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Abstract

The Ras-ERK (extracellular signal-regulated kinase) pathway is critical for controlling cell
proliferation, and its aberrant activation drives the growth of various cancers. Because many
pathogens produce toxins that inhibit Ras activity, efforts to develop effective Ras inhibitors for
treating cancer could be informed by studies of Ras inhibition by pathogens. Vibrio vulnificus
causes fatal infections in a manner that depends upon multifunctional-autoprocessing repeats-in-
toxin (MARTX), a toxin that releases bacterial effector domains into host cells. One of the effector
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domains delivered by this toxin is the Ras/Rapl-specific endopeptidase (RRSP), which site-
specifically cleaves the Switch | domain of the small GTPases Ras and Rapl. We solved the
crystal structure of RRSP and found that its backbone shares a structural fold with the EreA/
ChaN-like superfamily of enzymes. Unlike other proteases in this family, RRSP is not a
metalloprotease. Through nuclear magnetic resonance (NMR) analysis and nucleotide exchange
assays, we determined that RRSP processing did not release any fragments of KRAS or cause
KRAS to dissociate from its bound nucleotide, but instead only locally impacted the structure.
However, this structural alteration of KRAS was sufficient to disable guanine nucleotide exchange
factor (GEF)-mediated nucleotide exchange and RAF binding. Thus, RRSP is a bacterial effector
that represents a previously unrecognized class of protease that disconnects Ras from its signaling
network while inducing limited structural disturbance to its target.

Introduction

Bacterial toxins have evolved to hijack cellular pathways by compromising the innate
immune response, thus promoting bacterial invasion, and by modifying epithelial and
endothelial cells to promote systemic spread (1). Inhibition or deregulation of signaling
through small guanosine triphosphatases (GTPases) is one of the most common strategies
for avoiding host innate responses because these proteins serve as central nexuses in many
cellular signal transduction pathways. Ras is a small GTPase that directs extracellular
signals through mitogen activated protein kinase (MAPK) signaling cascades to promote cell
proliferation, differentiation, and survival by specific target gene expression (2). The activity
of Ras is finely controlled by guanine-nucleotide-exchange factors (GEFs), which promote
formation of the GTP-bound active state, and by GTPase-activating proteins (GAPs), which
accelerate the intrinsic GTPase activity to promote formation of the GDP-bound inactive
state (3-5). Cycling between GDP and GTP binding causes conformational changes of the
Switch | (residues 30-40) and Switch |1 (residues 60-76) regions of Ras (5). In the GTP-
bound active conformation, Ras interacts with downstream effectors to modulate
cytoplasmic signaling networks (6). The best characterized downstream effectors of Ras are
kinases of the Raf family, which mediate the activation of Ras-MAPK signal transduction
pathways (6). Given its prominent role in cell proliferation, Ras signaling is frequently
constitutively activated in cancer cells due to mutations in KRAS, NRAS, or HRAS.
However, there are currently no drugs targeting Ras in cancer and very few Ras-specific
inhibitors useful for studying this protein in cancer cell signaling.

Novel strategies to inhibit Ras could be informed by understanding the natural event of Ras
inhibition by bacteria. Several bacteria produce secreted protein toxins that target Ras
directly. Multifunctional-autoprocessing repeats-in-toxin (MARTX) toxins are 3500-5300
amino acid protein toxins secreted by Gram-negative bacteria through modified Type |
secretion systems (7). These toxins translocate multiple effector domains across the
eukaryotic plasma membrane (8), where they are released from the holotoxin into the
cytosol by inositol hexakisphosphate—induced autoprocessing (9). The motile, Gram-
negative opportunistic human pathogen Vibrio vulnificus causes rapidly progressing, life-
threatening sepsis after contaminated seafood is ingested or open wounds are exposed to
seawater in a manner that depends upon production of a MARTX toxin (7, 10, 11). Up to
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seven different variants of the toxin carrying distinct repertoires of effector domains have
been identified in different V/ vu/nificus isolates (7). Remarkably, strains producing the
MART Xy, toxin variant that contains the effector domain known as Ras/Rap1-specific
endopeptidase (RRSP, also known as DUF5, P, asymbiotica rtxA homology domain, and
PMT C1-C2 homology domain) show about 50-fold increased virulence in mice compared
to an isogenic strain that produces a toxin without RRSP (12). This potent cytotoxicity of
RRSP is due to its direct inhibition of MAPK signaling by proteolytically processing the
small GTPases Ras and Rapl. This processing of Ras prevents the subsequent
phosphorylation and activation of extracellular signal-regulated kinases (ERKSs) (13). RRSP
specifically recognizes the Switch | domain of Ras and Rap1 and cleaves it between Tyr32
and Asp33 (13, 14). This activity is also found in toxins of other bacteria, including
Photorhabaus spp. insect pathogens and Aeromonas spp. pathogens of fish (13, 14).

Despite the extensive characterization of substrate specificity, the catalytic mechanism by
which RRSP cleaves Ras remains unknown because RRSP shows no primary sequence
similarity to known protease families. Further, how clipping the Switch | domain leads to
inactivation of Ras remains unknown. In this study, we solved the crystal structure of the
MART Xy, toxin RRSP effector domain and found it to be similar to that of members of the
Ere-like and ChaN superfamily of hydrolytic enzymes (15). Structural alignment identified
conserved catalytic residues that were essential for RRSP enzymatic activity and for
cytotoxicity. However, RRSP, unlike other known proteases in this family, cleaved its
substrate in the absence of metal cofactors. We further show the structural and functional
consequences of KRAS cleavage by demonstrating that RRSP processing induced a mainly
localized perturbation within and adjacent to the Switch | region without compromising
either the overall structural integrity or the nucleotide binding site of KRAS. However,
cleaved KRAS could not be stimulated for nucleotide exchange by a GEF and was unable to
bind RAF1. Thus, the RRSP toxin effector domain is a unique class of protease that is highly
potent for pathogenesis because it completely disconnects the Ras-ERK signaling network,
an activity that may prove beneficial to studies of cancer cell signaling.

Crystal structure reveals subdomain architecture of RRSP from the V. vulnificus MARTX

toxin

To understand the catalytic mechanism of RRSP, we determined the crystal structure of
RRSP from V. vuinificus strain isolate CMCP6 (NCBI locus NC_004460 ((16); residues
3594-4087) at 3.45 A resolution. The structure was deposited into the Protein Data Bank
(PDB) with PDB ID 5W6L (Table 1). There were two molecules in the asymmetric unit, and
the structures of the two chains were nearly identical (RMSD 0.488 A), with chain A
selected for further analysis. The structure of RRSP is composed of two subdomains: C1
(residues 3596-3742) and C2 (residues 3743-4087) (Fig. 1A). The C1 subdomain includes
seven a-helices (a1-a7), whereas the C2 subdomain is formed by 16 a-helices (a8-a23)
and 9 B-strands (B1- p9) (Fig. 1B). The C2 subdomain can be divided into C2A (residues
3743-38430, containing a8— a1l and B1- p3), and C2B (residues 3856-4087, containing
al3- a23 and p4- p9), both with a/p folds and connected by the long helix a—12.
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The extreme N-terminus of RRSP (a1-4) is a characterized plasma membrane localization
domain (MLD) found in many bacterial toxins (17, 18). It is essential for targeting RRSP to
the negatively charged plasma membrane through positively charged lysine and arginine
residues and a phenylalanine forming a classic basic-hydrophobic motif (17, 18). Nuclear
magnetic resonance (NMR) analysis had previously showed that the RRSP N-terminus is a
four-helix bundle in solution with residues essential for membrane targeting found in loops 1
and 3 (19). The RRSP structure here likewise reveals a four-helix bundle within a larger
seven-helix C1 subdomain with a5-7 interfacing with the C2 subdomain (Fig. 1A). The
resolved structure of the C1 MLD subdomain can be superimposed with similar targeting
domains from Pasteurella multocida toxin (PMT), Vibrio cholerae Rho-inactivation domain,
and clostridial glucosylating toxins (fig. S1).

The C2 subdomain is sufficient to confer cytotoxicity in mammalian and yeast cells (20). In
a Dali server search (21) using the entire RRSP structure (fig. S2), the highest scoring hit (Z-
score=31.7) was the structure of the C-terminus of PMT (PDB ID 2EBF) (15). In addition to
the C1 MLD of RRSP showing high similarity to the C1 MLD of PMT as noted above, the
RRSP-C2 and PMT-C2 domains also showed a high degree of similarity (RMSD 3.3 A)
even though the amino acid sequence identity is only 25% (fig. S3A). This similarity could
suggest conservation of function. The PMT C-terminal region consists of three well-defined
domains: C1, C2, and C3 (15). The PMT catalytic domain C3 induces the constitutive
activation of Ga proteins of the Gg/11, G12/13, and G;j families by deamidating a crucial
glutamine in the Switch Il domain and blocking GTP hydrolysis activity (22, 23). RRSP
does not contain a domain corresponding to the PMT-C3 domain. Further, PMT causes the
transactivation of the MAPK cascade by targeting Gg/11 through the p63RhoGEF-RhoA
pathway, a process that depends on functional Ras (24), making it unlikely that PMT-C2
would cleave Ras. Indeed, purified recombinant PMT containing only the C1 and C2
domains (rPMT-C1C2) mixed at equimolar concentration with recombinant human KRAS
(rKRAS) for 30 min at 37°C did not show Ras processing activity, whereas recombinant
(rRRSP) completely cleaved rKRAS in a parallel reaction (fig. S3B). These results
demonstrate that although the PMT-C1C2 domains have a similar fold to RRSP, PMT is not
able to cleave Ras. These biochemical data reinforce previous cell biological data that PMT-
C1C2 in not cytotoxic and does not affect mitogenic signaling (20, 25).

The Dali search also revealed homology of the RRSP-C2B subdomain to the bacterial type
I11 secretion system (T3SS) effector protein HopBAL of Pseudomonas syringae (PDB 1D
5T09 (26), Z-score=11.5), the heme-binding ChaN protein from Campylobacter jejuni (PDB
ID 2G5G (27), Z-score=11.0) and two proteins of unknown function from Bacillus cereus,
Berl35 and Berl36 (PDB 1D 3B55 (28) and 2QGM (29), Z-scores=9.2 and 9.1,
respectively) (Fig. 2A and fig. S2). All of these proteins have no known function. Thus,
alignment of RRSP to other proteins of known structure does not inform about the catalytic
mechanism by which RRSP can cleave Ras or is cytotoxic to cells.

Transitive homology analysis shows unrecognized catalytic residues in RRSP

Transitivity suggests that the function of a protein can be deduced if two proteins with little
or no similarity can be clustered with a third protein to which both share similarity (30). The

Sci Signal. Author manuscript; available in PMC 2019 April 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Biancucci et al.

Page 5

catalytic sites for the erythromycin esterases EreA and EreB (31) and the TIKI
metalloproteases (32) were previously modeled based on primary sequence similarity with
Bcrl136 (31), which revealed structural, but not amino acid sequence, similarity to RRSP in
our Dali search (fig. S2). Thus, transitive structure homology suggests that RRSP may
belong to a broader family of hydrolytic enzymes, with the RRSP-C2B (residues 3882—
4063) defined by the Structural Classification of Proteins (SCOP) database as an o/ fold
with a B-strand core of the EreA/ChaN-like superfamily (33). Previous computational
analyses predicted RRSP could belong to this family (34, 35).

The structural alignment of RRSP with HopBAL, ChaN, and Bcrl135 and identification of
the known catalytic residues from EreA, EreB, and Tiki2, all of which were previously
modeled using Bcr136, revealed residues Glu3990, His3902) Glu3930, and His*030 as putative
catalytic residues for RRSP (Fig. 2B). Notably, all of the identified residues are substituted
in PMT (Fig. 2B), despite conservation of structure, which is consistent with PMT lacking
Ras protease activity (fig. S3B). The putative catalytic residues are located within a cleft on
the protein and are closely oriented, along with two non-conserved residues, Arg#%? and
His3931 (Fig. 3A and fig. S4). We generated and purified rRRSPs in which alanine was
substituted for each of the six identified residues and tested for their ability to cleave rKRAS
in vitro at equimolar concentrations (Fig. 3B and3C). Replacing Glu39% with alanine
(E3900A) has no effect on the ability of rRRSP to cleave rKRAS, whereas replacing His3902
with alanine (H3902A) reduced rKRAS processing nearly 50%. Substitution of the
conserved Glu3930 (E3930A) and His4930 (H4030A) residues resulted in proteins that were
unable to cleave rKRAS, suggesting a major role for these residues in the catalytic
mechanism. Exchange of the non-conserved His393! with alanine (H3931A) also reduced
rKRAS processing activity, whereas exchange of the non-conserved proximal residue
Arg#001 tg alanine (R4001A) did not affect rKRAS processing.

RRSP is a unique protease in the EreA/ChaN-like family

Some members of the EreA/ChaN-like enzyme family, including the erythromycin esterase
EreA and the metalloprotease TIKI2, require metal co-factors for their hydrolytic activity
(31, 36), and the crystal structure of Bcr135 included a calcium ion in the putative active site
(28). In contrast, EreB does not require a metal co-factor (31), and the structures of ChaN,
Bcrl136, and HopBAL1 lack a divalent ion (26, 27, 29). Given that TIKI2, the only known
protease in the EreA/ChaN-like family, is a characterized Co?*/Mn?*-dependent
metalloprotease (32), it was surprising that a metal ion was absent from the crystal structure
of RRSP. To test whether RRSP activity depended on metal co-factors, we incubated rRRSP
with increasing concentrations of the metal ion chelators EDTA or 1,10-phenanthroline and
then mixed it with an equimolar concentration of rKRAS. Chelator-treated rRRSP did not
show inhibition of activity, even at the highest molar ratio of 1:500 (RRSP:chelator) (Fig. 4A
and4B). As a positive control, the nonspecific protease thermolysin was inhibited by both
EDTA and 1,10-phenanthroline under the same conditions (Fig. 4C).

In addition, rRRSP pre-treated with EDTA to chelate divalent cations showed a half
maximal inhibition (ECsg) value comparable to untreated rRRSP (Fig. 4D). Pre-treatment of
rRRSP with 1,10-phenanthroline did reduce the ECsq value about 3-fold, although 100% of
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rKRAS was still processed within 10 minutes at an rRRSP:rKRAS ratio of 1:10 (Fig. 4E).
The activity of chelator-treated rRRSP was not stimulated by MgCl, carried over with
purified rKRAS, because rKRAS that was not subjected to buffer exchange to remove
MgCl5, prior to the addition of rRRSP showed identical ECsg values (fig. SS5A and S5B).
Addition of 5 mM CaCls,, CoCly, MgCl,, or MnCl,, also did not stimulate chelated rRRSP
and, in fact, addition of NiCl, ZnCly, or CuCl; inhibited the reaction (Fig. 4F, fig. S6A, S6B
and S6C. These results demonstrate that RRSP is not a metal-dependent protease and does
not require divalent ions for its activity. Thus, RRSP uniquely represents a protease within
the EreA/ChaN-like family that is not a metal-dependent enzyme. This grouping could
eventually also include HopBAL1 if this T3SS effector is found to cleave a plant protein as its
substrate and does so in the absence of a metal co-factor.

Cleaved KRAS has a disordered Switch | but retains overall structure

The processing catalyzed by RRSP is known to be a specific cleavage in the Switch |
domain of Ras, and it is also known that the KRAS N-terminal fragment is not released upon
RRSP-mediated processing but remains tethered to the protein (13) and dissociates only
upon boiling in SDS-PAGE buffer (Fig. 3B). Thus, the functional and biochemical properties
of intact, cleaved KRAS (here called rKRAS*) can be assessed in vitro under non-
denaturing conditions. Thermal stability analysis by differential scanning fluorimetry (DSF)
showed that the melting temperature (T,,) of cleaved rKRAS* was negatively shifted by
about 6.7°C compared to uncleaved rKRAS (fig. S7A), suggesting destabilization of the
protein structure. Superimposition of 1H-1°N heteronuclear single quantum coherence
(HSQC) NMR spectra of rKRAS before and after incubation with rRRSP revealed structural
differences concentrated in the Switch | region of rKRAS* (fig. S7B). The disordered
Switch I loop region specifically lacks signals for the Hy protons of Switch I residues
Ala2%-Ser39, extending to the B-strand 2 residues Tyr40-Lys*2 (Fig. 5A). This line
broadening surpasses the limit of detection and hence these signals do not appear in the
spectra. In addition, residues Asp>’-Gly®0 of the DXXG motif, which together with Thr3°
are essential for interaction with the nucleotide phosphate groups or the Mg2* ion (37), also
showed line broadening. The signal of several residues on B-strand 2 and a-helix 2 were
affected by RRSP cleavage as well (Fig. 5A and fig. S7B).

These data reveal that RRSP cleavage between the Tyr32 and Asp33 residues of Ras mainly
affects the Switch | region and the backbone dynamics downstream of the processing site.
However, despite the disappearance of NMR signal around Switch I, rKRAS* is surprisingly
not disrupted in its overall tertiary structure, explaining why Ras that is cleaved by RRSP in
vivo is easily detected by Western blotting and rKRAS* routinely remains intact through
manipulations required for in vitro biochemical assays (13).

Cleaved KRAS retains its bound nucleotide

The observed destabilization of KRAS* Switch | could affect Ras binding to nucleotides
(14). To assess whether KRAS* retained the ability to bind nucleotides, we performed an
EDTA-catalyzed nucleotide exchange assay. We mixed rKRAS* with a 5-fold molar excess
of fluorescent nucleotides, mant-GDP and the non-hydrolyzable GTP analogue mant-
GppNHp. The nucleotide exchange assay was initiated by the addition of 20 mM EDTA.
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KRAS* did not show a significantly higher kyps than rKRAS for mant-GDP or mant-
GppNHp (Fig. 5B and5C). This demonstrates that the nucleotide-binding pocket of rKRAS*
retains GDP and GTP, confirming that the tertiary structure was not lost after RRSP
processing and that bound guanine nucleotides are not expelled. Moreover, the ability of
EDTA to catalyze the nucleotide exchange of rKRAS* indicates that, although the
processing by RRSP affects the orientation of residues involved in Ras metal binding, Mg2*
must be retained in the KRAS nucleotide-binding pocket. In addition, residues Gly13-Serl?,
which bind to the a.- and B-phosphates of the nucleotide, and residues Phe28, Asn116, and
Aspl1® which are critical for binding the guanosine moiety, are not affected by RRSP
cleavage, explaining why rKRAS* retains its bound nucleotide (fig. S7B) (37).

Kinetic assays using nucleotide fluorescence detection reveals additional residues that
contribute to RRSP activity

Because rKRAS™* pre-loaded with mant-GDP retains the nucleotide upon RRSP-mediated
processing, we developed a novel kinetic assay for KRAS processing in real time. Upon
addition of rRRSP, the cleavage of rKRAS-mantGDP caused a loss in signal fluorescence
(Fig. 6A) that was proportional to the amount of cleaved rKRAS (Fig. 6B and6C). Based on
the NMR and fluorescence data, this shift is consistent with processing of Switch I, resulting
in disordered rearrangement of the Tyr32 and other Switch I residues around the mant
fluorophore. As expected, incubation of rRRSP E3930A and rRRSP H4030A with rKRAS-
mant-GDP did not show a change in fluorescence, indicating a complete loss of the ability of
rRRSP to process rKRAS (Fig. 6D). In this assay, rRRSP H3902A and rRRSP H3931A,
both of which showed partial processing activity (Fig. 3B and3C), showed similar slow Agpg
rates (Fig. 6E). However, rRRSP E3900A and rRRSP R4001A, both of which completely
cleaved rKRAS in the endpoint processing assay (Fig. 3B and3C), were significantly slower
than wild-type rRRSP (Fig. 6E). Thus, in addition to Glu3930 and His#030 being required for
catalysis, and Glu3990 and Arg#%1 also contribute substantially to either catalysis or to the
structural integrity of the active site.

Thermal stability analysis suggested that the substitution mutations did not impact the
structural stability or RRSP (fig. SBA and S8B). Moreover, surface plasmon resonance
(SPR) revealed that rRRSP has an affinity for rKRAS in the high pM range (fig. S9A). This
affinity was slightly increased by the E3930A and H4030A mutations (fig. S9B), suggesting
that the loss of activity was not due to the absence of protein-protein binding. In agreement,
NMR also demonstrated that rRRSP H4030A retains the ability to interact with rKRAS, as
evidenced by chemical shift perturbations in 11e*6 and Asp>* of rKRAS that depended on the
concentration of rRRSP H4030A (fig. S10). Binding to rRRSP H4030A also induced
significant signal attenuation in Switch | and Switch 1l of rKRAS, most likely due to the
association with mutated RRSP reducing backbone dynamics in these regions. Overall, these
results demonstrate that the substitution mutations did not affect protein stability but rather
that RRSP Glu3930 and His#030 are essential for Ras processing and thus likely share a
hydrolytic mechanism with erythromycin esterases that similarly use a Glu-His catalytic
pair (31).
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RRSP cleavage of KRAS Switch | prevents KRAS from interacting with SOS

The son of sevenless (SOS) protein is a Ras GEF that opens the nucleotide-binding site of
Ras by displacing Switch I and inserting a helical hairpin. thus allowing GDP-to-GTP
exchange (38). The phosphate binding (P)-loop (residues 10-17), Switch I, and Switch Il
regions of Ras directly interact with SOS (38). NMR analysis revealed a certain degree of
disorder within these regions in rKRAS* compared to unprocessed KRAS. Line broadening
was also observed in the Switch | region, residues Asp°’-Gly50, Met67, Arg”3, Thr’4, and
Gly, all of which directly interact with SOS (fig. S7B and Fig. 7A) (38). Such structural
alteration should compromise SOS function by blocking SOS-catalyzed nucleotide
exchange. To test this prediction, we loaded rKRAS with mant-GDP and carried out the
SOS-catalyzed nucleotide exchange assay in the presence of GDP (39). Indeed, SOS was not
able to significantly accelerate the nucleotide exchange rate of rKRAS* compared to that of
uncleaved rKRAS (Fig. 7B-D). The intrinsic nucleotide exchange rate of rKRAS* was 3-
fold faster than that of uncleaved rKRAS, suggesting rKRAS™* has an open conformation
that is favorable for intrinsic nucleotide exchange (Fig. 7D). In addition, the EDTA-
catalyzed nucleotide exchange rate of rKRAS* was slightly higher than that of uncleaved
rKRAS (Fig. 7D), confirming the presence of Mg?* in the nucleotide-binding site.

The Ras-binding domain of RAF cannot bind to cleaved KRAS

The direct physical interaction of Ras with its downstream effector kinase Raf is essential
for the activation of the Ras-MAPK pathway (6). Because the Ras Switch | domain is
directly involved in the interaction with Raf (40), RRSP cleavage of Ras between Tyr32 and
Asp33 would be predicted to disrupt Raf binding (Fig. fig. S7B and Fig. 7A). To test this
hypothesis, we used a proximity-based AlphaLISA binding assay (41). For this assay,
biotinylated avidin-tagged KRAS (avi-KRAS) and the Ras binding domain of RAF fused to
glutathione-S-transferase (GST-RAF-RBD) are attached to Alpha donor and acceptor beads,
respectively, such that binding interaction results in singlet oxygen molecule diffusion
detected as light emission from the acceptor bead fluorophore after excitation of the donor
bead (42). In this assay, binding of active GppNHp-loaded rKRAS to RAF was
proportionally reduced by prior treatment of avi-KRAS with increasing concentrations of
rRRSP (Fig. 7E). This inhibition was not observed when avi-KRAS was pre-incubated with
rRRSP E3930A, rRRSP H3931A, or rRRSP H4030A mutant proteins (Fig. 7E) that do not
cleave rKRAS (Fig. 3B). rRRSP E3900A and rRRSP H3902A were less efficient in
inhibiting RAF-RBD-KRAS interaction, and the rRRSP R4001A mutant showed no
inhibition (Fig. 7E).

We also used SPR to confirm that RRSP processing of KRAS reduced the interaction
between RAF-RBD (residues 55-131) and KRAS. The positive control, uncleaved
GppNHp-loaded rKRAS showed strong interaction with RAF-RBD (Kp = 335 nM) (Fig.
7F). In contrast, we did not detect an interaction of RAF-RBD with cleaved GppHNp-
rKRAS* by SPR, even at the highest concentration of RAF-RBD (20 uM) (Fig. 7F). These
data demonstrate that RRSP-mediated processing of the Switch | domain of Ras prevents
active KRAS from binding to its downstream effector Raf and that this inhibition depends on
the catalytic residues of RRSP.
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RRSP processing of Ras in vitro and in cells requires catalytic residues Glu3930 and

His4030

To determine the impact of RRSP catalysis on cytotoxicity, we used the anthrax toxin
protective antigen (PA) to deliver RRSP fused to the anthrax toxin lethal factor N-terminus
(LFN-RRSP) into human epithelial HeLa cells (fig. S11) (13, 20). In lysates from HeLa cells
intoxicated with LFn-RRSP+PA for 24 hr, an antibody recognizing the G-domain of all Ras
isoforms detected a band of ~15 kDa corresponding to the large fragment of cleaved RAS
(Fig. 8A). In addition, phosphorylated ERK1 and ERK2 (ERK1/2) was reduced (Fig. 8B). In
contrast, only full-length (21 kDa) RAS and no change in ERK1/2 phosphorylation were
detected in HeLa cells intoxicated with catalytically inactive LFN-RRSP E3930A or LFy-
RRSP H4030 (Fig 8C). Thus, Glu3930 and His*030 are essential for the Ras-processing
activity of RRSP in cells and the downstream failure to activate ERK1/2.

Alanine substitution at His#%30 in the MARTX holotoxin prevents Ras cleavage in cells
treated with V. vulnificus

The RRSP in this study was derived from the 5206 a.a. MARTX toxin from V. vulnificus
strain CMCP6 (12, 16). To demonstrate the relevance of our biochemical findings in the
context of the holotoxin during bacterial exposure, HeLa cells and clinically-relevant T84
intestinal cells, which express the activated mutant KRAS G13D, were treated with live V/
vulnificus that had been modified to alter the catalytic residues of RRSP in the holotoxin
(Fig. 8D). The modified strains were confirmed to induce MART X-associated cell rounding
upon infection (fig. S12A). To detect RAS processing, cells were treated with V/ vulnificus
for 1 hr, and whole cell lysates were collected for Western blotting. Lysates from cells
treated with V. vuinificus carrying an intact copy of the gene that encodes the MART Xy,
toxin (rtxA1+) showed detectable cleavage of RAS (Fig. 8E and fig. S12B). rtxAI* strains
both with and without the secondary virulence factor cytolysin VvhA showed equivalent
processing of RAS. Cells treated with rexAZ-null V. vulnificus (ArtxA1) or a strain with an
in-frame deletion in rtxAIto remove rrsp (Arrsp) did not cleave RAS, consistent with
published observations (13, 43). In contrast to previous studies, the use of a new pan-Ras
antibody that recognizes the Ras G-domain (rather than the Switch | domain) facilitated
detection of cleaved native Ras, as opposed to ectopically-expressed tagged Ras, indicating
that this antibody can be used to detect cleavage of endogenous Ras without overexpression.

To test for contribution of the putative active site residues of RRSP, we used homologous
recombination to mutate the His?%39 codon to a codon for alanine within the endogenous
rtxA1 gene in the V. vuinificus chromosome. This RRSP H4030A strain (rrsp*) retained the
ability to induce cell rounding, a phenotype of the multifunctional toxin that is independent
of RRSP activity, thereby demonstrating that other portions of the large holotoxin remained
intact. This single amino acid change did, however, completely abrogate MART X-dependent
RAS processing, demonstrating that His#%30 is an essential residue for MARTX toxin—
mediated Ras cleavage in cells (Fig. 8E and Fig. 8F).
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Discussion

Bacterial toxins have evolved to hijack cellular pathways to compromise the innate immune
response and increase bacterial invasion and systemic spread into the host (1). Among many
cellular targets, inhibition or disregulation of small GTPases is one of the most common
mechanisms for bacterial disruption of cellular processes (44). RRSP is a toxin effector
domain found in V/ vulnificus, A. hydrophila, and P. asymbiotica and has been identified by
sequence homology in other bacterial pathogens (13). RRSP specifically processes the
Switch | domain of Ras and Rap1A (13, 14), but the mechanism of cleavage remained
elusive due to the lack of RRSP sequence homology to known protease families. We have
revealed the mechanism of action of RRSP to be a proteolytic processing event that
dislodges Switch | and alters backbone dynamics downstream of the processing site, without
disturbing the overall structure of Ras. We determined that this reaction is a metal-
independent catalysis mediated by Glu3930 and His#030, with contributions from His3902 and
His3931 and, to a lesser extent, from Glu39%0 and Arg#901, This study further demonstrates
that RRSP cleavage of KRAS Switch | between residues Tyr32 and Asp33 fully disconnects
the Ras-MAPK pathway in human cells. The processing prevents the transition of Ras to an
active conformation by blocking the interaction of Ras with GEFs and also impedes the
interaction of Ras with the kinase Raf, such that proteins downstream of Raf in the signaling
cascade, including ERK1/2, are not activated.

Remarkably, RRSP processing of Switch | does not affect the nucleotide-binding capacity of
Ras. Indeed, cleaved KRAS (KRAS*) showed strong affinity for both GDP and GTP,
comparable to uncleaved KRAS. This result was surprising because the nucleotide-binding
pocket of Ras includes residues within the Switch | domain and the DXXG motif that were
found by NMR analysis to undergo conformational changes following RRSP-mediated
cleavage Ras. The nucleotide-binding capacity of KRAS* can be explained only by
considering that a complex network of interactions engages the nucleotide and its
surrounding residues from Ras regions that interact with the guanosine moiety but were not
affected by the bisection of Switch 1. In particular, the crystal structure of HRAS in the
active state shows that Phe?8 is positioned perpendicular to the aromatic ring of the
nucleotide guanosine moiety, making a tight hydrophobic interaction (37). Amino acid
substitution of Phe28 reduces the affinity for GDP and GTP and increases the nucleotide
exchange rate (45). Phe28 maintains its orientation after RRSP processing, suggesting that it
is one of the crucial residues for the binding of nucleotides to cleaved Ras. However, despite
retention of the nucleotide, cleaved Ras can no longer be activated by SOS or activate
downstream effector kinases due to structural perturbation of the SOS binding region.

The three-dimensional structure of RRSP shares a protein fold with the C-terminus of the
PMT C2 subdomain, as previously predicted by primary sequence alignment (20). However,
PMT-C2 does not cleave Ras, revealing that PMT possibly evolved by sequence divergence
to have a different yet unknown function, potentially losing the ability to cleave Ras upon
combining with the C3 domain that converted PMT from a Ras-inactivating toxin to a Ras-
activating toxin.
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The structure of RRSP also revealed that the RRSP C2B domain shares an a/f fold with
members of the EreA/ChaN-like family, in which Glu3930 and His#030 have been shown to
be critical for RRSP processing and cytotoxicity, consistent with the function of the
corresponding residues from the erythromycin esterase EreB (31), Wnt metalloprotease
TIKI2 (32), and the plant cytotoxin HopBA1 (26). Mutant forms of RRSP bearing
substitutions in other modeled active site residues, E3900A and H3902A, showed reduced
cleavage of KRAS. Unexpectedly, His393! was also important for RRSP activity. This
histidine is not conserved across the EreA/ChaN-like family but is 100% conserved in RRSP
domains from other toxins. The identification of a conserved catalytic site organization
among different enzymes with different activities might suggest a common catalytic
mechanism that is preserved by the similar structural fold. Morar et a/. proposed that EreA
and EreB utilize a His-Glu pair to activate a water molecule, which is involved in a
nucleophilic attack on the carbonyl carbon group of ester bonds (31). We speculate that
RRSP would similarly use activation of water by its catalytic Glu-His pair to initiate the
nucleophilic attack on the peptide bond in Ras. Zhang et a/. alternatively suggested that the
putative His-Glu catalytic residues of TIKI and EreA are crucial for coordinating catalytic
divalent ions (Co2* or Mn2*) to process the peptide bond (32). However, similar to RRSP,
EreB and Bcrl36 esterase activities are not inhibited by metal chelators. This suggests that
the metal dependence of EreA and TIKI proteins might be due to the requirement of a metal
ion for structural integrity but not for catalysis (31, 36). Co-crystal structures of EreA/ChaN-
like family members with their natural substrates will be critical to further probe the
enzymatic activity of the putative catalytic residues to determine if all EreA/ChaN-like
members have a shared mechanism of nucleophilic attack for hydrolysis or whether some
potentially use water whereas others use a metal ion.

Overall, this study reveals that the catalytic site residues employed by the RRSP effector
domain to promote pathogenesis are found within the C2B subdomain. The function of the
C2A subdomain remains unknown. A previous study found that ectopic overexpression of
C2A, but not C2B, in HeLa cells was sufficient to induce cell rounding and cytotoxicity
(20). This finding is consistent with a proposed two-step recognition of the substrate (14). In
this model, C2A might be required for specific binding to the backbone of KRAS prior to
insertion of Switch I into the active site in C2B. These studies indicate that C2A
overexpression may inhibit Ras function by competitive binding, independent of Switch |
processing, whereas C2B alone is not sufficient to cleave Ras (20). This may be due to
improper folding of C2B when it is expressed alone, to improper membrane targeting of
C2B in the absence of the C1 subdomain, or to the absence of putative substrate binding by
C2A. The interaction between the C2A and KRAS may account for some of the detected
changes in backbone dynamics observed by NMR when KRAS was incubated with
increasing concentrations of catalytically inactive RRSP.

During V/ vulinificus infection, the loss of signaling through the Ras-ERK pathway would
result in reduced innate immune responses essential for host protection, thus enhancing
bacterial infection (46-48). Indeed, the presence of RRSP increases the potency of the V/
vuinificus MART X toxin (12). Further, a study found that infection of mice witha V/
vulnificus strain that delivers an RRSP* MARTX toxin induced a less robust immune
defense compared to a strain that delivers a MARTX toxin with a different collection of
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effectors that does not include RRSP (49). Further, toxin modifications to delete RRSP from
this MARTX toxin, alone or in combination with another effector, impacted not only ERK,
but also AKT signaling (50).

These studies may impact our understanding of tumorigenesis and anti-cancer drug
discovery in the future. Indeed, there are currently no direct inhibitors of Ras in clinical use,
and there are no chemical inhibitors useful for either in vitro or in vivo studies of Ras.
Bacterial toxins like the clostridial toxin TpeL that glucosylates Thr3® in Ras have been used
to inhibit Ras to study downstream signaling (24). In this study, rRRSP processing of KRAS
in the AlphaLISA proximity assay not only to demonstrate that RRSP blocks Raf
recruitment, but also validates this assay as a screening tool for identifying chemical
inhibitors that could inhibit Ras-Raf binding. There are no specific inhibitors of the Ras-Raf
interaction available, but blocking this interaction would be a useful strategy for targeting
Ras activation in cancer. Further, our finding that LFN-RRSP cleaves Ras in vivo creates a
tool for inhibiting RAS and pERK in cells in order to probe other aspects of cell biology.
Indeed, LFN-RRSP+PA has already been used to demonstrate that desmoplakin activation of
ERKZ1/2 depends on KRAS signaling in cardiomyocytes (51). It has been demonstrated that
LFn-RRSP can cleave mutant KRAS G13D from HCT116 colorectal and MDA-MB-231
breast cancer cells (13), and now we report detection of LFN-RRSP —mediated processing of
KRAS G13D in T84 colorectal cancer cells. Future studies will address the broad
applicability of RRSP as a tool to study the role of KRAS in cell biological processes and
cancer and may inform strategies for attenuating Ras signaling in cancer cells.

Materials and Methods

Reagents

E. coli TOP10 cells were obtained from Thermo Life Technologies and E. coli
BL21(DE3)Magic and pMCSG7 bacterial expression vector (52) were provided by Andrzej
Joachimiak (Argonne National Laboratory, IL). Proteins were expressed in the kanamycin-
resistant BL21(DE3)(pMagic) £. colistrain. The pMagic plasmid provides the rare codon
tRNA gene argU ((53) and A. Joachimiak, personal communication). Common reagents
were obtained from Sigma-Aldrich, Fisher, or VWR. Restriction enzymes Stul, EcoRl, Sspl,
and BamHlI, and Gibson Assembly® Master Mix were obtained from New England Biolabs.
Custom DNA oligonucleotide primers and gBlocks™ as listed in table S1 and table S2 were
purchased from Integrated DNA Technologies. Plasmids were purified by using Epoch spin
columns or Qiagen Midi Prep kit according to the manufacturer’s recommended protocol.
Plasmids were introduced into £. coli. BL21(DE3)(pMagic) by electroporation.
Recombinant proteins were purified using AKTA Xpress Purifier system (GE Healthcare
Bio-Sciences). Prepacked columns with Nickel Sepharose resin (Ni-NTA) HisTrap column
for affinity chromatography or Superdex 200 (26/60) for size exclusion chromatography
(SEC) were purchased from GE Healthcare Bio-Sciences. Anthrax Protective Antigen (PA)
was purchased from List Biological Laboratories, Inc.
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Crystallization and structure determination of RRSP

Recombinant RRSP (rRRSP) construct previously designed (13) was expressed in M9
Selenio-Methionine High-yield media according to the vendor instructions (MD045004—
50L, Orion Enterprise Inc.). Protein expression was induced by adding 1 mM isopropyl-p-
D-thiogalactoside (IPTG) at ODggg 0.8 and growth continued at 18°C cells for 18 h. Cells
were harvested by centrifugation and rRRSP was purified as previously described (13). The
purified protein was concentrated to 15 mg/ml. Sitting drop crystallization plates were set up
at room temperature by mixing 1 pl of rRRSP and 1 pl of reservoir solution with 90 ul of
reservoir solution. Crystals were grown at 19°C using a reservoir of 0.1 M MOPS pH 6.5,
5% (w/v) PEG 400, 2 M NH4SO,. Harvested crystals were transferred to 4M formate before
being frozen in liquid nitrogen. Diffraction data were collected at 100K from a single crystal
at experimental station 211D-F of the Life Science Collaborative Access Team (LS-CAT) at
the Advanced Photon Source (APS). Crystals belong to the cubic space group 123 with unit
cell parameters 247.1, 247.1, 247.1, 90.0, 90.0, 90.0. Two hundred frames, which
correspond to 120° of spindle axes rotation, were collected from a single crystal at the
selenium peak (A=0.97872). Data were indexed, integrated, and scaled using the HKL3000
suite (54). The structure was solved with PHENIX (55), using the Single Anomalous
Dispersion (SAD) technique. The initial FOM was 0.40 and after Density Modification
(DM)975 out of 1036 residues (two protein chains 494 each and 24 residues of the
purification tag) were automatically built into the experimentally obtained electron density
maps. The initial model was checked and manually corrected in Coot (56). Another data set
was generated for refinement by scaling and merging only the first 100 frames, thus,
reducing radiation damage and increasing the resolution of the data. The corrected model
was refined in Refmac (57) and solvent molecules were added to the model using ARP/
WARP (58) followed by several rounds of refinement in Coot. The TLS group correction to
the B-factors (59) was applied at the final steps of refinement. The structure factors and
coordinates of the final model were validated using SFCHECK (60) and MolProbity (61)
and deposited to the Protein Data Bank with PDB 1D 5W6L. The data quality and the quality
of the model are summarized in Table 1.

Cloning, expression and purification of RRSP and LFyRRSP proteins

Custom gBlocks™ designed to introduce mutations into C2B domain of RRSP sequence
were assembled into the Stul/EcoRI-6xHisTag-RRSP-pMCSG7 (13) digested vector using
Gibson Assembly® (New England Biolabs), following the manufacturer’s recommended
protocol. For LFyRRSP proteins, DNA sequences corresponding to RRSP wt, RRSP
E3930A and RRSP H4030A were amplified from the templates described above, using
primers designed for Gibson Assembly®. PCR products were cloned in the pABII
expression vector previously digested with BamHI in frame with N-terminal 6xHis tagged
LFy domain (62). Plasmids were confirmed to be accurate by DNA sequencing and then
transformed into BL21(DE3)Magic cells. All N-terminal 6xHis tagged RRSP and LF\yRRSP
proteins were purified over a Ni-NTA HisTrap column followed by SEC using the AKTA
protein purification system, as previously described (13).
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Purification of KRAS 1-169

The N-terminal portion of human KRAS (amino acids 1-169) was tagged with 6xHis and
purified over a Ni-NTA HisTrap and SEC followed by 6xHis-tag removal by TEV cleavage,
using the AKTA protein purification system, as previously described (63).

Cloning, expression and purification of PMT C1C2

The codon-optimized DNA sequence corresponding to PMT (residues 561-1088) was
amplified from template plasmid previously described (20), using primers designed for
ligation-independent cloning. The products were cloned into the pMCSG7 expression vector
previously digested with Sspl. Plasmid was confirmed to be accurate by DNA sequencing
and then transformed into BL21(DE3)Magic cells. Recombinant PMT-C1C2 was purified as
described above for rRRSP.

Cloning, expression and purification of SOS

DNA sequence corresponding to SOS1 (residues 566-1049) was amplified from the
template plasmid obtained from NCI RAS Initiative RAS Reagents Core fully sequence
validated ORFeome clone set (41), using primers designed for Gibson Assembly® (New
England Biolabs). PCR products were cloned into the pMCSG7 expression vector
previously digested with Sspl. The plasmid nucleotide sequence was confirmed by DNA
sequencing and then transformed into BL21(DE3)Magic cells. Recombinant SOS was
purified as described above for rRRSP.

Expression and purification of 15N KRAS 1-169 for NMR

KRAS 1-169 fused to the C-terminal 6xHis-tagged CPD (63) was expressed in M9 media
containing 0.4 M SNH,CI (CIL Inc.), 10 mM CaCl,, 10 mM MgCl, and trace elements.
Protein expression was induced by adding 1 mM IPTG at ODggq 0.8 and growth continued
at 25°C cells for 18 h. Cells were harvested by centrifugation and 1°N KRAS 1-169 was
purified as previously described (63). Briefly, KRAS 1-169 fused to the C-terminal 6xHis-
Tagged CPD was purified over a Ni-NTA HisTrap column and by SEC using the AKTA
protein purification system, followed by the incubation of 100 uM of InsPg (phytic acid) to
trigger CPD auto-cleavage. Tagless 1°N KRAS 1-169 was recovered by removing 6xHis-
tagged CPD over a Ni-NTA HisTrap column (63). NMR experiments were performed at
25°C on a Bruker Avance 900 MHz spectrometer equipped with a high sensitivity cryogenic
probe. The protein was dissolved in 50 mM Tris citrate pH 6.5, 5 mM MgCl,, 50 mM NacCl,
10 mM B-mercaptoethanol, 20 mM CaCl, and 10% D,0 to achieve the final concentration
of 400 pM. . Unlabeled wild type rRRSP was added to KRAS at a 1:1 molar ratio. 1°N
HSQC experiments were performed and spectra of KRAS before and after the addition of
rRRSP were compared. Experiments with rRRSP H4030A were performed similarly to the
experiments with wild type rRRSP, except rRRSP H4030A was added to KRAS at 0.01:1,
0.5:1, and 1:1 molar ratios. Sparky (UCSF) (64) was used for KRAS and cleaved KRAS
assignments based on HNCA (65), CBCACONH and HNCACB experiments (66).
NMRpipe software was used for processing and analyzing the data (67).
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In vitro RRSP cleavage assay

rKRAS was incubated with rRRSP or rRRSP mutants or PMT C1C2 at equimolar
concentrations (10 uM) in 10 mM Tris pH 7.5, 500 mM NaCl, 10 mM MgCl, at 37°C for 30
min. Reactions were stopped by adding 6X Laemmli sample buffer and incubating the
samples at 90°C for 5 min. Proteins were separated on 18% SDS—polyacrylamide gels and
visualized using Coomassie stain.

For assays in the presence of chelators, 10 uM rRRSP was pre-incubated with 0.625, 1.25,
2.5and 5 mM of EDTA or 1,10-phennthroline at 37°C. After 30 min, 10 uM of rKRAS,
previously exchanged in a buffer without MgCl,, was added and the mixture was incubated
at 37°C for 30 min. As control, 0.1 pM thermolysin (Sigma) was pre-incubated with 5 mM
of EDTA or 1,10-phenanthroline at 37°C. For some assays, rRRSP was first treated in 5 mM
EDTA or 5 mM 1,10-phenanthroline for 30 min and then passaged over a PD10 column with
exchange to Buffer A (10 mM Tris-HCI, 500mM NaCl, pH 8.0). The treated rRRSP was
then added at increasing concentrations to the buffer-exchanged rKRAS. For some assay,
rKRAS that was not buffer exchanged was used to show the impact of MgCl, carryover. For
some assays, divalent cations as indicated in the legend were added to a final concentration
of 5 mM. These reactions were incubated at 37°C for 10 min and then analyzed by SDS-
PAGE as above.

SDS-PAGE analysis and quantification

Cleavage products of rKRAS were quantified from scanned SDS—polyacrylamide gels using
NI ImageJ 1.64 (68). The percentage of cleavage product was calculated by the following
formula: %Cleavage product=cleaved band/(cleaved rKRAS + uncleaved rKRAS)
x100where cleaved rkKRAS is the band running at 19 KDa. Each percentage value reported
represents the mean + SD of results from three independent experiments.

Differential Scanning Fluorimetry (DSF)

DSF experiments were performed using a 96-well thin-wall PCR plate (Axigen). Twenty pl
reactions consisted of 2 uM of rKRAS, cleaved rKRAS, or rRRSP proteins in a solution of
5X SYPRO orange dye (Thermo Life Technologies), 0.1 mM TRIS, 150 mM NaCl, pH 7.5.
Fluorescence intensity was monitored using the StepOnePlusTM Real-Time PCR Systems
(Thermo Life Technologies) instrument. Samples were heated from 25 to 95°C at a scan rate
of 1°C/min. Data were fit in GraphPad Prism 6.0 (GraphPad Software, Inc.) to Boltzmann
equation to extrapolate Ty, values that are reported as means + the standard deviation (SD)
from three independent biological replicates.

Nucleotide exchange assay

rKRAS was exchanged in 20 mM Tris pH 7.5, 150 mM NaCl, 5 mM R-mercaptoethanol
using PD10 desalting columns (GE Healthcare). rKRAS was incubated for 1 h at 37°C with
rRRSP at a molar ratio of 1:100 (rKRAS:rRSSP). For the EDTA-mediated nucleotide
exchange assay, 2 uM rKRAS and 2 pM rKRAS* were mixed with 4 uM mant-GTP
(Thermo Life Technologies) or mant-GppNHp (Jena Bioscience) in assay buffer (20 mM
Tris pH 7.5, 150 mM NaCl, 5 mM B-mercaptoethanol, 10 mM MgCl,, 20 mM EDTA) and
dispensed into a 384-well plate. Fluorescence was measured every 10 s for 5 min at
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excitation/emission set to 360 nm/440 nm at 25 °C in a Spectramax M3 plate reader
(Molecular Devices). Data were fit in GraphPad Prism 6.0 (GraphPad Software, Inc.) to a
one-phase exponential association curve to determine the observed nucleotide exchange rate
kops- Data were reported as means and + SD from three independent biological replicates.

Fluorescence real-time cleavage assay

rKRAS was incubated with 20-fold excess mant-GDP in the presence of 20 mM EDTA.
After 1 h at room temperature, MgCl, was added to a final concentration of 40 mM and the
mix was incubated for 30 min at 25°C. The protein was exchanged in 20 mM Tris pH 7.5,
150 mM NaCl, 10 mM MgCl,, 5 mM B-mercaptoethanol using PD10 desalting columns
(GE Healthcare); 1 pM of mant-GDP loaded rKRAS was dispensed in a 384-well plate and
the cleavage reaction was started by adding each rRRSP at equimolar concentration with
rKRAS. Fluorescence was measured every 25 s for 30 min at excitation/emission set to 360
nm/440 nm at 25°C in a Spectramax M3 plate reader (Molecular Devices). Data were fit in
GraphPad Prism 6.0 (GraphPad Software, Inc.) to a single-exponential decay curve to
determine the observed rKRAS processing Aops. Data were reported as means + SD from
three independent biological replicates.

SOS-mediated nucleotide exchange assay

rKRAS was loaded with mant-GDP, as described above. For the assay, 1 uM rKRAS and 1
UM rkKRAS* were in the assay buffer (20 mM Tris pH 7.5, 150 mM NaCl, 5 mM B-
mercaptoethanol, 10 mM MgCl,, 5 mM GDP) and dispensed into a 384-well plate. The
SOS-mediated nucleotide exchange assay was initiated by the addition of 1 uM and 10 uM
SOS to the reaction mix. Fluorescence was measured every minute for 5 h at excitation/
emission set to 360 nm/440 nm at 25°C in a Spectramax M3 plate reader (Molecular
Devices). Data were fit in GraphPad Prism 6.0 (GraphPad Software, Inc.) to a single-
exponential decay curve to determine the observed rKRAS processing Agps. Data were
reported as means = SD from three independent biological replicates.

SPR measurements

SPR binding experiments were performed on a Biacore T200 instrument (GE). Human
RAF1-RBD (RAF1 residues 51-131) and biotinylated avi-KRAS (KRAS with a C-terminal
15 amino acid AviTag™ (GLNDIFEAQKIEWHE)) proteins for this assay are described by
Esposito et al. (41). Avi-KRAS was loaded with GppNHp and incubated with rRRSP (1:1
molar ratio) for 30 minutes at 37°C. Binding measurements of RAF1-RBD on avi-KRAS-
GppNHp and cleaved avi-KRAS-GppNHp were carried out as follows. Neutravidin (Pierce)
was amine coupled to the carboxymethylated dextran surface of a CM5 sensor chip (GE)
using standard amine coupling chemistry. The surface was activated with 0.1 M A-
hydroxysuccinimide and 0.4 M A-ethyl-/A-(3-dimethylaminopropyl) carbodiimide at a flow
rate of 20 ul/min. Neutravidin was diluted to 20 ug/ml in 10 mM sodium acetate (pH 4.5)
and injected on all 4 flow cells until a density of approximately 5000 RU was attached.
Activated amine groups were quenched with an injection of 1 M ethanolamine (pH 8.0).
Avi-KRAS-GppNHp and the cleaved avi-KRAS-GppNHp were captured on flow cells 2 and
4, flow cell 1 and 3 were used for referencing purposes. After the protein capture a series of
buffer injections were performed in the running buffer (20 mM HEPES (pH 7.5), 150 mM
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NaCl, 5 mM MgCI2, 1 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and 5 uM
GppNHp) to establish a stable baseline. RBD was diluted in running buffer from 20 pM -
4nM and injected over the captured Avi-KRAS protein surface for 1 min at 30 pl/min at
25°C. At the end of the injection, bound RAF1-RBD was removed by a 30 sec injection of
1M NacCl. The data were fit using the Biacore T200 evaluation software. Binding of rKRAS
to rRRSP was performed by amine coupling rRRSP wild type, E3930A, or H4030A protein
on a CM5 sensor chip as outlined above. Serial dilutions of rKRAS-GDP (500 — 3.9 uM)
were injected over the rRRSP proteins in 20 mM Hepes, pH 7.5, 150 mM NaCl, 5 mM
MgCl,, 1 mM TCEP, 5 pM GDP. The RRSP surfaces were regenerated with an injection of
1M NacCl. The data were analyzed using Biacore T200 evaluation software and steady state
binding was fit using Origin software.

GST-RAF-RBD/rKRAS AlphaLISA binding assay

The effect of KRAS cleavage by rRRSP on effector binding was studied by in vitro protein-
protein interaction using PerkinElmer’s AlphaLISA Technology as previously described (41,
42). RAF1-RBD (RAF residues 51-131) and biotinylated avi-KRAS proteins for this assay
are described by Esposito et al. (41). Briefly, avi-KRAS binds the donor bead and GST-
RAF-RBD binds the acceptor bead. Upon laser excitation of the donor bead, donor bead
generated singlet state oxygen molecules react with the acceptor bead to generate
chemiluminescence that then activates a fluorophore in the same bead for detectable
emission at 520-620 nm (42). To determine the impact of rRRSP processing on KRAS
interaction with RAF, avi-KRAS-GppNHp was incubated with rRRSP proteins (titration: 1
UM-0.4 nM) for 1 h at 37°C in a shaker (300 rpm), in the assay buffer (50 mM Tris pH 7.5, 5
mM NaCl, and 0.1 mM DTT). Followed by the addition of GST-RAF-RBD, and the binding
reactions were carried out for 1 h at room temperature with shaking (700 rpm). In the final
reaction avi-KRAS-GppNHp and GST- GST-RAF-RBD were 300 nM. After incubation, 30
ul mix of Streptavidin Alpha Donor beads (PerkinElmer) and Glutathione Acceptor beads
(PerkinElmer) in Bead Buffer (50 mM Tris pH 7.5, 0.01 % Tween), were added to each
reaction and the mix was incubated for 1 h at room temperature and protected from light.
The reactions were read on a PerkinElmer EnVision® Multilabel Reader. Emission data
were normalized to control sample without addition of RRSP and then plotted vs
concentration using GraphPad Prism 6.0 (GraphPad Software, Inc.) as log(inhibitor) vs
normalized response curve to determine I1Csq values. Data were reported as means + SD
from three independent biological replicates.

Hela cells intoxication

Human HelLa female epithelial cells (American Type Culture Collection CCL-2) were
seeded into 6 well cell culture-treated plate and grown to 70%, at which time the cells were
intoxicated with 3 nM of LFyRRSP proteins in combination with 7 nM of PA for 24 h. Cells
were collected in the lysis buffer and total protein content was determined by BCA kit. Cell
lysates were separated on 18% SDS—polyacrylamide gels followed by immunoblotting using
an antibody that recognizes all forms of Ras (CPTC-KRAS4b-2, Developmental Studies
Hybridoma Bank at lowa University), and antibodies that recognize ERK1/2 (4696S Cell
Signaling Technology), phosphorylated ERK/2 (4377S Cell Signaling Technology), and
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vinculin (ABCAM). Band quantification was performed by NIH ImageJ 1.64 (68) and band
intensities values were normalized with vinculin.

Generation of RRSP H4030A (rrsp*) in V. vulnificus strains

Custom gBlock™ corresponding to regions upstream and downstream of RRSP H4030A
was designed and assembled into digested pDS132 (69) using Gibson Assembly® according
to the manufacturer’s protocols. The resulting plasmid was transformed to DH5a and it was
purified by mini prep. It was then transformed to SM10Apir (70). The RRSP H4030A
plasmid was transferred to V/ vulnificus AvvhAA CMCPG6 strain by conjugation followed by
selection for double homologous recombination using sucrose counterselection to isolate
recombinants as previously described (71). Strain was validated to acquire the mutation by
sequencing of amplified DNA.

Bacterial challenge of T84 and HelLa cells

V. vulnificus rifampicin-resistant isolates of strains CMCP6, CMCP6 AvwhA, CMCP6
AwhAArixA1 (12), CMCP6 AvvhAArrsp (43) and CMCP6 AvvhArrsp*were grown at
30°C in Luria—Bertani medium with 50 pg/ml rifampicin. Overnight cultures were diluted
1:1000 and grown at 30°C with shaking until the ODggq reached 0.5-0.6. Bacteria from 1—
2mL were pelleted by centrifugation and resuspended in PBS to equal bacterial
concentrations. Media were exchanged over 1 x 108 human T84 male intestinal epithelial
cells (American Type Culture Collection CCL-248) or 2 x 10° HeLa cells previously seeded
into 6 well cell culture-treated plate overnight for antibiotic-free media. V. vulnificus strains
in PBS (multiplicity of infection =100) or an equal volume of buffer was added to media
over cells and plates. After 60 min, both HelLa cells and T84 cells were collected for
immunoblotting analysis, as described above. HeLa cells were also photographed before
collection to validate that introduced mutations did not affect other biological activities of
the toxin including cell rounding.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Subdomain architecture of RRSP from V. vulnificus strain CMCP6.
(A) Ribbon representation of RRSP structure. The C1 subdomain includes a conserved

membrane localization subdomain (MLD, blue). The C2 subdomain can be divided into
C2A (green) and C2B (red), which are connected by a helical linker (yellow). The 23 a
helices and 9 B sheets are labelled. (B) Amino acid sequence of RRSP color coded to match
the structure in (A) with secondary structure elements (a helices and p sheets) labelled.
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Fig. 2. Transitive homology reveals that RRSP is a member of the EreA/ChaN-like family of
enzymes.

(A) Comparison of the RRSP C2B domain structure (a helices in teal, p sheets in magenta,
and flexible linkers in pink) with that of other whole enzymes of the EreA/ChaN-like
superfamily: HopBA1, (PDB ID 5T09, (26)), ChaN (PDB ID 2G5G, (72)), and Bcrl135
(PDB ID 3B55, (28)). Structural representations were made with PyMOL. (B) Alignment of
the primary sequences and structures of the three clusters of amino acids comprising the
putative catalytic site of RRSP with those of other known members of the EreA/ChaN-like
superfamily enzymes. The conserved residues (black dots) and the non-conserved His3931
(asterisk) that were mutated to alanine in this study are noted. Multiple alignment was
performed with ESPript 3.0 (73).
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Fig. 3. RRSP residues that contribute to KRAS processing.
(A) Ribbon representation of the RRSP catalytic site. Sticks indicate the side groups of the

residues substituted with alanine in our experiments. Amine groups and carboxyl groups are
colored in blue and red, respectively. Polar interactions between residues are depicted by
dotted lines with distances indicated in A. (B) Representative SDS-PAGE analysis of the
reaction product(s) of 10 uM rKRAS and 10 uM of each indicated rRRSP mutant following
30 min in vitro incubation. (A=3 independent experiments) (C) Quantification of rKRAS
cleavage efficiency of rRRSP mutants shown in (B), bars are color coded by mutant. The bar
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graph reports means + SD of three independent biological replicates (ANOVA followed by
Dunnett’s multiple comparisons test; ****P<0.0001).
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Fig. 4. RRSP does not require a metal cofactor.
(A, B) SDS-PAGE gels showing cleavage of 10 uM rKRAS that had been buffer-exchanged

to remove MgCl, by 10 UM RRSP that had been pre-incubated with increasing amounts of
EDTA (A) or 1,10-phenathroline (B) for 30 min. (C) Cleavage of 10 uM MgCl,-free rKRAS
by 10 uM thermolysin (T) that had been pre-incubated with EDTA (A) or 1,10-phenathroline
(B) for 30 min. SDS-PAGE gels are representatives of three independent biological
replicates. (D-E) Half maximal concentration (ECsg) curves for cleavage of 10 pM MgCl,-
free rKRAS by increasing concentrations of untreated (Unt) rRRSP compared to rRRSP that
had been pre-treated with 5 mM EDTA (D) or 1,10-phenanthroline treated (E). At the
highest concentration of rRRSP, KRAS:rRRSP was 1:1 as in panels A and B. (F) ECsg
curves for cleavage of 10 uM MgCl,-free rKRAS by rRRSP in the presence of 5 mM MgCl,
or ZnCl, or by rRRSP pre-treated with 1,10-phenanthroline. All curves are derived from
SDS-PAGE analysis (A=3 independent experiments) reported as the means = SD. ECgg
values calculated from non-linear curve fit £ the standard error.
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Fig. 5. RRSP-cleaved KRAS maintains its tertiary structure and nucleotide binding.
(A) Ribbon representation of the structure of GDP-bound KRAS (PDB ID 40BE, (74)).

Regions structurally affected by RRSP cleavage are colored in red, and the cleavage site is
indicated by the black arrow. (B) Representative nucleotide exchange curves for rKRAS and
RRSP-cleaved rKRAS (rKRAS*) in the presence of EDTA and either mant-GDP (mGDP) or
mant-GppNHp (mGppNHp). (A=3 independent experiments) (C) Bar graph of the observed
nucleotide exchange rates (kqps) 0f rKRAS and rKRAS* in the presence of mGDP or
mGppNHp. Data were fit in GraphPad Prism 6.0 to a one-phase exponential association
curve to determine kg Values. Data in (C) are means + SD from three independent
biological replicates (ANOVA followed by Dunnett’s multiple comparisons test; ns = non-
significant).
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Fig. 6. Real-time assay of rKRAS processing by RRSP.
(A) Fluorescence of unprocessed rKRAS bound to mant-GDP and RRSP-processed rKRAS

(rKRAS*) that was loaded with mant-GDP prior to incubation with RRSP. Fluorescence was
quantified as intensity unit. (B) Representative curves of real-time cleavage assays of mant-
GDP-bound rKRAS incubated with wild-type RRSP at the indicated ratios. (A=3
independent experiments) (C) Bar graphs of the observed rKRAS cleavage rates (kgps) of
wild-type rRRSP. (D) Representative curves of real-time cleavage assays of mant-GDP—
bound rKRAS incubated with wild-type (wt) and the indicated mutant forms of RRSP at
1:10 molar ratio (rRRSPs:rKRAS), (A=3 independent experiments). (E) Bar graphs of the
observed rKRAS cleavage rates (kgps) of wild-type (wt) and mutant forms of rRRSP. Lines/
bars are color-coded by mutant as in Figure 3. Data were fit in GraphPad Prism 6.0 to a one-
phase exponential association curve to determine Agpg Values. Data in (A), (C) and (E) are
means + SD from three independent biological replicates (ANOVA followed by Dunnett’s
multiple comparisons test; ****P<0.0001).
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Fig. 7. RRSP processing prevents the interaction of KRAS with GEFs and RAF.
(A) Ribbon and surface representation of GDP-bound KRAS (PDB ID 40BE, (74)).

Regions that are structurally affected by RRSP cleavage are shaded in red, and the cleavage
site is indicated by the black arrow. RAF and SOS binding interfaces are indicated with
dotted lines. (B-C) Representative curves of intrinsic and SOS-catalyzed nucleotide
exchange for rKRAS (B) and rKRAS* (C). (A=3 independent experiments) (D) Bar graph of
the intrinsic and SOS-catalyzed nucleotide exchange rates (kgps) Of rKRAS (filled bars) and
rKRAS* (open bars). Each bar represents the mean + SD of three independent biological
replicates (ANOVA followed by Dunnett’s multiple comparisons test; *P<0.05 and
****pP<(0.0001). Data were fit in GraphPad Prism 6.0 to a one-phase exponential dissociation
curve to determine the Agps. (E) Proximity-based AlphaLISA assay between GST-RAF-RBD
and avidin-KRAS following pre-incubation of avidin-KRAS with increasing concentrations
of each rRRSP mutant. Emission data were normalized to control without addition of RRSP
and plotted as 1/x to show percent (%) binding inhibition by rRRSP and mutant variants.
Lines are color-coded by mutant as in Fig. 3. Each curve represents the mean + SD of three
independent biological replicates. (F) Binding responses and Kp from Biacore SPR analysis
of the interaction between immobilized RAF-RBD and injected GppNHp-bound rKRAS or
rKRAS*. Representative plot of time (s) vs response unit (RU, defined as binding of 1 pg
per mm?) from a single injection is shown (A=3 independent experiments).
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Fig. 8. G1u3930 and His?030 are essential for RRSP cytotoxicity.
(A, B) Representative immunoblots of lysates from HeLa cells incubated with LFNRRSP,

the LFyRRSP E3930A and H4030A mutants, and anthrax toxin protective antigen (PA) as
indicated and probed with antibodies that recognize all RAS proteins (Pan-RAS) (A) or total
ERK1/2 and phosphorylated ERK1/2 (pERK1/2) (B). (A=3 independent experiments) (C)
Percentage of RAS that was cleaved in HelLa cells by wild-type and mutant LFyRRSP as
determined by densitometry analysis. (D) The ratio of pERK1/2 to total ERK1/2 in lysates
from HeLa cells following treatment with wild-type and mutant LFNyRRSP. (E) Schematic
representation of MARTX toxin effector domain organization in V/ vulnificus CMCP6
strains. (F) Representative immunoblots showing RAS in lysates from T84 cells that has
been incubated with V. vulnificus producing the indicated MARTX toxins (A=3). (G)
Percentage of Ras that was cleaved in (E) as determined by densitometry analysis. All
graphs (C, D, G) show means + SD from three independent biological replicates (ANOVA
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followed by Dunnett’s multiple comparisons test; *P<0.05, **P<0.01 and ****P<0.0001).
n.d., not detected.
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X-ray data collection and refinement statistics of V/ vu/nificus RRSP (PDB ID: 5W6L)

Crystal RRSP

Data Collection

X-ray wavelength 0.97872

Space group 123

a,b,c(A) 247.1,247.1, 2471
a,p,v () 90.00, 90.00, 90.00

Resolution (A)

No. unique reflections
Data redundancy

Data completeness (%)

b
Reym (%)
I/sig

Refinement
Resolution (A)

No. unique reflections

No. Reflections (Rfree)c

Rw::)rk/ Rfree (%)

Number of atoms
Protein
Ligand/lon

Solvent

R.m.s. deviations
Bond length (A)
Bond angle (°)

Average B factors (A2)
All proteins atom

Ligand/Solvent

Ramachandran Plot
Outliers (%)

Allowed (%)

Favored (%)

Rotamer outliers (%)
No. C-Beta Deviations

All-Atom Clashscore

30-3.45 (3.51-3.45)%
33,078 (1,638)

6.8 (5.9)

100.0 (99.9)

11.3 (86.6)

18.4 (2.0)

29.97-3.45
31,061
1,562

22.79/24.91

7,662
17
15

0.009
1.235

125
134

0.0
6.0
94.0
1.0
0
2.0

a\/alues in parenthesis are for the highest resolution shell.

bRsym = sl sV where 7is the observed intensity of a reflection and (7) is the average intensity of all the symmetry related reflections.
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c . . )
For Rfree calculation, 10% of reflections were randomly excluded from the refinement

Sci Signal. Author manuscript; available in PMC 2019 April 02.

Page 35



	Abstract
	Introduction
	Results
	Crystal structure reveals subdomain architecture of RRSP from the V. vulnificus MARTX toxin
	Transitive homology analysis shows unrecognized catalytic residues in RRSP
	RRSP is a unique protease in the EreA/ChaN-like family
	Cleaved KRAS has a disordered Switch I but retains overall structure
	Cleaved KRAS retains its bound nucleotide
	Kinetic assays using nucleotide fluorescence detection reveals additional residues that contribute to RRSP activity
	RRSP cleavage of KRAS Switch I prevents KRAS from interacting with SOS
	The Ras-binding domain of RAF cannot bind to cleaved KRAS
	RRSP processing of Ras in vitro and in cells requires catalytic residues Glu3930 and His4030
	Alanine substitution at His4030 in the MARTX holotoxin prevents Ras cleavage in cells treated with V. vulnificus

	Discussion
	Materials and Methods
	Reagents
	Crystallization and structure determination of RRSP
	Cloning, expression and purification of RRSP and LFNRRSP proteins
	Purification of KRAS 1–169
	Cloning, expression and purification of PMT C1C2
	Cloning, expression and purification of SOS
	Expression and purification of 15N KRAS 1–169 for NMR
	In vitro RRSP cleavage assay
	SDS-PAGE analysis and quantification
	Differential Scanning Fluorimetry (DSF)
	Nucleotide exchange assay
	Fluorescence real-time cleavage assay
	SOS-mediated nucleotide exchange assay
	SPR measurements
	GST-RAF-RBD/rKRAS AlphaLISA binding assay
	HeLa cells intoxication
	Generation of RRSP H4030A (rrsp*) in V. vulnificus strains
	Bacterial challenge of T84 and HeLa cells

	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Table 1.

