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Abstract

The transcriptional antisilencer VirB acts as a master regulator of virulence gene expression in the human
pathogen Shigella flexneri. It binds defined sequences (virS) upstream of VirB-dependent promoters and
counteracts their silencing by the nucleoid-organizing protein H-NS. However, its precise mode of action
remains unclear. Notably, VirB is not a classical transcription factor but related to DNA partitioning pro-
teins of the ParB family, which have recently been recognized as DNA-sliding clamps using CTP binding
and hydrolysis to control their DNA entry gate. Here, we show that VirB binds CTP, embraces DNA in a
clamp-like fashion upon its CTP-dependent loading at virS sites and slides laterally on DNA after clamp
closure. Mutations that prevent CTP binding block the loading of VirB clamps in vitro and the formation
of VirB nucleoprotein complexes in vivo. Thus, VirB represents a CTP-dependent molecular switch that

uses a loading-and-sliding mechanism to control transcription during bacterial pathogenesis.
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Introduction

Shigella species are the causative agents of bacillary dysentery® and the second leading cause of diarrheal
mortality, with more than 200.000 deaths per year worldwide?. After ingestion, they invade the colonial
epithelium, replicate in the cytoplasm of epithelial cells then propagate the infection by spreading from
cell to cell, driven by actin-based motility. These processes are facilitated by a multitude of virulence pro-
teins, known as effectors, which are produced in two consecutive waves and directly injected into the
host cytoplasm by means of a type lll secretion system (T3SS)3. The T3SS apparatus as well as most effec-
tors are encoded on a large (~220 kb) virulence plasmid, named pINV#®, Many of the pINV-associated
genes are controlled at the transcriptional levels by a three-tiered regulatory cascade’ that is triggered
upon transition of Shigella cells to human body temperature (37 °C)%. It initiates with the production of
the transcriptional activator VirF®°, driven by temperature-induced changes in the structure of the virfF
promoter region®* Among the regulatory targets of VirF is the gene for the second-tier regulator
VirB*’, which activates the expression of ~50 genes, coding for the structural components of the T3SS
and for effectors mediating host invasion®®. The VirB regulon also includes the gene for the third-tier
regulator MxiE8, which later promotes the production of effectors involved in post-invasion processes,

including the subversion of host immune response, innate immunity and cell death pathways*’.

Due to its central role in virulence gene expression, VirB is critical for pathogenicity in Shigella and mutants
lacking this regulator are avirulent?’*%2° |nterestingly, while VirF and MXxiE are classical AraC-type trans-
criptional activators®?¥?2, VirB is an atypical transcription factor related to the ParB family of DNA partiti-
oning proteins?*2%, Members of this family usually function in the context of ParABS DNA segregation
systems, where they serve as centromere-binding proteins that interact dynamically with the partition
ATPase ParA to mediate the separation of newly replicated sister chromosomes or low-copy number plas-
mids?’. ParB proteins form dimers and interact specifically with short (16 bp) palindromic DNA sequences
called parS that are clustered close to the replication origin of target molecules?®?°, After initial specific
binding to individual parsS sites, they spread laterally into the neighboring DNA segments, forming a large
nucleoprotein assembly (partition complex) that typically includes 10-20 kb of the origin region3%3,
Recent work has clarified the mechanistic basis of the spreading process by showing that ParB proteins
constitute a novel class of molecular switches and act as DNA-sliding clamps that use cytidine triphosphate
(CTP) binding and hydrolysis to control the opening state of their DNA entry gate 3*3°, The CTP-binding
site is located in the N-terminal ParB/Sulfiredoxin (Srx) domain of ParB3%3°, which is followed by a central

40-43

helix-turn-helix (HTH) parS-binding domain*®*?, a non-structured linker region and a C-terminal dimeriza-
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tion domain, which tightly links the two subunits of a ParB dimer****, Upon juxtaposition of the HTH do-
mains on a palindromic parsS site, the two N-terminal ParB/Srx domains associate in a CTP-dependent
manner and thus close the ParB dimer into a ring-like structure, with bound DNA entrapped in between
the two subunits®*>373°, Ring closure releases the HTH domains from parS and thus enables the ParB clamp
to slide into the flanking DNA regions, making parS accessible again to other ParB dimers®394546 The slow
intrinsic CTPase activity of ParB rings eventually leads to CTP hydrolysis, triggering clamp opening and the
dissociation of ParB from the DNA3%3637, Spontaneous nucleotide exchange then initiates the next loading
cycle. This sequence of events leads to the establishment of a 1D diffusion gradient of ParB clamps within

the origin region, originating at parS clusters and shaped by the CTPase activity of ParB.

Intriguingly, the regulatory activity of VirB depends on its interaction with parS-like palindromic sequences
(henceforth called virS) in the target promoter regions?*2>2647-49 These recognition sites can be located

850 indicating that VirB does not

more than 1 kb upstream of the corresponding transcriptional start sites
stimulate gene expression through a direct interaction with RNA polymerase. A series of studies showed
that VirB indeed acts at a distance and counteracts the silencing of target promoters by the histone-like
nucleoid-structuring protein H-NS, which associates with AT-rich regions in the surroundings or down-
stream of virS sites?®*¥>2, This anti-silencing mechanism was proposed to involve the spreading of VirB
from its DNA recognition site, because the insertion of a roadblock between virS and the H-NS binding
regions abolished the regulatory effect of VirB*. Consistent with this notion, recent work has shown that
the virS-dependent interaction of VirB with promoter regions causes large-scale changes in DNA topology,

leading to a local decrease in negative supercoiling that alleviates H-NS-mediated gene silencing>®. How-

ever, the underlying mechanism remains unclear.

The homology of VirB to ParB proteins, its dependence on a parS-like binding site and its potential spread-
ing within promoter regions raise the possibility that VirB could use a clamping-and-sliding mechanism
similar to that reported for ParB to associate with its target DNA. In this study, we use a combination of
structural modeling, molecular interaction studies, hydrogen-deuterium exchange mass spectrometry
and in vivo localization studies to dissect the function of VirB. We demonstrate that VirB indeed binds CTP

2554 we show that VirB

but appears to lack appreciable CTPase activity. Consistent with previous results
has strong non-specific DNA-binding activity in standard buffers. However, under more stringent condi-
tions, it accumulates on DNA in a strictly virS and CTP-dependent manner, with virS acting as an entry site
that mediates the loading of multiple VirB dimers, which diffuse away from virS after the loading step. We

further observe that the two N-terminal nucleotide-binding domains of VirB homodimerize in the pres-
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ence of CTP, in a process stimulated by virS DNA. Finally, we show that CTP binding is essential for the
formation of VirB nucleoprotein complexes in vitro. Together, these results indicate that VirB constitutes
a distinct class of CTP-dependent molecular switches that use a loading-and-sliding mechanism control

gene expression during bacterial pathogenesis.
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Results

76  VirB is a homolog of plasmid-encoded ParB proteins with CTP-binding activity

77 Previous work has revealed a significant similarity of VirB to plasmid-encoded ParB proteins in terms of
78  its amino acid sequence and domain architecture as well as its ability to interact specifically with a pars-
79  like sequence motif?>2426. Moreover, crystallographic studies showed that the virS-binding domain of VirB
80 s structurally related to the HTH-domains of the ParB homologs ParB, SopB and KorB, encoded by the
81 E. coli plasmids P1, F and RP4, respectively?. Prompted by these findings, we aimed to investigate whe-
82 ther VirB also shared the ability of ParB proteins to bind and hydrolyze CTP. To this end, we first generated
83 an amino acid sequence alignment comparing the N-terminal domain of VirB with the corresponding N-
84  terminal nucleotide-binding domain of various well-characterized ParB homologs from plasmid or chro-
85 mosome partitioning systems. Importantly, three regions that critically contribute to CTP binding in ParB
86 are also conserved in VirB (Figure 1A), including the C-motif, the GxRR-motif and the P-loop, which coordi-
87  nate the cytidine base, the triphosphate moiety and the y-phosphate group of the CTP nucleotide,
88  respectively*®373°, However, VirB features only one out of the two conserved residues required for CTP

34,36,37 (

89 hydrolysis in chromosomally encoded ParB proteins Figure 1A), suggesting that it may be able to

90  bind CTP but potentially lack CTPase activity.

91  To further analyze the function of VirB, we generated a structural model of a VirB homodimer, using
92  AlphaFold-Multimer® (Figure 1B). This model suggests that VirB can form a clamp-like structure similar to
93  that reported for ParB3®37:3°, with the two subunits interacting in the N-terminal and C-terminal regions.
94  The center of the closed dimer features an opening flanked by non-structured linker regions that is large
95 enough to accommodate a DNA molecule and lined by an abundance of positively charged residues (Fig-
96 ure S1). As in ParB, the interaction in the N-terminal regions is predicted to rely on the homodimerization
97 of the two ParB/Srx nucleotide-binding domains (NBDs), which involves a crossover of the two poly-
98  peptide chains that places the NBD of each cis-subunit next to the virS-binding domain (VBD) of the trans-
99 subunit. A superimposition of the structural model of VirB with the crystal structure of the chromosomally
100  encoded ParB homolog from Myxococcus xanthus®” indicates that the NBDs of the two proteins have a
101  similar fold, especially in regions forming the nucleotide-binding pocket of ParB, with a root-mean-square
102 deviation (RMSD) of 1.51 A for 45 paired C, atoms (Figure 1C). However, VirB is distinguished from ParB
103 by an N-terminal helix as well as two adjacent long antiparallel B-strands that appear to connect the nucle-
104  otide-binding region of VirB to an opposing a-helix (corresponding to helix 4 of ParB), thereby potentially

105 reducing the conformational flexibility of the NBD. The predicted structure of the VBD is highly similar to
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106  apreviously solved crystal structure of the VBD in complex with virS DNA 2° (RMSD of 0.883 A for 98 paired
107  Cqatoms) (Figure 1D), which underscores the validity the modeling approach (Figure 1D). Moreover, while
108  the VBD is structurally different from the HTH-domains of chromosomally encoded ParB homologs (Fig-
109 ure 1C), it shows striking similarity to the HTH-domain of ParB from E. coli plasmid P1 (Figure 1D). Con-
110 siderable structural similarity is also observed for the C-terminal dimerization domains (CTDs) of VirB and

111 P1 ParB (Figure 1E), supporting the notion that VirB has evolved from plasmid partitioning proteins.

112  VirB has CTP-binding activity but lacks CTPase activity

113  Since key features of the nucleotide-binding pocket of ParB were conserved in VirB, we aimed to investi-
114  gate whether VirB was also able to interact with CTP, using quantitative nucleotide binding assays based
115  onisothermal titration calorimetry (ITC) (Figure 2A). First, we analyzed the binding of the poorly hydro-
116 lyzable CTP analog CTPyS, which was chosen to avoid potential adverse effects of CTP hydrolysis on the
117  measurements. We observed that VirB bound this nucleotide with an affinity (Ko~ 12 uM) that is compar-
118  able to the one measured for ParB3*37 and high enough to ensure its saturation under in vivo conditions’®.
119  We also observed an interaction of VirB with cytidine diphosphate (CDP), although the binding affinity for
120  this nucleotide was more than 7-fold lower (Ko ~ 91 uM). Similar results were obtained using microscale
121  thermophoresis as an alternative technique to study the nucleotide-binding behavior of VirB (Figure 2B
122  andFigure S2). Notably, CTP binding was drastically reduced upon the mutation of arginine residues (R93,
123 R94) in the conserved GxRR motif to alanines (see Figure 1A), suggesting that VirB and ParB share a similar

5758 and free-serine kina-

124  mode of nucleotide binding. Given that some proteins, such as sulfiredoxins
125 ses>® contain ParB/Srx-like domains with TP-binding activity, we also tested VirB for its ability to interact

126  with ATP. However, no significant binding was observed (Figure S2).

127  We then went on to clarify whether VirB was able to hydrolyze the bound CTP. In the case of ParB,
128 significant CTPase activity is only detectable when the protein is incubated with both nucleotide and parS
129 DNA. However, VirB did not hydrolyze CTP under any of the condition tested, even if virS DNA was included
130 in the reaction (Figure 2C). These results indicate that VirB binds CTP but lacks appreciable CTPase activity.
131 However, it is possible that additional, thus-far unknown factors are required to trigger the hydrolytic

132 reaction.

133 VirBis loaded onto DNA in a CTP- and virS-dependent manner
134  VirB was shown to specifically interact with virS in vitro and to require the presence of virS upstream of
135  target promoters for its regulatory activity in vivo?>648495153 Tq clarify the role of CTP-binding in the

136 interaction of VirB with target DNA regions, we analyzed its DNA-binding behavior using a previously


https://doi.org/10.1101/2023.06.01.543266
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.01.543266; this version posted June 1, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

137  established biolayer interferometry assay®. For this purpose, DNA fragments (215 bp) that contained the

2647 3s well as its flanking regions were

138  virS sequence located upstream of the S. flexneri icsB promoter
139 immobilized on biosensors such that both of their ends were stably linked to the sensor surface (Figure
140  3A). Subsequently, these closed fragments were probed with VirB in the absence or presence of CTP. In
141 both conditions, VirB showed strong DNA-binding activity. However, nucleotide-free reactions repro-
142 ducibly yielded biphasic association curves when VirB was used at elevated concentrations, with the signal
143 decreasing markedly during the loading phase (Figure 3B). In the presence of CTP, by contrast, VirB stably
144 associated with the DNA in all cases (Figure 3C). However, almost identical results were obtained with
145 closed DNA fragments lacking a virS sequence (Figure S3). Similarly, VirB also showed a strong virS-
146 independent interaction with biosensors carrying open double-stranded oligonucleotides, although the
147 presence of CTP again appeared to modulate its binding behavior (Figure S4). These findings imply that
148  VirB has strong non-specific DNA-binding activity, consistent with the high density of positive charges in
149 its VBD and CTD (Figure S1). This property was likely to obscure the specific effects that virS and CTP might

150 have on the DNA-binding behavior of VirB under the conditions used (150 mM NacCl) in vitro.

151 It was possible that more stringent conditions were required to discriminate between specific and non-
152  specific interactions of VirB with its target DNA. We therefore repeated the binding assays at elevated salt
153  concentrations (500 mM NaCl) to weaken electrostatic interactions between positively charged residues
154 and the DNA phosphate backbone. Importantly, in the modified buffer, VirB no longer displayed any non-
155 specific DNA-binding activity and only showed a marginal association with closed, virS-containing DNA
156  when assayed in the absence of CTP. By contrast, strong binding was observed if CTP was included in the
157 reaction (Figure 4A). In line with the results of the nucleotide binding assays (Figure 2), this interaction
158  was strictly dependent on CTP and not observed in assays using CDP, UTP, ATP or GTP instead (Figure S5).
159 Moreover, it required the presence of virS, because only residual binding was detected for similar DNA
160 fragments lacking a virS sequence (Figure 4B). A titration analysis showed that the CTP-dependent binding
161  of VirB to virS-containing DNA occurred with high affinity (apparent Kp = 2.3 uM), with more than 14
162  dimers accumulating on each DNA molecule at saturation (Figure 4C). This behavior is highly reminiscent
163  of the CTP-dependent loading of ParB onto parS-containing centromeric DNA, suggesting that VirB could

164  use a similar loading-and-sliding mechanism to accumulate in promoter regions.

165 VirB forms DNA-sliding clamps
166 Previous work has shown that ParB clamps cannot stably associate with parS-containing DNA molecules

167  that have open ends, because they slide off the DNA as soon as they are released from their loading
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168  site3>*, To clarify the state of VirB after its CTP-dependent loading at virS, we therefore performed bio-
169 layerinterferometry analyses of its interaction with open DNA fragments, again using stringent conditions
170  that prevented non-specific DNA binding. For this purpose, we first probed biosensors carrying short (23
171 bp) double-stranded oligonucleotides with a central virS site that were only attached at one of their ends,
172 so that the other end remained open (Figure 5A). Subsequently, we analyzed for the interaction of VirB
173 with the immobilized DNA in the presence of CTP. Notably, even at very high concentrations, VirB barely
174 associated with the open target DNA (Figure 5B), even though the same oligonucleotides were densely
175 covered with VirB in low-stringency conditions, which verifies the functionality of the biosensors used
176  (Figure S4). To further test for the ability of VirB to slide on DNA, we compared the interaction of VirB
177  with biosensors carrying closed virS-containing DNA fragments (215 bp) before and after cleavage of the
178  fragments with the restriction endonuclease Ndel (Figure 5C). As expected, VirB strongly accumulated on
179  closed target molecules when provided with CTP. However, after opening of the fragments by Ndel treat-
180 ment, the maximum binding levels were approximately fourfold lower, suggesting that VirB dimers are
181 lost from the DNA after binding if its ends are no longer blocked (Figure 5D). Moreover, during the associ-
182  ation phase, the signal increased only briefly and then started to decrease, almost returning back to the
183 baseline level. This behavior may be caused by the continuous loading and closure of VirB clamps at virS,
184  which slide off the DNA and remain closed thereafter, leading to a steady decrease in the concentration

185 of binding-competent, open VirB dimers.

186  The DNA-binding behavior of VirB suggested that it used a loading-and-sliding mechanism analogous to
187  the one reported for ParB. We therefore aimed to determine whether the CTP-dependent interaction of
188  VirB with virS-containing DNA could trigger the homodimerization of its two NBDs and thus close the VirB
189 dimer into a ring-like structure, as also suggested by the structural model (Figure 1B). For this purpose,
190 we generated a mutant variant of VirB (VirB-C55/Q15C) that lacked the native cysteine residue at position
191 5 and carried an engineered cysteine residue at position 15, adjacent to the symmetry axis of the closed
192  complex. (Figure 6A). Upon ring closure, the newly introduced C15 residues in the two NBDs were placed
193 next to each other, enabling their covalent crosslinking by the bifunctional thiol-reactive compound bis-
194  maleimidoethane (BMOE). Using this approach, we observed that most VirB dimers remained in the open
195 state when incubated alone or in the sole presence of virS DNA. However, upon the addition of CTP and,
196  even more so, acombination of CTP and virS DNA, the proportion of closed complexes increased consider-
197  ably (Figure 6B,C). These findings support a model in which VirB forms DNA-sliding clamps that are loaded

198 at virS sites and then closed by CTP-dependent homodimerization of the two NBDs.


https://doi.org/10.1101/2023.06.01.543266
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.01.543266; this version posted June 1, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

199 Interestingly, similar results were obtained when the assay was performed with the wild-type protein,
200  exploiting the native C5 residue for the crosslinking reaction (Figure S6). In this case, crosslinking was only
201 mildly stimulated by CTP and largely dependent on the presence of virS. According to the structural model,
202  C5islocated in N-terminal helix of VirB, which is predicted to closely associate with the remaining part of
203 the NBD. This arrangement would place the two C5 residues in the VirB dimer at a distance (39 A) too
204  large to allow their crosslinking by BMOE (8 A length) (Figure S6A). The high efficiency of the crosslinking
205 reaction in the presence of CTP and virS could thus indicate that the N-terminal helices are released upon

206 homodimerization of the NBDs.

207  CTP and virS DNA regulate the dynamics of VirB clamp closure

208  To further investigate the role of CTP and virS binding in the closure of VirB clamps, we analyzed the
209 structural dynamics of VirB using hydrogen-deuterium exchange (HDX) mass spectrometry, a technique
210 that detects local changes in the accessibility of backbone amide hydrogens caused by conformational
211 changes or ligand binding®!. The initial set of experiments was performed in low-stringency buffer (150
212 mM NaCl) (Figures S7A and S8A). Under these conditions, the addition of a double-stranded oligonucleo-
213 tide containing a scrambled, non-functional virS sequence (Figure 4B) led to a significant reduction in HDX
214 in the C-terminal helices of the VBD as well as in the CTD compared to apo-VirB (Figure 7A,C), consistent
215  with the idea that these regions are responsible for the strong non-specific DNA-binding activity of VirB
216  (compare Figure S1). The same regions exhibited reduced HDX in the presence of a virS-containing oligo-
217 nucleotide, but in this case the changes in the VBD were significantly more pronounced (Figure 7A,C and
218  Figure S9A). Moreover, virS DNA additionally induced a strong reduction in HDX in the N-terminal half of
219  the VBD, harboring the HTH-motif responsible for virS recognition?, as well as at the homodimerization
220 interface of the NBD. Nucleotide-content analysis verified that the purified protein used for this analysis
221 did not contain CTP or CDP (Figure S10). The juxtaposition of the two VBDs at the inverted repeats con-
222 stituting the virS sequence thus appears to promote face-to-face interactions between the two NBDs inde-
223 pendently of the presence of CTP. Notably, in the presence of virS, some peptides (e.g., residues 65-70
224  and 126-132) of the NBD showed a bimodal distribution of peptide ion intensities in their mass spectra,
225 likely reflecting two populations with disparate HDX rates. This observation suggests that virS-bound VirB
226 dimers dynamically switch between the open and closed state (Figure S11). In reactions containing only
227  CTP, the differences in HDX observed in the NBD were even more pronounced than in the apo-state and
228  extended throughout the homodimerization interface and the nucleotide-binding pocket (Figure 7A,C).
229 Moreover, we observed reduced HDX in regions of the VBDs that are predicted to interact with each other

230  in the closed complex, consistent with the idea that CTP binding promotes the closure of the VirB clamp

10
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231  andthat this process is accompanied by rearrangements in VBDs that are likely to affect their DNA-binding
232 behavior. However, again, peptides from the NBD showed a bimodal behavior, suggesting that the two
233 NBDs are not stably associated with each other in the sole presence of CTP (Figure S11). Unlike in the case
234  of CTP, the addition of CDP produced only minor shifts in the HDX pattern of the nucleotide-binding pocket
235  and the VBD (Figure S9B), as expected from its inability to promote the loading of VirB clamps onto DNA
236 in vitro (Figure S5). Finally, in reactions containing both virS DNA and CTP, strongly reduced HDX was ob-
237 served throughout all domains of VirB, including all regions that were affected in reactions containing
238  either of the two ligands (Figure 7A,C), with a considerably higher amplitude of reduction than with CTP
239 or virS alone. Moreover, in this case, all peptides that showed bimodal behavior with CTP as the only
240 ligand were consistently shifted to the slow-exchanging state. In line with the crosslinking data (Figure 6
241  and Figure S6), this observation indicates that a larger fraction of VirB dimers transitions to the ligand-
242 bound closed state if both ligands are present. However, very similar results were also obtained for reac-
243  tions containing both CTP and an oligonucleotide with a scrambled virS sequence (Figure 7C and Figure
244  S9), suggesting that, in low-stringency conditions, non-specific DNA-binding may potentially also be suffi-

245  cient to stimulate VirB clamp closure.

246 Next, we performed the HDX analysis in high-stringency conditions (500 mM NaCl) that abolish non-speci-
247  fic DNA binding (Figures S7B and S8B). In this case, even virS-containing DNA did not produce a measur-
248 able change in the HDX pattern, although it mediated the robust loading of VirB onto closed DNA in the
249  same buffer (see Figure 4A), indicating that virS binding was too dynamic to have a marked influence on
250  the HDX reaction (Figure 7B,C). By, contrast, the addition of CTP again led to strong changes in the HDX
251 pattern, similar to those observed in low-stringency conditions (Figure 7B,C). Again, several peptides in
252  the NBD (residues 63-68, 79-75, and 118-128) and the VBD (residues 218-238) showed a bimodal behavior,
253 suggesting that VirB alternated dynamically between the open and closed state in this condition (Figure
254  S12). An additional, strong reduction in HDX was observed throughout all three domains of VirB when
255 both CTP and virS were included in the reactions (Figure 7B,C), consistent with the finding that both
256  ligands are required to trigger robust VirB clamp closure in high-stringency buffer (Figures 4A,B and 6 and
257 Figure S6).

258  CTP binding is required for VirB to bind and regulate target promoters in vivo
259  Our analyses revealed that CTP was required to enable the specific loading of VirB clamps at virS sites in
260  vitro. To clarify the role of CTP binding in the function of VirB in vivo, we made use of the R93A and R94A

261  variants of VirB, which both lacked appreciable affinity for CTP (Figure 2B). Biolayer interferometry assays
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262  confirmed that these variants were no longer able to accumulate on closed virS-containing DNA in high-
263  stringency conditions, indicative of a defect in CTP-mediated clamp closure (Figure 8A). Inspired by work
264  in S. flexneri®?, we then devised an in vivo assay that allowed us to visualize the recruitment of VirB to a
265 virS-containing plasmid in the heterologous host E. coli, a species closely related to S. flexneri®® that has
266  been commonly used to investigate the mechanistic basis of gene regulation by VirB*+4%°%, To this end,
267 E. coli was transformed with a low-copy plasmid carrying the upstream region (187 bp) of the S. flexneri
268  icsBgene, including the previously reported virS site, which was shown to be essential for the VirB-depen-
269 dent regulation of icsB expression in vivo*’. The resulting strain was then additionally transformed with
270 expression plasmids that allowed the production of fluorescently (mVenus-) tagged versions of VirB or its
271 two mutant variants under the control of an arabinose-inducible promoter (Figure 8B). Upon induction,
272  ~80% of the cells producing the wild-type mVenus-VirB fusion formed one to several bright foci per cell
273 (Figure 8C,D), reminiscent of results obtained previously for a synthetic virS-containing plasmid in pINV-
274  free S. flexneri cells®?. By contrast, only diffuse fluorescence was observed for cells producing the R93A or
275 R94A variant, indicating that CTP binding is critical for the accumulation of VirB in the icsB promoter region
276  invivo (Figure 8C,D). Notably, the wild-type protein failed to form foci in cells that contained a low-copy
277  plasmid lacking the icsB upstream region instead of the original construct, consistent with the notion that
278  the CTP-dependent loading of VirB in target promoter regions is strictly dependent on the presence of

279  virS (Figure 8C,D).
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Discussion

280  The identification of the ParB/Srx domain as a CTP-binding module has led to fundamental new insights
281 into the function of ParABS DNA partitioning systems. However, there are various ParB-like proteins that
282 are not encoded in parABS operons and thus likely to mediate processes other than DNA segregation.
283 Only very few representatives of these orphan ParB homologs have been investigated to date. One of
284  themiis the nucleoid occlusion protein Noc of Bacillus subtilis, a close homolog of chromosomally encoded
285 ParB proteins that has recently been shown to use a CTP-dependent clamping-and-sliding mechanism to
286 accumulate on chromosomal DNA and tether it to the cytoplasmic membrane®, thereby preventing the
287 assembly of the cell division apparatus over the nucleoid®®. Another prominent member of this group is
288  VirB, which has evolved into a transcriptional regulator with a critical role in S. flexneri virulence gene

289 expression.

290  Structural modeling suggests that VirB is derived from plasmid-encoded ParB proteins and forms clamp-
291 like dimeric structures that are closed by homodimerization of the NBDs and CTDs (Figure 1). In support
292  of this model, previous work has shown that the two CTDs closely associate with each other and stably
293 connect the two VirB subunits at their C-terminal ends?>. Moreover, truncations of the NBD or CTD were
294  found to completely abolish the function of VirB, underscoring the relevance of clamp formation and clo-
295 sure for its regulatory activity®*. The NBD of VirB is highly conserved and binds CTP with similar or even
296 higher affinity than previously characterized ParB homologs®®3°, with a clear preference for CTP over CDP
297  (Figure 2A,B). Given the relatively high concentration of CTP in the cytoplasm (~500 uM)>, the nucleotide-
298 binding site of VirB is thus likely to be saturated with CTP at all times. Our biolayer interferometry, cross-
299 linking and HDX analyses clearly demonstrate that CTP-binding facilitates the transition of VirB clamps
300 from an open to a closed state in which they embrace target DNA in a ring-like fashion. As in the case of
301 ParB, clamp closure by homodimerization of the CTP-bound NBDs leads to a crossover of the two poly-
302 peptide chains, positioning the NBD of one subunit next to the VBD of the respective trans-subunit (Figure
303 1B). However, these trans-interactions appear to be mediated by different interfaces and to be less exten-
304  sive than those in the ParB dimer3®373° Importantly, we observe that CTP-mediated VirB clamp closure is
305  stimulated by virS DNA (Figures 6 and 7). In low-stringency conditions, the addition of virS alone was
306  sufficient to induce changes in the HDX pattern of the NBD that are indicative of transient NBD homo-
307 dimerization events. This observation suggests that the juxtaposition of the VBDs at the virS site facilitates
308 the face-to-face interaction of the two NBDs, likely by increasing their spatial proximity. The sole presence

309 of CTP, by contrast, led to marked global changes in HDX that point to a more stable, but still transient

13


https://doi.org/10.1101/2023.06.01.543266
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.01.543266; this version posted June 1, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

310  association of the NBDs. Only if both virS and CTP were provided, VirB clamps closed robustly and with
311 maximal efficiency. Notably, the crosslinking and HDX behavior of VirB in the presence of CTP is reminis-
312  cent of the behavior of ParB in the presence of CTPyS3”*, consistent with the observation that VirB lacks

313  significant CTPase activity under the conditions tested.

314  The strong non-specific DNA-binding activity of VirB complicates the analysis of its interaction with target
315 promoters in vitro. In low-stringency buffer, VirB accumulated on DNA independently of the presence of
316 CTP and virS, although DNA binding was more robust in the presence of CTP (Figure 3). Moreover, when
317 analyzed in reactions containing CTP, non-specific DNA and virS DNA produced essentially the same
318 changes in the HDX pattern of VirB (Figures 7A and S9A). This observation suggests that low-stringency
319 conditions may allow virS-independent clamp closure, although it remains to be clarified whether this
320  process occurs efficiently at cytoplasmic VirB and ligand concentrations. By contrast, in more stringent
321  conditions that reduce the effect of non-specific protein-DNA interactions, VirB clamps are loaded
322  specifically at virS sites, in a process strictly dependent on the presence of CTP (Figure 4). As observed for
323 ParB, closed clamps are released from virS and slide laterally along the DNA, enabling the loading of multi-
324  ple VirB dimers at a single virS site (Figure 5). Consistent with results previously obtained in S. flexneri®?,
325  our in vivo analysis confirmed that the presence of a single virS site is indeed sufficient to recruit a large
326  fraction of VirB molecules to a virS-containing plasmid in E. coli cells (Figure 8). This process was abolished
327 by the mutation of residues essential for CTP binding, verifying the critical relevance of CTP-dependent
328 clamp closure for the association of VirB with target promoter regions. It still remains to be clarified how
329  VirB can efficiently interact with virS sites despite the large excess of non-specific DNA within the cell. On
330 the one hand, the lower salt concentration in the cytoplasm may be compensated by its high content of
331 organic compounds and macromolecules, which could potentially also block the positively charged
332 regions of VirB and, thus, reduce its non-specific DNA binding activity. On the other hand, the affinity of
333 VirB for virS sites is likely to be markedly higher than that for non-specific DNA, since virS binding involves
334  both non-specific interactions with the DNA backbone and specific interactions with the HTH-motif?. In
335  support of this notion, previous work has shown that even a large (>50.000-fold) excess of non-specific
336 DNA is not sufficient to prevent the formation of specific VirB-virS complexes®. Another open question
337  concerns the mechanism that controls the dynamics of VirB clamp opening in the absence of appreciable
338  CTPase activity. In the case of ParB, nucleotide hydrolysis was shown to serve two important purposes.
339  Ontheone hand, it re-opens prematurely closed clamps to ensure the quantitative loading of ParB dimers
340 onto DNA. On the other hand, it triggers robust clamp opening after loading and thus promotes the dis-

341 sociation of VirB dimers from their target DNA, thereby determining the sliding time of ParB clamps and
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342  their degree of spreading within the centromere region3*3%3’. However, at least in Myxococcus xanthus,
343  CTPase-deficient ParB variants are still quantitatively loaded onto DNA, and they are still confined to a
344  defined region within the centromere, although their longer sliding times lead to considerable increase in
345  their spreading distances®’. This observation is explained by spontaneous, CTPase-independent dissoci-
346 ation of the NBDs, which enables the release of ParB clamps without nucleotide hydrolysis, albeit at
347 relatively low rates***’. VirB may rely on a similar mechanism to control its distribution within target
348 promoter regions, and it will be interesting to study its spreading behavior and the kinetics of its release

349 from DNA in vivo.

350 How can the loading and spreading of VirB clamps at virS sites affect promoter activity? VirB stimulates
351 the expression of target genes by counteracting their silencing by H-NS®, a nucleoid-associated protein
352  that can bridge DNA and thus stabilize negatively supercoiled DNA regions®®°. Interestingly, the inter-
353  action of VirB with target promoter regions has recently been shown to generate torsional stress in target
354  DNA molecules that induces the formation of positive supercoils®3. In this way, it may remove adjacent
355 negative supercoils and thus destabilize the H-NS nucleoprotein complexes that block transcription initi-
356  ation at VirB-dependent promoters (Figure 9). In addition, the spreading of VirB clamps within the pro-
357  moter region could sterically hinder the alignment and bridging of DNA by H-NS, thereby reinforcing this
358  effect. The mechanism underlying the formation of positive supercoils by VirB clamps remains to be deter-
359 mined. It is conceivable that the two VBDs of a VirB dimers are bound slightly out of phase, so that their
360 alignment upon clamp closure induces a small rotation of the associated virS half-sites in opposite direc-
361 tions, underwinding the DNA that is trapped within the clamp and slightly overwinding the flanking DNA
362 regions. The strong non-specific DNA-binding activity may enable VirB to remain in close contact with the
363 DNA after leaving virS and thus maintain this torsional force during the sliding process. The loading of
364 many VirB clamps and their spreading within the promoter region may amplify the torsion generated and
365 expand the size of the overwound region, thereby inducing extensive positive supercoiling. However,

366  detailed structural studies are required to test this hypothesis.

367  Collectively, our work reveals that VirB forms a distinct group of ParB-like proteins that uses a CTP-depen-
368  dent switch mechanism to associate with target promoter regions and activate gene expression. Future
369  work will be required to fully unravel the connection between the loading and sliding of VirB clamps and
370 their antagonistic effect on H-NS-mediated gene silencing. Given the diverse biological activities of orphan
371 ParB homologs, it will be interesting to study more members of this intriguing group of proteins and deter-

372 mine the full breadth of functions they fulfill. Moreover, it is tempting to speculate that the distinctive
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373 nucleotide-binding domain and switch mechanism of VirB could be exploited for the development of

374  antibacterial drugs that specifically suppress the induction of the S. flexneri virulence program.
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Methods

375 Plasmids, strains and growth conditions.

376  The plasmids and oligonucleotides used in this study are listed in Tables S1-S2. The sequences of all
377 plasmids were verified by DNA sequencing. E. coli TOP10 (Invitrogen, USA) was used for cloning or localiza-
378  tion studies. Proteins were overproduced in E. coli Rosetta(DE3)pLysS (Novagen, Germany). Cells were
379  cultivated at 37 °Cin Luria-Bertani (LB) broth supplemented with ampicillin (200 pg/mL) and chloramphe-
380  nicol (34 pg/mL).

381 Protein overproduction and purification

382 Wild-type VirB or mutant derivatives carrying an N-terminal Hiss-SUMO tag’® were overproduced in E. coli
383 Rosetta(DE3)pLysS transformed with pSJ01, pSJ02, pSJ05, pSJ013 or pSJ014. Cultures were grown at 37 °C
384 in 3 L LB medium with ampicillin and chloramphenicol to an ODgo of 0.6, induced to overproduce the
385 protein of interest by the addition of 1 mM isopropyl-B-thiogalactopyranoside (IPTG), and further incu-
386 bated at 18 °C overnight. The cells were harvested by centrifugation at 10,000 x g for 20 min at 4 °C and
387 resuspended in lysis buffer (25 mM HEPES/NaOH pH 7.5, 500 mM NaCl, 0.1 mM EDTA, 5 mM MgCly). After
388  another centrifugation step at 6,500 x g for 30 min at 4 °C, the washed cells were resuspended in buffer
389 A (25 mM HEPES/NaOH pH 7.5, 500 mM NaCl, 0.1 mM EDTA, 5 mM MgCl,, 30 mM imidazole, 1 mM B-
390 mercaptoethanol) supplemented with 10 mg/mL DNase | and 100 pg/mL phenylmethylsulfonyl! fluoride
391  and disrupted by three passages through a French press (16,000 psi). The cell lysate was centrifuged at
392 30,000 x g for 30 min at 4 °C, and the supernatant was filtered through a syringe filter with a pore size of
393 0.2 um. Subsequently, proteins were separated by immobilized-metal affinity chromatography (IMAC) on
394 a 5 mL HisTrap HP column (GE Healthcare), previously washed with ddH,0 and equilibrated with buffer B
395 (25 mM HEPES/NaOH pH 7.5, 1 M NaCl, 0.1 mM EDTA, 5 mM MgCl,, 30 mM imidazole, 1 mM B-mercapto-
396 ethanol). Protein was eluted at a flow rate of 1 mL/min with a linear gradient from 30 mM to 300 mM
397 imidazole, obtained by mixing buffer B with buffer C (25 mM HEPES/NaOH pH 7.5, 500 mM NaCl, 0.1 mM
398 EDTA, 5 mM MgCl,, 300 mM imidazole, 1 mM B-mercaptoethanol). Eluate fractions were analyzed by SDS-
399 PAGE, and fractions containing the protein of interest in high concentration and purity were pooled and
400 dialyzed overnight against 3 L of buffer D (25 mM HEPES/NaOH pH 7.5, 500 mM NaCl, 0.1 mM EDTA, 5
401 mM MgCl,, 10 % (v/v) glycerol, 1 mM B-mercaptoethanol). After the removal of precipitates by centrifuga-
402  tion at 30,000 x g for 30 min at 4 °C, the protein solution was filtered as described above. Subsequently,
403  the Hiss-SUMO tag was removed by treatment with Ulp1 protease’ in the presence of 1 mM DTT, while

404  the protein solution was dialyzed overnight against buffer D. A second IMAC step was then performed to
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405  separate the cleaved Hiss-SUMO tag from the protein of interest. Suitable flow-through fractions were
406  pooled and dialyzed overnight against buffer D. After concentration to a final volume of 5 mL, the solution
407  was applied to a size exclusion chromatography (SEC) on a HighLoad 75 Superdex column (GE Healthcare)
408  equilibrated with buffer D. Fractions containing pure protein of interest were pooled, concentrated, snap-

409  frozenin liquid N2 and stored at -80 °C until further use.

410 M. xanthus ParB was purified as described previously’.

411 Isothermal titration calorimetry

412 Nucleotide binding assays using isothermal titration calorimetry were performed with a MicroCal PEAQ-
413 ITC system (Malvern Panalytical, USA) at 25 °C. Prior to the measurements, CTPyS (custom synthesized by
414  Jena Biosciences, Germany) and CDP were dissolved to a concentration of 1.55 mM in reaction buffer (25
415 mM HEPES/NaOH pH 8, 150 mM NaCl, 0.1 mM EDTA, 5 mM MgCl,). Subsequently, the nucleotide solutions
416  were titrated to 115 uM VirB in 13 consecutive injections (2 uL), performed at 150-s intervals with a
417 duration of 4 s per injection. The mean enthalpies of dilution were subtracted from the raw titration data
418 before analysis. The titration curves obtained were fitted to a one-set-of-sites model using the MicroCal

419 PAEQ-ITC analysis software (Malvern Panalytical).

420  Microscale thermophoresis

421 Nucleotide binding assays based on microscale thermophoresis were performed with a Monolith NT.115
422 instrument (NanoTemper Technologies GmbH, Germany) using Monolith NT Premium Capillaries. Prote-
423 ins were fluorescently labeled using the RED-Maleimide 2nd Generation Protein Labeling Kit (NanoTemper
424  Technologies GmbH, Germany) as recommended by the manufacturer. 50 nM labeled protein was then
425 mixed with CTP, CDP or ATP at concentrations ranging from 61 nM to 2 mM in MST buffer (25 mM
426  HEPES/NaOH pH 7.2, 500 mM NaCl, 5 mM MgCl,, 7.5% (v/v) glycerol, 0.06% [v/v] Tween-20). Measure-
427 ments were performed at 25 °C, with the red LED laser adjusted to a power of 50 % (VirB-R93A) or 70 %
428 (VirB and VirB-R94A) and the infrared laser set to 50 %. Two to three independent measurement (three
429  technical replicates each) were performed for each condition. Data were analyzed using MO Affinity
430  Analysis v2.3 (NanoTemper Technologies GmbH, Germany). To prevent heat-induced artifacts and, at the
431  same time, avoid analyzing only the signal change induced by the initial temperature jump, the following

432 regions were used for data analysis: cold region from -1 s to 0 s, hot region from 1.5 sec to 2.5 sec.
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433 CTPase assay

434 Nucleotide hydrolysis was analyzed using an NADH-coupled enzyme assay 7>72. The reactions contained 1
435 mM CTP, 5 uM protein (VirB or ParB), 800 ug/mL NADH, 20 U/mL L-lactate dehydrogenase (Sigma Aldrich),
436 20 U/mL pyruvate kinase (Sigma Aldrich) and 3 mM PEP in a final volume of 200 pl. The reaction buffer
437 used for VirB comprised 25 mM HEPES/NaOH pH 7.5, 5 mM MgCl,, 500 mM NaCl, 0.1 mM EDTA and 1
438 mM DTT and included 0.5 uM of a double-stranded DNA oligonucleotide (23 bp) with a virS site (virS-icsB-
439  for/virS-icsB-rev) or a scrambled virS site (Scrambled-virS-for/Scrambled-virS-rev) (Table S3). For ParB, the
440 reaction buffer comprised 25 mM HEPES/NaOH pH 7.2, 5 mM MgCl,, 150 mM NaCl and 1 mM DTT and
441 included 0.3 uM of a DNA stem-loop (54 bases; parS-Mxan-wt) with a wild-type parS site (Table S3). After
442 the start of the reactions by the addition of CTP, 150 pL of each mixture were transferred to a 96-well
443 plate (Sarstedt, Germany). Subsequently, the absorbance of NADH at a wavelength of 340 nm was mea-
444  sured over 45 min at 2-min intervals in an Epoch 2 microplate spectrometer (BioTek, Germany), which
445  was set to a temperature of 30 °C. A control reaction lacking protein was analyzed to correct for NADH
446  oxidation and/or spontaneous CTP hydrolysis. Data were analyzed and plotted using Excel 2019 (Micro-
447  soft). The data were fitted to a linear equation, whose slope was then used to calculate the turnover

448 numbers of VirB and ParB for CTP.

449 Biolayer interferometry

450 Biolayer interferometry (BLI) analyses were performed using a Bli(tz) system (ForteBio, Pall Life Science),
451  equipped with High Precision Streptavidin (Octet SAX2) biosensors (Sartorius, USA) that were derivatized
452  with biotinylated DNA fragments, Short, single-biotinylated DNA fragments (23 bp) were assembled from
453 two oligonucleotides (Eurofins, Germany), which were mixed, heated to 95 °C for 5 min and then annealed
454 by gradual reduction of the temperature. Long, double-biotinylated DNA fragments (215 bp) were ob-
455  tained by PCR amplification of custom-synthesized DNA fragments (Strings™ DNA Fragments; Invitrogen,
456  Germany) with biotinylated primers (Bio-icsB-for/Bio-icsB-rev), followed by gel purification. Reactions
457 were carried out in low-stringency (25 mM HEPES/NaOH pH 7.5, 150 mM NaCl, 5 mM MgCl,, 1 mM DTT,
458 10 uM BSA, 0.01% [v/v] Tween 20) or high-stringency (25 mM HEPES/NaOH pH 7.5, 500 mM NaCl, 5 mM
459 MgCl,, 1 mM DTT, 10 uM BSA, 0.01% [v/v] Tween 20) binding buffer. After the establishment of a stable
460 baseline, the association reactions were monitored at different concentrations of VirB in binding buffer.
461  To monitor the dissociation kinetics, the sensor was subsequently transferred to a protein-free buffer.

462  The data obtained were analyzed using Excel 2019 (Microsoft).
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463  To analyze VirB for sliding behavior, the closed 215-bp virS-containing DNA fragment was open by cleav-
464  age with Ndel (NEB, Germany). To this end, biosensors with immobilized DNA were incubated overnight
465  at 37°C with 80 U Ndel in 300 pL rCutSmart buffer (NEB, Germany). In parallel, a control biosensor was
466  prepared by incubation in 300 pL rCutSmart buffer in the absence of Ndel. Subsequently, the biosensors

467  were probed with VirB in high-stringency buffer as described above.

468 Hydrogen-deuterium exchange (HDX) mass spectrometry

3738 with minor modifications. In

469 HDX-MS experiments were carried out similarly as described previously
470 HDX experiment 1 (low-stringency buffer), the samples contained 25 uM VirB in a buffer composed of 25
471 mM HEPES-NaOH pH 7.5, 150 mM NacCl, 5 mM MgCl;, 0.1 mM EDTA and 1 mM DTT. In HDX experiment 2
472 (high-stringency buffer), the samples contained 50 UM VirB in a buffer composed of 25 mM HEPES-NaOH
473 pH 7.5, 500 mM NaCl, 5 mM MgCl,, 1 mM DTT and 0.1 mM EDTA. When indicated, double-stranded DNA

474  oligonucleotides containing a native or scrambled virS sequence were used at the same concentration as

475 VirB, and CTP was used at a final concentration of 10 mM.

476 HDX reactions were prepared automatically with a two-arm robotic autosampler (LEAP Technologies). 7.5
477 uL of protein solution was dispensed in a glass well plate kept at 25 °C and supplemented with 67.5 pL of
478 buffer (see above) prepared in 99.9 % D,0 to initiate the hydrogen/deuterium exchange reaction. After
479 incubation for 10, 30, 100, 1,000 or 10,000 s, 55 uL of the reaction were withdrawn and added to 55 pL
480 qguench buffer (400 mM KH,PO4/HsPO4, 2 M guanidine-HCl, pH 2.2), which was pre-dispensed in another
481 glass well plate cooled at 1 °C. Following mixing, 95 uL of the resulting mixture were injected into an
482  ACQUITY UPLC M-Class System with HDX Technology through a 50 uL sample loop. Non-deuterated sam-
483 ples were prepared using a similar procedure by 10-fold dilution in buffer prepared with H,0 followed by
484  an ~10 s incubation at 25 °C prior to quenching and injection. The samples were flushed out of the sample
485 loop with water + 0.1 % (v/v) formic acid (100 puL/min flow rate) over 3 min and guided to a cartridge (2
486 mm x 2 cm) that contained immobilized porcine pepsin for proteolytic digestion at 12 °C. The resulting
487  peptic peptides were collected on a trap column cartridge (2 mm x 2 cm) that was filled with POROS 20
488 R2 reversed-phase resin (Thermo Scientific) and kept at 0.5 °C for 3 min, after which the trap column was
489 placed in line with an ACQUITY UPLC BEH C18 1.7 um 1.0 x 100 mm column (Waters)”. Peptides were
490  eluted at 0.5 °C with a gradient of water + 0.1% (v/v) formic acid (eluent A) and acetonitrile + 0.1% (v/v)
491 formic acid (eluent B) at 60 pL/min flow rate as follows: 0-7 min/95-65% A, 7-8 min/65-15% A, 8-10
492 min/15% A, guided to a G2-Si HDMS mass spectrometer with ion mobility separation (Waters) and ionized

493 by electrospray ionization (capillary temperature 250 °C, spray voltage 3.0 kV). Mass spectra were
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494  acquired over a range of 50 to 2,000 m/z in enhanced high-definition MS (HDMSE)’#7> or high-definition
495 MS (HDMS) mode for non-deuterated and deuterated samples, respectively. [Glul]-Fibrinopeptide B
496  standard (Waters) was employed for lock mass correction. During separation of the peptides, the pepsin
497  column was washed three times with 80 uL of 4% (v/v) acetonitrile and 0.5 M guanidine hydrochloride,
498 and blank runs (injection of H,0) were performed between each sample. Three technical replicates
499 (independent H/D exchange reactions) were measured per incubation time. No correction for HDX back

500 exchange was conducted.

501  Further data analysis was conducted as described previously®38. Peptides were identified with
502 ProteinLynx Global SERVER 3.0.1 (PLGS, Waters) from the non-deuterated samples acquired with HDMSE
503 by employing low energy, elevated energy, and intensity thresholds of 300, 100 and 1,000 counts,
504  respectively. Hereby, the identified ions were matched to peptides with a database containing the amino
505 acid sequences of VirB, porcine pepsin and their reversed sequences with the following search para-
506  meters: peptide tolerance = automatic; fragment tolerance = automatic; min fragment ion matches per
507 peptide = 1; min fragment ion matches per protein = 7; min peptide matches per protein = 3; maximum
508  hitstoreturn = 20; maximum protein mass = 250,000; primary digest reagent = non-specific; missed cleav-
509 ages = 0; false discovery rate = 100. Deuterium incorporation into peptides was quantified with DynamX
510 3.0 software (Waters). Only peptides that were identified in all non-deuterated samples and with a mini-
511 mum intensity of 10,000 counts, a maximum length of 40 amino acids, a minimum number of two
512 products, a maximum mass error of 25 ppm, and retention time tolerance of 0.5 minutes were considered
513 for analysis. All spectra were manually inspected and, if necessary, peptides were omitted (e.g., in case of
514 low signal-to-noise ratio or presence of overlapping peptides). Mass spectra of VirB samples containing

515 scrambled virS were generally of lower quality than the other states and could only be partially assigned.

516  The observable maximal deuterium uptake of a peptide was calculated by the number of residues minus
517  one (for the N-terminal residue, which after proteolytic cleavage quantitatively loses its deuterium label)
518  minus the number of proline residues contained in the peptide (which lack an exchangeable peptide bond
519 amide proton). For the calculation of HDX in percent, the absolute HDX was divided by the theoretical
520  maximal deuterium uptake and multiplied by 100. The rendering of residue-specific HDX differences from
521  overlapping peptides for any given residue of VirB was performed with DynamX 3.0 by employing the
522  shortest peptide covering any residue. Where multiple peptides were of the shortest length, the peptide

523  with the residue closest to the C-terminus of the peptide was used.
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524  Invitro crosslinking

525 Prior to the crosslinking reactions, VirB or its mutant variants were incubated with 5 mM Tris(2-carboxy-
526  ethyl) phosphine (TCEP; Sigma, USA) for 1 h at room temperature to fully reduce all cysteine residues.
527 Subsequently, the protein was transferred to reaction buffer (25 mM HEPES/NaOH pH 7.5, 500 mM NacCl,
528 5 mM MgCl,, 0.1 mM EDTA) using PD SpinTrap G-25 columns (Cytiva, Germany). Crosslinking was per-
529  formed at room temperature in mixtures containing 10 uM protein, which were supplemented with 1 mM
530 CTP and/or 1 uM of a virS-containing double-stranded DNA oligonucleotide (virS-icsB-for/virS-icsB-rev)
531 when appropriate. After the indicated incubation times, bismaleimidoethane (BMOE; dissolved in di-
532 methylsulfoxide) was added to a concentration of 1 mM. After brief mixing and incubation for 1 min, the
533 reaction was stopped by the addition of dithiothreitol-containing SDS sample buffer. As a negative control,
534  samples were treated with dimethylsulfoxide instead of BMOE. The samples were then analyzed by SDS-
535 polyacrylamide gel electrophoresis, and protein was stained with InstantBlue Coomassie Protein Stain
536  (Expedeon, Germany). The gels were imaged with a ChemiDoc MP imaging system (Bio-Rad Laboratories,
537 USA), and the intensities of the different bands were quantified using Image Lab software (Bio-Rad
538 Laboratories, USA).

539 Nucleotide content analysis

540 10 uL of VirB (50 uM) were mixed with 40 pL double-distilled water and 150 uL chloroform, followed by
541 5 sofvigorous shaking, 15 s of heat denaturation at 95 °C and snap-freezing in liquid nitrogen. After thaw-
542 ing and centrifugation (17,300 x g, 10 min, 4 °C), the aqueous phase containing any released nucleotides
543  was withdrawn for HPLC analysis on an Agilent 1260 Infinity system equipped with a Metrosep A Supp 5 -
544 150/4.0 column (Metrohm). Samples (10 uL) were injected and eluted at a flow rate of 0.6 mL/min flow
545 rate with 90 mM (NH.),CO3 pH 9.25. Nucleotides were detected at 260 nm wavelength by comparison of
546  their retention time with those of a commercial standard that was treated as described for the VirB

547  samples.

548 Fluorescence microscopy

549 Cells were inoculated to an ODggo 0.03 in LB medium and grown for 1 h at 28°C before the medium was
550 supplemented with 0.1 % (w/v) arabinose to induce the production of the indicated mVenus-VirB variants.
551 After further cultivation to an ODsgo of 0.6, cells were immobilized on 1 % (w/v) agarose pads and imaged
552  with a Zeiss Axio Observer.Z1 microscope (Zeiss, Germany) equipped with a Zeiss Plan-Apochromat
553 100x/1.40 Oil Ph3 M27 objective and a pco.edge 4.2 sCMOS camera (PCO, Germany). An X-Cite 120PC
554 metal halide light source (EXFO, Canada) and ET-YFP filter cubes (Chroma, USA) were used for fluores-

22


https://doi.org/10.1101/2023.06.01.543266
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.01.543266; this version posted June 1, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

555  cence detection. Images were recorded with VisiView 3.3.0.6 (Visitron Systems, Germany) and processed
556  with Fiji 7® and Adobe lllustrator CS6 (Adobe Inc., San Jose, USA). All microscopic analyses were performed

557  intriplicate, using independent biological replicates.
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Figure legends

558  Figure 1. VirB is structurally related to plasmid-encoded ParB proteins. (A) Multiple sequence alignment
559 comparing VirB from S. flexneri with plasmid- and chromosomally encoded ParB orthologs, with a focus
560 on the nucleotide-binding region. Conserved motifs with critical roles in nucleotide binding, including the
561 P-loop, the C-motif and GxRR motif®’, are highlighted by black frames. The schematic at the top represents
562 the predicted secondary structure of VirB. Two conserved arginine residues (R93 and R94) in the GxRR
563 motif, which have been shown to be essential for nucleotide binding in other family members, are marked.
564  Asterisk indicate the residues that are were shown to be critical for CTP hydrolysis in chromosomally
565  encoded ParB proteins®* 33, The proteins alighed and their UniProt accession numbers are VirB of
566  S. flexneri (POA247), ParB from Escherichia coli plasmid P1 (P07621), SopB from E. coli plasmid F (P62558);
567 KorB from E. coli plasmid RK2 (P07674), ParB from Helicobacter pylori (025758), ParB from Myxococcus
568  xanthus (Q1CVJ4), ParB from Caulobacter crescentus (POCAVS8), SpoOJ from Thermos thermophilus
569 (Q72H91) and Spo0lJ from Bacillus subtilis (P26497). (B) Structural model of an S. flexneri VirB dimer, gene-
570 rated with AlphaFold-Multimer>®. The nucleotide-binding domain (NBD), the virS-binding domain (VBD)
571 and the C-terminal dimerization domain (CTD) are indicated. (C) Overlay of the predicted structure of the
572 NBD of VirB with the crystal structure of the NBD of M. xanthus ParB (MxParB) (PDB: 7BNR), with an RMSD
573 of 1.512 A for 45 aligned C, atoms. Close-up of the nucleotide-binding site, with the conserved arginine
574 residues in the GxRR motif of VirB (R93 and R94 in helix H5) shown in blue and their equivalent residues
575 (R94 and R95 in helix H3) in MxParB shown in red. (D) Overlay of the modeled VBD of VirB with the crystal
576 structure of the VBD bound to the virS site of the S. flexneri icsB gene (PDB: 3W3C), with an RMSD of 0.883
577 A for 98 aligned C, atoms. (E) Overlay of the modeled VBD of VirB with the crystal structure of the DNA-
578 bound HTH-domain of E. coli plasmid P1 ParB (PDB: 1ZX4), with an RMSD of 0.811 A for 93 aligned Cq
579  atoms. (F) Overlay of the CTD of modeled VirB with the corresponding domain of E. coli plasmid P1 ParB
580 (PDB: 1ZX4), with an RMSD of 1.274 A for 90 aligned C, atoms.

581 Figure 2. VirB is a CTP-binding protein. (A) Isothermal titration calorimetry analysis of the interaction of
582  VirB with CTPyS and CDP. A solution of VirB (115 uM) was titrated with a stock solution (1.55 mM) of the
583 indicated nucleotides. The graphs indicate the heat changes observed after each of the 13 injections. The
584  Kp values obtained are given in the graphs. (B) Microscale thermophoresis analysis of the interaction of
585 VirB and its R93A and R94A variants with CTP, CDP and ATP. The diamonds show the mean equilibrium
586 association constants (1/Kp) obtained for the indicated conditions (+ SD; n=2-3 independent experiments,

587  each performed in triplicate). The bars give the values determined by fitting the combined results of all
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588  nine replicates. The underlying titration curves are given in Figure S2. The corresponding Kp values are:
589  WT-CTP (9.3 uM), WT-CDP (99 uM) and R93A-CTP (981 uM). n.d. = not detectable. (C) CTPase activities of
590  VirB and MxParB. VirB or MxParB (5 uM) were incubated with 1 mM CTP in the presence of double-
591  stranded DNA oligonucleotides containing a virS (0.5 uM), a scrambled virS (0.5 uM) or an M. xanthus parS
592 (0.3 uM) motif. CTP hydrolysis rates were determined using an NADH-coupled enzyme assay. The columns

593 indicate the mean (+ SD) of three independent measurements (represented by diamonds).

594  Figure 3. CTP-binding modulates the DNA-binding activity of VirB in low-stringency conditions. (A)
595  Schematic of the biolayer interferometry (BLI) setup used for the analyses in panels B and C. A double-
596  biotinylated dsDNA fragment (215 bp) containing a central virS sequence (in orange) was immobilized on
597  a streptavidin-coated biosensor and probed with VirB (green). (B,C) BLI analysis of the DNA-binding be-
598  havior of VirB in the (B) absence and (C) presence of CTP (1 mM) in low-stringency buffer (150 mM NacCl).
599 Biosensors carrying the target DNA (at a density corresponding to a wavelength shift of ~1.3 nm) were
600 probed with the indicated concentrations of VirB. At the end of the association reactions, the biosensors
601  were transferred into protein- and nucleotide-free buffer to monitor the dissociation reactions (wash).

602  The graphs show the results of a representative experiment (n=3 independent replicates).

603 Figure 4. VirB requires CTP- and virS binding to accumulate on DNA in high-stringency conditions (A)
604  Biolayer interferometry analysis of the interaction of VirB with virS-containing DNA (215 bp) in high-
605  stringency buffer (500 mM NaCl). Biosensors carrying a double-biotinylated, virS-containing DNA frag-
606 ment (at a density corresponding to a wavelength shift of ~0.5) were probed with VirB (20 uM) in the
607  absence or presence of CTP (1 mM). The virS sequence used is shown above the graph. (B) Same as in
608 panel A, using a DNA fragment with a scrambled virS site. (C) Titration of double-biotinylated virS-contain-
609  ing DNA (215 bp) with increasing concentrations of VirB in the presence of CTP (1 mM) in high-stringency
610 buffer (500 mM NaCl). DNA was immobilized as described in panel A. (D) DNA-binding affinity of VirB in
611 high-stringency conditions. The maximal wavelength shifts measured at equilibrium in the traces shown
612 in panel C were plotted against the corresponding VirB concentrations. Error bars indicate the SD (n=3
613  independent replicates). A one-site specific-binding model was used to fit the data. The calculated Kp value
614 is given in the graph. Note that the wavelength shift observed is directly proportional to the amount of
615 matter associated with the biosensor surface. Based on the molecular weights of the immobilized DNA
616  fragment (134 kDa) and the VirB dimer (71 kDa), the signals obtained indicate the binding of ~14 VirB

617 dimers at saturating concentrations.
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618  Figure 5. VirB requires CTP- and virS binding to accumulate on DNA in high-stringency conditions (A)
619 Biolayer interferometry (BLI) setup used to analyze the interaction of VirB with short, open virS DNA. A
620  double-stranded virS-containing oligonucleotide biotinylated at one of its ends was immobilized on a
621  streptavidin-coated biosensor. (B) BLI analysis using the setup described in panel A. The biosensors were
622 probed with VirB at the indicated concentrations in the presence of CTP (1 mM), using high-stringency
623 buffer (500 mM NacCl). (C) BLI setup used to compare the interaction of VirB with closed and open virS
624 DNA. A double-biotinylated virS-containing DNA fragment (215 bp) was immobilized on two streptavidin-
625 coated biosensors. Prior to the BLI assay, the biosensors either treated with the restriction endonuclease
626 Ndel to open the immobilized DNA or incubated in the absence of Ndel as a control. (D) BLI analysis using
627  the setup described in panel C. The biosensors incubated with or without Ndel were probed with VirB
628 (20 uM) in the presence of CTP (1 mM), using high-stringency buffer (500 mM NaCl). The graphs in panels

629 B and D show the results of representative experiments (n=3 independent replicates each).

630 Figure 6. VirB clamps close in the presence of CTP and virS-containing DNA in vitro. (A) Schematic
631 showing the crosslinking assay used to detect VirB clamp closure. The engineered C15 residue of VirB-
632 C5S/Q15C is shown as a thiol group (-SH). The closure of the VirB clamp reduces the distance between the
633  two C15 residues, thereby enabling their covalent crosslinking by the bifunctional thiol-reactive crosslink-
634  ing agent BMOE. (B) SDS-gel showing the protein species obtained in the in vitro crosslinking analysis.
635 VirB-C55/Q15C was incubated for 5 min alone, with CTP (1 mM), with a double-stranded DNA oligonuc-
636  leotide containing a virS motif (1 pM; virS-icsB-for/virS-icsB-rev) or with both CTP and virS DNA prior to
637  crosslinking with BMOE and analysis of the reaction products by SDS-PAGE. Monomeric VirB and the
638  dimeric crosslinking product (X-linked) are indicated. MW: Molecular weight marker. (C) Quantification of
639  the fractions of crosslinked protein obtained in the indicated conditions. The columns display the mean
640  (#SD) of three independent measurements (diamonds). *p<0.05, ***p<0.005, ns: not significant (Welch’s

641  t-test; compared to the apo state).

642 Figure 7. CTP and virS DNA cooperatively stimulate the homodimerization of the N-terminal region of
643  VirB. (A,B) Hydrogen-deuterium exchange (HDX) mass spectrometry analysis of VirB in the presence of
644 different ligands. VirB was incubated with an equimolar concentration of double-stranded DNA oligonuc-
645 leotides containing a scrambled (scrambled-virS-for/scrambled-virS-rev) or intact (virS-icsB-for/virS-icsB-
646 rev) virS motif and/or CTP (10 mM) in (A) low-stringency or (B) high-stringency buffer. Shown are the
647 maximal differences in HDX obtained in the indicated conditions compared to the apo state, projected

648  onto the AlphaFold-Multimer model of the VirB dimer. The color code is given in panel B. Blue color
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649 indicates regions that show reduced HDX upon ligand binding. The schematics next to the structural
650  models indicate the most likely conformational state of the VirB dimer in the respective conditions. Pro-
651  tein regions not covered by any peptides are displayed in transparent white. (C) Heatmap of the maximal
652 differences in HDX obtained in the indicated conditions for representative residues in the conserved C-,
653 GxRR and HTH motifs of VirB. The color code is given on the right. A detailed report of the HDX analysis is
654 given in Data S1.

655 Figure 8. CTP-binding is critical for the loading of VirB on virS-containing DNA in vivo. (A) Biolayer inter-
656  ferometry analysis of the interaction of VirB-R93A and VirB-R94A with a closed, virS-containing DNA frag-
657 ment (215 bp) in high-stringency buffer (500 mM NaCl). After derivatization with the double-biotinylated
658 virS DNA, the biosensor was probed with wild-type VirB or its mutant derivatives (20 uM) in the absence
659 (apo) or presence of CTP (1 mM). (B) Plasmids used for the in vivo binding assay. (C) Localization patterns
660 of wild-type or mutant mVenus-VirB fusions in E. coli strains that harbor low-copy plasmids with or with-
661 out the icsB upstream region. Cells carrying a low-copy containing (pSJ30) or lacking (pSJ31) the icsB
662 upstream region were transformed with expression plasmids that allow the production of the indicated
663 mVenus-VirB variants under the control of an arabinose-inducible promoter (pSJ18, pSJ20, pSJ21). Trans-
664  formants were induced with 0.1% arabinose for 4 h prior to analysis by fluorescence microscopy. Scale
665 bar: 4 um. (D) Quantification of the proportion of cells showing distinct foci in the experiment described
666  in panel B. Bars indicate the mean of 1-3 biological replicates (diamonds). Number of cells analyzed in

667  total: WT (1857), R93A (1818), R94A (1479), WT without virS (1477).

668 Figure 9. Hypothetical model of the mechanism underlying VirB-dependent gene regulation. (A) Before
669  VirB associates with the virulence plasmid, the nucleoid-organizing protein H-NS binds and thus stabilizes
670  negative DNA supercoils in the promoter regions of VirB-regulated genes, thereby sequestering the pro-
671 moters from RNA polymerase and silencing gene expression. (B) The CTP-dependent loading of VirB
672  clamps at virS sites and their spreading into the adjacent promoter regions leads to local overwinding of
673  the DNA. This effect may destabilize the adjacent H-NS nucleoprotein complexes and reduce the degree
674  of negative supercoiling in the vicinity of the promoter, thereby making it accessible to RNA polymerase

675 and allowing transcription to occur.
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852 Figure 1. VirB is structurally related to plasmid-encoded ParB proteins. (A) Multiple sequence alighment comparing VirB from
853 S. flexneri with plasmid- and chromosomally encoded ParB orthologs, with a focus on the nucleotide-binding region. Conserved
854 motifs with critical roles in nucleotide binding, including the P-loop, the C-motif and GxRR motif3’, are highlighted by black frames.
855 The schematic at the top represents the predicted secondary structure of VirB. Two conserved arginine residues (R93 and R94)
856 in the GxRR motif, which have been shown to be essential for nucleotide binding in other family members, are marked. Asterisk
857 indicate the residues that are were shown to be critical for CTP hydrolysis in chromosomally encoded ParB proteins34-36:37, The

858 proteins aligned and their UniProt accession numbers are VirB of S. flexneri (POA247), ParB from Escherichia coli plasmid P1
859 (P07621), SopB from E. coli plasmid F (P62558); KorB from E. coli plasmid RK2 (P0O7674), ParB from Helicobacter pylori (025758),
860 ParB from Myxococcus xanthus (Q1CVJ4), ParB from Caulobacter crescentus (POCAV8), SpoQJ from Thermos thermophilus
861 (Q72H91) and Spo0J from Bacillus subtilis (P26497). (B) Structural model of an S. flexneri VirB dimer, generated with AlphaFold-
862 Multimer>. The nucleotide-binding domain (NBD), the virS-binding domain (VBD) and the C-terminal dimerization domain (CTD)
863 are indicated. (C) Overlay of the predicted structure of the NBD of VirB with the crystal structure of the NBD of M. xanthus ParB
864 (MxParB) (PDB: 7BNR), with an RMSD of 1.512 A for 45 aligned C, atoms. Close-up of the nucleotide-binding site, with the
865 conserved arginine residues in the GxRR motif of VirB (R93 and R94 in helix H5) shown in blue and their equivalent residues (R94
866 and R95 in helix H3) in MxParB shown in red. (D) Overlay of the modeled VBD of VirB with the crystal structure of the VBD bound
867 to the virS site of the S. flexneri icsB gene (PDB: 3W3C), with an RMSD of 0.883 A for 98 aligned C, atoms. (E) Overlay of the
868 modeled VBD of VirB with the crystal structure of the DNA-bound HTH-domain of E. coli plasmid P1 ParB (PDB: 1ZX4), with an
869 RMSD of 0.811 A for 93 aligned C, atoms. (F) Overlay of the CTD of modeled VirB with the corresponding domain of E. coli plasmid
870 P1 ParB (PDB: 17X4), with an RMSD of 1.274 A for 90 aligned C, atoms.
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Figure 2. VirB is a CTP-binding protein. (A) Isothermal titration calorimetry analysis of the interaction of VirB with CTPyS and CDP.
A solution of VirB (115 uM) was titrated with a stock solution (1.55 mM) of the indicated nucleotides. The graphs indicate the
heat changes observed after each of the 13 injections. The Kp values obtained are given in the graphs. (B) Microscale
thermophoresis analysis of the interaction of VirB and its R93A and R94A variants with CTP, CDP and ATP. The diamonds show
the mean equilibrium association constants (1/Kp) obtained for the indicated conditions (+ SD; n=2-3 independent experiments,
each performed in triplicate). The bars give the values determined by fitting the combined results of all nine replicates. The
underlying titration curves are given in Figure S2. The corresponding Kp values are: WT-CTP (9.3 uM), WT-CDP (99 uM) and R93A-
CTP (981 uM). n.d. = not detectable. (C) CTPase activities of VirB and MxParB. VirB or MxParB (5 uM) were incubated with 1 mM
CTP in the presence of double-stranded DNA oligonucleotides containing a virS (0.5 uM), a scrambled virS (0.5 uM) or an
M. xanthus parS (0.3 uM) motif. CTP hydrolysis rates were determined using an NADH-coupled enzyme assay. The columns
indicate the mean (t SD) of three independent measurements (represented by diamonds).
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Figure 3. CTP-binding modulates the DNA-binding activity of VirB in low-stringency conditions. (A) Schematic of the biolayer
interferometry (BLI) setup used for the analyses in panels B and C. A double-biotinylated dsDNA fragment (215 bp) containing a
central virS sequence (in orange) was immobilized on a streptavidin-coated biosensor and probed with VirB (green). (B,C) BLI
analysis of the DNA-binding behavior of VirB in the (B) absence and (C) presence of CTP (1 mM) in low-stringency buffer (150 mM
NaCl). Biosensors carrying the target DNA (at a density corresponding to a wavelength shift of ~1.3 nm) were probed with the
indicated concentrations of VirB. At the end of the association reactions, the biosensors were transferred into protein- and
nucleotide-free buffer to monitor the dissociation reactions (wash). The graphs show the results of a representative experiment
(n=3 independent replicates).
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890 Figure 4. VirB requires CTP- and virS binding to accumulate on DNA in high-stringency conditions (A) Biolayer interferometry
891 analysis of the interaction of VirB with virS-containing DNA (215 bp) in high-stringency buffer (500 mM NacCl). Biosensors carrying
892 a double-biotinylated, virS-containing DNA fragment (at a density corresponding to a wavelength shift of ~0.5) were probed with
893 VirB (20 uM) in the absence or presence of CTP (1 mM). The virS sequence used is shown above the graph. (B) Same as in panel
894 A, using a DNA fragment with a scrambled virS site. (C) Titration of double-biotinylated virS-containing DNA (215 bp) with
895 increasing concentrations of VirB in the presence of CTP (1 mM) in high-stringency buffer (500 mM NaCl). DNA was immobilized
896 as described in panel A. (D) DNA-binding affinity of VirB in high-stringency conditions. The maximal wavelength shifts measured

897 at equilibrium in the traces shown in panel C were plotted against the corresponding VirB concentrations. Error bars indicate the
898 SD (n=3 independent replicates). A one-site specific-binding model was used to fit the data. The calculated Kp value is given in
899 the graph. Note that the wavelength shift observed is directly proportional to the amount of matter associated with the biosensor
900 surface. Based on the molecular weights of the immobilized DNA fragment (134 kDa) and the VirB dimer (71 kDa), the signals
901 obtained indicate the binding of ~14 VirB dimers at saturating concentrations.
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Figure 5. VirB requires CTP- and virS binding to accumulate on DNA in high-stringency conditions (A) Biolayer interferometry
(BLI) setup used to analyze the interaction of VirB with short, open virS DNA. A double-stranded virS-containing oligonucleotide
biotinylated at one of its ends was immobilized on a streptavidin-coated biosensor. (B) BLI analysis using the setup described in
panel A. The biosensors were probed with VirB at the indicated concentrations in the presence of CTP (1 mM), using high-
stringency buffer (500 mM NacCl). (C) BLI setup used to compare the interaction of VirB with closed and open virS DNA. A double-
biotinylated virS-containing DNA fragment (215 bp) was immobilized on two streptavidin-coated biosensors. Prior to the BLI assay,
the biosensors either treated with the restriction endonuclease Ndel to open the immobilized DNA or incubated in the absence
of Ndel as a control. (D) BLI analysis using the setup described in panel C. The biosensors incubated with or without Ndel were
probed with VirB (20 uM) in the presence of CTP (1 mM), using high-stringency buffer (500 mM NacCl). The graphs in panels B and
D show the results of representative experiments (n=3 independent replicates each).
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Figure 6. VirB clamps close in the presence of CTP and virS-containing DNA in vitro. (A) Schematic showing the crosslinking assay
used to detect VirB clamp closure. The engineered C15 residue of VirB-C55/Q15C is shown as a thiol group (-SH). The closure of
the VirB clamp reduces the distance between the two C15 residues, thereby enabling their covalent crosslinking by the
bifunctional thiol-reactive crosslinking agent BMOE. (B) SDS-gel showing the protein species obtained in the in vitro crosslinking
analysis. VirB-C55/Q15C was incubated for 5 min alone, with CTP (1 mM), with a double-stranded DNA oligonucleotide containing
a virS motif (1 pM; virS-icsB-for/virS-icsB-rev) or with both CTP and virS DNA prior to crosslinking with BMOE and analysis of the
reaction products by SDS-PAGE. Monomeric VirB and the dimeric crosslinking product (X-linked) are indicated. MW: Molecular
weight marker. (C) Quantification of the fractions of crosslinked protein obtained in the indicated conditions. The columns display
the mean (+SD) of three independent measurements (diamonds). *p<0.05, ***p<0.005, ns: not significant (Welch’s t-test;
compared to the apo state).
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922 Figure 7. CTP and virS DNA cooperatively stimulate the homodimerization of the N-terminal region of VirB. (A,B) Hydrogen-
923 deuterium exchange (HDX) mass spectrometry analysis of VirB in the presence of different ligands. VirB was incubated with an
924 equimolar concentration of double-stranded DNA oligonucleotides containing a scrambled (scrambled-virS-for/scrambled-virS-
925 rev) or intact (virS-icsB-for/virS-icsB-rev) virS motif and/or CTP (10 mM) in (A) low-stringency or (B) high-stringency buffer. Shown
926 are the maximal differences in HDX obtained in the indicated conditions compared to the apo state, projected onto the AlphaFold-
927 Multimer model of the VirB dimer. The color code is given in panel B. Blue color indicates regions that show reduced HDX upon

928 ligand binding. The schematics next to the structural models indicate the most likely conformational state of the VirB dimer in
929 the respective conditions. Protein regions not covered by any peptides are displayed in transparent white. (C) Heatmap of the
930 maximal differences in HDX obtained in the indicated conditions for representative residues in the conserved C-, GxRR and HTH

931 motifs of VirB. The color code is given on the right. A detailed report of the HDX analysis is given in Data S1.
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932 Figure 8. CTP-binding is critical for the loading of VirB on virS-containing DNA in vivo. (A) Biolayer interferometry analysis of the
933 interaction of VirB-R93A and VirB-R94A with a closed, virS-containing DNA fragment (215 bp) in high-stringency buffer (500 mM
934 NaCl). After derivatization with the double-biotinylated virS DNA, the biosensor was probed with wild-type VirB or its mutant
935 derivatives (20 uM) in the absence (apo) or presence of CTP (1 mM). (B) Plasmids used for the in vivo binding assay. (C)

936 Localization patterns of wild-type or mutant mVenus-VirB fusions in E. coli strains that harbor low-copy plasmids with or without
937 the icsB upstream region. Cells carrying a low-copy containing (pSJ30) or lacking (pSJ31) the icsB upstream region were
938 transformed with expression plasmids that allow the production of the indicated mVenus-VirB variants under the control of an
939 arabinose-inducible promoter (pSJ18, pSJ20, pSJ21). Transformants were induced with 0.1% arabinose for 4 h prior to analysis by
940 fluorescence microscopy. Scale bar: 4 um. (D) Quantification of the proportion of cells showing distinct foci in the experiment

941 described in panel B. Bars indicate the mean of 1-3 biological replicates (diamonds). Number of cells analyzed in total: WT (1857),
942  R93A (1818), R94A (1479), WT without virS (1477).
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Figure 9. Hypothetical model of the mechanism underlying VirB-dependent gene regulation. (A) Before VirB associates with the
virulence plasmid, the nucleoid-organizing protein H-NS binds and thus stabilizes negative DNA supercoils in the promoter regions
of VirB-regulated genes, thereby sequestering the promoters from RNA polymerase and silencing gene expression. (B) The CTP-
dependent loading of VirB clamps at virS sites and their spreading into the adjacent promoter regions leads to local overwinding
of the DNA. This effect may destabilize the adjacent H-NS nucleoprotein complexes and reduce the degree of negative super-
coiling in the vicinity of the promoter, thereby making it accessible to RNA polymerase and allowing transcription to occur.
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Figure S1. Electrostatic potential surface of VirB. The electrostatic potential surface of VirB was determined with PyMOL (Schrédinger LLC,
USA) and plotted onto a structural model of the VirB dimer, generated with AlphaFold-Multimer (Evans et al, 2022). The nucleotide-binding
domain (NBD), the virS-binding domain (VBD) and the C-terminal dimerization domain (CTD) are indicated. The color code is given on the
right.
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Figure S2. Microscale thermophoresis analysis of the nucleotide-binding behavior of VirB and mutant variants. Wild-type VirB, VirB-R93A
and VirB-R94A were fluorescently labeled and then analyzed for their thermophoretic mobility in the presence of increasing concentrations
of nucleotides. The data points represent the mean of the normalized AF values (+ SD) obtained in 2-3 independent experiments (each
performed in triplicate). To determine the binding affinities, the results of all replicates were combined and fitted using MO.Affinity Analysis
v2.3 (Nanotemper, Germany). The Kp values obtained are indicated above the graphs. n.d. = not detectable.
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Figure S3. Biolayer interferometry analysis of the interaction of VirB with closed non-specific DNA in low-stringency conditions. (A)
Schematic of the biolayer interferometry setup used for the analyses in panels B and C. A double-biotinylated dsDNA fragment (215 bp)
containing a scrambled virS sequence was immobilized on a streptavidin-coated biosensor and probed with VirB (green). (B,C) BLI analysis
of the DNA-binding behavior of VirB in (B) the absence and (C) the presence of CTP (1 mM) in low-stringency buffer (150 mM NacCl). Sensors
carrying the closed DNA fragment (at a density corresponding to a wavelength shift of ~1.3 nm) were probed with the indicated concen-
trations of VirB. At the end of the association reactions, the biosensors were transferred into protein- and nucleotide-free buffer to monitor
the dissociation reactions (wash). The graphs show the results of a representative experiment (n=2-3 independent replicates).
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Figure S4. Biolayer interferometry analysis of the interaction of VirB with an open double-stranded oligonucleotide in low-stringency
conditions. (A) Schematic of the biolayer interferometry setup used for the analysis in panels B and C. A double-stranded virS-containing
DNA oligonucleotide biotinylated at one of its ends was immobilized on a streptavidin-coated biosensor. (B,C) DNA-binding behavior of
VirBin the (B) absence and (C) presence of CTP (1 mM) in low-stringency buffer (150 mM NaCl). Biosensors carrying the open virS-containing
target DNA (at a density corresponding to a wavelength shift of ~1.5 nm) were probed with the indicated concentrations of VirB. The graphs
show the results of a representative experiment (n=2-3 independent replicates). (D) Schematic of the biolayer interferometry (BLI) setup
used for the analysis in panels E and F. A double-stranded DNA oligonucleotide containing a scrambled virS sequence and carrying a biotin
moiety at one of its ends was immobilized on a streptavidin-coated biosensor. (E,F) The open, non-specific target DNA was probed with
VirB in the (E) absence and (F) presence of CTP (1 mM) as described for panels B and C.


https://doi.org/10.1101/2023.06.01.543266
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.01.543266; this version posted June 1, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

VirB Wash

| |

500mM
NaCl

— apo
—CTP
— CDP

Wavelength shift (nm)

— GTP
— uTP

0 100 200 300 400
Time (s)
Figure S5. Biolayer interferometry analysis of the interaction of VirB with closed, virS-containing DNA in the presence of different

nucleotides. A streptavidin-coated biosensor carrying a double-biotinylated virS-containing DNA fragment (215 bp) was probed with VirB
(20 uM) in the presence of the indicated nucleotides (1 mM) in high-stringency buffer (500 mM NaCl).
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Figure S6. In vitro crosslinking analysis of wild-type VirB. (A) Close-up view of the N-terminal region of the VirB dimer, as modeled by
AlphaFold-Multimer 1. Arrow indicate the predicted positions of the native cysteine residues (C5). (B) SDS-polyacrylamide gels showing the
protein species obtained in the in vitro crosslinking analysis. Wild-type VirB (10 uM) was incubated for the indicated time periods with CTP
(1 mM), with a double-stranded DNA oligonucleotide containing a virS sequence (1 uM; virS-icsB-for/virS-icsB-rev) or with both CTP and
virS DNA prior to crosslinking with BMOE and analysis of the reaction products by SDS-PAGE. Monomeric VirB and the dimeric crosslinking
product (X-linked) are indicated. MW: Molecular weight marker. (C) Quantification of the fractions of crosslinked protein obtained in the
indicated conditions. The columns show the mean (+ SD) of three independent measurements (diamonds). *p<0.05, ns: not significant
(Welch'’s t-test; versus the apo state). (D) SDS-gel showing the results of control in vitro crosslinking analyses performed with the cysteine-

free VirB-C5S variant. The reactions were performed as described in panel B, with an incubation time of 60 min prior to crosslinking and
SDS-PAGE analysis.
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Figure S7. Hydrogen-deuterium exchange (HDX) analysis of VirB. (A) HDX analysis of VirB in low-stringency conditions (150 mM NaCl). VirB
(25 uM) was incubated in deuterated buffer for the indicated time intervals alone (apo), with double-stranded DNA oligonucleotides
containing a scrambled (scrambled-virS-for/scrambled-virS-rev) or intact (virS-icsB-for/virS-icsB-rev) virS motif (25 uM) and/or with the
indicated nucleotides (10 mM) prior to HDX analysis. Shown is the degree of HDX along the primary sequence of VirB in the indicated
conditions. The color scale is given on the right. The schematic at the top displays the predicted secondary structure of VirB. The black bars
represent peptides of VirB that could be analyzed for HDX. Residue-specific HDX information was obtained from these overlapping peptides
by employing the shortest peptide covering any residue. No HDX could be obtained for amino acid sequences in the gaps, which indicate
regions not covered by any peptides. (B) HDX analysis of VirB in high-stringency conditions (500 mM Nacl). VirB (50 uM) was incubated in
deuterated buffer for the indicated time intervals alone (apo), with double-stranded DNA oligonucleotides containing a scrambled or intact
virS motif (50 uM) and/or CTP (10 mM) prior to HDX analysis. The data are presented as described for panel A. Detailed information about
the peptides analyzed to generate the graphs in panels A and B is given in Data S1.
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Figure S8. Ligand-induced changes in the HDX pattern of VirB. (A) HDX analysis of VirB in low-stringency conditions (150 mM NaCl). Shown
are residue-specific differences in HDX between the indicated states of VirB, projected onto the amino acid sequence of VirB. The results
are derived from pairwise comparisons of the HDX data presented in Figure S7. The color code is given on the right. Blue color denotes
reduced HDX in the first state compared to the second state in “first state” vs. “second state” comparisons. The schematic at the top shows
the predicted secondary structure of VirB. (B) HDX analysis of VirB in high-stringency conditions (500 mM NaCl). The data are presented as
described for panel A.
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Figure S9. Changes in the HDX pattern of VirB plotted onto the structural model of the VirB dimer. (A) Comparison of the HDX patterns
of VirB with virS-containing DNA compared to scrambled virS DNA in the absence and presence of CTP in low-stringency buffer (150 mM
NaCl). The color code is given on the right. Blue color denotes reduced HDX in reactions containing virS DNA. (B) Changes in the HDX pattern
of VirB induced by the incubation with CDP or with both CTP and scrambled virS DNA compared to the apo state in low-stringency buffer.
The color code is given in panel A. Blue color indicates reduced HDX in the ligand-bound state. In both panels, protein regions not covered
by any peptides are displayed in transparent white.
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Figure S10. Nucleotide content and CTPase activity of purified VirB. Nucleotide content of VirB. Purified VirB (50 uM) was denatured by
the addition of chloroform and heated at 95 °C to release the bound nucleotides. The aqueous phase was then analyzed for the presence
of CTP or CDP by HPLC at a wavelength of 260 nm. A CTP standard (100 uM) was analyzed as a reference.
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Figure S11. Bimodal HDX behavior of VirB in low-stringency conditions. (A-C) Shown are the mass spectra (displayed as peptide ion sticks)
of representative VirB peptides obtained after incubation of VirB for the specified time periods in the absence (apo) or presence of the
indicated ligands in low-stringency conditions (buffer containing 150 mM NacCl). The distribution of masses indicates EX1 or mixed EX1/EX2
HDX kinetics in some of the conditions. Details of the mass spectra are given in Data S1.
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Figure S12. Bimodal HDX behavior of VirB in high-stringency conditions. (A-C) Shown are the mass spectra (displayed as peptide ion sticks)
of representative VirB peptides obtained after incubation of VirB for the specified time periods in the absence (apo) or presence of the
indicated ligands in high-stringency conditions (buffer containing 500 mM NaCl). The distribution of masses indicates EX1 or mixed EX1/EX2
HDX kinetics in some of the conditions. Details of the mass spectra are given in Data S1.
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Supplementary tables

Table S1. Plasmids used in this study.

Plasmid | Description 1) Construction/reference
Plasmids used for cloning purposes
pBAD24-CB Pgap promoter, AmpR Mol & Thanbichler (2009)
pPROTT Low-copy lacZ reporter plasmid, AmpR; CamR | Santos et al (2001)
pTB146 Plasmid for the overproduction of Hise- Thomas Bernhardt (Harvard Mecial School, unpublished)
SUMO-tagged proteins under the control of
the phage T7 promoter , AmpR
Plasmids constructed in this study
pSJO1 pTB146 carrying his-sumo-virB, AmpR a) PCR amplification of virB with primers virB-for/-rev
b) Digestion of pTB146 with BamHI/Sapl
c) Insertion of the virB fragment into digested pTB146 by Gibson
assembly
pSJ02 pTB146 carrying his-sumo-virBcss, AmpR Site directed mutagenesis of pSJ01 with primers virBC5S-for/-rev
pSJ05 pTB146 carrying his-sumo-virBcss/qisc, AmpR a) PCR amplification of virB-C55/Q15C with primers virB-for/-rev
b) Digestion of pTB146 with BamHI/Sapl
c) Insertion of the virB-C55/Q15C fragment into digested pTB146 by
Gibson assembly
pSJ13 pTB146 carrying his-sumo-virBrgza, AmpR a) PCR amplification of virB-R93A with primers virB-for/-rev
b) Digestion of pTB146 with BamHI/Sapl
c) Insertion of the virB-R93A fragment into digested pTB146 by Gibson
assembly
pSJ14 pTB146 carrying his-sumo-virBggsa, AmpR a) PCR amplification of virB-R94A with primers virB-for/-rev
b) Digestion of pTB146 with BamHI/Sapl
c) Insertion of the virB-R94A fragment into digested pTB146 by Gibson
assembly
pSJ18 pBAD24-CB carrying mVenus-virB, AmpR a) PCR amplification of mVenus with primers pSJ18-1-for and pSJ18-3-
rev
b) PCR amplification of virB with primers pSJ18-2-for and pSJ18-4-rev
c) Insertion of the mVenus and virB fragments into pBAD24-CB cut
with Ndel and Hindlll by Gibson assembly
pSJ21 pBAD24-CB carrying mVenus-virBggza, AmpR Site directed mutagenesis of pSJ18 with primers virB-R93A-for/-rev
pSJ22 pBAD24-CB carrying mVenus-virBggsa, AmpR Site directed mutagenesis of pSJ18 with primers virB-R94A-for/-rev
pSJ27 pBAD24-CB carrying virB, AmpR a) PCR amplification of virB with primers pBAD-virB-for and pSJ18-4-
rev
b) Insertion of the virB fragment into pBAD24-CB cut with Ndel and
Hindlll by Gibson assembly
pSJ28 pBAD24-CB carrying VirBggsa, AmpR Site directed mutagenesis of pSJ27 with primers virB-R93A-for/-rev
pSJ29 pBAD24-CB carrying VirBggsa, AmpR Site directed mutagenesis of pSJ27 with primers virB-R94A-for/-rev
pSJ30 pPPROTT derivative lacking the bla gene and a) PCR amplification of PicsB from pCP301 with primers pPRITT-icsB-
carrying the icsB upstream region (187 bp) for/-rev
and the first five codons of icsB, CamR b) Insertion of the PicsB fragment into pPRITT cut with Bglll and
HindlIll by Gibson assembly
c) Digestion of the resulting plasmid with Bsal to remove the bla gene
d) Blunting of the ends by treatment with Klenow polymerase (NEB) in
the presence of all four nucleotides
e) Religation
pSJ31 pPRITT derivative lacking the bla gene, CamR | a) Digestion with Bsal to remove the bla gene
d) Blunting of the ends by treatment with Klenow polymerase (NEB) in
the presence of all four nucleotides
c) Religation

1 AmpR: ampicillin resistance, CamR: chloramphenicol resistance
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Table S2. Oligonucleotides and synthetic DNA fragments used in this work.

Oligonucleotide

Sequence V)

Bio-icsB-for

Biotin-TEG-AATATATTCAATTAATAAATTTAGAAACTTGAGCC

Bio-icsB-rev

Biotin-TEG-TTGTACCTCGTTTTACAACAAAAAAGATAC

BIO-TEG-scrambled-virS-for

Biotin-TEG-GCTCTGATATGAACTACATCCCA

BioTEG-icsB-for

Biotin-TEG-GCTCGTTTCATCATGAAATCCCA

pBAD-virB-for

GCTAGCAGGAGGAATTCCATATGATGGTGGATTTGTGCAACGACTTGTTAAGTATAAAGGAAGG

parS-Mxan-wt

GAGGCTTGTTCCACGTGGAACGTCGGTTTTTCGGACGTTCCACGTGGAACAAGC

pET-for

CACGATGCGTCCGGCGTAGAGGATC

pET-rev

CCTTTCAGCAAAAAACCCCTCAAGACCCG

pPRITT-icsB-for

AGAAGGCCATCCTGACGGATGGCCTTTTTGCGTAGATCTCTTTATCTTGTGGGATTTCATGATGAAACGAGCAC
TAC

pPRITT-icsB-rev

AAAACGACGGGATCCCCCGGGCTGCAGGAATTCGATATCAAGCTTCTAATTTTGAGGATCATACTTTATTAACT
CTCCATTACTTGGTGATTG

pSJ18-1-for GGCTAGCAGGAGGAATTCCATATGATGGTGAGCAAGGGCGAGGAG

pSJ18-2-for GTCACCGGTCGGCCACCATGGTGGATTTGTGCAACGACTTGTTAAGTATAAAGGAAGG

pSJ18-3-rev CGTTGCACAAATCCACCATGGTGGCCGACCGGTGAC

pSJ18-4-rev TCATCCGCCAAAACAGCCAAGCTTTTATGAAGACGATAGATGGCGAGAAATTATATCCCGAATAGCTTCATC

scrambled-virS-for

GCTCTGATATGAACTACATCCCA

scrambled-virS-rev

TGGGATGTAGTTCATATCAGAGC

virB-for TCACAGAGAACAGATTGGTGGTATGGTGGATTTGTGCAACGAC
virB-rev CTTTGTTAGCAGCCGGATCCTTATGAAGACGATAGATGGCGAGAA
virB-C5S-for TGGTATGGTGGATTTGAGCAACGACTTGTTAAGT

virB-C5S-rev ACTTAACAAGTCGTTGCTCAAATCCACCATACCA

virS-icsB-for GCTCGTTTCATCATGAAATCCCA

virS-icsB-rev TGGGATTTCATGATGAAACGAGC

virB-R93A-for

GAAATTCTGGATGGCACTGCTAGAAGAGCATCTG

virB-R93A-rev

CAGATGCTCTTCTAGCAGTGCCATCCAGAATTTC

virB-R94A-for

TCTGGATGGCACTCGTGCAAGAGCATCTGCAAT

virB-R94A-rev

ATTGCAGATGCTCTTGCACGAGTGCCATCCAGA

virS DNA fragment (215 bp)

AATATATTCAATTAATAAATTTAGAAACTTGAGCCTGTTAACATAATCAAATTTTCTTTTGCTGTACATAATATGT
ACCTCGTGAGCATATGTAGTGCTCGTTTCATCATGAAATCCCACAAGATAAAGTGCCTGATGTATCAGGCTCGG
AGTGTTATAGAAAAAGAGAGAACCCTGTTGAATAAGTATCTTTTTTGTTGTAAAACGAGGTACAA

scrambled virS DNA fragment
(215 bp)

AATATATTCAATTAATAAATTTAGAAACTTGAGCCTGTTAACATAATCAAATTTTCTTTTGCTGTACATAATATGT
ACCTCGTGAGCATATGTAGTGCTCTGATATGAACTACATCCCACAAGATAAAGTGCCTGATGTATCAGGCTCGG
AGTGTTATAGAAAAAGAGAGAACCCTGTTGAATAAGTATCTTTTTTGTTGTAAAACGAGGTACAA

1 boldface: virS inverted repeats
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