Protein Science

Protein Science

Solution structure and dynamics of the mitochondrial-
targeted GTPase-activating protein (GAP) VopE by an
integrated NMR/SAXS approach

Journal:

Protein Science

Manuscript ID

PRO-21-0309.R1

Wiley - Manuscript type:

Full-Length Papers

Date Submitted by the
Author:

17-Jan-2022

Complete List of Authors:

Smith, Kyle; Xilio Therapeutics

Lee, Woonghee; University of Colorado Denver, Chemistry

Tonelli, Marco; University of Wisconsin-Madison, National Magnetic
Resonance Facility

Lee, Yeongjoon; University of Colorado Denver, Chemistry

Light, Samuel; University of Chicago Biological Sciences Division,
Microbiology

Cornilescu, Gabriel; National Cancer Institute, Advance Technology
Research facility

Chakravarthy, Srinivas; Argonne National Laboratory, Biophysics
Collaborative Access Team

Keywords:

GTP hydrolysis, Vibrio Cholerae, mitochondrial dynamics, small-angle x-
ray scattering, relaxation dispersion, helical bundle, catalytic arginine
finger, T3SS secretion system, YopE, ExoS

SCHOLARONE™
Manuscripts

John Wiley & Sons




Page 1 of 53

Protein Science

Solution structure and dynamics of the mitochondrial-targeted GTPase-activating protein (GAP)
VopE by an integrated NMR/SAXS approach

Kyle P. Smith 1,2*4-, Woonghee Lee 3*, Marco Tonelli 4, Yeongjoon Lee 3, Samuel H. Light 5,
Gabriel Cornilescu 6, Srinivas Chakravarthy 7

1 Current, Xilio Therapeutics, Waltham, MA, 02451, USA

2 Former, Department of Cell & Developmental Biology, Northwestern University Chicago, IL
60611, USA

3 Department of Chemistry, University of Colorado-Denver, Denver, CO 80204, USA

4 National Magnetic Resonance Facility at Madison, Department of Biochemistry, University of
Wisconsin-Madison, Madison, WI 53706, USA

5 Department of Microbiology, University of Chicago, Chicago, IL 60637, USA

6 Advanced Technology Research Facility, Frederick National Laboratory for Cancer Research,
Leidos Biomedical Research, Inc., National Cancer Institute, National Institutes of Health,
Frederick, MD 21701, USA

7 Biophysics Collaborative Access Team, Argonne National Laboratory, Argonne, IL 60439, USA

*Co-first author

+ Corresponding Author, kyle.smith.phd@gmail.com

Correspondence:

Kyle P. Smith

104 Hope Ave., Apt. 104
Waltham, MA 02453
908-672-5134
kyle.smith.phd@gmail.com

1
John Wiley & Sons



1)
2)
3)
4)
5)
6)
7)
8)
9)

Protein Science Page 2 of 53

Running Title:

“NMR Structure of VopE”

Total number of manuscript pages, supplementary pages, tables, and figures:

34
Manuscript pages: 18
Supplementary pages: 10
Tables: 1
Figures: 5

Description of supplementary material and file names:

Supplementary Figure 1: Hydrolysis of GTP is catalyzed through GAP arginine “finger”
Supplementary Figure 2: VopE sequence alignment with other ToxGAPs
Supplementary Table 1: MALS and SAXS scattering values.

Supplementary Figure 3: *H/*>N HQSC of VopE.

Supplementary Figure 4: Correlation between calculated and experimental RDC values
Supplementary Figure 5: Sequence and secondary structure alignment
Supplementary Figure 6: Electrostatic Surface Representation of VopE

Supplementary Figure 7: Overlay of VopE fold to that of other ToxGAPs
Supplementary Figure 8: Dispersion curves for the residues with R, greater than 6 s

10) Supplementary Figure 9: Representative SDS-PAGE and preparative SEC purity for

recombinantly expressed and purified VopE

2
John Wiley & Sons



Page 3 of 53

Protein Science

Abstract

The bacterial pathogen Vibrio cholerae use a type Ill secretion system to inject effector proteins
into a host cell. Recently, a putative Toxic GTPase Activating Protein (ToxGAP) called VopE was
identified as a T3SS substrate and virulence factor that affected host mitochondrial dynamics
and immune response. However, biophysical and structural characterization has been absent.
Here, we describe solution NMR structure of the putative GAP domain (73-204) of VopE. Using
SEC-SAXS and RDC data, we restrained the MD process to efficiently determine the overall fold
and improve the quality of the output calculated structures. Comparing the structure of VopE
with other ToxGAP’s revealed a similar overall fold with several features unique to VopE.
Specifically, the “Bulge 1”, al helix, and noteworthy “backside linker” elements on the N-
terminus are dissimilar to the other ToxGAP’s. By using NMR relaxation dispersion experiments,
we demonstrate that these regions undergo motions on a >6 s* timescale. Based on the
disposition of these mobile regions relative to the putative catalytic arginine residue, we

hypothesize the protein may undergo structural changes to bind cognate GTPases.

Keywords: GTP hydrolysis, Vibrio Cholerae, mitochondrial dynamics, small-angle x-ray
scattering, relaxation dispersion, helical bundle, catalytic arginine finger, T3SS secretion system,

YopE, ExoS
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INTRODUCTION

Vibrio cholera are gram negative, curved-shaped bacteria that globally cause
approximately 100,000 deaths per year.! To evade host organism immune response, bacteria
use Type Il Secretion Systems (T3SS). Upon infection, T3SS components inject effector proteins

III

into the host cell, which in turn disrupt the “normal” physiological responses. First described to
disrupt the actin cytoskeleton,? these effector proteins have also been shown to affect gene
transcription,? cell cycle progression,* and organelle trafficking.> As mitochondria play a role in
all these processes, it is not surprising that they are targets of bacterial effector proteins as
well.®” However, for the dozens to hundreds of bacterial effectors that have been
characterized, only a couple have been shown to modulate mitochondrial dynamics.2?
GTPases are among the most critical class of signaling proteins in the cell. While small
GTPases are very diverse, the most well-studied is Ras. Ras is considered a “switch-like” GTPase
because it cycles between two “locked” (tightly bound, low-exchanging) states: GTP- and GDP-
bound. In its GTP-bound state, Ras can interact with a multitude of binding partners and lead to
activation of signaling cascades.1? In its GDP-bound state, Ras binds weaker to its partner
proteins to downregulate signaling and be an “off state”. Because hydrolysis and exchange of
guanosine nucleotides is relatively slow, proteins called “GTPase-Activation Proteins” (GAP’s)
accelerate hydrolysis by orders of magnitude.3 In this way, they modulate activation of
signaling cascades. Structurally, the first discovered GAP’s contained a so-called “catalytic
arginine fingers”. A complex of Ras and RasGAP showed the GAP arginine residue protruded

into the GTPase active site.'* The side chain guanidino group coordinates the GTP phosphates

to promote the hydrolysis from GTP to GDP*phosphate (Figure S1).1> While there are
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exceptions,® this “arginine finger” appears to be the most frequent mechanism of GAP-
mediated GTP hydrolysis in mammals.t’-1° Furthermore, there is also frequently a threonine
residue which binds to the ribose of the GTP to better align the catalytic arginine, though its
presence or absence has not been well described in the literature.

One class of effector proteins is named Toxic GTPase-Activating Proteins (ToxGAP) from
bacteria. Host cell GTPases have been implicated in hundreds of cellular functions.?® Therefore,
activation or altering the activity of GTPases has been a common strategy employed by
bacterial effector proteins to avoid host cell immune responses. Rho GTPases were first
identified as targets of these ToxGAP’s based on the altered cytoskeleton phenotypes during
infection.2122 Since initial work, others have shown Arf’’s, Rab’s, and other families of GTPases
are similarly targeted by different ToxGAP’s. Interestingly, GAP’s such as VirA show little
specificity and in vitro activate a number of host cell GTPases,?? though it is not known how
specific most ToxGAP’s are. Catalytic arginine residues are required for activity in three
separate classes of ToxGAP’s.23-2> The structures of ToxGAP’s themselves are quite varied, with
some being simple alpha helical bundles?® to larger ones more similar to RasGAP?° to a/B
ArfGAP-like?” to even larger TBC-like domains.?3 Several human GAP’s share structural
homology with toxin ones, though four-helix bundles have only been reported from bacteria.
However, it is not known if/how the fold of the protein affects activity or specificity.

In characterizing T3SS’s in V. cholerae, Alam et al. discovered an effector protein which
they and others named Vibrio outer protein E (VopE).?® Though its molecular function was
initially unknown, Tam et al. showed it translocated into the host cell.?® Additionally, knockout

of VopE caused reduced severity of symptoms in a rabbit V. cholerae infection model3° Adding
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more mechanistic details, Suzuki et al. reported that VopE was a ToxGAP targeted to
mitochondrial GTPases.3! VopE’s domain architecture of VopE includes three domains: a
mitochondrial targeting sequence (MTS), an unknown region, and a putative GAP domain
(Figure 1a). Even a single point mutation in the MTS has been shown to affect mitochondrial
localization.3! And a point mutation to the putative catalytic arginine has been shown to reduce
mitochondrial clustering effects in the context of V. cholerae infection. Suzuki et al. proposed
the Miro1/2 GTPases as the target of VopE, based on a relatively modest increase in relative
hydrolysis activity.

Our work focuses on the putative activating domain, as it has been demonstrated to be
required for aberrant mitochondrial dynamics phenotypes. Despite the excitement of the initial
cellular studies, biophysical and structural characterization of the protein has been lacking.
Additionally, the closest homolog of VopE, YopE, is only 34% identical to VopE (Figure S2) and
when comparing all known ToxGAP’s with structures (three others), the identity drops to 4.9%.
This overall low identity precludes detailed structural studies by computational modeling.32 To
generate a high-resolution structure of VopE, we used integrative Small Angle X-ray Scattering
(SAXS) and NMR data to calculate the NMR structural ensemble. We find especially large
differences in the al, a2, and “backside linker” elements. Using relaxation dispersion
experiments, we also find these elements undergo conformational changes on a relatively fast
timescale. Given these unique elements and their motions, we hypothesize on the function of

VopE in GTPase binding and catalysis.
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RESULTS
Scattering experiments show the VopE GAP domain is monomeric and elongated

The largest soluble fragment, corresponding to amino acids 73-204, will hereafter be
referred to as “VopE”. We expressed and purified VopE from E. coli. As hetero- and homo-
oligomeric state regulates the function of many GTPases, like SRP,33 dynamin,3* and Ras,3> we
initially performed size-exclusion chromatography coupled with multi-angle light scattering
(SEC-MALS) on VopE to determine its oligomeric state in solution. Two protein standards,
bovine serum albumin (BSA) and carbonic anhydrase (CA), eluted at the expected volume with
the properly estimated monomeric molecular weights (Figure 2a). The MALS-calculated
molecular weight of VopE was only 7% different than the theoretical molecular weight of this
construct, indicating a monomeric state. VopE also elutes significantly before CA, indicating a
larger radius of hydration (R(h)) than CA despite its smaller molecular weight (30 kDa vs. 14.9
kDa). The difference in radii of hydration was confirmed by quasi-electric light scattering (QELS)
(Table S1).

To obtain more structural information, we then performed size exclusion
chromatography coupled with small-angle x-ray scattering (SEC-SAXS) (Figure 2b). Guinier and
P(r) plots were consistent with an elongated protein (Figure 2c, 2d). And the Kratky plot is
consistent with that of a primarily well-folded protein (Figure 2e). Facilitated by the scattering

data, we employed higher resolution methods to investigate the structure of VopE.
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NMR structures obtained using SAXS and RDC restraints show an elongated, seven helix
bundle

We then calculated a structural ensemble of VopE using NMR spectroscopy. Briefly, 2D
and 3D NMR spectra were used to assign the H, 13C, and >N resonances from the backbone
and sidechains of recombinant VopE (Figure S3); the chemical shift assignment completeness
for all atoms was 81%. The resonance assignments, SAXS scattering data, residual dipolar
couplings (RDC’s), and 3D NOESY spectra were utilized for Xplor-NIH-based structure calculation
through the PONDEROSA-C/S suite,3® in an iterative process of structure calculation and
constraint validation. Since the work of Grishaev et al.,3” a couple of software packages have
been developed to incorporate SAXS scattering data.3® However, of the 12,882 solution NMR
structures in the PDB, only five of them contain both SAXS and RDC restraints for use in NMR
structure calculations. The use of our SAXS data allowed the structures to more efficiently
converge to a similar, bundled shape without the need for significant manual input. To validate
our presumed primarily alpha helical structure, we also collected RDC data. The calculated RDC
values agreed well with our experimental values in the lowest energy conformer (Figure S4).

Our method calculated the top 100 most energetically stable VopE conformers
representing the 3D structure, from which the NMR structures and statistics of the top 20 are
shown in Figure 3a and Table 1, respectively. The final structure calculation had no constraint
violations among the top 20 conformers and backbone phi/psi angles in these structures were
in favored regions of the Ramachandran plot for 96.2% of all ordered residues. NMR data were

deposited in the BioMagResBank3® (BMRB ID 30756) and the structural coordinates and
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restraints were deposited in the Protein Data Bank*® (PDB ID 6X6N). The secondary structure
overlaid with the sequence is shown in Figure S5.

SEC-SAXS ab initio reconstructions exhibited a “lightbulb” shape, consistent with our
NMR structure calculations (Figure 3b). Also consistent with our hydrodynamic and scattering
data, the protein has an unfolded N-terminus (73-83) and is otherwise comprised of an
elongated, alpha helical bundle. The secondary structural elements are shown as cylinders in
Figure 4a and labeled according to the ExoS ToxGAP convention.?! The secondary structure of
our construct is 62% alpha helical, 2% beta strand, and 36% other. The protein contains seven
alpha helices (labeled a1-7), with most helices aligned “vertically”. The al, a3, a4, and a7
helices run antiparallel to the a2, a5, and a6 helices in an up-and-down manner with the N- and
C-termini on the same side of the molecule.

By referencing the structures of two similar ToxGAP proteins crystallized with their
cognate GTPase,?**2 and because of previous mutagenesis studies,3! we are able to predict the
active site residues. Similar to other ToxGAP’s, VopE has two protruding “bulges” between
alpha helical elements. VopE’s putative catalytic “arginine finger” (Arg125) in the top of a3, as
with all other ToxGAP’s with published structures. The three cysteine residues were all reduced
under our conditions and spread throughout the protein. When viewing the putative active site
surface, there does not appear to be a charge bias, despite the relatively low theoretical pl of

5.7 (Figure S6). There is also no apparent localization of hydrophobic residues on this surface.
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Comparison with other ToxGAP domains reveals similar overall fold with structural
differences in the of al, al/2 linker, a2, and Bulge 1 elements

Structures of three other ToxGAP’s which are alpha helical bundles have been
published.?641-42 These structures are very similar to each other in overall fold and location of
their catalytic residues (Figure S7). Like VopE, each positions its catalytic arginine finger in the
middle of a3. Aside from the helical content, there also appears to be two slightly less-
structured elements in VopE that correspond to the so-called “Bulge 1 and Bulge 2” in ExoS,
YopE, and SptP. Wiirtele et al. demonstrated that these bulge regions had the greatest
reduction in B-factors between the unbound and GTPase-bound ExoS domain, which they
attribute to a loss of flexibility upon binding.*

When observing the ToxGAP-conserved residues compared to our structure, we find the
core hydrophobic residues are all similarly placed amongst each other, also as expected for
folding and proper placement of helices. Aside from the putative catalytic Arg125 residue, the
only other residue that is conserved on the active site interface is Thr164 (Figure 4b). In the
ExoS/Rac co-crystal structure?* as well as the SptP/Rac co-crystal structure,*? and more broadly
in the less-related RasGAP,'* the threonine side chain hydroxyl is making a hydrogen bond with
the 3’ hydroxyl of the ribose in GTP. This interaction is likely to be conserved in VopE given that
a threonine residue is conserved at this location among all ToxGAP’s, and its disposition, and
solvent accessibility in our structure is similar.

To take a more detailed look at the differences between VopE and other ToxGAP’s, we
overlaid of VopE and YopE (Figure 4c). The overall fold of the proteins is similar, with several

distinct differences. First, the angles and position of a3 and a4 are particularly displaced
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between the structures. This leads to a relatively high overall RMSD between the structures
(4.83 A) despite their relatively similar folds. Additionally, there are two regions in VopE which
we predict may influence the active site dynamics. Both Bulge 1 and the loop between al and
a2 in VopE are significantly divergent from other ToxGAP’s (Figure 4d).

The linker between al and a2 contains significantly less secondary structure than its
orthologs. In the ortholog ExoS, the alpha helical nature of this region is also conserved in both
the crystal and NMR structures (PDB ID: 1HE9, 1R4T), ruling out the possibility of a secondary
structure change due to crystallization conditions. Because the sequences in this region are
quite dissimilar, it is not surprising to observe these structural differences. Finally, while in the
ExoS/Racl structure al contributes to a hydrophobic interaction with Racl, VopE’s al is
significantly displaced. These distinctive regions adjacent to the putative active site led us to

study the dynamics of these regions further.

Relaxation dispersion experiments show mobility in the unique N-terminal elements which
may exhibit effects on binding to cognate GTPases

To investigate the structural mobility of these regions of VopE, we used NMR for further
studies. Slow timescale (microsecond-to-millisecond) motions in the structure of biomolecules
can be detected using constant-time relaxation-compensated CPMG experiments.*3 We
calculated the chemical and conformational exchange contribution to transverse relaxation
(Rey) after fitting the dispersion curves for effective transverse relaxation rate (R,ff) against
CPMG frequency (vomg) (Figure S8). We then plotted transverse relaxation as a function of

residue number (Figure 5a) The results revealed that the structure of VopE-GAP exhibits
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flexibility in a1, the backside linker, Bulge 1, and the short a2 between these loops (Figure 5b).
It is plausible to think that the motions of Bulge 1 near the putative active site could be linked
to the other mobile adjacent regions. The high R., values (> 6 sec?) of residues in this region
suggests that their backbone could exchange between multiple conformations.

Because there is no VopE-GTPase complex structure, we analyzed the co-crystal
structure of P. aeruginosa ExoS GAP and H. sapiens Rac GTPase with GDP-AIF; (PDB ID 1HE1)?
to gain insight into the differences between unbound and bound ToxGAP domain
conformations. Upon the binding with a Rac protein, the poorly structured backside linker and
Bulge regions of the ExoS GAP domain become more structured, placing its active site residues
(corresponding to R125 and T164 for VopE) closer to the substrate (Figure 5c). Bulge 1 binds to
the cognate GTPase in both ExoS/Racl and SptP/Racl (PDB ID: 1G4U). In VopE, al (residues
Phe93, GIn97, lle110) and the structurally adjacent Gly201 are also notably more mobile, and
compared to the other ToxGAP structures, displaced significantly further away from a putative
binding partner. Additionally, the relatively mobile a2 in VopE forms an apparently stable, and
more extensive alpha helix than in the structures of ExoS (crystal), ExoS (NMR), YopE (crystal),
and SptP (crystal) structures. In the co-crystal structure of ExoS and Rac, al of ExoS interacts
with the GTPase via hydrophobic interactions. In VopE, the analogous helix is significantly
displaced and partially disordered. We hypothesize that a1l and the disordered N-terminus may
undergo conformational change upon binding to a GTPase. Therefore, our data could imply that
the conformational exchange of the VopE GAP-domain in its al, backside linker, a2, and Bulge 1
in these unique regions could be important for proper assembly and/or activity of the catalytic

complex. We speculate these loops may accommodate binding to its cognate GTPase. Given the
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regions putative function in substrate binding, it is plausible to hypothesize it could proceed

through an induced fit mechanism.

DISCUSSION

We have calculated the NMR structures of the ToxGAP domain of VopE and investigated
its dynamics via relaxation dispersion experiments. Surprisingly, we find that the N-terminal a1,
backside linker, a2, and Bulge 1 elements differ greatly from other homologous ToxGAP’s.
Based on these differences, we hypothesize that either VopE may undergo a conformational
change upon binding to substrate GTPase(s), or that the VopE GAP-GTPase complex differs
from those previously described in the literature. Without additional structural studies with its
cognate GTPase, these potential conformational changes remain untested.

The most obvious open question is how VopE interacts with its binding partner(s). The
work of Suzuki et al. is limited in that they only test activation of Miro by VopE. However, it is
probable that VopE activates Miro in the context of the cell when both are localized to the
Outer Mitochondrial Membrane (OMM). However, as the GAP’s VirAZ3 and Rabenosyn-5%* show
broad specificity to 3-6 GTPases, it is possible VopE exhibits similar effects upon GTPases like
Mitofusin1/2,% Dynamin,*® Miro1/2,*” Rab24*8 and Rab32.4° Additionally, several post-
translational modifications have been established for HsMiro1/2°%>1 which may affect its
interaction with binding partners during infection in vivo. It has not yet been determined if
VopE activates any other GTPase, and if so, the conformational changes that VopE does or does

not undergo. Unfortunately, VopE has no sequence identity with any mammalian protein. It will
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also be interesting to see whether other mammalian proteins, if any, could activate Miro’s

GTPase activity.

MATERIALS AND METHODS
Reagents and Media

13C glucose (99%, Cambridge Isotope Laboratories) and >N ammonium sulfate (99%,
Cambridge Isotope Laboratories) were used without further purification. TPM media was
comprised of 20 g tryptone, 15 g yeast extract, 8 g NaCl, 2 g dibasic sodium phosphate, and 1 g
monobasic sodium phosphate per 1 L of media. M9 minimal media was comprised of 10 mL of
MEM vitamin solution (Sigma Aldrich), 500 pL of 2 M MgCl,, 100 uL of 1 M CaCl,, 2 g of glucose
and 1 g of ammonium sulfate per 1 L of media. Carbonic anhydrase and chicken egg albumin
(ovalbumin), were commercially available (Sigma Aldrich), dissolved in the appropriate buffer

and used without further purification.

Cloning and Sequencing

Experiments were performed at Northwestern University in the Department of Cell &
Developmental Biology (Chicago, IL). VopE cDNA was provided by the Mekelanos Lab
(Cambridge, MA). Fragments were PCR amplified using CloneAmp HiFi PCR Premix (Clonetech)
using the protocol supplied by the manufacturer. Fragments were subcloned into pET-28b
vectors (Novagen) via Ncol and Xhol restriction sites using In-Fusion ligation-independent
cloning (Clonetech). Site-directed mutagenesis (Quikchange, Agilent) was employed to insert an

N-terminal PreScission protease cleavage site in VopE. Plasmids were amplified and purified
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using commercial protocols (Qiagen) as directed. DNA sequences were verified by Sanger

sequencing (Northwestern University NUSeq Core).

Secondary Structure Prediction

Our protocol was identical to the work of Agarwal et al.>2 The full sequence of V.cholera
VopE (Uniprot ID: AOAOH7DTI2) was input into 10 different secondary structure prediction
servers. By using many different algorithms and servers, we aimed to reduce the bias from any
one method. Peng et al.>® and Fan et al.>* suggest multiple servers complement each other and
allow for more accurate predictions. The 10 servers used were PSIPRED,>> IUPRED,>® PONDR,>’
DisEMBL,*® s2D,>° ESpritz,?9 PROFsec,%* MFD2p,>® DISCoP,>* and YASPIN.®2 We used a cutoff of
>50% likelihood within each algorithm to classify a residue as “disordered.” The results of each
server were converted to a binary output of “folded/unknown” or “disordered” (0 or 1

respectively). The scores were summed and plotted as a function of amino acid number.

Sequence Alignments
VopE (AOAOH7DTI2), YopE (P31493), ExoS (Q51449), and SptP (P74873) sequences were

aligned via UNIPROT®3 using BLAST.4

VopE Expression and Protein Purification
Experiments were performed at Northwestern University in the Department of Cell &
Developmental Biology (Chicago, IL). Cells were grown, induced, lysed, and clarified identically

to HsMiro1/2 constructs previously described.>! All recombinant proteins were expressed using
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E. coli BL21 RP (DE3) strain (Novagen). After inoculating 2 L of TPM media in a 6 L Erlenmeyer
flask (VWR) with 2 mL of overnight starter culture, the cells were grown with shaking at 200
rpm for approximately 5 hours at 37°C to ODgg=0.45. The temperature was then lowered to
16°C for 1 hour and then cells were induced at ODgy=0.90 with 0.125 mM IPTG for
approximately 18 hours overnight. Expression conditions were based on a “standard lab

II’

protocol” and did not require optimization for reasonably high yields. The cells were
resuspended in 50 mM HEPES*HCI (pH 8.0), 500 mM NaCl, 1 mM MgCl,, 0.5 mM TCEP, and 5%
sucrose (w/v) before flash freezing in liquid nitrogen. The cell pastes were stored at -80°C for
less than 3 months before lysis and purification. Cells were thawed at 37°C and all lysis and
purification steps were performed at 4°C. The cell pastes were sonicated for 4x45 seconds at
100% amplitude using a Q125 Sonicator (QSonica) before clarifying at 35,000 rpm for 45 min.
The soluble lysate from 8 L of culture was incubated with 10 mL of 50% Co?* TALON® bead
slurry (Clonetech).

The beads were washed with 10x10 mL of wash buffer (25 mM HEPES*HCI pH 7.4, 500
mM NaCl, 0.25 mM TCEP). Tag cleavage was initially performed in solution with success, but on-
bead cleavage was more time-effective while being equally as efficient. The tag was cleaved off
while the protein was bound to the beads by incubation with 200 units of Prescission Protease
(GE Healthcare) at 22°C with rotation for 1 hour. The protein and protease eluted off the beads,
which were washed with approximately 5x3 mL of wash buffer. The protein was concentrated
to approximately 2.5 mL using 3 kDa MWCO spin concentrators (Amicon) before injection over

a 16/60 Superdex 75 (S75) size exclusion column (GE Healthcare) in S75 Buffer (10 mM HEPES

pH 7.4, 150 mM NaCl, 0.5 mM TCEP). Pure fractions were pooled and concentrated to
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approximately 10 mg/mL before flash freezing in liquid nitrogen and storage at -80°C.
Approximate final yields were 20 mg of pure protein per 1 L of culture. Unlabeled protein from
two separate preparations was used for all SAXS experiments. Protein concentration was
calculated using the theoretical extinction coefficient® of all tryptophan, tyrosine, and reduced
cysteine residues in our construct at 280 nm (4470 M1 cm™?) on a NanoDrop 1000
spectrophotometer (ThermoFischer). Our recombinantly expressed and purified protein was
>95% pure by SEC-MALS Abs280 and >95% pure with full tag cleavage via Coomassie-stained

SDS-PAGE (Figure S9), validating our purification methods.

VopE Expression for Isotopic Labeling

Experiments were performed at Northwestern University in the Department of Cell &
Developmental Biology (Chicago, IL). For 3C and/or >N labeling of VopE, 500 mL cultures of M9
minimal media (5.64 g 5x M9 minimal salts, 10 mL 100x MEM Vitamins, 1 g D-glucose, 0.5 g
ammonium sulfate, 50 pL 1M CaCl,, 500 pL 1M MgCl,) were used with 13C labeled D-glucose
and/or >N labeled ammonium sulfate (Cambridge Isotope Laboratories). Expression was
slightly improved in autoinduction media but was not as cost efficient. The final antibiotic
concentration was increased to 0.1 mg/mL of kanamycin and .068 mg/mL chloramphenicol to
reduce plasmid loss and poor yields. Cultures were grown in 2.5 L Ultra Yield™ flasks (Thomson
Instrument Company) for increased aeration. 500 mL cultures were inoculated with 2 mL of
overnight preculture cells. The cultures were grown in darkness at 37°C with shaking at 250 rpm
until an ODggg of 0.4, when the temperature was lowered to 22°C for 1 hour. The cells were

induced at an ODgy of 0.6 with 1mM IPTG for approximately 15 hours. Cell pelleting, lysis and
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protein purification were identical to that of the unlabeled protein. Approximate final yields
were 10 mg of pure protein per 1 L of culture. Protein purity was ensured through SEC and
SDS-PAGE analyses. Protein from a first 2L preparation was used in all NMR residue
assignments, RDC calculations, and structural calculations. Protein from a second, 2L

preparation was used for relaxation/dispersion experiments.

SEC-MALS

Experiments were performed at Northwestern University in the Keck Biophysics Facility
(Evanston, IL). Solution SEC-MALS experiments were conducted using a 1200 LC HPLC system
(Agilent Technologies, Santa Clara, CA) equipped with 18-angle MALS light scattering detectors
(Wyatt Dawn Heleos ll), a refractive index detector (Optilab T-rEX), a quasi-elastic (dynamic)
light scattering (QELS) detector (WyattQELS) and ASTRA analysis software (Wyatt Technology
Europe GmbH). Proteins were first buffer exchanged into SEC-MALS buffer (10 mM HEPES at pH
7.4, 150 mM NaCl, 0.5 mM TCEP) using a Superdex 75 (S75) 10/300 GL column (GE Healthcare),
spin concentrated to 25.1 mg/mL and cleared of aggregates by ultracentrifugation (100,000
rpm for 10 mins). A total of 350 uL of VopE was injected and run on the S75 column at a flow
rate of 0.5 mL/min in SEC-MALS buffer at 10°C. All tubing was lined with 4°C cold packs to
prevent sample heating and unfolding. Bovine serum albumin (BSA, Sigma-Aldrich) and beta
amylase (Sigma Aldrich) at approximately 2 mg/mL each were mixed and run as molecular

weight controls to experimentally determine a dn/dc value (0.187 mL/g) under our conditions.
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SEC-SAXS

Measurements of x-ray scattering data were carried out at the APS BioCAT beamline
(Sector 18-1D) of Argonne National Laboratory, as described by Mathew et al.?® The 12-keV X-
ray beam (A = 1.033 A) was focused on a 1.5-mm quartz capillary sample cell with 10um walls.
The scattering, in the momentum transfer range, g = 0.0038-0.4 A1, was collected on a Dectris
Pilatus 3X 1M detector approximately 1.5 m downstream of the sample position. All
instrumentation and experiments were performed at 25°C. VopE 73-204 in VopE buffer (10 mM
HEPES*HCI pH 7.4, 150 mM NaCl, 0.5 mM TCEP) was fed into the X-ray beam after passing
through a Superdex 75 (S75) 10/300 GL or Superdex 200 (S200) Increase 10/300 GL column (GE
Healthcare) onto which 300 - 500 pl was loaded at 19.5 — 31.8 mg/ml. A flow rate of 0.75
mL/min was used for all samples. The delay between protein emerging from the SEC column
and its arrival at the beam position was approximately 1 min. SAXS exposures with a length of
1.0 sec were collected every 3.0 sec during the gel filtration chromatography run. Scattering
data was radially averaged, processed, scaled, averaged, and analyzed using PrimusQT.3*
Exposures before and after sample elution were averaged and used as buffer background. Pair
distribution functions, P(R), of the scattering centers were computed from the scattering curves
using GNOM.3> The radius of gyration was not concentration-dependent and was extremely
similar throughout the elution profile. Inspection of the scattering and Guinier plots show the
data is of high quality and the linearity in this region confirms the Rg value can be used in
further analyses. The molecular weight was calculated by multiplying the Porod volume by
0.625, the average ratio between molecular mass and Porod volume for 53 proteins

examined.3® Also of note, two distinct x-ray datasets collected on two distinct protein
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preparations had nearly identical Rg values (+5%), further validating our prep-to-prep protein
and SAXS system reproducibility. Electron density reconstruction was made by generating 10
reconstructions with DAMMIF, averaged with DAMAVER, and refined with DAMMIN. Final
statistics are reported in Table 1. Our data has been submitted to the SASBDB®” under accession

code SASDJV3.

Crystallization Trials

Crystallization trials were performed at the Northwestern Structural Biology Facility
(Chicago, IL). A total of 23 different constructs were subjected to crystallization trials after
parallel purification. Proteins at 5-20 mg/mL was mixed in a 1:1 ratio with precipitant. MCSG1-4
screens were employed.®® No well-diffracting, 3D crystals were ever obtained, and we

proceeded with structural experiments using NMR.

NMR Sample Preparation

During preliminary optimization experiments, we observed the protein was prone to
degradation and precipitation at higher temperatures (37°C) and lower pH (5.0) over the course
of days, as judged by visible inspection and HSQC spectra. 3D NMR data were collected with
1.05 mM 13C/*>N VopE in NMR Buffer (10 mM HEPES*HCI pH 6.0, 150 mM NacCl, 0.5 mM TCEP)
before being diluted in approximately 10% (v/v) D,0 (Sigma-Aldrich). Samples were passed
through a 0.22 um filter before being transferred to 5-mm susceptibility-matched Shigemi NMR
tubes (Shigemi). The total sample volume was approximately 300 pL and final protein

concentration was approximately 960 uM. *H/*>N 2D HSQC experiments were performed
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before and after 3D data collection. Spectra were overlaid to ensure sample homogeneity and

stability over the course of the experiment.

NMR Data Collection and Processing

All experiments were performed at the University of Wisconsin-Madison in the
NMRFAM facility (Madison, WI). Data were collected on a Varian VNMRS spectrometer (Agilent
Technologies, Santa Clara, CA) operating at 600 MHz (*H), equipped with a cryogenic triple
resonance probe using VnmrlJ 4.2. The temperature of the samples was regulated at 25.0°C for
all experiments. All samples were equilibrated with the probe for approximately 15 minutes
before data collection.

2D H,>N-HSQC and 3D HNCACB, 3D CBCA(CO)NH, and 3D HNCO spectra were recorded
to enable backbone assignments. 2D constant-time 'H,'3C-HSQC optimized for the 13C aliphatic
region and 3D C(CO)NH, 3D HBHA(CO)NH, 3D H(C)CH-COSY and 3D H(C)CH-TOCSY spectra were
acquired to enable assignment of the remaining 'H and 3C resonances in the aliphatic spectral
region. Aromatic data was collected on a second 13C/*>N protein sample from the same protein
preparation as the initial sample. 2D constant-time 1H,*3C-HSQC optimized for the 3C aromatic
region and 2D (HB)CB(CGCD)HD, 2D (HB)CB(CGCDCE)HE and 3D H(C)CH-TOCSY spectra were
acquired to enable assignment of the *H and 3C resonances from the aromatic rings. Finally, for
structure calculation, a 3D NOESY >N-HSQC spectrum and two 3D NOESY 3C-HSQC spectra
optimized for aliphatic and aromatic 13C resonances, respectively, were recorded using a 100

ms mixing time.
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All spectra were processed using NMRPipe.®° All 3D spectra were recorded using non-
uniform sampling (NUS) with a sampling rate of ~40%. A Poisson-gap sampling’® schedule was
used for the NUS data acquisition and the SMILE plug-in’* in NMRPipe was used for spectral
reconstruction.

Residual dipolar coupling (RDC) NMR experiments were carried out at 25°C using a
Bruker Avance Il (Bruker) spectrometer operating at 750 MHz equipped with a 5 mm TCl
cryoprobe. RDCs were extracted from 2D ARTSY (72) spectra at 25°C using a 1 mM 13C/*>N
labeled VopE sample in 10 mM HEPES, pH 6.0, 150 mM Nacl, 0.5 mM TCEP, 10% (v/v) D20
sample for the isotropic state and a similar sample containing 0.4 mM C/N VopE supplemented

with 12 mg/ml filamentous Pf1 phage (ASLA Biotech, Riga, Latvia) for the anisotropic state.

NMR Relaxation Dispersion Data Collection

Relaxation dispersion experiments were recorded on an Avance Il Bruker spectrometer
operating at 600MHz (*H) and equipped with a triple resonance cryogenic probe. The
temperature of the sample was regulated at 298 K for the duration of the data collection. The
relaxation experiments were acquired as interleaved 2D H->N HSQC spectra with the total
CPMG delay set to 40ms. In addition to the reference experiment, recorded without the
relaxation period, the number of >N 180 pulses during the CPMG delay was adjusted to acquire
14 unique vepwe Values: 50, 100, 150, 200, 250, 300, 350, 400, 500, 600, 700, 800, 900, 1000 Hz.
Two Vepmg Values (100 and 400Hz) were recorded twice to estimate error in the data. The
recycle delay between scans was set to 3.0sec. The offset and the spectral width were set to
4.76 and 16.0 ppm for the 'H t, dimension and to 114.0 and 29.9 ppm for the °N t; dimension.
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A total of 1024 and 128 complex points were acquired for the 'H and >N dimensions,
respectively. 32 scans were accumulated for each FID, resulting in a total recording time of 3
days and 12 hours. 2D H-1°N HSQC spectra were recorded immediately before and after the
relaxation dispersion experiment to ensure that the sample was stable for the duration of the
long relaxation experiment. The spectra were processed using NMRPipe and inspected using

NMRFAM-Sparky.

NMR Assignments

Software packages were provided by NMR Box.”3 For backbone assignments, the 2D
1H,15N-HSQC and 3D HNCACB, 3D CBCA(CO)NH and 3D HNCO spectra were analyzed in
NMRFAM-SPARKY (74). The program APES’> was used for automated peak picking. After
manual inspection, the peak lists from 3D and 2D spectra were submitted to the I-PINE web
server (http://i-pine.nmrfam.wisc.edu)’® for automated backbone assignments using PINE-
SPARKY.2 automation plugin (two-letter-code ep)”” in NMRFAM-SPARKY. These automated
assignments were then verified and extended by hand using the tools available in NMRFM-
SPARKY. The final backbone chemical shifts were then analyzed to evaluate the structure of
VopE in solution by running PECAN.”® After complete backbone assignments, we employed
predict-and-confirm strategy using transfer-and-simulate tool available in NMRFAM-SPARKY for
aliphatic sidechain assignments3® on 2D aliphatic H,*3C-HSQC, 3D HBHA(CO)NH, (H)C(CO)NH,
H(CCO)NH, H(C)CH-COSY and H(C)CH-TOCSY. Subsequently, we also used predict-and-confirm
strategy to complete aromatic sidechain assignments on 2D aromatic 'H,'3C-HSQC, CBHD,

CBHDHE and 3D aromatic H(C)CH-TOCSY. PACSY”? was used to simulate peak locations for this
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semi-automatic assignment routine. All assigned chemical shifts have been deposited in the

BMRB3? under accession code 30756.

NMR Structure Calculations

An NMR-STAR 3.1 chemical shift file was generated by a plugin of NMRFAM-SPARKY and
used as input to the PONDEROSA C/S software package3® with the Xplor-NIH calculation
option® along with the raw 3D *N-edited NOESY and 3C-edited aliphatic and aromatic NOESY
spectra. AUDANA automation option®! was selected to automate NOESY analysis and dihedral
angle prediction. As a result, NOE-derived distance constraints were obtained by the AUDANA
algorithm and backbone chemical shift-derived angle constraints were obtained by TALOS-N.
Tolerances were set to 0.025, 0.35, and 0.35 ppm for IH, 13C, and >N, respectively. The
PONDEROSA-Client program includes an automatic NOE cross peak detection module
connected to a visual noise level selector in NMRFAM-SPARKY.82 Structure calculations were
tested with both AUDANA8! and CYANA.83 We used secondary structure probabilities from
PECAN”® as whitelist restraints for the efficient NOE assignment. The PONDEROSA-Client
program then submitted the structure calculation job to the PONDEROSA web server.
Subsequently, we used the “Distance Constraint Validator” and “Angle Constraint Validator” of
the Ponderosa Analyzer to validate the constraints. Semi-automated calculations were
performed by manually inspecting using the “validation” tools in Ponderosa Analyzer.
Constraints were visualized with PyMOL, and the corresponding NOE cross peaks were
visualized synchronously with NMRFAM-SPARKY. Inspired by previous work combining SAXS

and NMR data,3”848> we “refined” the accuracy of our NMR solution structures using our
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experimentally obtained SAXS data. After constraints were verified, they were submitted to the
PONDEROSA web server using the Constraints-Only X option, which utilized Xplor-NIH to carry
out high-temperature dynamics, simulated annealing, and low-temperature dynamics.
Resonance assignments, 3D NOESY, RDC and SAXS data were used as inputs initially. After a few
iterations of structure calculation using the “Constraints Only-X” option in PONDEROSA-C/S, the
final conformers representing the hybrid solution structure were determined by using refined
constraints and SAXS curve data with the “implicit water refinement calculation(x2)” option in
Ponderosa Client program, which calculates 200 conformers and selects the 20 best on the
basis of the EEFX potential energy term. Once the protein appeared to converge towards a final
structure, we used the previous coordinate files as inputs as well. A total of 2492 NOE restraints
(1482, 617, and 266 constraints for short-, medium-, and long-range, respectively) and 200
dihedral angle constraints (101 ¢ angles and 99  angles) were used for structure calculation
(Table 1). We used PSVS suites®® to validate the calculated structures and correct over-
constrained residues. The agreement between the experimental RDCs measurements and RDC
values back calculated from the structure served to validate the structure. Structural NMR
statistics for the 20 most energetically stable VopE conformers are summarized in Table 1.

Coordinates were deposited to the PDB under the accession code 6X6N.

NMR Relaxation Dispersion Analysis
Effective transverse relaxation rate (R,") at each CPMG frequency (vepmg) Were

calculated using:

1 1(0)

In
Tepmc  1(Vepmg )

Rféff =
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Tcpme is the constant CPMG time, 1(Vepmg) is the peak intensity at each vepyg, and 1(0) is the peak
intensity at vepmg = 0. For the CPMG experiment of VopE-GAP, Tcpyig Was set to 40 ms.
Dispersion curves for R, against CPMG frequency were fitted using scipy.optimize.curve_fit
(https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.curve_fit.html). The
curves were fitted by one of exchange models: model 1 (No exchange), model 2 (fast
exchange), and model 3 (slow exchange). After fitting by all models, the model with the
smallest deviations (5,[R,%f(n, fitted) - R,*f(n, observed)]?) was selected for each residue.
For model 1 (no exchange), the fitting equation was:

Ry = R =)
R2M(Vepme) is the R, value calculated for each Vepmg and Ry (vepmg=>20) is the R % value at
infinite Vepmeg.

Model 2 refers to the fast-limiting (k., » Aw) exchange between two
chemical/conformational states, A and B. k., is the rate constant of the exchange reaction and
Aw is the chemical shift difference upon the exchange. For model 2, the Luz-Meiboom equation
was used for fitting key, @ (= Pa Pg Aw?), and Ry (vymg—><).8788 P, and Py are the populations of
A and B states, respectively (P4 + Pg = 1). The lower and upper boundaries for fitting ke,, ®, and
R2%f(Vepmg—2°) were [1000, 10000], [0, =], [0, maximum(R,%™)], respectively. After the fitting,

the chemical/conformational exchange contribution to transverse relaxation (R.,) was

calculated using (88):

26
John Wiley & Sons

Page 26 of 53



Page 27 of 53

Protein Science

Model 3 refers to the slow exchange (ke < dw) between two states, A and B. For model 3, the
Carver-Richards equation was used for fitting key, Ps, dw, and Ry*(vepmg=>=2)(89). The lower and
upper boundaries for fitting key, Pg, dw, and Ry*(v,mg=>=2) were [30, 3000], [0, 0.3], [30, <], [0,
maximum(R,¢f)], respectively. After the fitting, R., was calculated using:88

PA PB kex
) 1+ (kex/Aa))2

Rex (PA > B)

Figure Generation

Chemical structures were generated using ChemDraw.?® Domain map was generated
using IBS.°1 GAP structures were aligned using the “align” command using a sequence-
independent algorithm.%? Structures were visualized with Pymol (Pymol Molecular Graphics
System, Version 2.0 Schrodinger, LLC). PDBsum was used to generate the secondary structure
and sequence overlap.?® The APBS plugin was used to visualize electrostatic surfaces (94).

Sequence alignments were displayed using PRALINE.%>

Supplementary Material Description

Supplementary Figure 1: Hydrolysis of GTP is catalyzed through GAP arginine “finger”
Supplementary Figure 2: VopE sequence alignment with other ToxGAPs
Supplementary Table 1: MALS and SAXS scattering values.

Supplementary Figure 3: HY/N* HQSC of VopE.

Supplementary Figure 4: Correlation between calculated and experimental RDC values
Supplementary Figure 5: Sequence and secondary structure alignment
Supplementary Figure 6: Electrostatic Surface Representation of VopE
Supplementary Figure 7: Overlay of VopE fold to that of other ToxGAPs
Supplementary Figure 8: Dispersion curves for the residues with R, greater than 6 s
Supplementary Figure 9: Representative SDS-PAGE and preparative SEC purity for
recombinantly expressed and purified VopE
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Figure Legends

Figure 1: VopE domain organization. Amino acid number is labeled below. In green, the
mitochondrial targeting sequence (MTS), in light blue, the unknown domain, and in blue, the
putative GTPase Activating Protein (GAP) domain. Putative catalytic residue Arg125 and
putative guanosine interacting residue Thr164 are labeled.

Figure 2: VopE SEC-MALS and SEC-SAXS characterization. A) SEC-MALS chromatogram of VopE
and standards. On the x-axis is elution volume and on the y-axis are normalized differential
refractive index and molecular weight. VopE is shown in blue and BSA/carbonic anhydrase are
shown in red, with molecular weight shown in black. The theoretical molecular weights of BSA
(66.5 kDa), carbonic anhydrase (30.0 kDa), and VopE (14.9 kDa) agree well to the calculated
molecular weights. B) Raw scattering. I(q) is plotted as a function of g. C) Guinier plot. Ln(l(q)) is
plotted as function of g2. D) Particle distribution function. P(r) is plotted as a function of r. E)
Kratky plot. I(q)*q squared is plotted as a function of qg.

Figure 3: NMR Structure of VopE GAP domain. A) Lowest 20 energy calculated structures. Three
different angles are shown, each rotated by 90 degrees as indicated by arrows. B) SAXS electron
density overlapping with lowest energy structure. The SAXS ab initio space-filling model is
shown in grey translucent spheres while VopE is shown in blue cartoon representation.

Figure 4: VopE GAP domain elements. A) VopE in cylinder representation. N- and C-terminus
labeled and on the bottom of the molecule as “N” and “C”. Alpha helices are labeled al-7, and
Bulgel and Bulge 2 are indicated with lines. Note the protein secondary structure is primarily
alpha helical, with long “linker’ regions between helices. Putative catalytic arginine and ribose-
binding threonine are shown in sticks. B) VopE backbone shown in blue wire. Putative GTP-
binding Arg125 and Thr164 shown in sticks and colored according to element. C) VopE is shown
in blue. YopE is shown in light green. Proteins shown in cylinder representation and rotated 90°.
RMSD = 4.831A. D) Overlay of VopE NMR ensemble, shown in blue, and YopE crystal structure,
shown in green. Note the displacement of the helices and difference in secondary structure.

Figure 5: VopE conformational dynamics from NMR relaxation dispersion data. A) plot of Rex as
a function of residue number. Residues with Re greater than 6 s are labeled. R, values of each
amide proton were acquired by analyzing CPMG relaxation dispersion data. B) Overlay of VopE
NMR structure, shown in blue, and YopE crystal structure, shown in green. Residues of VopE-
GAP with R, greater than 6 s are shown as red spheres. C) ExoS/Racl co-crystal structure (PDB
ID: 1HE1) overlaid with VopE. VopE shown in blue, ExoS shown in light blue, and Rac shown in
dark grey. GTP, AIF3, and residues involved in GTP catalysis or coordination are shown as sticks.
Magnesium ion shown as a sphere. GTP and AIF3 are colored by element, ExoS residues are
shown in red, and corresponding VopE residues are shown in orange.
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Table 1: NMR and refinement statistics for VopE

aStructure statistics were calculated using the 20 lowest pseudo-potential energy conformers
out of the 100 total calculated conformers. The average pairwise RMSD was calculated against

the lowest-energy conformer.

bRMSD and Ramachandran statistics were obtained using ordered VopE residues 88-204 as

defined by Xplor.

NMR constraints and structure statistics (VopE 88- Value
204)
Distance constraints
Total NOE 2492
Short-range (|i—j| £1) 1482
Medium-range (1< |i—j| £5) 617
Long-range (|i—j| >5) 266
Hydrogen bonds 127
Dihedral angle restraints
Total 200
¢ 101
U] 99
Structure statistics?
Violations
Distance constraints (>0.5 A) 0
Dihedral angle constraints (>5°) 0
Van der Waals (>0.2 A) 0
Average pairwise RMSDP (A)
Heavy 0.85+0.27
Backbone 0.58 +0.24
Xplor-NIH pseudopotential energy (kJ mol™?) 12194
MOLPROBITY mean score/clash score 1.36/16.79
MOLPROBITY Ramachandran plot summary® (%)
Favored regions 96.2
Allowed regions 3.1
Disallowed regions 0.7
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Figure 1: VopE domain organization. Amino acid number is labeled below. In green, the mitochondrial
targeting sequence (MTS), in light blue, the unknown domain, and in blue, the putative GTPase Activating
Protein (GAP) domain. Putative catalytic residue Arg125 and putative guanosine interacting residue Thr164

are labeled.
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Figure 2: VopE SEC-MALS and SEC-SAXS characterization. A) SEC-MALS chromatogram of VopE and
standards. On the x-axis is elution volume and on the y-axis are normalized differential refractive index and
molecular weight. VopE is shown in blue and BSA/carbonic anhydrase are shown in red, with molecular
weight shown in black. The theoretical molecular weights of BSA (66.5 kDa), carbonic anhydrase (30.0
kDa), and VopE (14.9 kDa) agree well to the calculated molecular weights. B) Raw scattering. I(q) is plotted
as a function of q. C) Guinier plot. Ln(l(q)) is plotted as function of g2. D) Particle distribution function. P(r)
is plotted as a function of r. E) Kratky plot. I(q)*q squared is plotted as a function of g.
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Figure 3: NMR Structure of VopE GAP domain. A) Lowest 20 energy calculated structures. Three different
angles are shown, each rotated by 90 degrees as indicated by arrows. B) SAXS electron density overlapping
with lowest energy structure. The SAXS ab initio space-filling model is shown in grey translucent spheres
while VopE is shown in blue cartoon representation.
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Figure 4: VopE GAP domain elements. A) VopE in cylinder representation. N- and C-terminus labeled and on
the bottom of the molecule as “"N” and “C". Alpha helices are labeled al-7, and Bulgel and Bulge 2 are
indicated with lines. Note the protein secondary structure is primarily alpha helical, with long “linker’ regions
between helices. Putative catalytic arginine and ribose-binding threonine are shown in sticks. B) VopE
backbone shown in blue wire. Putative GTP-binding Arg125 and Thr164 shown in sticks and colored
according to element. C) VopE is shown in blue. YopE is shown in light green. Proteins shown in cylinder
representation and rotated 90°. RMSD = 4.831A. D) Overlay of VopE NMR ensemble, shown in blue, and
YopE crystal structure, shown in green. Note the displacement of the helices and difference in secondary
structure.
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Figure 5: VopE conformational dynamics from NMR relaxation dispersion data. A) plot of Rex as a function of
residue number. Residues with Re greater than 6 s-1 are labeled. Rex values of each amide proton were
acquired by analyzing CPMG relaxation dispersion data. B) Overlay of VopE NMR structure, shown in blue,
and YopE crystal structure, shown in green. Residues of VopE-GAP with Rex greater than 6 s-1 are shown as
red spheres. C) ExoS/Racl co-crystal structure (PDB ID: 1HE1) overlaid with VopE. VopE shown in blue,
ExoS shown in light blue, and Rac shown in dark grey. GTP, AIF3, and residues involved in GTP catalysis or
coordination are shown as sticks. Magnesium ion shown as a sphere. GTP and AIF3 are colored by element,
ExoS residues are shown in red, and corresponding VopE residues are shown in orange.
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Supplementary Table 1: MALS and SAXS scattering values.

Protein Science

Parameter Value
QELS R(h) (A) 20.1+0.6
X-ray Wavelength (A) 1.033
Rg (A) 20.2+0.1
R(h)/Rg (QELS and SAXS) 1
Dmax (A) 78
Porod Volume (A2) 23,602
Total Estimate from GNOM 0.731
Number of DAMMIF 10
Reconstructions
NSD of DAMMIF Reconstructions | 0.563
CRYSOL x?2 1.47
Theoretical MW (kDa) 14.9
Calculated MW MALS (kDa) 15.8
Calculated MW SAXS (kDa) 14.8
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Supplementary Figure 1: Hydrolysis of GTP is catalyzed through GAP arginine “finger”. A) Ras/RasGAP active
site (PDB ID: 1WQ1). Side chains, GTP, and AIF3 are shown as sticks. Magnesium ion shown as large
sphere. Catalytic water shown as small sphere. Hydrogen bonds are shown in yellow, dashed lines.B) 2D
representation of active site. Carbons, magnesium ions, and waters are shown in black. Nitrogens are shown
in blue. Oxygens are shown in red. Phosphates are shown in pink. Numbering is according to Ras/RasGAP
residues. Only residues involved in magnesium coordination or GTP catalysis are shown.
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Supplementary Figure 2: VopE sequence alignment with other ToxGAPs. B) Alignment of VopE with other
known ToxGAPs. The boxed arginine residue is putative catalytic “arginine finger” and boxed threonine
residue is predicted to be GTP-binding. Residue numbers are from the consensus alignment. YopE is 34%
identical, ExoS is 29% identical, and Sptp is 27% identical to VopE.
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Supplementary Figure 3: H1/N15 HQSC of VopE.
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Supplementary Figure 4: Correlation between calculated and experimental RDC values. Correlation between
calculated and experimental RDC values. A) Experimental RDC values plotted against calculated RDC values.
Green corresponds to good agreement, blue corresponds to acceptable agreement, and red corresponds to
disagreement. B) RDC correlations plotted onto lowest energy VopE structure, with same coloring scheme as
in A.
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Supplementary Figure 5: Sequence and secondary structure alignment. Residue number is aligned with
secondary structural element from lowest energy NMR structure. Alpha helices 1-7 are labeled H1-7.
Conserved threonine and arginine residues highlighted in red boxes.
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Supplementary Figure 6: Electrostatic Surface Representation of VopE. VopE is shown in ribbon and surface
representations. Putative catalytic Arg125 shown in spheres and circled. Backbone and Arg125 shown in
black and surface colored according to APBS scheme where red is acidic and blue is basic.
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Supplementary Figure 7: Overlay of VopE fold to that of other ToxGAPs. YopE crystal structure (PDB ID:
1HY5) is shown in light green. ExoS lowest energy NMR structure (PDB ID:1HE9) is shown in light blue. Sptp
crystal structure (PDB ID:1G4W) is shown in red. The protein backbones are shown in cartoon
representation, while the catalytic arginine residues are shown in spheres.
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Supplementary Figure 8: Dispersion curves for the residues with Rex greater than 6 s-1. R2 eff (s-1) are
shown as a function of vcpmg.
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1904

Si... Elution

Supplementary Figure 9: Representative SDS-PAGE and preparative SEC purity for recombinantly expressed
and purified VopE. A) SDS-PAGE of purified VopE. The theoretical weight of the construct in 14.9 kDa. B)
Preparative FPLC-SEC chromatogram. Abs280 is plotted as a function of elution volume. Highlighted
fractions 29-32 were pooled for final protein.
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