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Summary statement:

Actin cross-linking (ACD) domain of VgrG-1 toxin of Type VI secretion in Vibrio cholera has
WASP Homology domain 2 (WH2) domain. ACD interact with actin through WH2 domain,
WH2 is essential for ACD mediated cross-linking and disruption of actin cytoskeleton in the host
cell.

Abstract:

Type VI secretion systems (T6SS) plays a crucial role in Vibrio cholerae mediated pathogenicity
and predation. Tip of T6SS is homologous to gp27/gp5 complex or tail spike of T4
bacteriophage. VgrG-1 of V. cholerae T6SS is unusual among other VgrG because its effector
domain is trans-located into the cytosol of eukaryotic cells with an additional actin cross-linking
domain (ACD) at its C terminal end. ACD of VgrG-1 (VgrG-1-ACD) causes T6SS dependent
host cell cytotoxicity through actin cytoskeleton disruption to prevent bacterial engulfment by
macrophages. ACD mediated actin cross-linking promotes survival of the bacteria in the small
intestine of humans, along with other virulence factors; establishes successful infection with the
onset of diarrhoea in humans. Our studies demonstrated VgrG-1-ACD can bind to actin besides
actin cross-linking activity. Computational analysis of ACD revealed the presence of WH2
domain through which it binds actin. Mutations in WH2 domain lead to loss of actin binding in
vitro. VgrG-1-ACD having the mutated WH2 domain cannot cross-link actin efficiently in vitro

and manifests less actin cytoskeleton disruption when transfected in HeLa cells.

Introduction:

Cholera is life threatening water borne diarrheal disease caused by the gram negative bacterium
Vibrio cholerae. The O1 and O139 V. cholerae serogroups produce primarily an enterotoxin
called the CTX or cholera toxin. Cholera toxin is the main cause of diarrhoea [1, 2 and 3]. Other
accessory toxins from V. cholerae including hemaglutinin/protease (hapA) or hemolysin (hlyA),
zot, Ace, VgrG-1, VopF/L are also involved in the pathogenesis [4 and 5]. Among these,
Multifunctional Autoprocessing Repeats-in-Toxins (MARTX) and VgrG (Valine-Glycine Repeat
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Protein G) toxins are important categories of toxins having a signature Actin Cross-linking
Domain (ACD) [6]. Type VI secretion systems (T6SS) is known to secrete three related proteins-
VgrG-1, VgrG-2 and VgrG-3. VgrG components of the T6SS apparatus are capable to assemble
and form a drilling device analogous to tail spikes in phages [7]. VgrG has similar structure
resembling gp27/gp5 complex or the tail spike of T4 bacteriophage with an additional actin
cross-linking domain at its C-terminal end that covalently cross-links the globular actin, leading
to disruption of the host intrinsic actin cytoskeleton arrangements and cause rounded cell
morphology [8 and 9]. The VgrG-1 of V. cholerae (T6SS) is unique compared to other VgrG,
because its ACD containing effector domain is trans-located into the cytosol of eukaryotic cells
[10]. In short, VgrG-1 helps Vibrio to prevent amoebic predation, to resist competing organisms
for the colonization, to expand their niche and to infect host cells for the survival and
propagation [11, 12, 13 and 14]. The VgrG-1-ACD is highly conserved, having a strong
homology with the ACD of MARTX of V. cholerae [6].

Earlier studies have shown that VgrG-1-ACD is necessary for T6SS dependent host cell
cytotoxicity and impairment of actin cytoskeleton mediated phagocytosis to prevent bacterial
engulfment by macrophages [15 and 16]. The V-shaped three-dimensional structure of VgrG-1-
ACD chemically cross-links two actin monomers through an isopeptide linkage. The bond is
formed between 270™ glutamate amino acid residue of one actin monomer with 50" lysine amino
acid residue of another actin monomer. In spite of the structural details of the VgrG-1-ACD, the
molecular mechanism of interaction of actin with ACD is poorly understood [9, 17 and18].

In this study we have shown that presence of WH2 domain within the VgrG-1-ACD. The ACD
binds to actin through this WH2 domain. Certain mutations in WH2 domain reduced the actin
binding and actin cross-linking activity of ACD. The in vitro cell biology data also suggests that
these mutations within the WH2 domain of ACD restrain the cross-linking activity of ACD.
Consequently, we have shown that WH2 domain is essential for VgrG-1-ACD mediated actin
filament disruption inside Hela cell.

Results:

VgrG-1-ACD cross-links actin:
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79  Genomic DNA was isolated from V. cholerae 0139 (Co 842) strain. The VgrG-1-ACD (732" -
80 1163 aa (Fig 1A) was cloned in pET-28a vector and expressed as N-terminal 6X-His tag
81  protein and purified using Ni-NTA beads, further purified by gel filtration chromatography (Fig
82  1B). The cross-linking activity of the purified VgrG-1-ACD was examined by incubating 5 pM
83  rabbit muscle actin (RMA) and different concentration of VgrG-1-ACD simultaneously in F-
84  buffer (10 mM Tris pH 8.0, 0.2 mM ATP, 0.2 mM CaCl, 0.2 mM DTT, 2.0 mM MgCl, and 50
85 mM KCI) for 60 minutes. Subsequently the samples were checked in coomassie stained SDS-
86 PAGE which showed the formation of oligomers of actin with higher molecular weight like
87 dimer (~86 kDa), trimer (~128 kDa), tetramer (~170 kDa) and higher molecular weight
88  oligomers. The formation of dimer, trimer and higher order oligomer of actin as an outcome of
89  the cross-linking activity of ACD on actin (MW of monomer actin: 42.5 kDa) (Fig 1C) delineate
90 the cross linking activity of VgrG-1-ACD from Co 842 is resembling with the VgrG-1-ACD of

91  other strains of V. cholerae [19].
92  VgrG-1 ACD fails to cross-link F-actin and G -actin:

93  We incubated 5 uM RMA in F-buffer for 45 minutes to form F actin prior to addition of VVgrG-1-
94  ACD. The ACD was added in the reaction mixture of F-actin and kept for another 15 minutes.
95 SDS-PAGE result demonstrated that absence of cross-linked actin with higher order molecular
96  weight other than 42.5 kDa band of actin monomer (Fig 1D). This illustrated that the addition of
97  VgrG-1-ACD after the formation of F-actin failed to cross-link F-actin (Fig 1D).

98  Further we liked to test the cross-linking activity of VgrG-1-ACD with G-actin. We had
99  simultaneously incubated 5 uM RMA with VgrG-1-ACD in G-buffer (10 mM Tris pH 8.0, 0.2
100 mM ATP, 0.2 mM CaCl, and 0.2 mM DTT) for 60 minutes. Our SDS-PAGE results depictedthe
101 presence of monomeric actin band with molecular weight 42.5 kDa and absence of oligomers of
102  actin bands with higher molecular weight (Fig 1E). This result exhibited that VgrG-1-ACD was

103 also insufficient to cross-link monomeric G-actin (Fig 1E) as shown previously [20].
104  VgrG-1-ACD co-sediments with F-actin:

105  We were curious to study the mechanism of interaction of VgrG-1-ACD with actin. Furthermore
106 it was investigated by addition of 5 uM RMA withVgrG-1-ACD in a concentration dependent

107  manner simultaneously in F-buffer and reaction mixtures were incubated for 60 minutes
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108  followed by co-sedimentation using high speed centrifugation at 310X100 g for 45 minutes. The
109  supernatant and pellet fraction were separated out in SDS PAGE. We observed that VgrG-1-
110  ACD had cross-linked with actin in the supernatant fractions forming higher molecular weight
111 oligomers. The pellet fractions in the SDS PAGE illustrated that it was bound to the filamentous
112 actin in a concentration dependent manner (Fig 2). In case of VgrG-1-ACD control, in which
113 there was no actin, the protein was only in the supernatant fraction. This indicated that to
114  perform the cross-linking reaction, VgrG-1-ACD should bind to actin. The same reaction
115  conditions were followed except VgrG-1-ACD was added after 45 minutes of formation of F-
116  actin, surprisingly we can see that VgrG-1-ACD bound to F-actin in the pellet fraction but no
117  cross-linking activity in the supernatant fraction was observed even in higher concentration of
118  VgrG-1-ACD (Fig S1A). Remarkably these results confirmed that VgrG-1-ACD has actin
119  binding ability.

120  Presence of putative WH2 domain in VgrG-1-ACD:

121 To quest the actin binding region in VgrG-1-ACD, we performed profile based search using the
122 protein sequence of VgrG-1-ACD. The crystal structure of VVgrG-1-ACD of V. cholerae which
123 was already reported [9] along with WH2 domains from higher organisms like Homo sapiens,
124  Mus musculus and Bos taurus were considered for analysis. The result of these analysis
125  suggested that WH2 domain in VgrG-1 was poorly conserved which was a common
126  characteristic of the WH2 domains and the alignment clearly showed that the probable WH2
127 domain was present around (1009" - 1020™) aa (Fig 3A) [21]. The sequence similarity based tree
128  generated using Clustal Omega [22] (Fig 3B) with the known WH2 domains demonstrated high
129  sequence diversity in WH2 domain even amongst higher eukaryotes. The actin binding WH2
130  domain was identified on the basis of sequence conservation, evolutionary function and structure
131 of the domain. The probable WH2 domain was located on the surface of the ACD (Fig 3C) with
132 the conserved residue lle-1017 placed in the middle of the 6™ alpha helix (Fig 3C’) in the crystal
133 structure. The hotspot analysis using KFC server [23] for WH2 domain indicated Val-1013, Met-
134 1014, lle-1017 and Lys-1018 as binding hotspots. The (Fig 3C) depicted the location of hotspots
135 at the binding interface of G-actin. To further validate the presence of WH2 domain, we
136  extracted all the structures of WH2 domains co-crystallized with actin monomer and in some

137  cases actin-DNase-WH2 complex. The WH2 domains were further extracted, superimposed (Fig
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138 3D and E) and used for structure based sequence alignment, which clearly showed that the
139 residues in the ACD domain (1009™ -1020™) fold in a similar way and has the conserved
140  residues that bind to actin (Fig 3D and E) in the experimental structures. Our sequence analysis
141  displayed that VgrG-1-ACD amino acids (1009" -1020") “DAKAVMKHIKPQ” aligned
142  appropriately with other known WH2 sequences (Fig 3A). The (Fig 3C) indicated the location of
143  hotspots at the binding interface of G-actin which was need to be tested further using in vitro

144  reconstitution assays.
145  Predicted WH2 domain within VgrG-1-ACD binds to actin but do not cross link actin:

146  Based on the above bioinformatics analysis of WH2 domain within the ACD, we had sub-cloned
147  the WH2 domain (998™-1099") aa of ACD (ACD-WH2) (Fig 4A) in pET-28a vector and
148  purified as N-terminal 6X-His tagged protein using Ni-NTA beads and further purified by gel
149  filtration chromatography (Fig 4B). Different concentration of ACD-WH2 was incubated for 60
150  minutes with 5 uM of RMA in F-Buffer and further high speed centrifugation was done as above
151 mentioned. SDS PAGE analysis showed ACD-WH2 domain had co-sedimented along with actin
152  in the pellet fraction in a concentration dependent manner. Simultaneously, in the control the
153  WH2 domain in absence of actin showed up in the supernatant fraction only. This indicated that
154  ACD-WH2 was efficient to bind actin (Fig 4C). As WH2 domain is an ancient actin binding
155  motif found in eukaryotes regulating actin cytoskeleton [24 and 25] so to validate the WH2
156 interaction with actin, nucleation assay was performed with 4 uM RMA mixed with pyrene-
157  RMA and ACD-WH2. Actin nucleation was inhibited by ACD-WH2 in a concentration
158  dependent manner (Fig 4D). This might be possible only if ACD-WH2 able to sequestered actin
159  monomer. Therefore ACD-WH2 was able to successfully interact with actin (Fig 4C and 4D)
160  [26]. The dissociation equilibrium constant (Kp) was approximately 50 nM which was in the
161  range of other WH2 domain which binds to actin (Fig 4G) [27 and 28]. The WH2 domain within
162  VgrG-1-ACD was not able to cross link actin like the VgrG-1-ACD (Fig S1C), which illustrated
163  that ACD-WH2 domain was necessary for efficient substrate binding for proper cross-linking
164  activity of VgrG-1-ACD.

165  Reduction in actin binding ability with mutation in the WH2 domain in VgrG-1-ACD:
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166 Amino acids from the hot spots of actin binding site of ACD-WH2 domain, predicted from
167  bioinformatics analysis (Fig 3) were V (1013), M (1014), 1 (1017) and K (1018) [23 and 29]. We
168  mutated these amino acids to alanine following the site directed mutagenesis protocol. The
169  mutated WH2 domain within ACD (ACD-mWH2) containing these mutations V1013A,
170  M1014A, 11017A and K1018A was purified as N-terminal 6X-His tagged, using Ni-NTA beads.
171 Different concentration of ACD-mWH2 was mixed with actin and F-Buffer and co-sedimented
172 using high speed similarly as mentioned above. The SDS PAGE data showed that ACD-mWH?2
173 co-sedimented to lesser extent in comparison to the wild type (Fig 4E). The fluorometric 4 uM
174  nucleation assay showed that the ACD-mWH2 was unable to sequester actin monomers as
175  efficiently as the wild type (Fig 4F). Therefore this indicated that ACD-mWH2 was inefficient to
176  interact with actin. Our co-sedimentation assay data exhibited the binding affinity of ACD-WH?2
177  to actin was more than that of the ACD-mWH2 (Fig 4G).

178  The VgrG-1-ACD containing mutated WH2 domain cannot cross-link actin:

179  We found that ACD-WH2 was able to interact with actin efficiently than ACD-mWH2 construct.
180  These results suggested that the WH2 domain present within the ACD region facilitated efficient
181  communication of ACD with actin. This made us curious to investigate the consequence of the
182  actin cross-linking activity of VgrG-1-ACD containing the mutated WH2 domain. ACD
183  containing 11017A and K1018A WH2 mutation was purified as N-terminal 6X-His tagged, using
184  Ni-NTA beads (Fig S1B). Actin cross-linking experiments following above protocol was
185  performed and the data showed that IK to AA mutation in WH2 domain of ACD led to less actin
186  oligomers formation as compared to that of wild type VgrG-1-ACD (Fig 5A). Following this,
187  VgrG-1-ACD containing V1013A and M1014A WH2 mutation was purified as above (Fig S1D)
188  and actin cross-linking assay was performed. The results depicted that VM to AA mutation in
189  WH2 domain of ACD resulted in loss of actin cross-linking activity of ACD (Fig 5B). Next we
190 had prepared a construct of VgrG-1-ACD containing V1013A, M1014A, 11017A and K1018A
191  WH2 mutation and the construct was purified as above (Fig S1E) and cross-linking assay was
192  performed. The results explicitly implied that VgrG-1-ACD containing V1013A, M1014A,
193  11017A and K1018A WH2 mutation was incompetent to cross-link actin and forming higher
194  order actin oligomers (Fig 5C). Previously we had seen that the WH2 mutant with the above

195  mutations did not communicate with actin efficiently (Fig 4E and 4F) suggesting the necessity of
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196  WH2 domain for effective actin interaction and subsequent cross-linking activity of VgrG-1-
197 ACD.

198  The VgrG-1-ACD destroys the actin cytoskeleton but mutation leads to loss of crosslinking
199  activity in HeLa cells:

200 Later on we evaluated the role of actin cross-linking activity by VgrG-1-ACD in in vitro cell
201 biology using cultured HelLa cells. The full length wild type VgrG-1-ACD was sub-cloned in
202 pEGFP-C1 vector as C-terminal GFP tagged and transfected in HelLa cells and stained with
203  phalloidin after 36 hours to study the actin cytoskeleton. The transfection experiment exhibited
204  that the full length VgrG-1-ACD disrupted the actin cytoskeleton (Fig 6B). But in case of control
205  pEGFP-C1 transfected HeLa cells, normal intact actin fibres were observed (Fig 6A). Then we
206 had sub cloned ACD-WH2 in pEGFP-C1 vector as N-terminal GFP tagged and transfected in
207  Hela cells and stained with phalloidin to see the actin cytoskeleton. Results showed that only
208  WH2 domain did not disrupt actin cytoskeleton (Fig 6C) which strengthen our previous data that
209 only WH2 domain did not cross link the actin (Fig S1C). Finally we had sub cloned VgrG-1-
210  ACD containing V1013A, M1014A, 11017A and K1018A WH2 mutation in pEGFP-C1 vector
211 as N-terminal GFP tagged and transfected in HeLa cells and stained with phalloidin to examine
212 the actin cytoskeleton. Transfection results demonstrated that the VgrG-1-ACD mutant with both
213 VM to AA and IK to AA did not able to disrupt actin fibres, actin fibres were similar that of
214  control (Fig 6D). This confirmed that WH2 domain mediated actin binding was also essential

215  and imperative for efficient actin cross-linking activity of VgrG-1-ACD.

216  Computational model depicts favourable binding of VgrG-1-ACD via WH2 domain with
217  actin:

218  With the knowledge that the identified WH2 domain bound with actin, we looked for possible
219  modes of interaction of VgrG-1-ACD with G and F-actin using structural superimposition and
220  Cluspro docking software. Based on the structural superimposition here we showed the possible
221  orientation or possible mode of interaction of the 6™ helix that was present in the WH2 domain
222 of VgrG-1. The WH2 domain modelled with G—actin on the basis of structural similarity, it
223 showed that it was able to bind between subdomains 1 and 3 (Fig 7A). The protein—protein blind

224  docking simulations were successfully carried out using three adjacent actin monomers taken
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225  from the filamentous actin structure. In blind docking simulations the active site was not defined
226  for any of the proteins, hence the VgrG-1-ACD was allowed to bind in all possible actin cavities,
227  after docking the top docking poses from a cluster of 37 structures were used for the surface
228  representation in (Fig 7B). The docking results manifested that the C-terminal of the VgrG-1
229 alpha helix containing the WH2 domain was bound in a head on manner with the filamentous
230 actin. The ACD-WH2 domain was binding between the subdomain 1 and subdomain 3 (Fig 7C)
231 of actin-2 and the N-terminal part of the ACD domain interacts with actin-1. The K-50 residue
232 proposed to be involved in the cross-linking was present at the binding interface of subdomainl
233 and subdomain 2 where the WH2 domain was bound to actin, whereas the E-270 was present at
234  the binding interface of the actin filaments (Fig 7D). The docking studies and the superimpose
235  model clearly suggested that the WH2 domain was capable of binding both G-actin and F-actin.
236 The docked domain (three actin molecule andVgrG-1-ACD) was then energy minimized and

237  used to build a full length model of filamentous actin using structural superimposition.
238  Discussion:

239  More than 150 actin binding proteins are known to regulate actin filament dynamics [30 and 31].
240 VgrG-1-ACD had been discovered as actin cross-linking protein which forms non polymerizable
241  actin oligomers. We found that the VgrG-1-ACD from 0139 strain (Fig 1C) was able to cross
242 link actin very efficiently similar to VgrG-1 of other serogroups of Vibrio cholerae [20]. We had
243  seen that VgrG-1-ACD and RMA incubated simultaneously in F-buffer resulted in efficient actin
244  cross-linking activity of VgrG-1-ACD (Fig 1C). When VgrG-1-ACD was added to the pre
245  formed F-actin, the capability to cross link actin was completely diminished. This indicated that
246  F-actin was not a good substrate for the VgrG-1-ACD (Fig 1D). On the other hand, VgrG-1-
247  ACD incubated with G-actin in G-buffer resulted in no actin cross-linking (Fig 1E) ruling out
248  that G actin was also not a good substrate for the VgrG-1-ACD similar to earlier results showing

249  that Mg*® was necessary for the cross linking activity [20].

250 VgrG-1-ACD catalysed the covalent bond formation between two actin monomers [17 and
251 18]. For this activity, VgrG-1-ACD must first bind to actin. Our results revealed that VgrG-1-
252  ACD was able to co-sediment with actin in a concentration dependent manner; when actin,
253  VgrG-1-ACD and F-buffer was added simultaneously (Fig 2) or VgrG-1-ACD was added 45
254  minutes after the formation of F-actin (Fig S1A). In the latter case VgrG-1-ACD was unable to
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255  cross-link actin even in presence of high concentration of VgrG-1-ACD because nascent actin

256  oligomers are the appropriate substrate for crosslinking activity of VgrG-1-ACD.

257  The above results validate that VgrG-1-ACD could bind actin. Hence actin binding domains
258  might exist within VVgrG-1-ACD. Further computational analysis illustrated that VgrG-1-ACD
259  contains a putative WH2 domain (Fig 3). WH2 domain is well characterized actin binding
260 domain [21 and 25]. The presence of WH2 domain in Vibrio is not a surprise as Vibrio has other
261  effector proteins like VopL, VopF which contain multiple WH2 domains and modulate the
262 infected host cell actin dynamics [28, 32and 33]. The presence ACD-WH2 domain was
263  demonstrated with aid of sequence homology, structural and evolutionary functional significance
264  of the domain. ACD-WH2 domain folds exactly the same as seen in other WH2 co-crystallized
265  with G-actin (Fig 3C) [21], suggesting that the identified domain might work similarly. The
266  hotspot analysis was done using KFC server for WH2 domain indicating Val-1013, Met-1014,
267  1le-1017 and Lys-1018 as the crucial amino acids of the binding hotspots.

268  For further confirmation of actin binding ability of ACD-WH2, we had co-sedimented the
269  purified predicted ACD-WH2 with actin using high speed centrifugation. The assay revealed that
270  ACD-WH2 co-sedimented with actin in a concentration dependent manner (Fig 4C) indicating
271  that the predicted ACD-WH2 could bind actin. Additionally the inhibition of 4 uM actin
272 nucleation by the ACD-WH2 supported its presence within VgrG-1-ACD (Fig 4D), as it is
273  established that WH2 domain interfere with the 4 uM fluorometric actin nucleation assay by
274  sequestering actin monomers [25]. The ACD-mWH2 co-sedimented with actin in lesser amount
275  as compared to wild type and also not able to inhibit actin nucleation efficiently like that of wild
276  type (Fig 4E and 4F). This illustrated that VgrG-1-ACD interacts with actin through its WH2
277  domain. Results of actin cross-linking assay with VgrG-1-ACD having WH2 mutation showed
278  less or no actin cross-linking. The IK to AA mutant cross-link actin less efficiently than the wild
279  type but the VM to AA mutant did not able to cross link actin and the fragment containing both
280 VM and IK mutated to AA rendered no cross-linking of actin (Fig 5). This confirmed that the
281 interaction of VgrG-1-ACD with actin through its WH2 domain is also important for actin cross-
282  linking activity. This result was further validated by in vitro cell biological data of phalloidin
283  stained HelLa cells transfected with VgrG-1-ACD and ACD with VM and IK mutated to AA in
284  WH2 domain. Results showed only the VgrG-1-ACD is able to disrupt the actin fibres inside the
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285  Hela cells but neither the ACD containing mutated WH2 domain nor the ACD-WH?2 alone can
286  disrupt the actin cytoskeleton (Fig 6) [34]. The cell data affirmed with the in vitro actin
287  reconstitution assays (Fig 1C, 5C, S1A and S1C); all together suggesting that VVgrG-1-ACD
288  binds actin through its WH2 domain and this actin binding is also indispensable for ACD

289  mediated actin cross-linking along with previously studied mutations [9].

290  Finally, our model showed that (Fig 7) VgrG-1-ACD was able to interact with actin at the
291 interface of two actin monomer through its WH2 domain. Based on the proposed model of F-
292 actin-ACD complex, we could claim that the WH2 domain binds to two actin monomers (Fig 7)
293  where WH2 helix interacts with domain | of one actin monomer and domain Il of another actin
294  which is similar to earlier reports, the chemical cross-linking between two different actin
295 monomers [17]. In G-actin, WH2 helix enters in the groove between domain 1 & 3. This
296  complex model obtained using docking simulation that is proposed in this paper gives insight to
297  the mode of binding of ACD with F-actin [35]. The proposed model was devised on the basis of

298  biochemical data reported in this study, especially the properties of the mutants.

299 VgrG-1-ACD toxin had been reported to forms non polymerizing non-functional actin
300 oligomers from monomeric actin to cause successful pathogenesis [36 and 37]. Our data suggest
301 that VgrG-1-ACD binds to F-actin through WH2 domain. In future, co-crystal structure of actin
302 and VgrG-1-ACD would illuminate light on the exact molecular mechanism of actin crosslinking
303  mediated byVgrG-1-ACD.

304 Material and methods:

305 Plasmid constructs:

306 V. cholerae genomic DNA was isolated from 0139 (C,842) strain. We amplified the construct of
307 VgrG-1-ACD (732" — 1163"aa) by PCR from the genomic DNA of V. cholerae using the
308 forward primer 5° GGAAGATCTCCAACACATTTCCCGAAGTC 3' and reverse primer 5'
309 CGCAAGCTTTTATTGCCATTCTTGAGGATTATGC 3' with Bgl 1l and Not | restriction
310 enzyme sites respectively. The PCR product was cloned in pET-28a vector (Novagen). In a
311 similar way the constructs of WH2 domain were sub cloned from the VgrG-1-ACD of V.
312  cholerae using forward primer 5' GGAAGATCTCCAAGCAAAATAGTAGAAATACTC 3'and
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313  reverse primer 5 CGCAAGCTTTTACTTCATAGGATCAAACTGATCG 3'in pET-28a vector

314  with Bglll and Hindlll restriction enzyme sites respectively.

315  Site directed mutagenesis:

316 The VgrG-1-ACD clone in pET-28a was used as template, with forward and reverse primers
317  having desired mutations, amplified the entire plasmid. The PCR was carried out using Pfu turbo
318 DNA polymerase (Stratagene) having a polymerization rate of 1Kb/min. The non-mutated
319  parental amplicons were digested with Dpnl and the remaining amplicons were transformed into
320 DH5a E.coli competent cells. We confirmed the mutations by DNA sequencing from the

321  screened mutant clones.

322 11017A and K1018A:

323  Forward primer:

324 5" CCAAAGCGGTTATGAAACATGCCGCGCCTCAATTGCAGTCTCGC3?
325  Reverse primer:

326 5’GCGAGACTGCAATTGAGGCGCGGCATGTTTCATAACCGCTTTGG3’

327 V1013A and M1014A:

328  Forward primer:

329 5’ GAGTGATGCCAAAGCGGCCGCGAAACATATCAAGCCTCAATTG3’
330  Reverse primer:

331 5 CAATTGAGGCTTGATATGTTTCGCGGCCGCTTTGGCATCACTC3’

332 11017A, K1018A, V1013A and M1014A:

333  Forward primer:
334 5 AAGAGTGATGCCAAAGCGGCCGCGAAACATGCCGCGCCTE?

335  Reverse primer:
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336 5’GAGGCGCGGCATGTTTCGCGGCCGCTTTGGCATCACTCTT3?

337 Protein purification:

338  G-actin was purified from rabbit skeletal muscle acetone powder [38]. Actin was labelled with
339  N-(1-pyrene) iodoacetamide (P-29, Molecular Probes) [39]. The unlabelled and labelled actin
340 was purified using Hiprep 16/60 Sephacryl S-200 gel filtration column (GE Healthcare). The
341  column was equilibrated with G-buffer (2 mM Tris pH 8.0, 0.2 mM ATP, 0.2 mM CaCl;, and 0.2
342 mMDTT).

343  For purification of the proteins, the expression constructs were transformed into E. coli BL21
344  DES3 (Stratagene) cells. The construct containing E. coli cultures were grown up to O.D 0.6- 0.8
345 in rich media (20 gm Tryptone/liter, 10 gm Yeast Extract/liter, 0.58 gm NaCl/liter, and 0.18 gm
346  KCl/liter) with 30ug/ml Kanamycin (USB) at 37°C. When the O.Dggo crossed 0.6 the
347 temperature was kept 37°C and induced with 0.5 mM IPTG (isopropyl-1-thio-p-D-
348  galactopyranoside, Fermentas) and subsequently the cultures were grown for 4 hours and

349  pelleted down at 6000 rpm for 15 minutes and stored in -80°C freezer.

350  We did all the steps of protein purification at 4°C or keeping them on ice [40]. Pelleted bacterial
351 cells were taken and resuspended in lysis buffer (50 mM Tris-Cl pH 8.0, 100 mM NaCl, 30 mM
352 Imidazole pH 8.0, 1 mM DTT(USB), IGEPAL(Sigma-aldrich), Protease inhibitor cocktail(1mM
353  Phenylmethylsulfonyl fluoride, Benzamidine hydrochloride, Leupeptin, Aprotinin, PepstatinA)
354 and extracted by sonication. Then it was centrifuged at 12000 rpm for 15 minutes. The
355  supernatant was incubated with 50% Ni-NTA slurry of the beads (Qiagen) for 2 hours. After that
356 it was washed thrice with wash buffer (50 mM Tris-Cl pH 8.0, 20 mM NaCl, 30 mM Imidazole
357 pH 8.0). The protein was eluted with elution buffer containing high concentration of Imidazole
358 (50 mM Tris-Cl pH 8.0, 20 mM NaCl, 250 mM Imidazole pH 8.0 and 5% glycerol). Later on, the
359  purified protein was dialyzed in HEKGs buffer (20 mM HEPES, 1 mM EDTA, 50 mM KCI and
360 5% Glycerol) for overnight and further stored in 20 mM HEPES, 1 mM EDTA, 50 mM KCI and
361  10% Glycerol.

362  Actin cross-linking assay:
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363 5 uM RMA was taken along with different concentration of VgrG-1-ACD and incubated for 1
364  hour at 25°C in F-buffer (10 mM Tris-Cl pH 8.0, 0.2 mM DTT, 0.7 mM ATP, 50 mM KClI, 2
365 mM MgCl,). The net volume of the reaction was 50ul and each set had one actin and protein
366  control reaction mix. After completion of incubation, the samples were boiled with sample
367 loading buffer and loaded in SDS-PAGE.

368 High speed pelleting assay:

369  Actin and different concentration of VgrG-1-ACD and ACD-WH2 domain was incubated at
370  25°C in F-buffer (10 mM Tris-Cl pH 8.0, 0.2 mM DTT, 0.7 mM ATP, 50 mM KCI, 2 mM
371 MQgCl,) for one hour. We set the net volume of the reaction to 50pl keeping the concentration of
372 actin to 5uM in each reaction mix. As a control, we performed one reaction without adding
373  protein and one reaction without adding actin. After completion of incubation, the samples were
374  centrifuged at 310 x 1000 g for 45 minutes in TLA-100 rotor (Beckman Coulter). Subsequently,
375 we separated the supernatant to a fresh tube and mixed it with SDS-PAGE sample loading
376  buffer. Thereafter the removal of the supernatant, the pellet was resuspended in F-buffer and
377  SDS-PAGE sample loading buffer was added. Then the supernatants and pellets were analysed
378  in 12% coomassie-stained SDS-PAGE and Kp was calculated accordingly [41].

379  Bioinformatics analysis of VarG-1:

380  One of the salient features of WH2 domain was; it short in length and poorly conserved [21].
381 Based on structural model [9]; we performed sequence based structural alignment of VgrG-
382 1ACD with all the available crystal structures of WH2 domain. The identification of WH2
383  domain within the VgrG-1-ACD was carried out using HMM based model obtained from PFAM
384  database using HMMER [42]. We further tried to align the predicted WH2 with the known
385  crystal structures co-crystalized with actin monomer and in some cases actin-DNase-WH2
386 complex. The sequence and structural alignments were carried out using Clustal Omega [22],
387  ESpript [43] and Promals3D server [44]. The identified sequence which folds into a helix as seen
388 in the crystal structure was then subjected to hotspot prediction using KFC server [23 and 29]
389  which predicted the binding “hot spots” within protein-protein interfaces by recognizing

390 structural features indicative of important binding contacts.

391  4uM nucleation assay:
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392 Monomeric actin was labelled with N-(1-pyrene) iodoacetamide (P-29, Molecular Probes) [39].
393  Labelled and unlabelled actin was mixed in 1:9 ratio to prepare final stock concentration of 12
394  pM in G-buffer (10 mM Tris pH 8.0, 0.2 mM ATP, 0.2 mM DTT, 0.2 mM CacCl,). From this
395  stock solution, required amount of actin was taken such that final concentration of actin is 4 uM
396  in 60 pl reaction volume. Exchange buffer (10 mM EGTA, 1 mM MgCl,), 20X Initiation Mix (1
397 M KCI, 40 mM MgCl,, and 10 mM ATP) and candidate protein in different concentrations were
398 added and the volume was adjusted with G-buffer and HEKGs. The reaction was excited at 365
399  nm and the emitted spectrum was recorded at 407 nm at 25°C in fluorescence spectrophotometer

400 (QM40, Photon Technology International, Lawrenceville, NJ).

401  Cellular experiments:

402 Hela cells (ATCC® CRM-CCL-2™) were maintained in high glucose Dulbercco’s Modified
403  Eagle’s Media (Gibco) containing 2 mM L-Glutamine (Gibco) Pen-Strep (Hyclone, Thermo
404  Scientific) and 10% Fetal Bovine Serum (Gibco). We carried out the transfection experiments in
405  24-well plate using Lipofectamine 2000 (Invitrogen) following the manufacturer’s protocol. For
406  this the cells were grown on poly D-lysine coated cover slips placed in wells. The cells were
407  fixed using 4% paraformaldehyde (Sigma Aldrich) dissolved in PBS (phosphate buffer saline pH
408  7.4) for 30 minutes in room temperature after 36 hours of transfection. Subsequently the cells
409  were washed thrice in PBS and the actin cytoskeleton was stained with 50 nM rhodamine
410 phalloidin (Invitrogen) followed by the repeated wash in PBS. Then the coverslips containing
411  treated cells were mounted with antifade reagent (Invitrogen) and allowed to dry for overnight.

412 The fixed cells were observed under IX 81 microscope (Olympus).

413  Modeling of F-actin ACD domain:

414  The modelling of ACD domain containing WH2 motif with F-actin was carried out using the
415  Cluspro server [45]. The blind docking was carried out using the three monomers taken from
416 actin filament to mimic the F-actin as receptor and crystal structure of the VgrG-1-ACDof Vibrio
417  cholerae (PDB Code:4DTL) as receptor [9]. We selected the final model on the basis of balanced
418  score from the cluster with 37 members. Two clusters with WH2 domains participating in direct
419  binding were shown in the images generated by Pymol [35]. The complex was further energy

420 minimized by using AMBER 14 MD [46] simulation package to retain a low energy global
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421  conformation. The final model was then superimposed to the filaments to generate F-actin
422  decorated ACD to show the binding of the VgrG-1-ACD to filamentous actin.
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432 Figure legends:

433  Figure 1: Valine-Glycine Repeat Protein G (VgrG-1), having ACD (Actin Crosslinking
434  Domain) with actin cross-linking activity. [A] Schematic representation of V. cholerae VgrG-1
435  toxin domain showing ACD from (732" aa- 1163™ aa). [B] Purified 6X His tag full length
436  VgrG-1-ACDprotein (50KDa) in a coomassie stained 12% SDS-PAGE. [C] Wild type VgrG-1-
437  ACD protein was found to cross-link actin in a concentration dependent manner (N=6). [D] In
438  vitro Cross-linking activity of VgrG-1-ACD protein incubated with preformed F-actin (N=4). [E]
439  Invitro cross-linking assay of VgrG-1-ACD protein incubated with G-actin in G buffer (N=4).

440  Figure 2: Co-sedimentation of VgrG-1-ACD of V. cholerae with F-actin by co-
441  sedimentation assay. S and P indicate the supernatant and pellet respectively. The concentration
442  of actin was 5uM. VgrG-1-ACD was added in an increasing concentration. RMA and VgrG-1-
443  ACDwere added simultaneously in the reaction mixture and centrifuged at 310 x 1000 g for 45
444  minutes (N=3).

445  Figure 3: Structural and sequence analysis of VgrG-1 actin binding WH2 domain within
446  the ACD. [A] Structural alignment of ACD WH2 domain with known WH2 domain sequences
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447  taken from co-crystallized structures of actin. The sequence of ACD-WH2 domain of VgrG-1
448  shared significant identity with proteins having a characterized WH2 domain. The sequences of
449  WH2 domain extracted and aligned from the actin complexes of WASP and WAVE domains
450  from Human (2A40 & 2A41), actin-WH2 domain from Bos taurus (2D1K) and Mus musculus
451  (4JHD). [B] The phylogenetic tree derived from the alignment showing ACD-WH2 domain of
452  VgrG-1 and Mus musculus WH2 diverged into different branches whereas the WH2 domains
453  from WASP, WASP-family verprolin homologous protein from Homo sapiens and Bos taurus
454  WH2 domain are branched together. [C] The superimposition of VgrG-1-ACD co-crystalized
455  with AMP, ADP and ATP with two divalent metals bound at the substrate binding site showed a
456  V-shaped structure, comprising of nine a helices and twelve B strands. [C’] The zoomed view of
457  the predicted structure of WH2 like domain showed its presence at the surface of the ACD
458  domain as the 6™ alpha helix structure with amino acid sequence “DAKAVMKHIKPQ”. [D] and
459  [E] Structural superimposition of all the structure of WH2 domain co-crystallized with actin
460  along with the probable ACD WH2 domain of VgrG-1.

461  Figure 4: Proposed WH2 domain within ACD was able to bind F-actin in co-sedimentation
462 assay. [A] Proposed domain structure of WH2 like domain in the VgrG-1-ACD (998" aa —
463 1098™ aa). [B] The commassie stained 15% SDS PAGE showed purified protein of WH2 like
464  domain (11KDa). [C] The co-sedimentation assay showed WH2 domain could bind actin in a
465  concentration dependent manner (N=4). [D] Monomer sequestering assay of WH2domain using
466  10% pyrene labelled actin (N=4). [E] The co-sedimentation assay of mutant WH2 domain
467  (N=4). [F] Monomer sequestering assay of mutant WH2 domain of VVgrG-1 using 10% pyrene
468 labelled actin (N=4). [G] The binding affinity of wild type and mutant WH2 domain to F-actin.

469  Figure 5: VgrG-1-ACD of the V. cholerae having mutations V1013A & M1014A and
470 11017A& K1018A was not able to cross-link actin in vitro comparing to the wild type. [A]
471  Cross-linking activity of VgrG-1ACD having mutations 11017A & K1018A. [B] Cross-linking
472  assay of V1013A and M1014A mutant protein showing no cross-linking activity. [C] Cross-
473  linking activity of VgrG-1-ACD domain having mutations 11017A & K1018A and V1013A &
474  M1014A showing no cross-linking activity (N=4).

475  Figure 6: Effect of VgrG-1-ACD and WH2 fragments in cellular actin cytoskeleton. [A] The
476  GFP transfected Hela cells showed no particular change in rhodamine phalloidin stained actin
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477  cytoskeleton showed in first row second column. [B] HelLa cells transfected with GFP tagged
478  full length VgrG-1-ACD domain (732" aa- 1163™ aa) showed disrupted rhodamine phalloidin
479  stained actin cytoskeleton second row third column. [C] HeLa cells transfected with GFP tagged
480 WH2 like domain fragment did not show any change in rhodamine phalloidin stained actin
481  cytoskeleton second column third row. [D] The ACD domain mutant (V1013A & M1014A and
482 11017A& K1018A) tagged with GFP did not able to disrupt the actin cytoskeleton. The
483  expression of GFP tagged vectors is shown in first column, the rhodamine phalloidin stained
484  actin cytoskeleton is shown in second column and the merged of the two were shown in third
485  column. All images were captured and scaled with identical settings. The scale bar is 50 um. The
486  magnification is 60X (N=5).

487  Figure 7: Proposed molecular modeling of actin binding of WH2 of ACD domain of VgrG-
488 1 based on molecular docking and structural superposition. [A] The model showed the
489  superposed cluster of WH2 domain crystallized with actin from different organisms along with
490 WH2 domain of VgrG-1. [B] The docked model of filamentous actin showing two actin
491  monomers interacting with the WH2 of VVgrG-1 which was bound between the subdomainl and
492  subdomain3 and was in close proximity with K50 crosslinking residue in actin-1. [C] The F-
493  actin decorated ACD domain complex was obtained by using superimposition of initial model
494  obtained from Cluspro into the different chains (Monomers) in F-actin complex. [D] The actin
495  has been shown in grey colour, ACD domain in blue and the binding WH2 domain is shown in

496  yellow.

497  Figure S1: The VgrG-1-ACD binds to actin. [A] The co-sedimentation of VgrG-1-ACD with
498  actin after the formation of actin filaments. [B] The 11017A& K1018A mutant ran in 10% SDS
499 PAGE. [C] The wild type WH2 domain cannot cross link actin. [D] The V1013A & M1014A
500 mutant purified as 6X His tag and ran in 12% SDS PAGE. [E] The V1013A & M1014A and
501 11017A& K1018A purified mutant protein ran in 12% SDS PAGE.

502
503

504
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