Fic
motif and a hairpin loop element. Comparisons wither Fic structures suggest that the
hairpin element mediates interaction with proteibstrate, and Asp352 in the Fic motif
mediates binding to MgPPi. Other residues withi Fiic motif required for AMPylation
activity are identified. Steady-state kinetic as@yrevealed that His348 is the catalytic
base and the most important residue for activityother catalytic residue, Arg299, is
required for activity likely by mediating the fortian of an AMPylation transition state.
Kinetic analysis with its substrates (Cdc42 and ASibports a ternary complex reaction
mechanism. A chemical probe’\TP, was developed as a tool to study AMPylation.
N°pATP can be used as a substrate for both Fic- ahés&-domain AMPylators to
modify threonine, serine and tyrosine’pTP can be used for the detection and
purification of endogenous AMPYylated proteins.

Attempts to solve the structure of VopQ, a Vibriteetor protein of unknown
function, were not successful. A number of construeere made for VopQ, and tested
for their suitability for purification and crystahtion. | was able to obtain crystals of a
chaperone-effector fusion protein, VP1682-VopQ(492), however the crystals
diffracted poorly. Future crystallization studiesutd be carried out with VopQ-(102-

492) in complex with its cellular protein targetistrate (yet to be identified).
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Current Updatesin the AMPylation and Fic Domains

Recently, there have been many published artiblsprovide new insights into
AMPylation mechanisms. As mentioned before at theb & Chapter 3, a structure of the
Fic-domain-containing protein IbpA fromd. somniin complex with Cdc42 was solved
(45). The catalytic histidine of IbpA Fic domain svantentionally mutated to alanine to
generate an inactive enzyme used for crystallinafiaterestingly, during refinement the
authors found that Cdc42 appeared to be AMP matlifie tyrosine 77. The complex
structure revealed that protein substrate interats the hairpin element of IbpA Fic
domain. Protein-protein interactions were obseilivethe switch 2 region of Cdc42 and
the N-terminal region of IbpA that is analogoughe VopS N-terminal subdomain. The
complex structure also revealed how the AMP graotgracts with the enzyn(d5).

Another AMPylator was discovered, encoded Lagionella pneumophilathe
causative agent for Legionnaires’ disease (46).nlpfection, the intracellular pathogen
L. pneumophilaform Legionellacontaining vacuoles (LCV) that allow the bacteida t
safely replicate. In order to form and control foemation and maintenance of LCMSs,
pneumophilehas usurped the host membrane trafficking machifidrg GTPase Rabl is
a primary target of. pneumophileeffectors. The effector DrrA has a C-terminal regio
that functions as a GEF to interfere with Rabl fiomc While trying to determine the
structure of the N-terminal region of DrrA, Mullet al 2010 discovered that DrrA’s N-
terminus resembles the GS-ATase domain (57). Ind@ed could modify Rabl with an
AMP group to make the GTPase constitutively ac{&vg). Another study found another
L. pneumophilaeffector, SidD could remove AMP from modified Rahkle. “de-
AMPylate” Rabl (58,59). The discovery of DrrA and SidD revealedttiprotein
AMPylation is a reversible posttranslational medbian important for Legionella

pathogenesis. Another Fic domain protein frompneumophilaAnkX, was discovered
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to have phosphocholine transferase activity usibiP<€holine as substrate to modify
Rabl during infectior{60). Therefore, Fic domains may represent a dorfzeirily that
can catalyze a variety of phosphor-transfer reastioincluding AMPylation and

phosphocholination.

Future Directions

Introduction to Eukaryotic Fic proteins

Fic domains are evolutionarily conserved from prgkges to eukaryotes. The
functions of several Fic domain proteins in baetdrave been characterized. However,
little is known about the function of Fic domains higher eukaryotes. What are the
physiological functions of eukaryotic Fic proteind/hat are the biochemical activities of
eukaryotic Fic proteins?

There is one Fic domain containing protein in highgkaryotic organisms such
as human, fly, and worm. These eukaryotic Fic [pmsteontain a predicted single
spanning N-terminal transmembrane region thattipresent in VopS, IbpA, or AnkX, a
TPR (tetratricopeptide repeat) domain that likelgdmates protein-protein interaction,
and a C-terminal Fic domain. Below | will discussahl would characterize the human
Fic protein, Huntingtin yeast interaction protein (BYPE), and other potential Fic

proteins.

Determine the physiological function of eukary®tic proteins

One can take a genetic approach to study the fmstof Fic proteins in
eukaryotes. RNA interference-mediated knockdown lsancarried out to specifically
disrupt Fic genes in worms, flies and mammaliatscélvailable strains of worms and

flies carrying Fic gene mutations can also be olethi Genetic study can also be carried
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out in mice. However, one can hardly predict therghype of Fic gene disruption. Any
physiological phenotype should be examined. Resgperiments should be performed

to confirm the specific defects caused by Fic gdieription.

Determine the molecular function of HYPE

It has been a couple of years since the lab h#ated studies with HYPE and
the “quick and easy” experiments have given a fategative data but some interesting
positive results. In order to move forward | propaeveloping a stable cell line system
for HYPE that will allow stable expression, stakfemckdown of the HYPE gene, as well
as knock-in of HYPE mutants. Development of stateli lines will be a tool to promote

cell biology studies and promote molecular studieshe function of HYPE.

Identify the small molecule substrate for HYPE

The biochemical activity for HYPE has not been dosizely determinedin
vitro AMPylation assays with HYPE to search for substrdtad been unsuccessful. In
contrast, VopS and |IbpA are able to label endogermsulbstrates in cell lysates. It has
been proposed that Fic domains can catalyze ayafiphosphotransfer reactions (60).

| propose to set up experiments to identify smadlecule substrates of HYPE.
HYPE was shown to have weak AMPylation activity &ods Cdc42n vitro, but the
amount of enzyme and substrate used in the assey eveeedingly high. The true
substrate is probably not Cdc42 or ATP, but thegestsates are similar enough to the
true substrates to promote the phosphotransfevitgctiGTPases share a conserved
structural fold, and Fic domains have shown todaf@ho GTPases and Rab family
GTPases making it reasonable to think that HYPEhmigiso target GTPases in
eukaryotes.In vitro, VopS can also use GTP, CTP, and UTP, though nieshk

efficiently compared to ATR61) .
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| propose to co-express HYPE and Cdc42 in eukaryetils (such as yeast cells,
mammalian cells, etc.). Since HYPE is predictecbéoin the endoplasmic reticulum
(ER), a heterologous ER-localizing signal may beetl to Cdc42 to facilitate its
interaction with HYPE in the ER. After coexpressidhe Cdc42 substrate will be
purified and its mass determined by mass spectrgm&eneric substrates such as
myelin basic protein, histone, and casein have lised for kinases, methyltransferase,
acetyltransferase, and ubiquitin ligasesvitro. Such proteins could also be tested as
substrate for HYPE. HYPE was originally identifieda screen to interact with the N-
terminus of huntingtin protei62). Huntingtin could also be a possible genericeal

substrate and might be helpful in determining ¥pe tof modification used by HYPE.

Characterize eukaryotic homologs that naturallyrdd have a transmembrane region

Biochemical studies with human Fic protein HYREaenorhabditis eleganiic
protein, and thédrosophila melanogasteFic protein have not progressed in terms of
identifying the protein substrate and it is uncléarthe homologs can perform
AMPylation. All three homologs have a transmembnaggon at their N-terminus that is
predicted to localize these proteins to membranenpastments. Having the
transmembrane region complicates purification &uedeissay development when trying to
identify an activity. Various constructs have béested from these homologs but results
have been negative in terms of observing subdab#ding.

| propose that there should be a focus on workiitly aukaryotic splice variants
that naturally exist and do not have the N-termiremissmembrane region. In mous&ué
musculu¥two splice variants have been identified. Thegléarm has the transmembrane
region but the short form does not. | propose te tlse short soluble form for
biochemical characterization studies. Also the StemaorangutanRongo abelij has a

long and short form with the short form lacking ttransmembrane region. | also
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recommend the yellow fever mosquithedes aegyptiand the malaria mosquito
Anopheles gambiabecause they lack the transmembrane region arsusef their
influence in human infectious diseases. The wi¢arDaphnia pulexand the lancet
Branchiostoma floridaelack N-terminal transmembrane regions and are ntiate

candidates but they do not have strong diseasearaie.

The Future of the AM Pylation Field

In recent years, protein AMPylation has emergedmsmportant mechanism
utilized by bacterial pathogens to disrupt host sighaling during infection. Fic domains
and AT-ase domains can catalyze AMPylation and aspymes that mediate de-
AMPylation have been identified (29,46,58) (59). Riation is a versatile modification
that can activate or inactivate signaling proteins

There is only one Fic gene encoded in higher osgasisuch as flies, mouse and
human and the molecular and physiological functibthese Fic protein are unknown. It
is not clear if eukaryotic Fic proteins can perfofdlPylation, phosphocholination, or
another type of phosphotransfer reaction. Genetozkout models of the Fic gene will
provide an important tool and foundation to stuldg function of Fic protein in higher
eukaryotes. Thousands of genes containing Fic dmrteve been identified in bacteria
that appear to function in bacterial signaling eyst (22). The physiological and
molecular function of prokaryotic Fic domains hesained unexplored.

The significance of protein AMPylation will be tedgtas researchers determine if
AMPylation is a regulatory mechanism used in eusicysignaling. Also the importance
of Fic domains and their impact in signal transiurctpathways of prokaryotic and
eukaryotic systems will require additional chareetgion of more Fic proteins. Fic

domains appear to be versatile catalytic modulgmida of performing a variety of
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phosphotransfer reactions. As the field exploresftmction of thousands of other Fic

proteins, the variety of transfer reactions medidig Fic proteins may be expanded.
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