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Abstract
Enzymatic transfer of the AMP portion of ATP to substrate proteins has recently been described as
an essential mechanism of bacterial infection for several pathogens. The first AMPylator to be
discovered, VopS from Vibrio parahaemolyticus, catalyzes the transfer of AMP on to the host
GTPases Cdc42 and Rac1. Modification of these proteins disrupts downstream signaling events,
contributing to cell rounding and apoptosis, and recent studies have suggested that blocking
AMPylation may be an effective route to stop infection. To date, however, no small molecule
inhibitors have been discovered for any of the AMPylators. Therefore, we developed a
fluorescence-polarization based high-throughput-screening assay and used it to discover the first
inhibitors of protein AMPylation. Herein we report the discovery of the first small molecule VopS
inhibitors (e.g. calmidazolium, GW7647 and MK886) with Kis ranging from 6–50 µM and
upwards of 30-fold selectivity versus HYPE, the only known human AMPylator.

INTRODUCTION
Vibrio infections, a main cause of food poisoning, increased 115% between 1998 and
2010.1, 2 While Vibrio gastroenteritis is typically self-limiting, antibiotic intervention is
required in at-risk patients with an underlying medical condition. Vibrio parahaemolyticus,
the main bacterial cause of this sickness, uses a Type III secretion system to inject host cells
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with effector proteins including VopS. As recently identified by Orth and colleagues,3 VopS
catalyzes the transfer of the AMP portion of ATP to threonine residues present in the host
GTPases Cdc42 and Rac1. As a result, this posttranslational modification (PTM) disrupts
downstream signaling events eventually leading to cell rounding and apoptosis.3

Enzymatic transfer of the AMP portion of ATP to substrate proteins, coined AMPylation,
has since been shown to be an essential mechanism for infections caused by V.
parahaemolticus, H. somni4 and Legionella pneumophila,5 suggesting that AMPylators are
potential therapeutic targets. Supporting this notion is the recent demonstration that
antibodies targeting the Fic domain of IbpA from H. somni block AMPylation and prevent
infection.6, 7 The fact that several bacterial pathogens including Klebsiella pneumoniae,
Salmonella enterica, Shigella dysenteriae, and Mycobacterium tuberculosis all harbor genes
encoding AMPylators further suggests that inhibitors targeting these enzymes may possess
broad therapeutic utility.3–5, 8–17 Additionally, AMPylation is important for eukaryotic cell
signaling because deletion of the Fic-domain containing protein in Drosophila leads to
blindness.18 To date, however, no small molecule AMPylator inhibitors have been
discovered. Therefore, we set out to develop a high throughput screen (HTS) to identify
inhibitors of protein AMPylation.

The basis of our assay platform is the enzyme catalyzed transfer of a fluorophore to a
protein substrate, which results in an increase in fluorescence polarization (FP) (Figure 1). In
the presence of an inhibitor, however, fluorophore transfer is blocked and there is no
increase in FP.19 We recently identified Fl-ATP as a fluorescently-tagged ATP analogue
that is compatible with this type of HTS assay (Figure 1C). Briefly, the kcat/KM of Fl-ATP is
only 10-fold lower than ATP (1.0 × 104 versus 1.2 × 105 M−1s−1 for Fl-ATP and ATP,
respectively), and we verified that this fluorescent nucleotide is transferred to VopS
substrates.20 Given the high catalytic efficiency of Fl-ATP, we used this analog as the
fluorescence source for our FP-based HTS assay, which monitors the VopS catalyzed
transfer of Fl-AMP to Cdc42. Using this assay, we identified the first inhibitors of protein
AMPylation.

RESULTS AND DISCUSSION
Assay design

We hypothesized that Fl-ATP could be used in a FP-based HTS assay, wherein the VopS
catalyzed transfer of Fl-ATP to Cdc42 leads to a time-dependent increase in FP (Figure 1).
The principle behind this assay is that when plane polarized light is passed through a
sample, Fl-ATP will minimally emit polarized light (because the probe rotates rapidly in
solution). When transferred to a protein substrate, the protein-fluorophore complex rotates
more slowly, resulting in an observable increase in the emission of polarized light, i.e. FP.
Key advantages of this assay format are that the read out is homogenous and requires no
washing. Additionally, the assay directly measures inhibitory potency, and the same probes
can be used to validate the inhibitors in a gel-based screen.

As opposed to a direct competition assay, as occurs in FP-ABPP assays,21–23 an additional
advantage of our HTS format comes from the fact that since it is an enzymatic assay, it will
identify compounds that inhibit enzyme activity regardless of whether they are ATP
competitive, prevent protein substrate binding, or are allosteric inhibitors. Note that while
the binding of Fl-ATP to the AMPylator itself could also increase the FP signal, preliminary
studies indicate that this scenario does not occur with VopS, likely due to the fact that the
KM of VopS for ATP is relatively high (~50 µM).13, 20 Also note that even if Fl-ATP does
bind tightly to the enzyme, we are simply biasing the results of the screen towards
compounds that bind to the ATP binding pocket.
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Initial assay optimization
To provide the initial proof of concept for this assay, we identified the conditions that would
yield a robust time dependent increase in FP (Figure 1D). Initially, the nonionic surfactant
pluronic acid (0.01%) was added to our traditional VopS AMPylation buffer to eliminate
any false positives that may be due to non-specific aggregation.24 We then optimized the
concentrations of VopS and substrates to achieve a linear response over several hours, as
well as provide suitable signal to baseline (S/B) and Z’ factors, a measure of assay
variability, and be amenable to 384-well plate processing. Both Fl-ATP and Cdc42
concentrations are sub KM (0.005× and 0.02× respectively) ensuring our ability to identify
inhibitors capable of binding at either site. From these experiments (Figure 1D), we
identified the ideal concentrations of VopS (0.02 µM), Fl-ATP (0.25 µM) and Cdc42 (5 µM)
that provide both a linear response and suitable S/B (~3) and Z’ values (~0.8) at 3 h. Note
that the 3 h time point was chosen to both maximize S/B and Z’ and minimize the number of
concurrent robotic handling steps.

Plate-to-plate and day-to-day variability
These optimized conditions were then used to examine the reproducibility of the assay on
full 384-well plates using both a DMSO source plate and a control plate. Both the control
plate and source plate were pin-transferred (20 nL) into a black 384-well microtiter plate
that already contained VopS or no enzyme controls. After pre-incubating for 20 min, both
Cdc42 and Fl-ATP were added. A pre-incubation time of 20 min was chosen to allow for the
discovery of slow-tight binding inhibitors during the actual screen. ATP was also tested as a
low control because this is the normal substrate for the enzyme and effectively acts as an
inhibitor by outcompeting binding by Fl-ATP. A random well plot (Figure S1A) shows the
clear separation of the high and both low controls. Since ATP and the no VopS columns
provided suitable results, the no VopS columns were used for all future Z’ calculations.
Also, as can be seen in the well scatter plot, we identified zero false positives. A correlation
plot (Figure S1B) shows that there was strong repeatability and clustering of the controls
and the DMSO sample field. Z’ factors were excellent, ~0.8 for each plate (Figure S1C), and
the S/B was near 3, indicating this assay is highly reproducible and shows very little
deviation in the controls.

Assay reproducibility
To further gauge the sensitivity and reproducibility of the assay, we determined the IC50 for
the natural substrate, ATP, which inhibits the increase in FP by out competing Fl-ATP. For
these studies, 7 replicates of 1/3 dilutions of ATP were pin transferred into the wells and the
FP monitored at 0, 30, 60, 120, and 180 min, using the optimized conditions described
above (0.02 µM VopS, 0.250 µM Fl-ATP and 5 µM Cdc42) (Figure S2). All replicates
showed strong correlations and we obtained good agreement in the IC50 values obtained for
ATP (IC50(ATP) = 7.0 ± 1 µM) at 3 h. The IC50 values obtained at the different time points
were also identical within error (6.8 – 7.0 ± 1 µM at 1, 2, and 3 h for ATP), further
demonstrating that the 3 h time point provides an acceptable point at which to measure
changes in FP.

LOPAC Screen
With an optimized and validated assay in hand, we screened the 1,280-compound LOPAC
library (Sigma-Aldrich Library Of Pharmacologically Active Compounds) at 11 µM using
the conditions and controls outlined above. A randomized-well activity scatter plot (Figure
2A) of the compounds shows a large assay window, i.e. separation between the controls
(Figure 2B: average Z’ of 0.89 for the whole assay) and several potential inhibitors in-
between. Using a typical assay cut-off,25 the hit rate was calculated to be 0.4%. While a
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small subset of the wells did show negative inhibition, this phenomenon was not
reproducible. Therefore, these wells were considered artifacts. Comparing two replicates of
the same LOPAC source plate (Figure 2C) demonstrates the reproducibility of the assay (R2

= 0.72). The structures of the top 5 hits are depicted in Figure 3A.

Counterscreen
We next used our PAD4 FP-ABPP HTS assay as a counterscreen,22 reasoning that since
PAD4 and VopS operate by drastically different mechanisms any compounds that show
inhibition are false positives that decrease FP by fluorescence quenching, aggregation or
some other non-specific means.26 Here, we used fluorescein-conjugated F-amidine (FFA),27

a PAD targeted ABPP that modifies a cysteine residue present in the PAD4 active site, and
confirmed that it leads to a time-dependent increase in FP upon incubation with PAD4
(Figure S3). We observed a robust Z’ factor (~0.7) and S/B (~6) when using the no enzyme
wells as the high control. Also, as can be seen in the well-scatter plot, the level of inhibition
by Cl-amidine is an excellent indicator that the assay behaves identically to our previous
screen,22 which used a rhodamine-based fluorophore.

Since none of the top 5 compounds inhibit PAD4 in the counterscreen, we reasoned that
they were likely bona fide VopS inhibitors (Figure 3C). Concentration response curves
(CRCs) were then generated to confirm that this is the case (Figure 3B). In all cases, dose
dependent inhibition of the top hits was observed with IC50 values ranging from 11–60 µM.
While the ATP analogue Ap4A, is most likely an alternative substrate, the other inhibitors
have unique non-ATP like structures, which indicates that it is possible to screen large
collections of compounds to identify unique chemotypes for this class of enzyme.

Secondary screens and inhibitor validation
To further confirm that the top hits block Fl-AMP transfer, as opposed to a non-specific
effect on the FP signal, we developed a gel-based version of our primary screen. In this
screen, if the inhibitors merely interfere with FP and do not block transfer, fluorescently-
labeled Cdc42 will still be detected since the inhibitor is removed during the electrophoresis
stage of the assay; changes in fluorescence are directly monitored in gel. Similar secondary
screens have been described.21, 28 An additional benefit of this assay comes from the fact
that it is possible to quantify changes in fluorescence intensity, and thereby provide a semi-
quantitative read-out of inhibitor potency. Here, VopS was treated with 10 µM of inhibitors
1–5 before adding sub KM concentrations of Fl-ATP and Cdc42. After electrophoresis,
strong labeling was seen in the control DMSO lane, but there was a decrease in labeling for
compounds 1, 3, 4, and 5 confirming that they do in fact inhibit Fl-AMP transfer to Cdc42
(Figure 4A, Table 1). In contrast, compound 2 appears to be a false positive as it shows only
3% inhibition in this assay.

To gauge selectivity versus other Fic domain containing proteins, we adapted this gel-based
assay for HYPE, the only human Fic domain containing protein. Identifying inhibitors that
preferentially inhibit VopS over HYPE is important for limiting the potential toxicity of
novel VopS targeted therapeutics. For these studies, our HYPE Fic E234G construct was
treated analogously to VopS but instead of using Cdc42 as a substrate, we used histone H3
(Figure 4B, Table 1). The HYPE Fic E234G mutant is constitutively active8 and we recently
identified H3 as a HYPE substrate (Figure 4B). Based on this assay, compound 4 shows the
highest selectivity (32-fold selective) (Figure 4C), indicating that our screen can discover
inhibitors that are specific for bacterial versus human Fic domain containing proteins. The
selectivity for VopS over HYPE further indicates that inhibition is not due to a non-specific
mechanism.
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Inhibitor kinetics
After confirming that four of the top five compounds inhibit VopS in both the primary HTS
assay and the gel-based secondary screen, we used our continuous pyrophosphate detection
assay to determine modes of inhibition for 1, 3, and 5. Inhibitor 4 interfered with the
downstream enzymes in the continuous assay, so a radioactive α33P-ATP assay was used for
this compound. Based on the Lineweaver-Burk plots and an analysis of the errors, inhibitors
1 and 3 are non-competitive with respect to both Cdc42 and ATP with Kii values of 20 ± 1
and 50 ± 6 µM respectively (Table 1). Inhibitor 5 is competitive with respect to Cdc42 (Ki =
410 ± 110 µM) and has a mixed pattern of inhibition with respect to ATP (Kis = 66 ± 19
µM). Compound 4 is the most potent inhibitor, and is competitive with respect to Cdc42 (Ki
= 6 ± 1 µM) and non-competitive with respect to ATP. As expected, the Ki values of 1, 3
and 4 correspond to the IC50 values calculated from the CRCs since the concentrations of
both substrates are well below KM in the 384-well assay. Inhibitor 5, however, showed poor
inhibition in this continuous assay, possibly due to solubility issues caused by the farnesyl
chain, as such this compound was not used in any further experiments.

Cellular Efficacy
To explore their cellular efficacy, we examined whether compounds 1–4 inhibited cellular
AMPylation and cell rounding in VopS transfected cells.3 Compounds 1 and 3 were
evaluated at 10 µM and compound 4 was tested at 5 µM, due to its cellular toxicity.29 As
depicted in Figure 5, compounds 1 and 3 decreased cellular protein AMPylation, as
measured by Western Blotting, however, compound 4 did not show a significant decrease.
While compound 4 was the most potent inhibitor identified from our screen, its high cellular
toxicity likely limits its utility as a VopS inhibitor. Furthermore, while compounds 1 and 3
do decrease the amount of protein AMPylation in cells, they were unable to reverse the cell
rounding phenotype induced by VopS overexpression (Figure S4).3 The inability to prevent
the cell rounding phenotype is likely due to the fact that the VopS catalyzed AMPylation
reaction is thought to be irreversible in human cells. Thus, without more potent inhibitors,
cellular rescue may not be possible.

Structure Activity Relationships
Given the high in vitro potency of 4, we set out to develop a structure activity relationship to
identify the critical features that are required for the potent inhibition observed with this
compound. Analogues of 4 were either synthesized or obtained from the NCI/DTP Open
Chemical Repository30 (Figure 6). Using the HTS assay, we obtained CRCs and IC50 values
for 4 and 19 derivatives (Figures 6, S5).

By grouping the analogues according to whether they mimic the eastern or western half of
the molecule, it became clear that the eastern biphenyl ring is critical for potency. For
example, comparing 9 and 4 shows that the loss of the dichlorophenyl ring decreases
potency by more than 100 fold. However, the dichlorophenyl moiety is not absolutely
required because some of the potency can be regained with a smaller N-alkylation, as can be
seen with 24. This increase in potency is not solely due to the cationic charge acquired from
the N,N disubstitution, however, since compounds 16, 17 and 22 are poor inhibitors.
Examining the northwestern portion of 4, it is apparent when comparing 6 with 7 – 9 or 10
with 11 – 14 that aryl ethers are much more potent than the aliphatic substituents. The third
observation from this series of compounds is that the halogens on the southeastern phenethyl
aryl ring are important. For example, the IC50s increase in the 4, 15, 23 series as chlorides
are removed from the molecule. The fourth and final feature from this series is the tolerance
on the northwestern aryl ring by different halogens. Comparing 18 – 21 shows that
regardless of the halogens or substitution pattern on the northwestern ring, there is little
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change in potency. This is further confirmed by the minimal changes between 7 – 9 and also
between 10 and 13. Therefore, our next generation of compounds should all share the
imidazoline core with a western di-aryl system but there can be a wide variety of
modifications on the eastern side, which can be tuned for specificity.

Differential Hydrogen Deuterium Exchange (HDX) mass spectrometry
Since none of the compounds were competitive with ATP, we wished to identify where the
inhibitors bind to VopS. Since attempts to co-crystallize the compounds with VopS were
unsuccessful, we used HDX-MS to map putative binding sites for 3 and 4. Briefly,
compounds 3 and 4 were incubated with 10 µM of VopSΔ30 at a molar excess of 10:1 or 3:1
(ligand:protein) for 1 h before H/D exchange, quenching, on-column pepsin digestion and
analysis by ESI-MS. When compared to apo-VopS, VopS in the presence of 4 (100 µM)
shows decreased hydrogen exchange with solvent deuterium in the N-terminal region (VopS
31–63), with VopS residues 58–63 showing highest protection against HDX (Figure 7A, B).
Protection to solvent exchange would suggest increased stabilization of this region of the
protein upon ligand binding and or decreased accessibility of the protected amide hydrogens
to solvent. The same region also showed protection at 30 µM, a 3-fold excess, of 4 (Figure
S6), suggesting that 4 binds to the N-terminal region of VopS (in particular residues 59–63).
The decreased protection observed for the 30 µM sample may reflect the moderate Ki value
for 4, as it is possible that not all VopS binding sites are saturated at the lower concentration.

It should be noted that large areas of destabilization are observed throughout the rest of the
protein (residues 147–387) when using 100 µM 4, which are not present at the lower
concentration. This destabilization could be caused by a) 4 is insoluble at 100 µM in the
VopS buffer and it causes the protein to precipitate/un-fold, resulting in destabilization/
increased deuterium uptake. This hypothesis seems less likely because some regions are
unchanged (colored grey) or show increased protection (blue/green) at the higher
concentration; b) VopS is a multimer in solution and the inhibitor binding leads to
monomerization/dimerization and can expose the protein dimerization interfaces to more
deuterium exchange; or c) inhibitor binding in the N-terminal subdomain induces a global
conformational change in the protein. Although the N-terminal region (i.e., residues 31–63)
is distal from the active site (residues 348–356) and a deletion construct lacking the first 75
amino acids is still active, the entire N-terminal subdomain is necessary for full activity.13

Furthermore, previous studies have suggested that a large conformational change occurs
upon substrate binding.13 Thus, we favor the latter explanation for the increased HDX in the
core of the protein upon inhibitor binding.

Using a similar differential HDX approach, we characterized the binding of 3 to VopS
(Figure 7A, C). Compound 3, which is a non-competitive inhibitor of both ATP and Cdc42,
also showed increased protection within the N-terminus of VopS (residues 59–75).
Furthermore, as we saw with 4, there is substantial destabilization throughout many regions
of the rest of the protein. Taken together, these data suggest either that 3 and 4 bind to the N-
terminus of VopS or inhibitor binding induces a dramatic conformational change in this
region of the enzyme.

Conclusion
In conclusion, we have developed a FP-based HTS compatible assay that relies on the
inherent activity of VopS to transfer AMP to Cdc42. We used this assay to screen the 1,280
member LOPAC library and discovered several potential hits. We further characterized
these compounds and found 3 of the top 5 are selective for VopS with Kis in the 6–50 µM
range. Compounds 1, 3 and 4 display moderate cellular efficacy via their ability to inhibit
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AMPylation in VopS transfected cells. Structure activity relationships also identified the
imadazoline core of calmidazolium, 4, as the key pharmacophore that binds to the N-
terminal subdomain of VopS. In total, these studies detail the discovery of the first inhibitors
for protein AMPylation and set the stage for the discovery of new and more potent
derivatives.

METHODS
VopS HTS Assay Validation

8 µL of VopS Screening Buffer (20 mM HEPES pH 8.0, 100 mM NaCl, 1 mM DTT, 5 mM
MgCl2, 0.01% pluronic acid) (column 1) or 8 µL of VopSΔ30 (20 nM final) in Screening
Buffer (columns 2–23) were added to a black 384-well microtiter plate (Greiner 784076)
using a Beckman Coulter Flying Reagent Dispenser (FRD). Controls (columns 1: DMSO
(no VopS, high control); 2: 20 mM ATP (high control); and 23: DMSO (no inhibitors, low
control)) and source DMSO (100%) (columns 3–22) were pinned 2× using the 10 nL head
on a Beckman Coulter BioMek NXP to achieve a final concentration of 0.4% v/v. After a 20
min incubation, 2 µL of substrates, that is Cdc42Q61L (5 µM final) and Fl-ATP (250 nM
final) in Screening Buffer, were added using the FRD. The plates were read at 0, 30, 60,
120, 180 and 240 min using a Perkin-Elmer EnVision plate reader (Filters: Ex: FITC FP
480, Em 1: FITC FP P-pol 535, Em 2: FITC FP S-pol 535).

LOPAC Screen
8 µL of VopS Screening Buffer (column 1) or 8 µL of VopSS30 (20 nM final) in Screening
Buffer (columns 2–23) were added to a black 384-well microtiter plate (Greiner 784076)
using the FRD. Controls (columns 1: DMSO (no VopS, high control); 2: 20 mM ATP (high
control); and 23: DMSO (no inhibitors, low control)) and LOPAC molecules (columns 3–
22) were pinned 2× using the 10 nL head on a Beckman Coulter BioMek NXP to achieve a
final concentration of 11 µM. After a 20 min incubation, 2 µL of substrates (Cdc42Q61L (5
µM final) and Fl-ATP (250 nM final)) in Screening Buffer were added using the FRD. The
plates were read after 3 h as described above.

Compound Response Curves (CRC)
8 µL of VopS Screening Buffer (column 1) or 8 µL of VopSΔ30 (20 nM final) in Screening
Buffer (columns 2–23) were added to a black 384-well microtiter plate (Greiner 784076)
using the FRD. Controls (columns 1: DMSO (no VopS, high control); 2: 20 mM ATP (high
control); and 23: DMSO (no inhibitors, low control)) and CRC molecules (columns 3–22)
were pinned using the 100 nL head on a Beckman Coulter BioMek NXP to achieve a final
concentration of 2 nM to 50 µM. After a 20 min incubation, 2 µL of substrates (Cdc42Q61L
(5 µM final) and Fl-ATP (250 nM final)) in Screening Buffer were added using the FRD.
The plates were read after 3 h as described above. For each test compound, percent
inhibition was plotted against compound concentration. To calculate the IC50, the data were
fit to eq. 1,

(1)

where Ymax is the maximum signal, I is the concentration of compound, n is the Hill slope,
IC50 is the inflection point concentration and Ymin is the baseline response using Assay
Explorer software (Accelrys Inc). In cases where the highest concentration tested (i.e., 58.6
µM) did not result in greater than 50% inhibition, the IC50 was determined manually as
greater than 58.6 µM.
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Gel-based secondary screens
VopS (20 nM final) was preincubated with inhibitor (10 µM final) in VopS Screening Buffer
for 20 min. Cdc42Q61L (5 µM final) and Fl-ATP (1 µM final) were then added. After 15
min, 6× SDS-PAGE loading buffer was added to quench the reaction. The proteins were
then separated on a 12% SDS-PAGE gel and imaged to 50 µm on a Typhoon 9410 (GE
Healthcare) set at 532 nm. The fluorescent intensities were quantified using Image Quant.
Percent inhibition was calculated by normalizing the fluorescence relative to the DMSO
control.

HYPE Fic E234G (2.5 µM final) was preincubated with inhibitor (10 µM final) in VopS
Screening Buffer for 20 min. Histone H3 (30 µM final) and Fl-ATP (5 µM final) were then
added. After 20 min, 6× SDS-PAGE loading buffer was added to quench the reaction. The
proteins were then separated on a 12% SDS-PAGE gel and imaged to 50 µm on a Typhoon
9410 (GE Healthcare) set at 532 nm. The fluorescent intensities were quantified using Image
Quant. Percent inhibition was calculated by normalizing the fluorescence relative to the
DMSO control.

Cell based inhibition assay
HeLa cells (1.5 × 105 cells/well) were seeded in a 6 well plate and grown overnight in
DMEM supplemented with 10% fetal bovine serum (Sigma), 2 mM L-glutamine, 100 µg/
mL streptomycin, 100 U/mL penicillin, 0.1 mM non-essential amino acids, and 1 mM
sodium pyruvate (Invitrogen) at 37 °C with 5% CO2. The cells were transfected with 100 ng
pcDNA3-VopS, 200 ng pGFP-n1 and empty vector pcDNA3 to a total of 2 µg of DNA/well
using XtremeGene Hp (Roche). Compounds (5 µM calmidazolium, 10 µM GW7647 or 10
µM MK886) were added to the cells with the transfection reagents. After 6 h, the cells were
washed with fresh DMEM and inhibitors were re-added. 18 h post transfection, the cells
were fixed using 3.2% paraformaldehyde in 1× PBS for 10 min at room temperature. The
fixed cells were imaged using Zeiss LSM 510 confocal microscope. Images were processed
using ImageJ and Adobe Photoshop. Alternatively, 18 h after transfection, the cells were
harvested in PBS using a cell scraper. The cells were spun down, washed and 50 µL lysis
buffer (50 mM Tris, 150 mM NaCl, 1% TX-100, Roche mini protease inhibitor tablet) was
added and incubated for 10 min on ice. 5× SDS-PAGE loading buffer was added to the
cleared cell lysate, boiled for 10 min and the proteins separated on a 17% SDS-PAGE gel.
Proteins were then transferred to PVDF membrane and blocked with 5% milk. Membranes
were blotted with rabbit anti-VopS,3 mouse anti-GFP (BD Biosciences), mouse anti-actin
(Sigma) and rabbit anti-AMP-threonine.31 Percent inhibition was calculated by normalizing
the AMP-T band intensity to the VopS band intensity.

Differential Hydrogen deuterium exchange (HDX) Mass Spectrometry
VopSΔ30 (10 µM) was mixed with a 1:3 or 1:10 (protein:ligand) molar excess of
calmidozolium (4), and MK886 (3), and incubated for 1 h at 4 °C for complex formation
before subjecting to HDX. For the differential HDX experiments, 5 µL of VopSΔ30 with or
without compound were mixed with 20 µL of D2O-containing HDX buffer (20 mM HEPES
pH 8.0, 150 mM NaCl, 1 mM EDTA) and incubated at 4 °C for 0, 10, 30, 60, 90 or 3,600 s
and analyzed as previously described.32

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HEPES N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid)

EDTA ethylenediamine tetraacetic acid
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Fl-ATP N6-(6-amino)hexyl-ATP-5-carboxyl-fluorescein

Fl-AMP N6-(6-amino)hexyl-AMP-5-carboxyl-fluorescein

FFA fluorescein tagged F-amidine.
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Figure 1.
VopS reaction and assay design. a) AMPylators transfer AMP to side chain threonines or
tyrosines. b) FP assay design. A time dependent increase in FP signal occurs as VopS
transfers Fl-AMP to Cdc42. In the presence of an inhibitor, however, no Fl-AMP is
transferred and the FP signal is diminished. c) Structure of Fl-ATP. d) Substrates (Cdc42
and Fl-ATP) were added to 16 replicates of VopS, VopS with 0.4 mM ATP or VopS
Screening Buffer in a 384-well plate. FP was measured as a function of time.
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Figure 2.
LOPAC screen. The LOPAC library was screened in triplicate. The compound activity can
be seen in a) Random well scatter of the 3 h normalized FP values. Assay quality is shown
by b) Z’ and S/B plots for each of the 13 plates, and c) Well correlation between 2 of the
LOPAC plates.
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Figure 3.
Hit Validation. a) Structures of the most efficacious 5 hits from the LOPAC screen.
Concentration response curves (CRC) for the same compounds with b) VopS and c) PAD4.
The CRC for PAD4 were generated using the PAD4 targeted FP-ABPP assay.
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Figure 4.
Gel-based counterscreen. The top five hits from the LOPAC CRC were analyzed using a
gel-based assay with a) VopS or b) HYPE Fic E234G. c) Normalized percent inhibition
from duplicate data relative to the DMSO control from the gel based screen for both VopS
and HYPE Fic E234G.
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Figure 5.
In cellulo efficacy of validated VopS inhibitors. a) Western blot of the lysates from GFP or
VopS/GFP transfected HeLa cells in the presence or absence of compounds 1 (10 µM), 3 (10
µM), or 4 (5 µM). b) Quantified band intensities of the AMP-Threonine blots normalized
against VopS.
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Figure 6.
Calmidazolium derivative characterization. Structures and inhibition values of the
calmidazolium derivatives as determined from the CRC screen grouped by their structural
differences.
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Figure 7.
HDX of VopS with 3 or 4. a) Heat map of the change in deuterium exchange of VopS
incubated with 100 µM 3 or 4 shows protection in the N-terminal region VopS 57–63. b)
Deuterium uptake plot for VopS 57–63 shows a time dependent decrease in HDX in the
presence of 100 µM 4 or 100 µM 3.
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Table 2

Mechanism of inhibition values for VopS

Compound Varied substrate Mechanism of
inhibition

Kis
(µM)

Kii
(µM)

1 Cdc42 Non-competitive 20 ± 1

ATP Non-competitive 41 ± 5

3 Cdc42 Non-competitive 99 ± 16

ATP Non-competitive 50 ± 6

4 Cdc42 Competitive 6 ± 1

ATP Non-competitive 26 ± 4

5 Cdc42 Competitive 410 ± 110

ATP Mixed 66 ± 19 310 ± 38
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