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To enable chromosomal replication, DNA is unwound by the ATPase molecu-

lar motor replicative helicase. The bacterial helicase DnaB is a ring-shaped

homo-hexamer whose conformational dynamics are being studied through its

different 3D structural states adopted along its functional cycle. Our findings

describe a new crystal structure for the apo-DnaB from Vibrio cholerae,

forming a planar hexamer with pseudo-symmetry, constituted by a trimer of

dimers in which the C-terminal domains delimit a triskelion-shaped hole. This

hexamer is labile and inactive. We suggest that it represents an intermediate

state allowing the formation of the active NTP-bound hexamer from dimers.

Keywords: replicative helicase; X-ray structure

Efficient and accurate replication of chromosomal

DNA is an essential process, observed in all cells,

which ensures faithful cell division. In bacteria, DNA

replication usually starts at a single origin to proceed

bidirectionally until it reaches a defined terminal

region, and is carried out by the replisome, a complex

macromolecular machinery. The architecture and

dynamics of bacterial replisomes have been extensively

characterized [1,2]. They are composed of several pro-

teins, the PolIII polymerase complex, the DnaG pri-

mase, the clamp loader, the SSB protein and the DnaB

helicase, which work together to coordinate DNA

unwinding and leading- and lagging-strands synthesis

[3].

The bacterial DnaB replicative helicase, powered by

the energy released by NTP hydrolysis, is the

molecular motor that unwinds double-stranded DNA

in front of the replication forks, resulting in the sepa-

ration of the duplex DNA into single strands. Recall

that DnaB belongs to the helicase superfamily 4 (SF4)

and translocates on the lagging strand in the 50 ? 30

direction [4,5]. The active protein is a toroid homo-

hexamer [6–8], and each monomer is composed of two

structural domains. The N-terminal domain (NTD) is

composed of a helical globular head supplemented by

two hairpin helices, while the C-terminal domain

(CTD) is a RecA-core domain that belongs to the

additional strand catalytic glutamate (ASCE) class of

P-loop NTPases [7,9]. The NTD and the CTD are

connected through a linker containing an a-helix [7].

Within the helicase hexamers, adjacent NTDs interact

pairwise through coiled-coil contacts to form

Abbreviations

CTD, C-terminal domain; DH, determinant helix; LH, linker helix; NTD, N-terminal domain; SAXS, small-angle X-ray scattering; SPR, surface
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2031FEBS Letters 596 (2022) 2031–2040 � 2022 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and

distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

https://orcid.org/0000-0003-4486-8509
https://orcid.org/0000-0003-4486-8509
https://orcid.org/0000-0003-4486-8509
https://orcid.org/0000-0002-0438-9493
https://orcid.org/0000-0002-0438-9493
https://orcid.org/0000-0002-0438-9493
https://orcid.org/0000-0001-9414-5857
https://orcid.org/0000-0001-9414-5857
https://orcid.org/0000-0001-9414-5857
https://orcid.org/0000-0003-2431-2255
https://orcid.org/0000-0003-2431-2255
https://orcid.org/0000-0003-2431-2255
https://orcid.org/0000-0002-7601-6397
https://orcid.org/0000-0002-7601-6397
https://orcid.org/0000-0002-7601-6397
https://orcid.org/0000-0002-1043-8378
https://orcid.org/0000-0002-1043-8378
https://orcid.org/0000-0002-1043-8378
https://orcid.org/0000-0003-4399-2743
https://orcid.org/0000-0003-4399-2743
https://orcid.org/0000-0003-4399-2743
mailto:
mailto:
http://crossmark.crossref.org/dialog/?doi=10.1002%2F1873-3468.14403&domain=pdf&date_stamp=2022-05-23


homodimers that organize themselves into a triangular

ring. In fact, the isolated NTD of Mycobacterium tu-

berculosis DnaB has also been observed to form a

trimer-of-dimers arrangement (PDB ID 2R5U) [10].

Additionally, the NTD ring has been shown to be

important for helicase motility activity and for binding

specific partner proteins [11–13]. In contrast, CTDs

interact with each other according to a circular ring

with a hexameric symmetry and present the ATPase

activity and DNA interaction surfaces [8,13–15].
Structure determinations of DnaB complexed with

ATP, ATPcS, AMP-PNP, ADP, ssDNA or protein

partners, have revealed multiple quaternary structure

arrangements (see [16] for a review) [17,18]. For

instance, the crystal structure of the Geobacil-

lus stearothermophilus apo-DnaB that, when complexed

with a domain of DnaG, showed a flat, two-tier con-

figuration with the NTD “collar” forming a trimer of

dimers, and the CTD ring with an exact or approxi-

mate threefold symmetry (PDB ID 2R6E and 2R6D,

respectively) [13]. No nucleotide was bound to the

DnaB hexamer, which formed a ~ 50 �A dilated chan-

nel, wide enough to accommodate dsDNA. In con-

trast, the helicase from Aquifex aeolicus in complex

with ADP showed a constricted sixfold symmetry

arrangement of the CTDs and a highly constricted

triskelion arrangement of the NTDs (PDB ID 4NMN)

[6]. In the study of the crystal structure of

G. stearothermophilus DnaB with ssDNA and GDP:

AlF4, a spiral arrangement of subunits around ssDNA

was revealed, suggesting a hand-over-hand transloca-

tion mechanism in which sequential hydrolysis of NTP

is coupled with two nucleotide translocation steps

along ssDNA (PDB ID 4ESV) [19]. Additionally, in a

recent study, it was found that the helical hexamer loa-

der DnaC from Escherichia coli, bound to ADP:BeF3,

cracks open the EcDnaB ring in a DNA loading-

competent structure (PDB ID 6QEL) [20].

The numerous available 3D structures of DnaB pro-

vide valuable but still incomplete insight into the com-

plex interplay between structural states and helicase

function. In particular, the significance of the dilated

planar DnaB structures remains unclear. We present

here the crystal structure of the apo-DnaB from Vib-

rio cholerae, which forms a novel pseudo-symmetric

hexamer structure, constituted by a trimer of dimers

organized in a dilated and planar shape, in which the

CTD ring delimits a triskelion-shaped hole. Our find-

ings show that this helicase conformation is inactive

and labile and may constitute an intermediate state

from dimers to active nucleotide-bound hexameric

rings.

Materials and methods

Protein sample preparation

VcDnaB was produced and purified as described in [15].

The buffers used for the first two purification steps (Ni-

NTA and Superdex 200) were supplemented with ATP

1 mM and MgCl2 3 mM. The last MonoQ chromatography

step was performed without ATP+Mg2+. The pure protein

sample was concentrated up to 24 mg�mL�1, aliquoted, and

flash-frozen in liquid nitrogen for storage at �80 °C.

ATPase activity

ATPase activity was assayed by linking ATP hydrolysis to

the oxidation of NADH as described in [21]. The ATPase

reaction was measured as a function of time at 340 nm by

a GS08-Fluorimeter (Tecan, M€annedorf, Switzerland), at

37 °C in a buffer containing Tris–HCl 50 mM (pH 7.5),

NaCl 150 mM, and MgCl2 5 mM.

DNA binding measurement by surface plasmon

resonance analysis

Surface plasmon resonance (SPR) was measured using a

Proteon XPR36 instrument (Bio-Rad, Hercules, CA, USA).

The measurements were performed at 30 °C in a PBS buf-

fer (Bio-Rad) complemented with 0.01% of Tween 20

(PBST) and with or without ATP 0.5 mM (and without

MgCl2). NLC sensor chips (Bio-Rad) were used to immobi-

lize the 50-mer oligonucleotide Oso15 described in [15],

through its 30 biotin-tag. For immobilization, DNA was

diluted in PBST and attached to the NLS sensor chip (Bio-

Rad) to obtain 50 RU. For the observation of kinetic data,

VcDnaB was injected at 50 lL�min�1 in PBST with or

without 0.5 mM ATP during 240 s, and dissociation was

run during 900 s in the same buffer. VcDnaB was injected

at different concentrations, from 0.312 to 5 lM. After each

interaction test, the chip was regenerated using 0.5% of

SDS. After correcting by subtraction of the uncoated refer-

ence channel, the sensorgrams were analyzed and com-

pared.

Crystal structure determination of apo-VcDnaB

Native protein crystals were grown in 100 nL sitting drops

distributed automatically by the Mosquito pipetting robot,

by mixing VcDnaB (at a concentration of 0.115 mM of

monomer) with a reservoir solution in a 1 : 1 ratio. Unex-

pectedly, despite the fact that VcDciA and GDP were pre-

sent in the initial protein mixture (0.115 mM

VcDciA + 2 mM GDP + 5 mM NaF + 0.5 mM

AlCl3 + 3 mM MgCl2), crystals of apo-VcDnaB alone were

obtained. Numerous small cubic crystals of apo-VcDnaB
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appeared after 3 days at 18 °C in 0.1 M sodium acetate

(pH4.6) + 1.2 M sodium malonate. Glycerol cryo-protected

crystals (one-step at 30% glycerol) were flash-frozen in liq-

uid nitrogen. Diffraction data and refinement statistics are

given in Table 1. Crystallographic data were collected at

the PROXIMA-1 beamline from Synchrotron SOLEIL

(Saint-Aubin, France) and processed with XDS [22] through

XDSME [23]. Diffraction anisotropy was corrected using the

STARANISO server (http://staraniso.globalphasing.org).

The VcDnaB crystal structure was solved by molecular

replacement with the MOLREP program [24] using the X-

ray structure of the DnaB�GDP:AlF4:Mg2+ from V. c-

holerae (GDP-bound structure, PDB ID 6T66) [15]. The

model refinement was conducted with the BUSTER pro-

gram using TLS and strong non-crystallographic symmetry

restraints [25] keeping the CTD and NTD separated. The

model was corrected and completed using COOT [26].

Small-angle X-ray scattering

The small-angle X-ray scattering (SAXS) experiment was

performed on the SWING beamline at the synchrotron

SOLEIL (Saint-Aubin, France) as described in [15]. The

data were collected after elution of the protein through the

online size-exclusion high-performance liquid chromatogra-

phy column (Superose 6 Increase 10/300 GL; GE Health-

care, Chicago, IL, US) equilibrated in Tris–HCl 20 mM

(pH 8.8), NaCl 100 mM. The scattered intensities were dis-

played on an absolute scale using the scattering by water.

For each frame, the protein concentration (below

1 mg�mL�1 at the top of elution peak) was estimated from

UV absorption at 280 nm using a spectrophotometer

located immediately upstream of the SAXS measuring cell.

Data were first analyzed using Foxtrot, the SWING in-

house software, and then using the US-SOMO HPLC mod-

ule [27]. This program provided for each SAXS frame the

values of the scattering intensity I(0) and of the radius of

gyration Rg by applying the Guinier analysis together with

a calculation of the approximate molar mass using the

Rambo and Tainer approach [28].

Transmission electron microscopy (TEM)

The VcDnaB protein at a concentration of 24 mg�mL�1

(0.45 mM for the monomer) in Tris–HCl 20 mM (pH 8.8),

NaCl 200 mM and stored at �80 °C, was thawed on ice and

diluted in the same buffer in the absence or in the presence of

ADP 1 mM and MgCl2 3 mM. A direct dilution of factor 200

was made in the presence (Sample 1) or in the absence (Sam-

ple 2) of ADP+MgCl2. Two consecutive twofold dilutions

were then applied in a buffer lacking ADP+MgCl2. Samples

were analyzed by conventional electron microscopy using the

negative staining method. Three microliters of sample sus-

pension were deposited on an air glow-discharged 400 mesh

copper carbon-coated grid for 1 min. The excess liquid was

blotted, and the grid rinsed with 2% w/v aqueous uranyl

acetate. The grids were visualized at 100 kV with a Tecnai 12

Spirit transmission electron microscope (Thermo Fisher,

New York, NY, USA) equipped with a K2 Base 4 k 9 4 k

camera (Gatan, Pleasanton, CA, USA), on the I2BC cryo-

electron microscopy facility (Gif-sur-Yvette, France). Nomi-

nal magnification was at 26 0009, corresponding to a pixel

size at the level of the specimen of 0.18 nm. A general obser-

vation was made by counting identifiable ring-shaped parti-

cles per micrograph.

Results and Discussion

apo-VcDnaB crystallizes as a planar ring-shaped

trimer of dimers

Escherichia coli recombinant expression of VcDnaB in

the presence of chaperone proteins [15,29] yielded

Table 1. X-ray statistics.

apo-VcDnaBa

Data collectionb

Space group P212121

Cell dimensions

a, b, c (�A) 141.2, 150.1, 188.3

a, b, c (°) 90.0, 90.0, 90.0

Resolution range (�A) 50–3.8 (3.9–3.8)

Before STARANISO

Completeness (%) 99.9 (99.9)

I/r(I) 5.1 (0.3)

After STARANISO

Completeness (%) 72.4 (13.1)

I/r(I) 6.9 (1.0)

Rmerge (%) 30.6 (308.8)

Rpim (%) 8.9 (86.6)

Redundancy 13.6 (13.5)

CC(1/2) 0.996 (0.527)

Refinement

Resolution range (�A) 32.6–3.8

No. reflections work set/test set 29,095/1408

R/Rfree (Buster, %) 26.5/27.4

No. atoms

Protein 20,679

Ligand/ion 0

Water 0

R.m.s. deviation bonds (�A) 0.004

R.m.s. deviation angles (°) 0.61

Average B-factor (�A2)

From atoms 178.0

From Wilson plot 113.3

Ramachandran plot

Most favored (%) 94.2

Outliers (%) 0.11

Molprobity score 2.17

aDiffraction data collected from one crystal, which diffracted

anisotropically to 4.2 �A along a*, 3.6 �A along b* and 4.7 �A along

c*.; bValues in parentheses refer to the highest resolution shell.
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about 10 mg of protein per liter of culture. The purifi-

cation process used standard protocols, combining Ni-

NTA and gel filtration but in the presence of

ATP+Mg2+ in the purification buffers. We noted that

this procedure was necessary to isolate a fully active

helicase for translocation [15]. The final MonoQ ion-

exchange purification step was carried out without

ATP+Mg2+.

Although VcDciA and GDP:AlF4+Mg2+ were pre-

sent in the crystallization mixture, VcDnaB was the

only molecule to crystallize and formed small cubic

crystals diffracting anisotropically up to 3.8 �A resolu-

tion. The data collection parameters and refinement

statistics are listed in Table 1. We observed that six

copies of VcDnaB were present in the asymmetric unit.

Each is composed of the canonical NTD and CTD

domains of the DnaB helicases, connected by the

linker described as the LH (linker helix) in the GDP-

bound VcDnaB structure [15] (Fig. 1). Each of the

two domains is present in six similar copies and does

not show significant variation with both of two NTD

and CTD domains of the GDP-bound VcDnaB struc-

ture (PDB ID 6T66, RMSD of 1.4 and 1.8 �A, respec-

tively, for the NTD and the CTD domains).

We observed that the apo-VcDnaB helicase adopts

the typical quaternary structure with the two ring lay-

ers to be present (top of Fig. 1). The threefold symme-

try of the triangular NTD face, as present in many

other structures such as GDP-bound VcDnaB [15] or

apo-GstDnaB [13], is maintained and creates a ~ 50 �A

wide channel (Figs 1 left and 2A) [6]. In contrast, the

hexameric symmetry of the CTD face observed in the

GDP-bound VcDnaB structure [15] was broken to

form a trimer of dimers with a threefold symmetry

90°90°

dimer

NTD face CTD face

superimposi�on

5 Å

inter-dimerintra-dimer

5 Å

N178

S221

K195 K195

D287

K305

G332

S221

inter-dimer

dimer

Fig. 1. Crystal structure of the apo-VcDnaB. The NTD face (in two shades of blue, left), side (top) and CTD face (in two shades of gray,

right) views of apo-VcDnaB are presented. The LH helix (linker between the NTD and CTD domains) and the DH helix (which contains the

determinant serine residue of VcDnaB [15]) are in two shades of yellow and green, respectively. The yellow and orange frames indicate the

regions of the inter- and intra-dimeric LH-DH modules, respectively, that are compared: The DH helices plus their next helices (residues

D287 to G332) are superimposed, showing the 5 �A shift of the LH helix (zoom at the bottom). The pink lines surround the NTD (left) and

CTD (right) dimers. The 6 P-loops of the Walker A 228ARPSMGKT235 signature are in orange (CTD face, right).
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(Figs 1 right and 2B left and middle left). The CTD

ring of apo-VcDnaB creates a dilated and triskelion-

shaped hole (Fig. 2B left), which differs from the con-

stricted round hole observed in the GDP-bound com-

plex (Fig. 2B middle left) [15]. As for the CTD rings

of the apo-GstDnaB structures, they form a very

dilated hexamer either irregular with no rotational

symmetry or with a threefold symmetry approaching

that of apo-VcDnaB [13] (Fig. 2B middle right and

right, respectively). The loss of the strict sixfold sym-

metry of the hexameric CTD ring could be a specificity

of the apo-forms of DnaB replicative helicases.

To examine the apo-VcDnaB conformation closer, we

measured the distance between each LH and its neigh-

boring helix, named determinant helix (DH) [15], and

compared the distances according to their belonging to

the intra- or inter-dimer interfaces (bottom of Fig. 1).

With this measurement, we noted that the LHs helices

in the inter-dimer regions are closer to the DH helices

than the intra-dimer LHs helices with a variation of

about 5 �A (bottom of Fig. 1). This light slip of the

dimers relative to each other allows the CTD ring to

adopt this unusual pseudo-symmetric hexamer confor-

mation and leads to the widening of the CTD ring hole

with a triskelion shape in comparison with the con-

stricted round hole of the GDP-bound VcDnaB struc-

ture (Fig. 2B left and middle left, respectively). Another

observation was the flattening of the ring of the apo-

VcDnaB hexamer, in contrast with the slightly spiral-

open configuration of GDP-bound VcDnaB [15]. The

distances between the 6 LH-DH modules of the apo and

GDP-bound forms are similar (top of Fig. 3), and their

superimposition makes it possible to visualize this flat-

tening (bottom of Fig. 3). The two CTD rings show a

twisted shift of ~ 20 �A for the GDP-bound form rela-

tive to the planar apo-form (Fig. 3).

Although the regions involved in subunit contacts

between the apo and GDP-bound forms are similar,

there are significant differences in the number of polar

interactions and buried interface areas. The three intra-

dimer interface areas (Table 2) from the apo-structure

are slightly larger (8% more) than those from GDP-

bound VcDnaB. A notable difference is observed for the

buried surface areas at the inter-dimer interfaces

GDP-bound VcDnaB
6T66

(A)

(B)

apo-VcDnaB
7QXM, this study

apo-GstDnaB
2R6D

B

A

D

E

F

C

A

B

CD

E

F
A

B

CD

E

F

B

A

D

E

F

C

apo-GstDnaB:SO4
2R6E

Fig. 2. Quaternary assemblies of the replicative helicase NTD and CTD rings according to nucleotide-binding and to bacterial species. The

three dimers of the apo-VcDnaB (PDB ID 7QXM, this study), of the GDP-bound VcDnaB (PDB ID 6T66, [15]) and of the apo-GstDnaB (PDB

ID 2R6D and 2R6E, [13]) are colored in orange + yellow (A and B subunits), blue and cyan (C and D subunits), and magenta + light pink (E

and F subunits). (A) Global organization of the NTD rings. The classical threefold symmetry triangular conformation with an open channel of

~ 50 �A in diameter is maintained for the NTDs in the 4 structures. (B) Global organization of the CTD rings. The dilated triskelion-shaped hole

of the apo-VcDnaB CTD pseudo-hexamer (left) contrasts with the constricted hole of the GDP-bound VcDnaB typical CTD hexamer (middle

left) and with the distorted hole of the irregular CTD ring of apo-GstDnaB crystal form B1 (PDB ID 2R6D, middle right), but it presents a

threefold symmetry more similar to the CTD trimer of dimers of apo-GstDnaB crystal form B2 (PDB ID 2R6E, right).
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between the two DnaB hexamers. While this surface

area is the same for the three interfaces of the apo-form

(average of 2101 �A2), the buried surface differs consid-

erably for the three inter-dimers of the GDP-bound

form (between 1700 and 2500 �A2). This is due to a

slight opening of the ring in the GDP-bound form

[15], which could be related to the ring breaking step

during the loading of the helicase onto the DNA [20].

Another notable difference is also observed in the dis-

tribution of subunit contacts of the apo and GDP-

bound forms. While the number of chemical bonds is

equivalent in the two types of interfaces of the

bona fide hexameric GDP-bound structure, the num-

ber of these interactions in the apo-VcDnaB is much

lower in the inter-dimer interfaces than in the intra-

dimer interfaces (average of 14.3 H-bonds and 11.3

salt bridges to be compared with average of 24.3 and

15.6, respectively, Table 2). It is, therefore, expected

that the two hexamers will have a different stability:

the pseudo-hexamer of apo-VcDnaB could dissociate

more easily into dimers.

The apo-pseudo-hexamer ring of VcDnaB is

inactive and labile

The first two purification steps of the apo-VcDnaB

were performed in the presence of ATP+Mg2+. To

ensure that we finally removed ATP+Mg2+ of our puri-

fied helicase, we measured the residual ATPase activity

of the protein sample (Fig. 4A) and confirmed that

our protein sample was only marginally occupied by

nucleotides. This was further confirmed by the absence

of bound nucleotide in the crystal structure. The
228ARPSMGKT235 Walker A motif conformations are

similar between the apo and the GDP-bound forms

(Fig. 4B). The maximum difference between two Ca

Fig. 3. Pseudo-symmetric hexamer of apo-VcDnaB is planar. The superimposition of the six LH-DH modules (residues N178-G200 and T283-

H331, colored as in Fig. 1) of the apo-VcDnaB (PDB ID 7QXM, this study) and the GDP-bound VcDnaB (PDB ID 6T66, [15]) shows that they

are equidistant and similar between the two structures. However, the CTD ring of apo-VcDnaB is closed and planar while that of the GDP-

bound structure is slightly spiral-open as described in [15], which causes a maximum shift of about 20 �A between the LH-DH modules at

the ring opening (bottom right).
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atoms in the two superimposed P-loops is 2.2 �A, prob-

ably due to the absence or presence of phosphate

ligand in apo and GDP-bound VcDnaB structures,

respectively. This is consistent with our observation

that the apo-form is not a dead-end amorphous state,

since when ATP was added, its hydrolysis was mea-

sured (Fig. 4A). We propose that the apo-VcDnaB

structure could be an intermediate conformation

toward the nucleotide-bound hexameric active state.

Using SPR, we measured the influence of ATP on

the VcDnaB binding onto DNA (Fig. 4C). The

ssDNA fixed to the chip presents a 50 extremity acces-

sible for the helicase. As we previously demonstrated

that in the presence of ATP VcDnaB remains strongly

bound to the DNA [15], we reproduced this experi-

ment and confirmed this observation (Fig. 4C, pink to

brown curves). The association is dependent on pro-

tein concentrations, and the dissociation is very slow.

On the contrary, in the absence of ATP, we did not

observe binding of the helicase to DNA (Fig. 4C, blue

to black curves), showing that ATP is required for this

interaction.

SAXS analyses coupled with size-exclusion chro-

matography of apo-VcDnaB showed that the average

molar mass of the scattering object decreased continu-

ously during the elution of the protein (red line in

Fig. 5A). This suggests the presence of oligomers,

varying from dodecamers to dimers, showing the insta-

bility of the hexamers. We previously observed that

nucleotide-bound VcDnaB is predominantly hexameric

and remains stable during gel filtration [15]. We con-

clude that the hexameric form of apo-VcDnaB is less

stable than that of the nucleotide-bound form, as sus-

pected by the X-ray structures analysis presented

above (Table 2).

(A)

(B)

(C)

Fig. 4. apo-VcDnaB is inactive. (A) The purified VcDnaB sample

has a low residual ATPase activity. The ATP hydrolysis measure-

ments were done in triplicate with 125 nM of VcDnaB, without add-

ing ATP in the reaction mixture (blue line) or with 100 and 200 nM

ATP added (pink and purple curves, respectively). (B) The empty

ATP-binding pocket of apo-VcDnaB subunit A (in light gray, PDB

7QXM, this study) is superimposed with the equivalent pocket of

GDP-bound VcDnaB subunit A (in dark gray, PDB ID 6T66, [15]).

GDP is in cyan sticks. The two P-loops are in orange and red,

respectively, for the apo- and the GDP-bound VcDnaB. The maxi-

mum distance deviation between the two P-loops is of 2.2 �A. (C)

ssDNA interaction analysis by SPR. The single-stranded DNA

oligonucleotide was bound to the SPR matrix through its 30 biotiny-
lated extremity, leaving a 50 end accessible. VcDnaB was injected

at the indicated concentrations (from 0.312 to 5 lM), with ATP

0.5 mM (from light pink to brown curves) or without ATP (from light

blue to black curves). ATP is required for VcDnaB to bind ssDNA.

Table 2. Subunit interface contactsa.

apo-VcDnaB (this study)

GDP-bound VcDnaB (PDB

ID 6T66)

Interface

area �A2

#H-

bonds

#Salt

bridges

Interface

area �A2

#H-

bonds

#Salt

bridges

Intra-dimers

AB 3647 27 17 3405 20 17

CD 3648 24 18 3300 18 13

EF 3536 22 12 3276 17 11

Inter-dimers

BC 2170 16 14 2508 20 18

DE 2182 15 11 1666 16 8

FA 1952 12 9 1805 19 11

aThe data have been generated using the PISA server [30].
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TEM analysis of VcDnaB pre-incubated with

ADP+Mg2+ (Sample 1), as described in [15], showed a

homogenous and numerous ring-shaped species popu-

lation (particles/surface unit = 76 � 4, Fig. 5Ba). On

the contrary, when ADP+Mg2+ was omitted in the

dilution buffer (Sample 2), VcDnaB adopted in

majority a ring shape structure but a larger amount of

aggregates is also visible (p/su = 49 � 6, Fig. 5Bb).

Next, the two samples were twofold diluted consecu-

tively with buffer lacking ADP+Mg2+, and each dilu-

tion step was analyzed on grids. For Sample 1, the

rate of hexameric structures decreased proportionally

(p/su = 39 � 2 and p/su = 20 � 1, Fig. 5Bc, Be), indi-

cating that the nucleotide-bound hexamer is stable.

The first twofold dilution step of Sample 2 resulted in

a smaller number of rings compared with Fig. 5Bc (p/

su = 23 � 3, Fig. 5Bd). The second step of the two-

fold dilution of Sample 2 did not yield a proportional

number of rings, falling from 23 � 3 to 5 � 1 particles

per unit surface, which corresponds to a ratio of 1/5

(Fig. 5Bf). The light and granular background of this

grid (Fig. 5Bf) also suggests the presence of proteins,

not organized in hexamers but probably with a lower

degree of oligomerization. Using TEM, we confirmed

the lability of the apo-hexamer observed by SAXS.

We, therefore, propose that the organization and the

maintenance of the active form of VcDnaB are depen-

dent on the presence of a nucleotide.

Conclusion

Here, we described the crystal structure of apo-DnaB

from V. cholerae, composed of the typical triangular

threefold symmetry NTD face and a novel threefold

symmetry CTD ring, which delimits a dilated

triskelion-shaped hole. This contrasts with the GDP-

bound VcDnaB that forms the typical sixfold symme-

try CTD ring, with a constricted round hole. We pro-

pose that the structure of apo-VcDnaB could reflect an

f

1/200
ADP+Mg2+

e

c

a b

1/2

1/2

(B)

d

1/200

VcDnaB

(A)

1/2

1/2

76 ± 4 / su 49 ± 6 / su

Sample 2Sample 1

23 ± 3 / su39 ± 2 / su

5 ± 1 / su20 ± 1 / su

Fig. 5. apo-VcDnaB ring is unstable. (A) The structural analysis of

VcDnaB in solution was carried out by SAXS without ATP, showing

the evolution of the radius of gyration Rg (thick black curve) and

the molar mass (red curve) as a function of the SEC-SAXS elution

profile. The forward scattered intensity I(0) (thin dashed black

curve) is also represented. The average molar mass of the scatter-

ing object decreased continuously during the elution of apo-

VcDnaB, suggesting the presence of oligomers of various sizes,

ranging from dodecamers to dimers. (B) Negative staining electron

microscopy was performed on VcDnaB, after a 1/200 dilution in

the presence (panel a) or in the absence (panel b) of ADP+Mg2+. In

the presence of ADP, the grid was covered with rings (panel a)

whose number was halved, for each of the two successive 1/2

dilutions applied (panels c and e). In the absence of ADP, the first

dilution by 200 resulted in visible rings with aggregates (panel b).

Ring-shaped particles were visible in the subsequent 1/2 dilution

(panel d), but their number dropped by a factor of 5 following the

last 1/2 dilution (panel f). The black scale bars represent a 100 nm

distance on these representative electron micrographs. The surface

unit (su) corresponds to 1/9 of a micrograph. The counting of the

rings was done in 3 su, which were averaged.
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intermediate and inactive state from the association of

dimers to the hexamerization process of the helicase. It

should be noted that because of the abundant

omnipresence of ATP in the cell, it is unlikely that the

labile apo-VcDnaB forms persist in vivo and VcDnaB

should be rapidly assembled into active nucleotide-

bound hexameric rings.
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