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ABSTRACT

Vibrio cholerae, the pathogenic bacterium that
causes cholera, has two chromosomes (Chr1, Chr2)
that replicate in a well-orchestrated sequence. Chr2
initiation is triggered only after the replication of
the crtS site on Chri. The initiator of Chr2 replica-
tion, RctB, displays activities corresponding with its
different binding sites: initiator at the iteron sites,
repressor at the 39m sites, and trigger at the crtS
site. The mechanism by which RctB relays the sig-
nal to initiate Chr2 replication from crtS is not well-
understood. In this study, we provide new insights
into how Chr2 replication initiation is regulated by
crtSvia RctB. We show that crtS (on Chr1) acts as an
anti-inhibitory site by preventing 39m sites (on Chr2)
from repressing initiation. The competition between
these two sites for RctB binding is explained by the
fact that RctB interacts with crtS and 39m via the
same DNA-binding surface. We further show that the
extreme C-terminal tail of RctB, essential for RctB
self-interaction, is crucial for the control exerted by
crtS. This subregion of RctB is conserved in all Vib-
rio, but absent in other Rep-like initiators. Hence, the
coordinated replication of both chromosomes likely
results from the acquisition of this unique domain by
RctB.

INTRODUCTION

Genome architecture is defined in most bacterial lineages,
conserved through speciation, and therefore is a funda-
mental question of microbial evolution. 5-10% of bacte-

ria have a multipartite organization of their genome with at
least one secondary chromosome containing essential core
genes (1). Secondary chromosomes originate from plas-
mids that have been domesticated as bona fide compo-
nents of the genome, as evidenced by several of their plas-
mid features (2). Although plasmids confer adaptive func-
tions, which augment fitness under certain conditions, they
are also frequently poorly adapted to a new genetic back-
ground and can be quickly lost in the absence of selec-
tive pressure. Therefore, their domestication as secondary
chromosomes requires co-evolutionary processes involving
their adaptation to host cellular mechanisms as well as ac-
commodation of the host (3). In this study, we made an
in-depth structure-function study of RctB, the replication
initiator of Vibrio cholerae secondary chromosome, to un-
derstand the mechanism underlying the orchestrated repli-
cation of both chromosomes, which is controlled by this
protein.

Like all Vibrionaceae, V. cholerae has its genome split on
two circular replicons, Chrl, a main 3 Mbp-chromosome
and Chr2, a secondary 1 Mbp-chromosome. The Chrl
replication origin (oril) is similar to the single chromosome
origin of Escherichia coli (oriC) and the ubiquitous bacterial
replication initiator DnaA governs Chrl initiation (4-6).
The initiation of Chr2 replication, however, is different from
that of a typical bacterial chromosome and its origin (ori2)
is closely related to that of iteron-containing plasmids (6).
Like iteron-plasmid origins, ori2 replication initiation re-
quires an accurate arrangement of DNA motifs comprising
iterons, an IHF binding site, an AT-rich DNA unwinding el-
ement and a DnaA-box (7) (Figure 1A). Iterons are directly
repeated sequences recognized by a plasmid-encoded initia-
tor (Rep) (8). The binding of Rep to iterons near the AT-
rich element promotes local DNA unwinding where repli-
cation starts (8). The specific equivalent of Rep for Vibrio
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Figure 1. c¢rtS counteracts 39m inhibitory activity. (A) Representation of Chr2 origin of replication (ori2) and sequence alignment of all 39m sites. RctB
binding sites are indicated in green (iterons) and red (39m). All 39m contain two GC-rich repeats at both ends with an intervening 19-bp (or 9-bp) non-
conserved AT-rich sequence. The imperfect GC-rich repeats are RctB binding sites (gray box), which are phased to be on the same side of the DNA helix
(13). Deletion of 10 bp in the 29m intervening sequence (deletion of a full helix turn) maintains the phasing between the RctB binding sites and does not
abrogate the function of the site. Conserved bases are shown in bold. The (C > A) mutation is indicated in red (18). (B) Expression of rczB relative to the
housekeeping gene gyrA in the N16961 wild-type strain (WT), the 29m (C > A) and the 39mj,. (C > A) V. cholerae mutants. (C) Measure of repression by
RctB of its promoter with and without the (C > A) mutation: 29m(WT), 29m(C > A). Promoter activity is assessed by measuring Renilla luciferase activity
(Experimental set-up in Supplementary Figure S1). RctB expression is induced with 0.2% arabinose from a low-copy plasmid (pTVCl11, Supplementary
Table S2). The same empty plasmid is used as a control of absence of repression (pNull). Data are normalized to the optical density of each culture (OD
at A 600 nm). (D) Quantification of complex formation between a 40 bp DNA probe carrying a 39m;,. (with or without a C > A mutation) and increasing
concentrations of RctB (nM : nanomolar), without DnaK/Jy. (Supplementary Figure S2). Percent of bound DNA is equal to (intensity of the shifted
band/combined intensities of shifted and unbound DNA bands) x 100. (E) pORI2 copy number (CN) relative to the chromosome [Logy(pORI2/0riC)]
in E. coli strains with and without a chromosomal ¢rtS site. pPORI2 contains either 1, 2 or 3 mutated 39m sites (C > A). (F) Graph representing the
effect of crtS (pORI2 E. coli / pORI2 E. coli::crtS) as a function of the number of mutated 39m sites (experimental values of (E)). In all graphs, data
represent averages from at least three independent biological replicates & standard deviations. Each dot represents an independent experiment. Statistics
were applied on pairwise comparisons using Student’s t-test and on multiple comparisons using one-way ANOVA. Statistical significances are indicated
(ns : non significant; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001).
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Chr2 is called RctB (6). Similar to Rep, RctB proteins form
homo-dimers in solution with a head-to-head configuration
(9). As Rep, RctB dimers are monomerized by DnalJ and
DnaK chaperones, which favours their binding to DNA in
a cooperative manner (10-12). Iteron-type plasmids limit
their copy number via a mechanism called origin-pairing
or handcuffing. In this process, the coupling of origins via
iteron-bound Rep protein causes steric hindrance to initi-
ation (8). The handcuffing of ori2 is also one of the main
regulatory mechanisms that limit Chr2 copy number; how-
ever, it requires the participation of additional regulatory se-
quences other than iterons, which are discussed below (13).

Despite many features common to both Chr2 and iteron
plasmids, the regulation of Chr2 replication involves addi-
tional functions that are not found in plasmids and which
lead to a more elaborate control of Chr2 replication (13).
First, Chr2 replication initiation is tightly regulated to oc-
cur only once per cell cycle, while plasmids generally initiate
replication several times over the bacterial cell cycle (14,15).
Secondly, Chr2 replication is initiated at a specific time of
the cell cycle so that Chrl and Chr2 complete their replica-
tion at the same time, an evolutionary selected characteristic
in Vibrio (16-18). It thus seems that during their domestica-
tion, plasmid-type machineries, which are suitable for main-
taining high-copy-number plasmids, have evolved towards
systems capable of sustaining the replication of low-copy-
number replicons in harmony with the host cell cycle (1,14).
Indeed, the structure of RctB is more complex than those
of Rep. RctB is a large protein (658 amino acids (AA)),
twice as large as the Rep initiators (e.g. m is 305 AA, TrfA
is 382 AA). RctB harbors four domains (I, II, ITI, IV) with
three DNA binding surfaces (in domains I, II and III) (9)
whereas most Rep initiators contain only two domains (N-
terminal and C-terminal) with two DNA binding surfaces
that bind to the two halves of the iterons (9). RctB central
domains (domains Il and III) are structurally related to Rep
N-terminal and C-terminal domains and are essential for
Chr2 replication. RctB additional domains (domains I and
IV) are unique and may have emerged during the evolution
of Vibrionaceae to help meet the stricter regulatory require-
ments necessary for proper chromosome maintenance (9).
Domain I is essential for binding to iterons and for replica-
tion (9). Domain IV, which is not essential for replication,
is however critical for limiting the number of Chr2 copies
(11).

Unlike Rep, RctB specifically recognizes DNA motifs
other than iterons. RctB binds to three classes of DNA
sites of different sequences and sizes: the iterons (11-mer or
12-mer), the 39m sites (29-mer, 39-mer) and the crtS site
(62-bp) (10,18) (Figure 1A). Eleven iterons are present in
ori2, six of which are essential for replication, while the oth-
ers have a regulatory function (6). Four 39m (three in ori2
and one located 40 kb away from ori2) act as strong nega-
tive regulators of ori2 initiation (13,19,20) (Figure 1A). The
unique crtS site located on Chrl exerts a positive regula-
tion of Chr2 replication (20). At these three types of sites,
RctB monomers specifically bind cooperatively and then
oligomerize non-specifically on adjacent DNA (10). The
initial binding of RctB as a monomer requires domains I, 11
and 1 (10,11). However, various DNA binding surfaces are
required for binding to iterons and 39m suggesting that the
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binding conformation of RctB is different to these sites (9).
Both the cooperative binding and oligomerization activities
of RetB require its domain IV (10,11). As mentioned above,
Chr2 copy number is limited by a handcuffing mechanism
which is conveyed by the 39m sites that are contiguous to
the iterons in ori2 (13). In this process, iteron-bound RctB
and 39m-bound RctB form a bridge that hinders the initi-
ation of replication (11,13,21). This negative regulation of
ori2 initiation mediated by the 39m requires RctB domain
IV. A large deletion of RctB domain IV (A157) causes loss
of handcuffing activity and a copy-up phenotype (11). More
specifically, a 71 AA region in domain III-IV (AA 450 to
521) has been extensively characterized and found to be in-
volved in Chr2 copy number limitation, DNA binding and
RctB dimerization (22).

The above-mentioned knowledge of Chr2 replication reg-
ulation mechanisms is insufficient to explain how the initia-
tion of Chr2 replication is synchronized with Chr1 replica-
tion. This coordination requires the third RctB binding site,
crtS (18), located in trans, halfway between the origin and
the terminus of Chrl (20). Upon replication, crtS triggers
the initiation of Chr2, therefore its location on Chrl ensures
termination synchrony of the two chromosomes (18). The
deletion of ¢rtS severely impairs growth and is associated
with the loss of Chr2 (18). It was proposed that crzS could
act as a DNA chaperone to remodel RctB to an active form
with altered DNA binding activities to iteron and 39m sites
(20,23). In this study, we dissected RctB to better under-
stand how crtS steers Chr2 replication. We found that crtS
triggers Chr2 initiation by acting as an anti-inhibitory site,
preventing the 39m sites from negatively regulating replica-
tion. This ¢rtS activity involves the same RctB DNA bind-
ing region that is required for the binding to the 39m. The
action of ¢rtS also involves a protein-protein interaction do-
main located at the extreme carboxy-terminal end of RctB.
We propose that the cooperative binding of RctB to DNA,
mediated by protein-protein interactions, is necessary for
crtS activity as an anti-inhibitor of the 39m.

MATERIALS AND METHODS
Bacterial strains, plasmids and nucleotides

All E. coli and V. cholerae strains and plasmids used in this
study are listed in Supplementary Tables S1 and S2. Further
details regarding their engineering are provided in the Sup-
plementary Methods. The oligonucleotide sequences used
for dPCR, RT-dPCR, in vitro experiments and cloning pur-
poses are listed in Supplementary Table S3.

Protein purification

The expression plasmids derived from pET32b were trans-
formed into E. coli BL21-DE3 (Supplementary Table S2).
Plasmids used to express the RctB HTH mutants were built
as described in (9). Proteins were produced and purified as
described in (10). More details are provided in Supplemen-
tary Methods.

In vitro experiments

Electrophoretic Mobility Shift Assays (EMSA) of double-
stranded DNA probes containing the RctB ¢rtS, 39m or
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iteron binding sites were radiolabeled in 5’-end [y32P]. A
114-bp long probe containing crtS was generated by PCR as
described in (10). The iteron-containing probes were methy-
lated in vitro as described in (10). The resulting labeled
probes were used in a binding reaction performed as de-
scribed in (10) and analyzed with the Typhoon FLA 9500
laser scanner. All protein concentrations are indicated in the
figure legends. More details are provided in Supplementary
Methods.

Bacterial Two-hybrid

BTHI101 cells were co-transformed with plasmids encod-
ing a T18 N-fusion of RctB and a T25 N-fusion of RctB
according to the instructions described in (24). The differ-
ent plasmid combinations are described in Tables S2. Co-
transformants were selected on LB agar plates containing
carbenicillin (100 pwg/ml) and kanamycin (25 pg/ml). Co-
transformants were pooled, resuspended in 100 wl of LB
medium, and spotted (5 pl drop of cell suspension) onto LB
agar plates containing X-Gal (40 pg/ml), IPTG (0.5 mM),
carbenicillin (100 wg/ml), and kanamycin (25 pg/ml).
Plates were incubated for 2 days at 30°C, followed by an
additional 24 h at 4°C. Blue spots indicate protein—protein
interactions.

Digital PCR quantification of DNA loci ({PCR)

Quantifications of (oril and ori2) in V. cholerae and (oriC
and pORI2) in E. coli were performed as described in
(10) using multiplex digital PCR (Stilla Technologies) (25).
Primers and probes are listed in Supplementary Table S3.
Total genomic DNA was purified using the DNeasy Blood
& Tissue Kit (QIAGEN). PCR reactions were performed
with 0.1 ng of DNA using the PerfeCTa® MultiPlex qPCR
ToughMix® (Quantabio) on a Sapphire chip (Stilla Tech-
nologies). Digital PCR was conducted on a Naica Geode
and Image acquisition on the Naica Prism3 reader. Im-
ages were analyzed Crystal Miner software (Stilla Tech-
nologies). The dPCR run was performed using the fol-
lowing steps : droplet partition (40°C, atmospheric pres-
sure AP to + 950mbar, 12 min), initial denaturation (95°C,
+950 mbar, for 2 min), followed by 45 cycles at (95°C for 10
s and 60°C for 30 s), droplet release (down 25°C, down to
AP, 33 min). More details are provided in Supplementary
Methods.

Digital PCR quantification of RNA (RT-dPCR)

Quantification of RctB mRNA was performed in V.
cholerae from exponentially growing cultures (ODgyy 0.4)
using multiplex digital RT-dPCR (Stilla Technologies) (25).
Primers and probes are listed in Supplementary Table S3. V/
cholerae RNA was prepared as described in (26). PCR reac-
tions were performed with 1 ng of RNA using the qScript™
XLT One-Step RT-gPCR ToughMix® (Quantabio). RT-
dPCR and data analysis were conducted as described above
for dPCR. The RT-dPCR run was performed in the fol-
lowing steps: droplet partition (40°C, AP to +950 mbar, 12
min), cDNA synthesis (50°C, +950 mbar, 10 min), initial
denaturation (95°C, +950 mbar, for 1 min), followed by 45

cycles at (95°C for 10 s and 60°C for 15 s), droplet release
(down 25°C, down to AP, 33 min). Expression values were
normalized to the expression of the housekeeping gene gyr4
as described in (26). More details are provided in Supple-
mentary Methods.

Luciferase assay

E. coli reporter strains were engineered with a lacZ in-
sertion containing the renilla luciferase gene (27) under
the control of PrctA or PrctB promoters. More details
for generating reporter strains are provided in the Supple-
mentary Methods. Reporter strains were transformed with
the plasmid pTVCI11 containing a transcriptional fusion
of rctB-firefly luciferase genes under the Pgap promoter
(28). Overnight cultures from transformed cells were di-
luted 1:100 in Mueller-Hinton medium supplemented with
50 pg/ml spectinomycin and 0.2% arabinose and grown to
an ODgyy ~0.5. To 50l of reporter cell culture, we added
40 wl of E. coli cell culture (J665, ODgyo 0.5) and 10 wl
of a KH,HPO, (1IM)-EDTA (20 mM) solution. The mix-
ture was placed on dry ice for 5 min and left to equilibrate
at room temperature for 15 min. The cells were then lysed
with 300 pl of a lysis buffer for 10 min. Both luciferase ac-
tivities of Firefly and Renilla were sequentially measured
using the dual-luciferase reporter assay (DLR, Promega)
following the manufacturer’s recommendations. 20 wl of
the lysed extract was added to 100 wl of Firefly substrate
(LARII) in a glass tube. The light emission was acquired for
10 s in a luminometer (Lumat LB9507, Berthold). Quench-
ing of Firefly luciferase luminescence and concomitant ac-
tivation of Renilla luciferase was achieved by adding 100 .l
of STOP&GLO Reagent to the tube. Light emission from
Renilla activity was acquired for 10 s. Luminescence data
were normalized to the ODgyy. MG1655 wild-type cultures
were used as non-luminescent controls.

RESULTS

crtS exerts a positive control on Chr2 replication by counter-
acting the inhibitory activity of 39m

We previously isolated mutations in ori2 that compensate
for the loss of ¢rtS in V. cholerae (18). In particular, we
identified a mutation in the 29-mer site (29m) located in
the promoter region of the rctB gene. This mutation is an
adenine substitution of a cytosine (C > A), which is con-
served at all 39m sites (Figure 1A), indicating the impor-
tance of this nucleotide. In addition to its role in hinder-
ing ori2 initiation via handcuffing, the binding of RctB to
the 29m represses its own transcription (19). We tested the
impact of the C > A mutation on RctB expression in V.
cholerae by RT-dPCR. We observed that RctB is 10 times
more expressed when the 29m sequence contains the C > A
mutation than in the WT strain or in a mutant where the
C > A mutation is inserted in a 39m site outside the RctB
promoter region (39m;,.) (Figure 1B). Overexpression of
RctB could thus be due to a lack of self-repression due to
a decrease in RctB binding to the 29m in its promoter re-
gion. Since RctB binding to the 29m represses the activ-
ity of its own promoter (19), we used this repression as a
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proxy to monitor RctB binding in vivo. We developed a lu-
ciferase reporter tool in E. coli by fusing the promoter re-
gion of RctB (PrctB) to a Renilla luciferase reporter gene.
RctB fused to a Firefly luciferase gene is supplied on a low-
copy plasmid (PrctB) under the control of an arabinose-
inducible promoter (Pgap) (Supplementary Figure S1A).
Using a dual-luciferase assay system, we can both moni-
tor RctB binding to 39m by measuring PrctB activity (via
Renilla-generated luminescence measurement) while con-
trolling the induction of RctB expression on the plasmid
(via Firefly-generated luminescence measurement). As ex-
pected, upon RctB induction (Supplementary Figure S1B,
pink bars), PrctB activity decreased significantly (Supple-
mentary Figure S1B, blue bars). In absence of RctB (Figure
1C, pNull), the C > A mutation in the 29m site in the pro-
moter region of RctB (PrctB-29mc- o)) had no impact on
Renilla expression compared to the WT promoter (PrctB-
29mwT)) meaning that the C > A mutation in the 29m does
not interfere with the activity of the promoter. In presence
of RctB (Figure 1C, pRctB), the level of expression of Re-
nilla decreased significantly in PrctB-29mwr) but remained
unchanged with PrctB-29m(c- ). Therefore, the C > A mu-
tation alters the repressive activity of RctB by altering its
binding to the 29m. We further assessed whether the impact
of the C > A mutation on RctB binding was also detrimen-
tal at other 39m sites. We chose to test the effect of this mu-
tation on the 39m;, site, because RctB binds to this site sim-
ilarly as to the 29m site (19). In vitro, we observed a decrease
in RctB/DNA complex formation when the 39m;,. site is
mutated, which corroborates our in vivo observation on the
29m (Figure 1D, Supplementary Figure S2). EMSA showed
that both DNA probes containing either wild-type or mu-
tated 39m sites mainly formed C2 complexes with RctB (i.e.
the 39m is bound by two molecules of RctB, (10)), suggest-
ing that the C > A mutation does not affect the cooperative
binding of RctB to 39m (Supplementary Figure S2). We fur-
ther studied the impact of mutating all three 39m sites in
ori2 on the control of replication by crtS. We used an arti-
ficial replication system in E. coli, using a plasmid, pORI2,
which replication depends solely on ori2 (10). By quantita-
tive digital PCR (dPCR), we monitored pORI2 copy num-
ber (CN) variation in E. coli MG1655 without and with a
crtS chromosomal site. In E. coli, the presence of crtS up-
regulates pORI2 copy number (10). We then introduced the
C > A mutations at the three 39m sites of the pORI2, either
individually, in pairs or all three together, and measured the
relative copy number of pORI2 in the absence or presence
of ¢rtS. As expected, since the 39m are strong inhibitory
sites, their incremental mutations resulted in an increase in
the copy number of pORI2 in absence of ¢rtS (Figure 1E
— without ¢rtS, Supplementary Figure S3A). Furthermore,
we revealed that ¢S no longer has any effect on the control
of pORI2 copy number when the 39m sites carry the C > A
mutation, regardless of which site has been mutated (Figure
1E — with ¢rtS, Supplementary Figure S3B). Surprisingly,
the control by c¢rtS was lost once a single site was mutated
(Figure 1F). Since each of the C > A mutations renders the
39m sequence insensitive to crtS activity, it is likely that crzS
inhibits the handcuffing activity of the 39m and not only
the transcriptional control role of RctB through its binding
to the 29m. All these results strongly suggest that crtS up-
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regulates the initiation of replication at ori2, primarily by
neutralizing the inhibitory effect of 39m.

The binding of RctB to crtS and 39m involves the same DNA
binding surface

To understand how crtS competes with the 39m sites, we in-
vestigated which RctB DNA binding surfaces are involved
in its interaction with ¢rtS. RctB harbours three winged-
helix-turn-helix motifs (HTH1, HTH2, HTH3) in domains
I, IT and III respectively, that mediate binding to DNA (9).
As no full length RctB structure is currently available, we
used a recently released AlphaFold2-MMseqs2 webserver
to generate a model of RctB complete structure (29,30)
which we visualized with ChimeraX (31) (Figure 2A, Video
S1). This predicted structure shows that the three HTH mo-
tifs are close together in a pocket that could accommo-
date a DNA molecule. This structure is in agreement with
Orlova’s model (9) which speculates that domain I and do-
main II-IIT bind opposite faces of the iteron DNA site.
They showed that all three HTH are crucial for RctB bind-
ing to iterons, but only HTH2 is essential for the bind-
ing to 39m (9). To explore the importance of these HTHs
in ¢rtS binding, we purified the three RctB HTH mutants
(RctByth1, RetByth2, RetByths) and confirmed that their
affinities for 39m were as described in (9) (Supplementary
Table S2, Supplementary Figure S4). We further compared
the b1nd1ng of RetBythi, RetBurh2, RetByThs to the bind-
ing of RctBwt by EMSA with a radiolabelled DNA probe
containing the ¢rtS site (Figure 2B). With all four RctBs
tested (WT and HTH mutants), we observe the formation
of higher molecular weight complexes. This observation de-
pends on the ability of several RctB monomers to bind co-
operatively to DNA (10). Thus, all three RctByty mutants
retain their ability to bind cooperatively to DNA. Quantifi-
cation of the formation of RctB-¢rtS complexes at increas-
ing RctB concentrations reveals that RctB, RetByry; and
RctByrhs have the same affinity for ¢rtS while RetByrn
hardly forms complex with crtS (Figure 2C). At the high-
est concentration of the RctBytyy mutant, we could ob-
serve the formation of a higher molecular weight nucleopro-
tein complex, meaning that RctByryp is still able to bind
cooperatively to c¢rtS (10). Thus, the disruption of HTH2
strongly reduced the binding efficiency of RctB to the crtS
site as it is the case for the 39m without abolishing its ability
to bind cooperatively. This suggests that the binding con-
formation of RctB, involving domain II, could be similar
for 39m and crtS. Consistent with these results, the addi-
tion of non-radioactive crtS DNA competitor reduces the
formation of RctB/39m complexes in vitro while the inter-
actions between iterons and RctB are not altered by the ad-
dition of ¢rtS (Supplementary Figure S5). Since 39m and
crtS compete for RetB binding, we wondered if ¢rtS could
partially be substituted by a 39m in V. cholerae on Chrl. To
do so, we first inserted the three types of RctB binding sites
(iteron, 39m and crzS) into the Tn7 insertion site (attTn7)
located on the Chrl of V. cholerae, and then excised the na-
tive crtS site (AcrtS). Using digital PCR (dPCR), we mea-
sured the copy number variation between Chrl and Chr2
of non-replicating V. cholerae bearing either of the RctB
sites on Chrl (Figure 2D). If the RctB binding site is fully
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Figure 2. RctB share the same DNA binding surface to bind to ¢rzS and 39m. (A) Model of RctB structure predicted with AlphaFold2 (29) and visualized
with ChimeraX (31). The four domains of RctB, described by Orlova (9), are shown with the same color code in the secondary structure model and in the
linear representation of RctB below. The three winged-helix-turn-helix motifs in domains I, IT and III are indicated HTH1, HTH2 and HTH3 on the linear
representation of RctB. The AAs that we mutated into these HTH motifs are shown in dark blue on the secondary structure model. (B) Electrophoretic
mobility shift assays of wild-type RetB (RctBwr) and HTH mutants: RetByrr; (Q83A-R84A-R86A), RetByrha (K271A-K272A-S274A) and RetByrs
(R420A-R423A) with a 114bp-probe containing a crzS'site. RctB concentration for each gel is incremented as follows: 5, 10, 20, 40 nM. (C) Mean percentage
of RctB/DNA complex formation with ¢rzS in three EMSA experiments (+ standard deviation). Percent of bound DNA is calculated as in Figure 1D.
(D) Chr2 copy number relative to Chrl (ori2/oril) in non-replicating V. cholerae. In all mutants, the native crzS site is deleted and RctB binding sites are
inserted in the at¢tTn7 insertion site of Chrl (mean =+ standard deviation).
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active in triggering Chr2 replication, we expect a Chr2 copy
number (ori2/oril ratio) of about 1 (e.g. WT). If the site is
inactive, Chr2 will be lost which will translate into a lower
Chr2 copy number (e.g. AcrtS, attTn7::9). Our results show
that only ¢rtS can trigger Chr2 replication when located on
Chrl and cannot be substituted by any other RctB bind-
ing site (i.e. 39m, 1 or 2 iterons). Although the binding of
RctB to ¢rtS and 39m appears to be similar, only ¢rzS can
perform its function, suggesting that the triggering of Chr2
initiation by ¢rtS may involve other activities of RctB.

RctB domain IV is necessary for both 39m and c¢rtS regula-
tion of ori2 initiation

Although RctB domain IV is not essential for replication
initiation, its role in Chr2 copy number control is funda-
mental (11). Domain I'V encompasses RctB handcuffing ac-
tivity and RctB oligomerization ability, both of which are
mediated by protein-protein interactions (10,11,22). We in-
vestigated whether these activities could be involved in crtS-
mediated control of Chr2 replication. To circumvent the
toxic effect of Chr2 over-replication in V. cholerae caused
by the deletion of RctB domain IV, we used our reporter
plasmid pORI2 in E. coli (10). We built a set of pORI2 with
truncations from RctB domain IV by inserting stop codons
in the rctB gene (Figure 3A). All the truncated versions of
pORI2 could replicate autonomously except for the com-
plete deletion of domain IV (AIV) for which the few clones
that we obtained integrated pORI2 into the chromosome.
We measured the copy number of all pORI2 truncated RctB
mutants by quantitative dPCR (Figure 3B). We observed
that most of the truncations in domain IV increase pORI2
copy number. Only the deletion of 2 AA in RctB (A2) had
no impact on pORI2 copy number compared to WT (Fig-
ure 3B, white bars). We noticed that, depending on the size
of the truncation, there were two levels of increase in pORI12
copy number, suggesting that the negative control of ori2
replication occurs at two levels in RctB domain IV. Larger
deletions of domain IV (A157, A147, A137) considerably
increased pORI2 copy number by a factor of about 50 (Fig-
ure 3B, dark grey bars). We found that these large deletions
overlap with a 71 AA regulatory region previously iden-
tified for its role in limiting ori2 initiation, DNA binding
and RctB/RctB interactions (22). Shorter deletions (A101,
A82, A41, A27, A17) moderately increased pORI2 copy
number by a factor of about 4 (Figure 3B, light grey bars).
This region closer to the carboxyl-terminal end of RctB has
not yet been studied nor identified for its role in controlling
Chr2 replication. To assess the role of RctB domain IV in
crtS-mediated control of replication, we perform the same
assay in E. coli carrying a crtS site inserted in the chromo-
some (Figure 3C, Supplementary Figure S6). We observed
that most of the deletions in domain IV abolished the con-
trol of ¢rtS on pORI2 copy number (Figure 3C, +/— crtS
~1). Only the shortest deletion of RctB (A2) did not abol-
ish the control of ¢rtS over pORI2 copy number (Figure
3C, +/— crtS > 3). We further assessed the in vivo binding
of a selection of truncated variants (AIV, A147, A82, Al7,
A2) to the 39m sites by measuring the activity of the Re-
nilla reporter transcribed from the RctB promoter (includ-
ing a 29m) as in Figure 1C. We observed that in the pres-
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ence of RctB, Renilla’s activity increased significantly in all
truncated mutants (AIV, A147, A82, A17) with the excep-
tion of RctBA2, to a level equivalent to that obtained in the
absence of RctB (Figure 3D). This result means that mu-
tants (AIV, A147, A82, A17) are no longer able to repress
the 39m-containing RctB promoter. In parallel, we assessed
the in vivo binding of RctB to iteron sites by measuring the
activity of the Renilla reporter transcribed from the rctA
promoter (PrctA contains two iterons and no 39m sites) as
described in (11). Unlike PrctB, the rctA promoter remains
repressed by all RctB mutants (AIV, A147, A82, A17, A2)
as well as by RctB WT (Supplementary Figure S7), which
suggests that domain IV mutations have no impact on the
regulation of iteron-containing PrctA. Thus Chr2 replica-
tion regulation by 39m and crtS entails the domain IV of
RctB. These results reinforce the hypothesis that the binding
of RctB to 39m is crucial in the control of Chr2 replication
by crtS.

The extreme C-terminal of RctB domain IV is crucial for
replication coordination by crtS

Unlike the other RctB domains, the entire domain IV or
its segments have not been crystallized. Our AlphaFold2
structure prediction shows that domain IV is poorly struc-
tured between AA 480 and 538 and that the C-terminal part
contains a well-structured module (Figure 2A, Video S1).
More precisely, the secondary structure prediction analysis
of RctB revealed a region with high probability to form an
a-helix within the last 16 AA C-terminal extremity (Figure
4A and Supplementary Figure S8). To assess its role in Chr2
replication control and crtS activity, we performed an ala-
nine scanning in the 16 AA C-terminal tail of RctB. Substi-
tutions with alanines are expected to alter the interactions in
the a-helix without causing major disruption of the overall
protein folding (32). We substituted, three residues at a time,
15 AA with alanines (Figure 4A, left panel). The pORI2
mutants were then analysed by quantitative dPCR to mea-
sure the effect of alanine substitutions on their copy num-
ber and on c¢rtS activity. All pPORI2 mutants have a copy
number that is not significantly affected compared to the
WT (Supplementary Figure S9), meaning that the negative
regulatory control is still functional when the a-helix is mu-
tated. However, whether mutations were inside or outside
the a-helix, the influence of ¢rtS on pORI2 copy number is
different (Figure 4A, right panel). When RctB is mutated
upstream or downstream of the a-helix, the +/— crtS ra-
tio is higher than 1 meaning the ¢rtS still exerts a role on
pORI2 replication control. When RctB is mutated in the o-
helix, the +/— crtS ratio is close 1, which means that crtS
no longer influences pORI2 replication. We further substi-
tuted a conserved leucine located in the middle of the a-
helix with a proline (L651P) in order to disrupt the a-helix
(32). With the RctBpgs;p mutation, ¢rtS has no longer an
effect on pORI2 copy number, whereas with a substitution
outside the a-helix, RetBG657P, crtS increases pORI2 copy
number to a level similar to wild-type (Figure 4A). Thanks
to the mild copy-up phenotype caused by the RctBy ¢51p mu-
tation (Supplementary Figure S9), we were able to insert
this mutation into V. cholerae without it being lethal which
allowed us study its effect under endogenous conditions. We
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Figure 3. crtS regulation of Chr2 replication involves RctB domain IV. (A) Domain IV representation of RctB. Stop codons were inserted to generate
truncated proteins as indicated in amino acids coordinates (above, AA) and amino acids deletion (bottom, AAA). (B) Copy-number (CN) of pORI2
relative to the chromosome in E. coli strains. The various pORI2 derivatives were built by inserting stop codons in rczB as indicated in panel A. The Y-axis
represents [Log2(CN)]. NR means not replicative. The different shades of grey represent the two different levels of up-regulation of ori2 replication upon
truncation of domain IV (dark grey: very high 32 > CN > §; light grey : moderately high 4 > CN > 1). (C) Ratio of pORI2 copy number in E. coli with
and without a chromosomal crzS site (+/— crtS). An absence of activation by crzS corresponds to a ratio of 1 (indicated by a dashed line). (D) Promoter
repression by RctB (and truncated mutants) binding to the 29m in PretB, as Figure 1C. RctB and mutants are induced with arabinose (0.2%) from a low-
copy plasmid (Supplementary Table S2). In all graphs, data represent averages from at least three independent biological replicates 4 standard deviations.
Each dot represents an independent experiment. Statistics were applied on pairwise comparisons using Student’s z-test and on multiple comparisons using
one-way ANOVA. Statistical significances are indicated (ns : non significant; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001).

measured the ori2/oril ratios in presence or absence of the
native crtS site both in non-replicating (stationary phase)
and replicating (exponential phase) conditions to differen-
tiate the effect of ¢r£S on Chr2 copy number and Chr2 ini-
tiation timing respectively (Figure 4B). We observed that
the RctBy gs1p mutation causes a doubling of the Chr2 copy
number compared to Chrl. As in E. coli, Chr2 copy num-
ber in the RctBy g5;p mutant of V. cholerae is no longer un-
der the influence of ¢rtS, whereas it maintains a Chr1:Chr2
ratio of 1:1 in the WT strain (Figure 4B, stationary phase,
ori2/oril = 1 in WT with native crtS). We also observed,
in exponential phase, that the timing of Chr2 replication in
the RctBygs1p mutant is no longer controlled by crtS (Fig-
ure 4B, exponential phase, ori2 /oril < 1 in WT with native
crtS). In the RetBy ¢s5;p mutant, ¢rzS thus no longer has con-
trol over the copy number and the timing of initiation of
Chr2. We further characterized RctBy¢s1p for its promoter
repressing activity on PrctB (containing a 29m) and PrctA
(containing two iterons) using the luciferase reporter. On
PrctB, the Renilla activity, using RctBygs;p, is similar to re-
sults obtained with the empty plasmid (Figure 4C) while on
PrctA, it is similar to results obtained with RctBwr. This
observation means that RctBy g5;p is still capable of repress-
ing PrctA but not PrctB. This de-repression of PrctB was
confirmed in V. cholerae by RT-dPCR in a RctBy¢s51p mu-
tant where the expression level of RctB increases to >20-
fold that of WT (Supplementary Figure S10A). We com-
pared the amount of RctB protein by Western blot in both
the 29m(C > A) and RctBygsip V. cholerae mutants where

Chr2 replication initiation is no longer under the control
of ¢rtS (Supplementary Figure S10B). In the 29m(C > A)
mutant, we saw an increase in the amount of RctB pro-
tein. However, in the RctBigs;p mutant, the amount of
RctB protein was unaltered compared to WT. This sug-
gests that increasing the amount of RctB is not the only
way to overcome the control by c¢rtS. The defective bind-
ing of RctBygs1p to 39m sites could cause the independence
of Chr2 replication from ¢rzS control. The predicted a-helix
in the C-terminal tail of RctB is conserved among 26 Vib-
rio species with the leucine at position 651 being fully con-
served (Supplementary Figure S11). We tested the effect of
mutating this leucine in two phylogenetically distant Vib-
rio species (Vibrio nigripulchritudo and Grimontia hollisae).
We generated pORI2 derivatives containing the [ori2-rctB]
regions of V. nigripulchritudo and G. hollisae that we intro-
duced into E. coli containing a chromosomal copy of their
corresponding crtS sites. Both V. nigripulchritudo and G.
hollisae pPORI2 copy number increases in the presence of
their respective crtS sites in E. coli, as it does for V. cholerae
pORI2 (Figure 4D). When the last leucine of RctB is mu-
tated (V. cholerae RctBygsip, V. nigripulchritudo RctBygsip
and G. hollisae RctBygs3p), the copy number of the respec-
tive pORI2 is no longer controlled by crtS (Figure 4D).
Note that in G. hollisae, the L653P mutation is not copy-up
as it is for V. cholerae and V. nigripulchritudo. These results
show that the unique C-terminal tail of RctB is critical in
the control of Chr2 replication by ¢72S and that it is con-
served among Vibrionaceae.
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Figure 4. The C-terminal tail of RctB is essential for the control of Chr2 replication by crtS. (A) Mutagenesis of the last 19 AA in the carboxy-terminal
end of RctB. Left panel: The coordinates of the putative alpha helix (645 to 655 AA), based on Supplementary Figure S8D, are indicated by a dashed
line. Alanine and proline substitutions are indicated below the wild-type sequence (WT) in red. Right panel: Ratio of pORI2 copy number in E. coli
with and without a chromosomal ¢rtS site (+/— ¢rtS) (data from Supplementary Figure S9). An absence of activation by crtS corresponds to a ratio of
about 1 (indicated by the red dashed line). (B) ori2 copy number relative to oril (ori2/oril) in V. cholerae wild-type (RctBwT) or with a point mutation in
RctB (RctBygs1p) in presence (native crtS) or absence (AcrtS) of crtS. Total genomic DNA was purified either from replicating cells (exponential phase)
or from non-replicating cells (stationary phase). (C) Promoter repression by RctBwt and RctBygs1p mutants of PrctB (29m) or PrctA (iterons) as in
Figure 1C. RetB is induced with arabinose (0.2%) from a low-copy plasmid (Supplementary Table S2). (D) Copy number of pORI2 derivatives relative to
the E. coli chromosome (pORI2/0riC). The pORI2 derivatives carrying the ori2 and rctB genes from either V. cholerae, V. nigripulchritudo or G. hollisae
are transformed into E. coli strains carrying their respective crzS sites. In all graphs, data represent averages from at least three independent biological
replicates + standard deviations. Each dot represents an independent experiment. Statistics were applied on pairwise comparisons using Student’s z-test
and on multiple comparisons using one-way ANOVA. Statistical significances are indicated (ns : non significant; * P < 0.05; ** P < 0.01; *** P < 0.001;
**xx P <0.0001).

The extreme C-terminal of domain IV supports RctB self- ing probes carrying either a 39-mer, a methylated iteron
interaction or a crtS site in the presence or absence of DnaK/J chap-
erones (Supplementary Figure S12). RctBAIV, RctBA157
and RctBA147 could hardly form the complex C3 on a
39m site (i.e. three RctB molecules bound to the probe,
(10)), even in presence of DnaK/J, suggesting an alteration
of RctB oligomerization activity (Figure SA, Supplemen-
tary Figure S12A). Conversely, RctBA2 could still form
C3 complexes similar to RctBwr. Similar results were ob-
served with probes containing crtS (Supplementary Fig-
ure S12B) and methylated iterons (Supplementary Figure
S12C). RctBAIV, RctBA157 and RctBA 147 formed mainly

duced in soluble form. We were however able to purify Cl compques with iterons and crzS, whereas RetBA2
RCtBA157, RetBA147 and RetBA2. We compared their ~ 0ound similarly to RetBywr to all the DNA probes. We
binding ac"tivities to RetByr and RCtBAIV by EMSA us- quantified the formation of C3 complexes, reflecting the

In an earlier study, we showed that the domain IV of RctB
is required for the cooperative binding and further non-
specific oligomerization of RctB onto DNA after its ini-
tial specific binding (10). RctBAIV is no longer able to
oligomerize on iterons even in the presence of DnaK/J
chaperones which stimulate RctB cooperative binding (10).
For this reason, we explored the in vitro binding activi-
ties of the RctB truncated mutants on all three binding
sites. None of the mutants with deletions ranging from AA
101 to 17, as well as the RctBy¢s51p mutant, could be pro-
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Figure 5. RctB domain IV is involved in RetB self-interaction and cooperative DNA binding. (A) Top panel : Example of cooperative binding of RctB
and RctBA 147 to 39m by EMSA. Free DNA probes (39m) and RctB nucleoprotein complexes (C1, C2 and C3 = 1, 2 and 3 bound RctB respectively) are
indicated (as in (10)). The protein concentrations are 10 nM or 20 nM RctB with constant concentrations of 5 nM DnaKy, and 5 nM Dnaly,. Bottom
panel: percentage of RctB/DNA higher complex formation (C3) in EMSA shown in Supplementary Figure S12. EMSAs were performed with RctB (WT)
or domain IV mutants (IV, A147, A2) with DNA probes containing either a 39m site, an iteron, or a ¢r£S site. Quantifications were done under conditions
using 10 nM RctB and in the presence of DnaK /Jy. chaperones. Percent of C3 RctB/DNA complexes is equal to (intensity of the C3 shifted band /combined
intensities of C1, C2, C3 shifted bands) x 100. Mean of at least two independent experiments + standard deviation. Each dot represents one replicate.
(B) Bacterial two-hybrid interactions of RctB with itself in E. coli on X-Gal plates. Blue indicates interaction and white indicates no interaction. Panel
(I) shows the positive leucine zipper (+/+) and negative (empty/empty) controls of interaction, the interactions of RctBwr with itself (WT/WT) and the
interactions of the two single mutants RctBp314p (DP/DP) and deletion of 157 AA in domain IV (A157/A157) with themselves. Panels (II) and (I1I) show
the interactions that were tested with RctB double mutants having an increasing deletion of domain IV (DP/AAA). Panel (II): interaction of the double
mutants with themselves. Panel (II1): interaction of the double mutants with the single mutant RctBp34p (DP). Panel (IV) shows the interactions that were
tested within the last C-terminal predicted a-helix of RetB. The vectors used for bacterial two-hybrid are described in Supplementary Table S2.
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oligomerization activity of RctB, and observed that the mu-
tant RctBA147, like the mutant RctBAIYV, is defective for
oligomerization (Figure 5A, Bottom panel). Because we
failed to purify mutants from the C-terminal region of do-
main IV (between amino acids AA 557 and 656), including
the RctByg51p mutant, we were unable to characterize them
in vitro. To circumvent this issue, since RctB oligomeriza-
tion on DNA depends on protein-protein interactions in-
volving its domain IV (10), we used the bacterial two-hybrid
system in E. coli to test RctB/RctB interactions in vivo in
all RetB truncated mutants (24). First, in order to observe
only the interactions mediated by domain IV and because
other RctB-RctB interactions are mediated in the dimeriza-
tion interface of domain II (9), we inserted a D314P (DP)
mutation that kills this interaction. As expected, with only
one mutation (DP or A157), RctB interactions still occur,
as shown by blue spots (Figure 5B, panel I). With both mu-
tations (DP and A157), RctB no longer interact, as shown
by white spots (Figure 5B, panel II). Among all the trun-
cated mutants of domain IV, only RctBA2 displays a blue
spot suggesting that residues between 641 (RctBA17) and
656 (RctBA2) are involved in RctB/RctB interactions (Fig-
ure 5B, panel II). These interactions take place symmetri-
cally between the extreme C-terminal 16 AA region of each
RctB partner since the impairment of only one partner is
sufficient to disrupt the interaction (Figure 5B, panel III).
We confirmed that none of the domain IV mutations in-
terfered with RctB expression or overall folding using sin-
gle mutants (no mutation of D314) (Supplementary Figure
S13). We further tested the role of the last C-terminal 16 AA
in RctB/RctB interactions. We observed that RctB mutants
in the predicted a-helix no longer interact with each other
(Figure 5B, panel 1V, DP/649-651 and DP/L651P) while
mutants outside the a-helix still interact (Figure 5B, panel
1V, DP/640-642). These results show that the C-terminal
extreme tail of RctB is necessary for its self-interaction.
Thus, the coordination of Chrl and Chr2 replication most
likely relies on the ability of RctB molecules to interact via
their C-terminal extremities, presumably in order to bind
cooperatively onto DNA.

DISCUSSION

Replication in V cholerae is a very sophisticated process that
ensures synchronous replication of both chromosomes once
per cell cycle (17). The initiation of Chr2 replication is sub-
ordinated to Chrl replication via the ¢rtS locus (18). The
initiator of Chr2 replication, RctB, has structural similar-
ities with the initiators of Rep-type plasmids via its core
domains, II and III (9). However, these plasmids are gen-
erally not replicated in synchrony with their host cell cy-
cle. Besides, RctB is more complex than Rep-type initiators
as it carries two additional domains providing new func-
tions (9). Understanding how RctB relays the information
between crtS and ori2 to initiate Chr2 replication is criti-
cal to our comprehension of the mechanisms that maintain
both chromosomes in harmony with the cell cycle. From
our observations, we propose that crtS triggers the initia-
tion of Chr2 replication by acting as an anti-inhibitory site,
preventing 39m from negatively regulating replication. This
activity relies on a unique sub-structure, found in the ex-
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treme C-terminal tail of RctB, conserved in all Vibrio, but
absent from the other Rep-type initiators. Deletion or disor-
ganization of this element, lead to lose the Chr2 replication
control by crtS, as well as of the orchestrated replication of
V. cholerae’s two chromosomes. Therefore, the coordinated
replication of the two chromosomes of Vibrio likely results
from the acquisition of this unique functional domain by
RctB.

crtS acts as an anti-inhibitor of the 39m sites

Chr2 origin contains three negative regulatory 29/39m sites,
which exert a tight control on Chr2 copy number (Figure
1A). We previously identified that a single nucleotide mu-
tation (C > A) in the 29m site of the RctB promoter was
able to compensate the deleterious effect of crzS deletion in
V. cholerae by increasing Chr2 copy number (18). We show
here that the (C > A) mutation alters RctB binding to 29m
and 39m, both in vivo (Figure 1C) and in vitro (Figure 1D).
In the 29m, the C > A mutation causes a 10-fold increase
in RctB expression in V. cholerae (Figure 1B), which we
thought could explain the rescue of the ¢rzS mutant by the
increased amount of initiator (18). However, the same mu-
tation in a 39m outside the RctB promoter also increases
pORI2 copy number and compensates crtS deletion, while
it has no effect on RctB expression (Figure 1B, E). There-
fore, the (C > A) mutation must alter another mechanism
implicated in 39m negative regulation of ori2 replication. By
weakening the RctB affinity for the 39m, the C > A muta-
tion could hamper ori2 handcuffing and reduce competition
for RctB binding to the iterons. In E. coli, the (C > A) mu-
tation in one, two, or all three 39m sites increases the copy
number of pORI2 with a cumulative effect (Supplementary
Figure S3) indicating that all 39m sites are involved in ori2
negative regulation. However, the (C > A) mutation in ei-
ther of the 39m sites makes pORI2 replication independent
of crtS (Figure 1E, F). This indicates that in E. coli, the con-
trol of ¢rtS on ori2 replication requires the fully functional
set of 39m sites. We could not verify this in V. cholerae as we
were not able to mutate more than one 39m site at a time nor
could we mutate the 39m site in rctA. It is possible that our
failure to generate 39m mutants in V. cholerae is due to the
lethality induced by these mutations since they lead to an
increase in Chr2 copy number which is known to be toxic
for the bacterium (33).

Baek et al. observed in E. coli, that the presence of c¢rtS
decreased the binding of RctB to 39m (20). Our in vitro ob-
servations are in agreement with these results, as we showed
that linear c¢rtS competes with linear 39m for binding to
RctB (Supplementary Figure S5). Moreover, we show that
RctB binds to ¢rtS via its domain II DNA-binding surface
(Figure 2B, C). Since the same DNA-binding surface of
RctB is required for binding to a 39m (Supplementary Fig-
ure S4) (9), competition between the two sites seems struc-
turally evident. Baek ef al. also observed in E. coli, that the
presence of c¢rtS increased the binding of RctB to iterons
(20). In our experiments, we observed that linear ¢r£S DNA
does not compete with methylated iterons (Supplementary
Figure S5). This observation means that the crzS effect on
RctB-iterons interaction is not reproducible in our in vitro
condition. We use DnaKy, and Dnalvy, from V. cholerae,
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Figure 6. Model for coordination of replication between Chrl and Chr2 by ¢r£S. (A) RctB binding sites are shown in green (iterons), red (39m) and blue
(crtS). A positive control is represented by an arrow associated with (+), and a negative control is represented by a flat-ended arrow associated with (—).
OFF = Chrl: ¢rtS has not been replicated. Chr2: RctB binding to the 39m sites inhibits replication initiation at ori2 mainly by handcuffing (red arrows).
ON = Chrl: ¢rtS has been replicated. We hypothesize that the transient binding of RctB to the replicated crzS sites results in either a competition with the
39m sites or a remodeling of RctB that results in a decrease in its affinity for the 39m sites (blue arrows). Chr2: RctB binding to 39m is inhibited which
releases ori2. Binding of RctB to methylated iterons causes opening of the DNA unwinding element (DUE) and oligomerization of RctB onto single-
stranded DNA (green arrows) (7). (B) Acquisition of a unique domain IV by the initiator RctB to coordinate replication of Chrl and Chr2. Comparison of
protein domain organization of three types of iteron initiators. The different structural domains are indicated (WH = winged helix, DBD = DNA binding
Domain). Additional N-ter domains (such as the domain I of RetB) have been found in TrfA-like plasmid initiators (DBD) (43). The role of domain I in
RctB is still elusive. Additional C-terminal domains (such as the domain IV of RctB) have not found in iteron-like plasmid initiators. RctB domain IV is
crucial for coordinating Chrl and Chr2 replication. Representation adapted from (43).

whereas previous studies have been performed with DnaKg,
and Dnalg, from E. coli (20). We already observed such dis-
crepancies in the binding of RctB to its DNA substrates
between E. coli and V. cholerae (10). This suggests that
species-specific interactions between DnaKy. /Jy. and RctB
are important to promote the binding of additional RctB
monomers to DNA (10).

In conclusion, it appears that the positive control of ¢rtS
on ori2 replication initiation occurs through the abolish-
ment of 39m inhibitory activities. Competition for RctB
binding between ¢S and 39m could impede the handcuff-
ing of ori2 by 39m, allowing replication to be initiated. Im-
portantly, a 39m does not functionally replace crzS, even
in trans on V. cholerae Chrl (Figure 2D), implying that
RctB—¢rtS and RctB-39m interactions are different; only
the RctB—crS interaction can exert a role in initiating Chr2
replication. How the interactions between RctB—crzS and
RctB-39m differ is not yet understood, and may be due ei-
ther to the specific DNA sequences contained in crtS or to
the binding of the transcription factor Lrp (34).

The self-interaction of RctB molecules through their C-
terminal tails is crucial for crzS control of Chr2 replication

The down-regulation of ori2 replication initiation by RctB
requires its domain IV (11). This domain, whose structure
is still unknown, does not harbor a known DNA binding
motif, although it has been shown to bind to DNA (9,22).
However, domain IV is required for RctB handcuffing and
oligomerization activities (10,11,22). We used the recently
released AlphaFold2 algorithm (29), which uses machine
learning to predict protein structures with high accuracy,
in order to predict the full length RctB secondary struc-
ture (Figure 2A, Video S1). This gives us new information
about how RctB may interact with DNA and with itself. In
this model, it clearly seems that all three HTH are close to-
gether within a pocket that could accommodate the DNA
molecule, in agreement with Orlova’s model (9). We also see
that RctB domain 1V is separated from the other three do-
mains. It is therefore conceivable that RctB C-terminal part
is more accessible to interact with the C-terminal module of
another RctB molecule. This would be consistent with our
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in vivo observations of domain I'V-domain IV interactions
(Figure 5B).

In this study, we discovered a novel function of domain
1V, which allows for the positive regulation of Chr2 repli-
cation by c¢rtS. All domain IV RctB truncated mutants, ex-
cept for RctBA2, are no longer regulated by crtS (Figures
3C, 4A, B). This is in contrast to published results show-
ing replication-stimulating activity by ¢rzS in the RctBA157
mutant (20). These discrepancies can be explained by our
different setups. In our system, crtS is inserted into the F.
coli chromosome and the entire [ori2-RctB] region is on the
same plasmid, whereas in Baek’s setup three plasmids con-
tain the three components separately: RctB, ori2 and crtS.
In our study, once the integrity of domain IV is affected,
the replication-enhancing activity of c¢rzS is lost in E. coli
(Figures 3C, 4A) and this observation was confirmed in V.
cholerae (Figure 4B).

We observed that RctB domain IV includes at least two
regions of replication regulation, which are reflected by two
levels of Chr2 copy limitation (Figure 3B). The first re-
gion, between AA 501 and 521 (Figure 3A), overlaps a
regulatory region previously characterized for its role in
Chr2 copy number down-regulation, binding to DNA and
RctB dimerization (22). In both plasmids and Chr2, hand-
cuffing is the main safeguard mechanism that keeps copy
number low. Increasing the concentration of initiator above
the physiological level does not significantly increase plas-
mid copy number, whereas altering handcuffing can dras-
tically increase plasmid copy number (8). Since all three
RctBA157, RetBA147 and RctBA137 mutants are deleted
for the dimerization interface involved in handcuffing, this
explains the high pORI2 copy number (Figure 3B). In vivo,
RctB handcuffing mutants can be studied in E. coli using
pORI2 (Figure 3B) but not in V. cholerae because these
mutations are likely to be lethal due to the toxicity caused
by excessive Chr2 copy number. These RctB domain IV
mutants (RctBA157, RctBA147 and RctBA137) are defec-
tive in cooperatively binding to DNA (Figure 5A, Supple-
mentary Figure S12). These mutants preferentially form C1
complexes with DNA, corresponding to the binding of a
monomer of RctB to DNA (10). This implies that the co-
operative binding of RctB is not required for initiation of
ori2 replication. Plasmid initiators catalyze origin opening
via a DNA distortion mechanism (35,36). DNA distortion
isinduced by binding of the plasmid initiator to an iteron ar-
ray (37,38). It is likely that binding of RctB to the six-iteron
array of ori2 catalyzes the initiation of ori2 replication by
mediating a change in DNA conformation (7) without re-
quiring RctB cooperative binding to DNA.

The second, newly identified region between AA 641 and
656 (Figure 3A, Supplementary Figure S9) is mildly in-
volved in the control of Chr2 copy number (Figure 3B). All
truncations from A17 to A101 have the same mild impact
on pORI2 copy number. Between A2 and A17 truncations
resides a predicted a-helix, conserved in other Vibrionaceae
(Supplementary Figures S8, S11). We show that this pu-
tative a-helix is crucial for ¢rtS control of ori2 replication
(Figure 4A) whereas its disruption has only a limited im-
pact on pORI2 copy number (Supplementary Figure S9)
indicating that the a-helix is not involved in the negative
control of Rc¢tB via handcuffing with 39m. When a leucine
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of the alpha helix is substituted with a proline (L651P) so as
to disrupt its structure (39), replication at ori2 is no longer
controlled by ¢rtS (Figure 4A, B). Because of its limited im-
pact on ori2 initiation negative regulation, we could trans-
pose the RctBy ¢51p mutation in V. cholerae. Even though the
L651P mutation increases the level of RctB expression by
20-fold that of WT (Supplementary Figure S10), the num-
ber of Chr2 copies is only doubled (Figure 4B) suggest-
ing that RctB concentration level is not a major limiting
factor of Chr2 replication control since its overexpression
does not considerably increase Chr2 copy number. It was
shown in E. coli that an increase of RctB concentration does
not prevent crtS enhancing activity on pORI2 copy number
(20,23), thus an increase of RctB concentration induced by
the L651P mutation does not explain the loss of ¢S control
on ori2.

We analysed the binding affinities of the RctB domain
IV mutants to 39m and iterons by monitoring their abili-
ties to repress the PrctB and PrctA promoters respectively
(Supplementary Figure S1). All domain IV mutants that
are no longer regulated by crtS (Figures 3C, 4A, B) also
fail to repress the PrctB promoter (Figures 3D, 4C) while
retaining their PrctA repression activity (Figure 4C, Sup-
plementary Figure S7). This indicates that binding to 39m,
but not to iterons, is impaired in crtS-independent mutants.
We show in vitro that RctBAIV, RctBA157 and RctBA 147
still bind to iteron, 39m and ¢S, but no longer oligomer-
ize (Figure 5A, Supplementary Figure S12). Thus, it ap-
pears that, in vivo, binding to 39m or repression of PrctB
depends on RctB cooperative binding capacity. It is known
that some transcriptional regulators repress gene expres-
sion by forming a nucleoprotein filament on their promoter
(40). If this was the case for RctB, we would expect PrctA
to be repressed as well, but this is not the case, suggesting
that only 39m binding is impaired in ¢r£S independent mu-
tants. We have previously reported that oligomerization of
RctB on DNA, requires protein-protein interactions medi-
ated by its domain IV (10). Here, we show that all ¢rzS-
independent RctB mutants exhibit a defect in RctB-RctB
self-interaction by domain IV (Figure 5B). More specifi-
cally, we found that RctBygsip, a crtS-independent mutant
obtained from a single AA substitution in the extreme C-
terminal tail of RctB, is defective for RctB-RctB interac-
tions and PrctB repression. This suggests that these RctB-
RctB interactions are involved in the repressing activity of
RctB on 29m. However, RctBy ¢s51p is weakly involved in the
negative regulation of Chr2 copy number, suggesting that
these interactions are not involved in ori2 handcuffing by
the 39m.

We can highlight a similarity with the DnaA initiator for
which its oligomerization activity is also essential regard-
ing trans-acting sites. In E.coli, replication regulation re-
quires a tight control of the cellular concentration of the
active initiator DnaA-ATP. Both the reactivation of DnaA—
ADP to DnaA—-ATP and the hydrolysis of ATP require spe-
cific DNA loci (DARS2 and datA) and inter-DnaA interac-
tions (41,42). It was shown that mutation in the domain III
of DnaA (L290A), which mediates protein self-interaction,
severely impairs DARS2-mediated ADP dissociation (41).
Thus, it appears that for both chromosome initiators and
secondary chromosome initiators (i.e. DnaA and RctB),
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protein self-interaction is required in the regulation of repli-
cation involving a DNA locus other than the origin.

CONCLUDING REMARKS

This study advances our understanding of the coordination
of Chrl-Chr2 replication by providing new insights into
how Chr2 replication initiation is triggered by crtS. Our
results indicate that ¢rtS acts as an anti-inhibitory site by
preventing 39m from negatively regulating ori2 replication.
Thus, we believe that Chr2 replication must be inhibited
by RctB binding to 39m for much of the cell cycle (Figure
6A, OFF) and is briefly released when the replication fork
passes through the crtS site (Figure 6A, ON). The replica-
tion of ¢rtS would lift the inhibition of Chr2 initiation by
the 39m sites, thereby triggering Chr2 replication. Hence,
RctB binding to ¢rtS may vary depending on its replicative
state. Based on past and present results, it is likely that dou-
bling of ¢rtS may shift RctB binding from 39m sites to crtS
allowing ori2 to be released for replication. We cannot rule
out that RctB bound to ¢rtS interacts directly with 39m,
thereby preventing ori2 handcuffing, nor can we rule out
that a modification of RctB upon binding to ¢rtS decreases
the affinity of RctB for 39m (10,18,20,23). To verify this, a
study of the dynamics of RctB binding at the whole genome
level throughout the cell cycle is required.

We also showed that the extreme C-terminal tail of RctB,
containing a predicted a-helix, is crucial for the coordi-
nation of replication of both chromosomes by crzS. Both
the C-terminal end of RctB and the activation of ori2 by
crtS are found in other Vibrionaceae (Supplementary Fig-
ure S11; (16)), hence this mechanism is likely to be found
in all Vibrionaceae species. RctB C-terminal domain has
no homologue in other plasmid initiators. The acquisition
of an additional domain, here, especially dedicated to Vib-
rio Chr2 replication regulation, illustrates that the develop-
ment of new functionalities by domain acquisition could be
a more general feature of evolution of replication initiators
and other bacterial proteins involved in DNA metabolism
(Figure 6B). Recently, a unique third domain was identi-
fied in TrfA, the Rep initiator of the broad host range RK2
iteron-plasmids. The third domain of TrfA is essential for
replication and has led to the definition of a new class of
TrfA-like initiators containing three DNA-interacting do-
mains, WH1, WH2 and DBD (43). A similar phenomenon
was also observed for integron integrases, where the acqui-
sition of a protein domain led to a functional innovation
(44).
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