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To better understand the poor conservation of the helicase binding domain of primases (DnaGs) among the eubacteria, we de-
termined the crystal structure of the Helicobacter pylori DnaG C-terminal domain (HpDnaG-CTD) at 1.78 Å. The structure has a
globular subdomain connected to a helical hairpin. Structural comparison has revealed that globular subdomains, despite the
variation in number of helices, have broadly similar arrangements across the species, whereas helical hairpins show different
orientations. Further, to study the helicase-primase interaction in H. pylori, a complex was modeled using the HpDnaG-CTD
and HpDnaB-NTD (helicase) crystal structures using the Bacillus stearothermophilus BstDnaB-BstDnaG-CTD (helicase-pri-
mase) complex structure as a template. By using this model, a nonconserved critical residue Phe534 on helicase binding interface
of DnaG-CTD was identified. Mutation guided by molecular dynamics, biophysical, and biochemical studies validated our
model. We further concluded that species-specific helicase-primase interactions are influenced by electrostatic surface potentials
apart from the critical hydrophobic surface residues.

Replication of chromosomal DNA is generally a universal pro-
cess that requires a high degree of accuracy and precision to

maintain fidelity in the transmission of genetic material from one
generation to the next (1–4). This unique process involves multi-
protein complexes that help to check the inevitable errors associ-
ated with DNA replication (5–7). Interference with any of these
protein-DNA and protein-protein interactions may lead to nu-
merous problems, including unviable offspring. Eubacterial
DnaG primase is a single-stranded DNA (ssDNA)-dependent
RNA polymerase responsible for the synthesis of oligonucleotide
primers needed for DNA replication (8). Primase is recruited once
or twice on the leading strand, in contrast to the lagging strand,
where it is recruited several times (9, 10). DnaG primase also plays
an important role in tuning the synthesis (11, 12). The eubacterial
DnaG primase has three domains. The N-terminal domain
(NTD) is involved in template DNA recognition and contains a
zinc binding domain, and the central catalytic domain synthesizes
oligonucleotide primers. The only known function of the C-ter-
minal domain (CTD), also known as the helicase binding domain
(HBD), is to interact with helicase at the replication fork. Of these
domains, the CTD is least conserved (13). The HBD/CTD is suf-
ficient to bind and stimulate the activities of DnaB helicase (3, 14).
The stability of the interaction between DnaG primase and DnaB
helicase varies among eubacteria. In Escherichia coli the interac-
tion has been reported to be weak (9, 15, 16), whereas in Bacillus
stearothermophilus the interaction is so strong that it can be puri-
fied on a gel filtration column (17). We have recently reported a
moderate level of interaction between these proteins in Helicobac-
ter pylori (14). The full-length structure of DnaG primase has yet
to be determined, although the structures of individual domains
have been reported. Primase C-terminal domain crystal and solu-
tion structures are known from E. coli (10) and B. stearothermo-
philus (13). The crystal structures of the zinc binding domain
alone and together with RNA polymerase domain structure were
determined in B. stearothermophilus (18) and Aquifex aeolicus
(19), respectively. RNA polymerase domain and its complex with
ssDNA crystal structures for E. coli were recently published (20,
21). Recently, a medium resolution helicase-primase complex

structure was reported, and this study provided insight into the
interaction pattern of the DnaG CTD with DnaB helicase (22).
Since the helicase-binding domains in primases are poorly con-
served, high-resolution structures from different organisms will
be helpful for understanding the mechanism of interaction be-
tween DnaG and DnaB. H. pylori infection is present in half of the
world’s human population (23). It causes diverse diseases of the
stomach, from chronic gastritis to mucosa-associated lymphoid
tissue lymphomas (24, 25). Interestingly, recent work has shown
that this organism may also have a role in autoimmune thrombo-
cytopenia (26), Guillain-Barre syndrome (27), and in Alzheimer’s
disease (28) and in strokes (29). These diseases and especially ail-
ments, such as persistent diarrhea, peptic ulcer, and gastric cancer,
may be mitigated if a way can be found to eradicate H. pylori. Since
the present therapeutic approach targeting this organism is not
very effective, and the conditions in developing countries are suit-
able for this organism to flourish, a better therapeutic approach is
urgently needed. Since the initiation of replication is a crucial step
in reproduction of an organism, the structural and functional
studies of this target process is important for future drug develop-
ment.

The proteins involved in DNA replication and repair in H.
pylori have been reviewed recently (30). Several DNA replication
proteins, such as the initiator proteins DnaA and Hob-A (31–34),
the replicative helicase DnaB and its unique dodecameric archi-
tecture (35–38), and the single-stranded DNA-binding protein
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(SSB) (39), have been characterized in H. pylori. Recently, first
bipartite origin of chromosome replication in Gram-negative bac-
teria was reported in H. pylori (40). HpDnaB is unique because it
can bypass the EcDnaC function in vivo, suggesting that it has an
independent helicase loader function (41). The HpDnaB helicase
alone binds to DNA weakly, but when HpDnaG primase interacts
with HpDnaB, it binds to DNA strongly. This switching of weak to
strong binding occurs because of the NTD conformational
change, which is essential for HpDnaB function (36). Further-
more, the crystal structure of the NTD of HpDnaB and its inter-
action with the primase DnaG have been reported (14). However,
the mode of interaction between these proteins has not been stud-
ied further.

Here, we report the 1.8-Å resolution structure of the CTD of H.
pylori DnaG. It is the best-resolution structure reported to date for
DnaG-CTD. Comparison to other DnaG-CTD reveals that it is a
flexible structure with a globe region (GR) and a helical hairpin
region (HHR), where the HHR can adopt multiple orientations
relative to the GR. HpDnaG-CTD structure is different from the
other two structures of EcDnaG-CTD and BstDnaG-CTD in terms
of the number of helices present, subtle critical residue conserva-
tion at tertiary level of protein (compared to the structures of E.
coli and B. stearothermophilus), and electrostatic surface potential.
We have shown the mode of helicase-primase interactions in H.
pylori based on the proposed model. This HpDnaB-HpDnaG
model is developed from crystal structures of HpDnaB-NTD re-
ported earlier by our group and that of HpDnaG-CTD, which is
being reported here. We have successfully validated our model by
mutational studies. Our findings successfully highlighted the crit-
icality of the nonconserved hydrophobic residue responsible for
the stability of the helicase-primase complex formation and asso-
ciated biochemical activities. Further analysis has shown the pos-
sible role of surface electrostatic potential in the interaction of
helicase-primase in eubacteria. Overall, these results helped us
substantially to understand the mechanism of helicase-primase
interactions and its important role in DNA replication specifically
in H. pylori. These findings may possibly be extrapolated to eubac-
teria.

MATERIALS AND METHODS
Cloning of full-length HpDnaG and HpDnaG-CTD (C-terminal do-
main) point mutants. The (full-length) HpDnaG F534A mutant was gen-
erated by site-directed mutagenesis as reported previously (42), using
forward and reverse primers (5=-CCTAAAAGCTCGCTCCCTGCTAGC
GAAAAAATGATCTGT-3= and 5=-ACAGATCATTTTTTCGCTAGCAG
GGAGCGAGCTTTTAGG-3=, respectively) and pET30b-HpDnaG clone
as a template. HpDnaG-CTD containing the F534A mutant was cloned
into NheI/XhoI sites of the expression vector pET21c (Novagen, Madison,
WI), similar to wild-type HpDnaG-CTD as described earlier (see Table
ST1 in the supplemental material). The cloning of wild-type full-length
HpDnaG and HpDnaG-CTD was performed as described previously by
our group (14).

Purification of recombinant full-length HpDnaB, HpDnaG, and
point mutant HpDnaG F534A. HpDnaB was purified as described earlier
(35). For HpDnaG, E. coli strain BL21(DE3) was transformed with the
pET30b-HpDnaG construct. For expression, 1% of overnight grown cul-
ture of a single colony was added to 1 liter of Luria-Bertani (LB) broth
(Hi-Media) containing kanamycin (50 �g/ml), 1 mM glucose, and 1 mM
MgCl2. Cells were grown to an optical density at 600 nm (OD600) of 0.4 at
37°C. The cell culture was induced with 0.2 mM IPTG (isopropyl-�-D-
thiogalactopyranoside) and shaken overnight at 22°C. The cells were har-
vested at 7,000 rpm for 7 min and stored at �80°C for later use. The first

step of purification was carried out using Ni-NTA (Qiagen, Germany)
affinity chromatography. The cell pellets stored at �80°C were thawed
and mixed with lysis buffer (50 mM Tris-HCl [pH 8.0], 100 mM sodium
phosphate [pH 8.0], 300 mM NaCl, 10 mM imidazole, 5 mM spermidine,
5 mM MgCl2, 10 mM �-mercaptoethanol [�ME], 100 �M phenylmeth-
ylsulfonyl fluoride [PMSF]). After the addition of lysozyme (0.1 mg/ml),
the cell suspension was incubated at 4°C for 30 min. The cell suspension
was sonicated (Branson Ultrasonic Systems) in an ice-water mixture at
25% of the amplitude with a pulse (three to four cycles) of 30 s each
interspersed with a 1-min interval. Sonified cell lysate was treated with
0.1% Triton X-100, followed by incubation for 1 h on a rotating rocker at
4°C. The lysate was then centrifuged at 15,000 rpm for 45 min at 4°C. The
filtered cell lysate was incubated with Ni-NTA Sepharose resin (GE
Healthcare, Sweden) at 4°C for 45 min. The protein-bound beads were
washed three times with wash buffer (50 mM Tris-Cl [pH 8.0], 100 mM
sodium phosphate [pH 8.0], 300 mM NaCl, 30 mM imidazole, 10 mM
�ME, and 100 �M protease inhibitor PMSF). Protein was eluted using 1
ml of elution buffer (250 mM imidazole in wash buffer) at 4°C in the batch
method. The concentrated protein was loaded on a gel filtration chroma-
tography Superdex 200 10/300 GL column (GE Healthcare), which was
previously equilibrated with buffer G (20 mM MES [pH 5.5], 100 mM
NaCl, 100 mM PMSF, and 10 mM �ME). Peak fractions were checked by
SDS–10% PAGE and pooled together. For the point mutant, we followed
the methodology described above.

Purification of recombinant HpDnaG-CTD and point mutant
(F534A) HpDnaG-CTD. The recombinant plasmid containing the CTD
of HpDnaG insert was transformed into BL21(DE3) cells. Transformed
BL21 cells were grown from a single colony in 2% LB medium containing
100 �M ampicillin at 37°C to an OD600 of 0.5. The culture was induced
with 1 mM IPTG. Cells were allowed to shake further at 30°C for 6 h. The
cells were harvested at 7,000 rpm for 7 min and stored at �80°C for later
use. The cell pellets were resuspended in a buffer containing 30 mM Tris-
HCl (pH 7.5), 150 mM NaCl, 10 mM imidazole, and 100 �M PMSF. The
cells were homogenized and were subjected to three cycles of freeze-thaw.
Freezing was done by dipping the 50-ml new centrifugation tube contain-
ing not more than 20 ml of suspended cells into the liquid nitrogen for 5 to
7 min (avoid old tube to prevent sudden breakage). Then frozen cells were
allowed to thaw at 37°C in water bath till the frozen suspension attained
fluidity in buffer (5 to 6 min maximum). The cells suspension was sonified
(Branson Ultrasonic Systems) on ice-water mixture at 25% of the ampli-
tude with a pulse (three to four cycles) of 30 s each interspersed with a
1-min interval. The sonified cell lysate was centrifuged at 18,000 rpm for
30 min. The sonified soup treated with 0.1% Triton-X was incubated for
45 min on rocker. The lysate was filtered and clarified lysate was passed
through an Ni-NTA column (GE Healthcare) equilibrated with a buffer A
(30 mM Tris-HCl [pH 7.5], 150 mM NaCl, 4 mM �ME, and 20 mM
imidazole). After a wash step with a gradient of imidazole from 20 to 130
mM, bound protein was eluted with buffer B (30 mM Tris-HCl, 150 mM
NaCl, 4 mM �ME, 4% glycerol, and 400 mM imidazole). The protein
fractions were pooled, concentrated (using Amicon Ultracentrifugal fil-
ters [Millipore]), and purified further on a Hi-Load Superdex-75 16/60
column (GE Healthcare) equilibrated with buffer G (30 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 4 mM �ME). The protein fractions were pooled
and concentrated to �8 mg/ml.

The homogeneity of protein was checked with (12.5%) SDS-PAGE
and dynamic light scattering (DLS). The DLS measurements were per-
formed on SpectroSize300 from Nano Biochemistry Technology, Ham-
burg, Germany. The concentrated protein was used for crystallization,
biochemical, and biophysical assays. The point mutant HpDnaG-CTD
F534A was also purified as described above.

Overexpression and purification of the selenomethionine-labeled
C-terminal domain of primase. The gene sequence corresponding to the
C-terminal domain (amino acid residues 413 to 559) of DnaG primase
(HpDnaG-CTD) cloned in pET-21(c) vector as described before (14) was
used for the overexpression in E. coli BL21(DE3) cells. Selenomethionine
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(Se-Met)-labeled HpDnaG-CTD was prepared to provide phases neces-
sary for structure determination (see below). Se-Met-labeled protein was
purified under reducing conditions to prevent the formation of a mixture
of reduced and oxidized Se-Met-labeled protein. Protein labeling was car-
ried out using media supplied by Molecular Dimensions (United King-
dom) for Athena Enzyme systems. The concentration of selenomethio-
nine was maintained at about 25 mg/liter. Initially, the primary culture
was grown in LB medium overnight. The next morning cells were har-
vested by centrifuging at 3,500 rpm for 8 min. The pellet obtained was
resuspended in the complete selenomethionine media, and the process
was repeated once again to remove any traces of LB medium. After inoc-
ulation of the secondary selenomethionine complete medium, and after
about 4 h when the OD600 reached 0.5 at 37°C, cells were induced with 1
mM IPTG and shaken for another 8 h at 30°C. Cells were harvested at
7,000 rpm for 7 min and stored at �80°C for downstream processing.
Further methodology of purification was similar to that for the native
HpDnaG-CTD, as described above.

Crystallization, data collection, and structure determination. Puri-
fied protein was crystallized using the hanging-drop vapor diffusion
method in 24-well Linbro plates against a reservoir solution containing
18% PEG 5000MME, 4 mM �ME, and 100 mM Tris-HCl (pH 6.8 to 8.4).
Three microliters of (�5 mg/ml) protein and 3 �l of reservoir solution
were mixed and allowed to equilibrate at 16°C. The crystals were flash
frozen in a cryoprotectant solution containing 30% PEG 400 mixed with
mother liquor. The X-ray data for Se-Met-labeled crystals were collected
at the BM14 synchrotron beamline (ESRF, Grenoble, France) at a sele-
nium peak wavelength of 0.97860 Å. The data sets were indexed and scaled
using HKL2000 (43). A partial structure was solved using the single wave-
length anomalous scattering protocol of Auto-Rickshaw of the EMBL-
Hamburg automated crystal structure determination platform (44). The
input diffraction data were prepared and converted for use in Auto-Rick-
shaw using programs of the CCP4 suite (45). Anomalous data were used
to calculate FA values using the program SHELXC (46). Based on an
initial analysis of the data, the maximum resolution for substructure de-
termination, and initial phase calculation was set to 2.0 Å. All of the four
heavy atoms expected (two selenomethionine for each of the two mole-
cules of the asymmetric unit) were found using the program SHELXD
(47). The correct hand for the substructure was determined using the
programs ABS (48) and SHELXE (49). Initial phases were calculated after
density modification using SHELXE. The initial phases were improved
using density modification and phase extension to a 1.78-Å resolution
using the program RESOLVE (50). Further, the model was built using the
autobuild program ARP/wARP (51). The missing regions were built man-
ually using the COOT graphics package, and refinement was carried out
with REFMAC5 (52). The structure was further improved after iterative
model building and refinement using COOT (53) and REFMAC5 (52),
respectively. The final crystal structure was well refined with excellent
electron density and validated by PROCHECK (54) of CCP4 suite. The
figures were generated using PyMOL (55). The final refinement statistics
are shown in Table 1. Coordinate and structure factor files for the crystals
of HpDnaG-CTD have been deposited with the Protein Data Bank under
accession code 4EHS.

Electrostatic surface charge distribution calculations. The electro-
static surface charge distribution was calculated using the ABPS (56) pl-
ugin in PyMOL. The negative electrostatic surface is shown in red, and the
positive surface in shown in blue; all surfaces are drawn at �3 e/kBT.

Helicase assay. The double-stranded DNA substrate for the helicase
assay was prepared as described previously (35). The helicase assay was
carried out in a 20-�l reaction mixture containing 20 mM Tris-HCl (pH
8.0), 8.0 mM dithiothreitol (DTT), 2.5 mM MgCl2, 2.0 mM ATP, 80 �g of
bovine serum albumin (BSA)/ml, 10 mM KCl, 4% sucrose, 10 fmol of
helicase substrate, and various amounts of wild-type HpDnaB, wild-type
HpDnaG, and mutant HpDnaG F534A proteins. The reaction mixture
was incubated at 37°C for 30 min. The reaction was stopped by the addi-
tion of 5 �l of 5� stop buffer (1.25% SDS, 75 mM EDTA, 25% glycerol)

and loaded onto a 10% native PAGE gel to resolve the products. The gel
was dried and exposed to X-ray film (Kodak) and developed subse-
quently.

ATPase assay. The substrate-dependent ATPase assay was carried out
using a coupled pyruvate kinase/lactate dehydrogenase-linked assay with
some minor changes as described previously (37, 57). In brief, the sub-
strate-dependent ATPase activities of HpDnaBwt were determined alone
or in combination with HpDnaG-CTD or HpDnaG-CTD F534A mutant.
The reactions (70 �l) were carried out at 25°C in the reaction buffer
containing 20 mM Tris-HCl (pH 8.0), 5 mM MgCl2, 100 mM KCl, 8 mM
DTT, 4% sucrose, and 80 �g of BSA/ml. The reaction mixture was further
supplemented with 250 mM NADH, 2 mM phosphoenolpyruvate, 2.5 U
of pyruvate kinase, 1.6 U of lactate dehydrogenase, and various concen-
trations of the ATP. The above reaction mixture was incubated for 3 min
at room temperature prior to the addition of the respective protein (1.3
�M each). After the addition of the protein, the reaction kinetics were
monitored by measuring the decrease in the absorbance at 340 nm con-
tinuously for first 3 min by using the DU-800 spectrophotometer (Beck-
man Coulter). The conversion of ATP to ADP is stoichiometrically cou-
pled to the oxidation of NADH and was calculated using the equation: rate
of ATP hydrolysis (mM/time) � � OD340/� time � 6.22 � cuvette path
length. Where cuvette path length is 1 cm, 6.22 is the extinction coefficient
for NADH at 340 nM. The rate of ATP hydrolysis against different sub-
strate concentrations (ATP) for the enzymes described above was plotted
using GraphPad Prism curve-fitting software.

Surface plasmon resonance (SPR). To determine the difference in
binding affinities of the HpDnaG-CTD and its Phe534Ala mutant, for

TABLE 1 Data collection and refinement statistics of HpDnaG-CTD

Parameter Resulta

Data collection statistics
X-ray source BM14, ESRF, France
Wavelength (Å) 0.97860
Space group P212121

Unit cell dimensions
a, b, c (Å) 48.9, 61.4, 82.4
	, �, 
 (˚) 90.00, 90.00, 90.00

Resolution (Å) 50.0–1.78 (1.81–1.78)
Rsym or Rmerge (%) 6.7 (33.2)
I/�I 57.1 (5.05)
Completeness (%) 99.5 (94.20)
Redundancy (%) 12.6 (9.2)
Mosaicity 0.31

Refinement statistics
Resolution range (Å) 50.0–1.78
No. of unique observations 24,493
Redundancy (%) 6.7 (4.9)
Avg I/�(I) 42.3 (3.8)
Rwork/Rfree 19.5/24.9
No. of atoms

Protein 1,994
�ME/water 16/212

Avg B factor (Å2)
RMSD

Bond length (Å) 0.019
Bond angle (°) 2.184

Ramachandran plot (%)
Most favored regions 92.3
Additionally allowed regions 7.2
Generously allowed regions 0.5
Disallowed regions 0

a Values in parentheses are for the highest-resolution shell.
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HpDnaB, Autolab SPR was used at the Advanced Instrumentation Re-
search Facility, Jawaharlal Nehru University, New Delhi, India. Here, the
surface (self-assembled monolayer of 11-mercaptoundecanoic acid
[MUA] on a gold surface; Autolab) was first activated with N-hydroxy-
succinimide (NHS; 0.05 M)/N-ethyl-N-(diethylaminopropyl) and carbo-
diimide (EDC; 0.2 M). Both HpDnaG-CTD and HpDnaG-CTD F534A
mutant were immobilized (separately on two different chips) to the acti-
vated sensor surface at a concentration of 50 �g/ml in filtered (0.22-�m
pore size) and degassed 10 mM sodium acetate buffer (pH 5.0). The chip
has two channels; channel one was used for immobilization of ligand and
channel two was used as blank (the signals of the analyte with a ligand-free
surface). After ligand immobilization, the surface was blocked with 100
mM ethanolamine at pH 8.5, followed by regeneration using 50 mM
NaOH. The running buffer constituents were the same as those recom-
mended for HBS BIAcore running buffer (10 mM HEPES, 150 mM NaCl,
3 mM EDTA, 0.05% P-20 surfactant [pH 7.4]). The association kinetics
for HpDnaG-CTD was monitored for 300 s, followed by dissociation for
the next 300 s, whereas for the HpDnaG-CTD F534A mutant, association
was monitored for 180 s and dissociation was monitored for the next
300 s. HpDnaB samples of various concentrations were prepared in run-
ning buffer and injected at the rate of 20 �l/min across the sensor surface.
The different protein concentrations of HpDnaB used against HpDnaG-
CTD were 500, 250, 125, 75, and 40 nM, whereas for the HpDnaG-CTD
F534A mutant, the concentrations of HpDnaB used were 1,000, 750, 500,
250, and 125 nM. Signal changes on the activated/blocked control panel
were subtracted from the DnaG-DnaB binding interactions using in-line
reference signal, and the subtracted sensorgrams were analyzed. The sur-
face was regenerated with buffer consisting of a two pulses (manually
delivered) of 75 mM NaOH. All of the data were recorded at 25°C. The
data analysis was performed using Autolab SPR Kinetic Evaluation soft-
ware.

Construction of the helicase-primase complex model in H. pylori.
The structure of the N-terminal domain of HpDnaB (HpDnaB-NTD),
involved in primase binding, has been reported earlier by our group (22).
The current work reveals the structure of the C-terminal domain of
HpDnaG, which interacts with the HpDnaB-NTD. These two structures
were used to model the HpDnaB-HpDnaG (helicase-primase) interaction
site in H. pylori using the structure of the BstDnaB-BstDnaG-CTD (heli-
case-primase) complex as a template (19). The HpDnaB-NTD was super-
imposed on the BstDnaB-NTD domain and HpDnaG-CTD GR was su-
perimposed on the BstDnaG-CTD GR of the complex. In order to
superimpose the CTD helical hairpin structures, the helical hairpin of
HpDnaG-CTD was rotated by hand �55°C, keeping the linker between
helical hairpin and the lobe as the center of rotation, to obtain a least-root-
mean-square deviation (RMSD) between BstDnaG-CTD and HpDnaG-
CTD structures. This modification maximizes interactions between pri-
mase and helicase. The structure of the modeled complex was relaxed to
eliminate bad contacts using molecular energy minimization in the
AMBER molecular dynamics package (58).

Molecular dynamics simulation for binding affinity estimation.
Molecular dynamics simulations were performed on the models of the
HpDnaB-DnaG complex and of the HpDnaB-DnaG-CTD F534A mutant
complex using the AMBER 9.0 package (58). To create the in silico mu-
tant, phenylalanine-534 was changed to alanine using Chimera (59). The
input files for both systems were prepared using the tleap program from
the AMBER suite and the AMBER99SB force field (60). Prior to the energy
minimization and dynamics runs, the models were neutralized by the
addition of Na� counter ions and solvated with waters in a TIP3P water
box up to 12 Å from the surface of the protein. First, the solvated complex
was subjected to short minimizations using 500 steps of steepest descent,
followed by 1,000 steps of conjugate gradient. The system was equilibrated
by first heating it for 50 ps, while keeping all of the atoms of the protein
complex fixed with a 50-kcal/mol harmonic potential. This calculation
was followed by 50 ps of density equilibration with weak restraints on the
HpDnaB-DnaG solvated complex and 500 ps of constant pressure equil-

ibration at 300K. A final 2-ns production run was then performed. Long-
range coulombic interactions were handled using the particle mesh Ewald
summation. Both of the simulations shared common parameters, includ-
ing the SHAKE algorithm (61), to constrain the bonds to hydrogen atoms
with default parameters and an 8-Å cutoff. The trajectories of the complex
structure were written out every 10 ps. The binding free energies were
calculated by using the MM/GBSA (62) method as implemented in
AMBER 11 (58). The trajectories were analyzed using the Ptraj module of
the AMBER suite.

RESULTS
HpDnaG-CTD exists as a dimer in solution. The gel filtration
chromatography profile of the HpDnaG C-terminal domain
(HpDnaG-CTD) on a calibrated Superdex G75 16/60 column
showed a major peak at 68.3 ml (Fig. 1A). The low-molecular-
mass gel filtration calibration kit containing five proteins in the
range of 14.4 to 66 kDa and Blue Dextran 2000 were subjected to
gel filtration chromatography under the same experimental con-
ditions, and a standard curve was plotted using the log molecular
mass of the proteins against the elution profile (Fig. 1B). The mo-
lecular mass of the HpDnaG-CTD was found to be �34 kDa.
These results indicate that HpDnaG-CTD exists in a dimeric state
in solution, since the molecular mass of the monomeric form is
�17 kDa. The dynamic light scattering (DLS) measurements also
validates the dimeric state of the HpDnaG-CTD (see Fig. S1 in the
supplemental material). The proteins obtained from the peak
fractions were subjected to SDS-PAGE analysis, followed by Coo-
massie blue staining (Fig. 1C), which showed the protein to be
95% pure.

HpDnaG-CTD structure determination. Molecular replace-
ment with BstDnaG-CTD and EcDnaG-CTD failed to give any
solution, likely due to the low homology and structural similarity
between these structures. Se-Met-labeled protein crystals were
used to get anomalous data and experimental phases. The best
crystals of the Se-Met-labeled protein were obtained at pH 7.4 in
about 28 days at 16°C. The crystals diffracted X-rays to 1.78 Å at
BM14 of ESRF. The crystals belonged to the P212121 space group,
with two molecules per asymmetric unit, and the solvent content
was found to be relatively low at 32%. After the initial phases were
improved upon density modification and phase extension up to
the resolution 1.78 Å using the program RESOLVE (50), almost
80% of the model was built into the electron density with the help
of the autobuild program ARP/wARP (51), yielding an Rfactor of
23% and an Rfree of 28%. The remaining structure was built man-
ually. Initially, water molecules were picked up by ARP/WARP
and later checked manually. Refinement was carried out with
REFMAC5 (52), and the structure was improved with iterative
model building using the COOT graphics package (53). The final
model has an Rfactor of 19.5% and an Rfree of 24.9%, with a very
good electron density (Fig. 2A). In an asymmetric unit two mole-
cules of HpDnaG-CTD are arranged in a “head-to-toe” manner
relative to one another, and a few van der Waals interactions be-
tween the monomers stabilize the dimer (Fig. 2B and C). Electron
density corresponding to the N-terminal residues (413– 437) of
this domain was not visible in either monomer, indicating that
this region is disordered. Two Cys residues (483 and 540), in both
monomers, were found to form disulfide bonds with �ME, which
was added to prevent the oxidation of Se-Met-labeled protein dur-
ing crystallization. In an asymmetric unit there are total of 245
residues, 4 �ME, and 201 water molecules. The Ramachandran
statistics are fine with 92.3% in the favored region, 7.2% in the
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additionally allowed region, 0.5% in the generously allowed re-
gion, and no residues in a disallowed region.

Comparison of HpDnaG-CTD with other structures. The
HpDnaG-CTD (1.78-Å) structure has significantly higher resolu-
tion compared to the other two crystal structures determined for
E. coli (2.8 Å) and B. stearothermophilus (2.9 Å). As indicated
above, the crystal structure that we determined contains two mol-
ecules of HpDnaG-CTD in an asymmetric unit. The HpDnaG-
CTD structure consists primarily of alpha helices and contains no
beta sheets. The structure is formed by six helices, where the first
four helices form the core/globe region (GR) and the last two
helices form the helical hairpin region (HHR). The hairpin size
may be species dependent which in turn makes structural overlay
of this region less meaningful. The structural superposition of
HpDnaG-CTD with the two other available DnaG-CTD struc-
tures of E. coli and B. stearothermophilus was done with the help of

LSQMAN (63) to look for the differences. The GR of HpDnaG-
CTD was superposed with the GR of BstDnaG-CTD (crystal struc-
ture, PDB ID 2R6A [22], and nuclear magnetic resonance [NMR]
structure, PDB ID 1Z8S [13]) and the GR of EcDnaG-CTD (PDB
ID 1T3W [10]) (Fig. 3). The RMSDs with respect to BstDnaG-
CTD crystal, BstDnaG-CTD NMR, and EcDnaG-CTD crystal
were found to be 1.771 Å (57 C	 atoms), 1.741 Å (57 C	 atoms),
and 1.425 Å (37 C	 atoms of EcDnaG-CTD), respectively. The
total structural alignment of HpDnaG-CTD using RAPIDO (64)
yielded RMSD of 8.77Å (for 106 C	 atoms), 8.81Å (for 98 C	
atoms), and 15.69Å (for 66 C	 atoms), respectively (see Table ST2
in the supplemental material). The extent of superposition sug-
gests that the GR of HpDnaG-CTD is structurally more similar to
BstDnaG-CTD than to that of EcDnaG-CTD. Overall, the ar-
rangement of helices in HpDnaG-CTD is similar to that in BstD-
naG-CTD, with a core or GR connected to a HHR by a flexible

FIG 1 (A) HpDnaG-CTD is a dimer in solution. Size-exclusion chromatography of the C-terminal domain of primase (HpDnaG-CTD) passed through a
HiLoad 16/60 Superdex 75 column, and 1-ml fractions were collected. The elution volume (68.3 ml) and the elution pattern of the protein are displayed. (B) The
molecular mass of the eluted DnaG-CTD, deduced from standard plot, is about �34 kDa, and corresponds to the dimeric state of the protein. (C) SDS-PAGE
showing fractions purified by gel filtration. The proteins are separated on SDS–12.5% PAGE and stained with Coomassie brilliant blue. Lane M shows the
molecular markers; lanes P1 and P2 are gel filtration fractions.

FIG 2 Crystal structure of HpDnaG-CTD. (A) Portion of the molecule shown with a 2Fo-Fc electron density map at 1� calculated at a 1.8-Å resolution. (B)
Ribbon diagram showing the crystal structure of the HpDnaG primase-CTD. The protein consists of alpha helices connected by loops. The overall structure has
one globe/core region connected to the helical hairpin. There are two molecules in an asymmetric unit forming a dimer in a “head-to-toe” fashion. (C) Diagram
showing the crucial interacting hydrophobic residues between the two monomers of HpDnaG-CTD in the crystal structure, making the dimeric interface.
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linker. The number of alpha helices present in each structure also
differs in these CTDs: the HpDnaG-CTD has 6 helices, and the
EcDnaG-CTD has 7 helices, whereas BstDnaG-CTD has 8 helices
(see Fig. S2 and S3 in the supplemental material). Comparison of
the EcDnaG-CTD and HpDnaG-CTD structures shows the large
deviation not only in the core or the GR but also in the HHR. In
fact, it is the HHR that gives rise to the large structural variability.
The HHR can adopt multiple orientations relative to the GR. The
flexibility is also evident from the relatively high B-factor in the
linker and HHR with respect to the GR (see Table ST3 in the sup-
plemental material). The helical hairpin is very short in EcDnaG-
CTD compared to other structures, but the length of the connect-
ing helix between the globe and the first helix of hairpin in
EcDnaG-CTD is very long (Fig. 3). Interestingly, multiple se-
quence alignment (MSA) of amino acid sequences and structural
alignment did not yield any significant homology (see Fig. S2 and
S4 in the supplemental material): although there are few homol-
ogous residues in all three sequences or structure belonging to the
core of GR region or stabilizing the helical hairpin structure, but
there is no conservation on the helicase binding surface.

Importance of Phe534 for the stability of the H. pylori heli-
case-primase complex. The observation that the orientation of
HHR with respect to the GR varies considerably in different spe-
cies suggests HHR to be flexible. This can be seen clearly in Fig. 3A,
B, and C when HpDnaG-CTD’s GR is superposed over GRs from

EcDnaG-CTD (crystal structure), BstDnaG-CTD (crystal struc-
ture), and BstDnaG-CTD nuclear magnetic resonance (NMR)
structures, respectively. The helical hairpin in HpDnaG-CTD
shows the difference of 60° away from the bound form of crystal
structure of BstDnaG-CTD (Fig. 3B), whereas the difference in
orientation of the BstDnaG-CTD NMR model helical hairpin ori-
entation is visible by about 130° away from the primase-binding
surface of helicase (Fig. 3C); such flexibility in turn may allow the
HHR to adopt a different orientation when bound to helicase than
when not bound, which in turn may be important for the capacity
of primase to interact with helicase during DNA replication. The
HHR plays a very important role in the binding of primase with
helicase at the fork, during DNA replication initiation. Previous
NMR structural studies have proposed involvement of hydropho-
bic residues of the HHR in the interaction of DnaG-CTD with
DnaB-NTD (13). Owing to the flexibility of HHR, the large rota-
tion of this region in HpDnaG-CTD was done to model the com-
plex (Fig. 3D) using BstDnaB/DnaG-CTD (helicase-primase)
complex structure as a template. The green helical hairpin, which
is native crystal structure, was rotated by about 55° and is shown in
cyan to model the bound state. From our model (Fig. 4A), we
identified a nonconserved large hydrophobic residue, Phe534,
which is the only prominent surface-accessible hydrophobic resi-
due of HpDnaG-CTD. Phe534 was found to stabilize the complex
at a very crucial point of the helical hairpin loop, such that the

FIG 3 Superposition of the HpDnaG-CTD crystal structure with the crystal structure of EcDnaG-CTD and BstDnaG-CTD (solution and crystal) structures.
Because of its flexibility, the helical hairpin region (HHR) may have different orientations when in a free or bounded state. The figure shows how the globe region
(GR) of H. pylori, when superposed, gives insight into the differences in the shapes and orientations of HHR. The EcDnaG-CTD HHR is small and not flexible,
but BstDnaG-CTD HHR is flexible. (A) Superposition of HpDnaG-CTD crystal structure (green) with EcDnaG-CTD (yellow). (B) Superposition of HpDnaG-
CTD crystal structure (green) with BstDnaG-CTD crystal structure (cyan) shows the difference of about 60° in hairpin orientations. The angle is measured
between Phe534, Arg522 of HpDnaG-CTD, and Arg574 of BstDnaG-CTD. (C) Superposition of HpDnaG-CTD crystal structure (green) with BstDnaG-CTD
solution or NMR model (blue) highlights the flexibility of hairpin as seen by huge angular difference of about 130° in opposite side of helicase binding axis. (D)
Green helical hairpin, the native HpDnaG-CTD crystal structure was rotated by about 55°. It is shown in cyan to model the bound state in the model (as shown
in Fig. 4 in red). Owing to the flexibility of HHR, the large rotation of helical hairpin of HpDnaG-CTD was performed to model the complex with BstDnaB-
BstDnaG-CTD (helicase-primase) complex as a template.
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whole hairpin is getting “hooked” by this residue. Small but insig-
nificant sequence and structural homology (see Fig. S2 and S4 in
the supplemental material) of HpDnaG-CTD with E. coli and B.
stearothermophilus DnaG-CTDs confirms that Phe534 is not a
conserved residue and also does not overlap with the stretch pre-
viously studied in E. coli and B. stearothermophilus (13, 65). The
destabilization of the helicase-primase (HpDnaB-NTD/HpDnaG-
CTD) complex model was predicted by molecular dynamics both
in pre-equilibrium trajectories (Fig. 4B) and by the calculation
of binding free energies of the native helicase-primase (NTD-
HpDnaB/HpDnaG-CTD) and native helicase-mutant primase
(HpDnaB-NTD/HpDnaG-CTD F534A) complexes. Using the
MM/GBSA method as implemented in AMBER (see Materials
and Methods), the calculated (in silico) free energy of binding
between helicase (HpDnaB-NTD) and native primase (HpDnaG-
CTD) is �9.2 kcal/mol and that between helicase (HpDnaB-
NTD) and mutant primase (HpDnaG-CTD F534A) is �2.9 kcal/
mol (see Table ST4 in the supplemental material). Interestingly,
the structural alignment with EcDnaG-CTD and BstDnaG-CTD
has shown that Phe534 is not a conserved residue (see Fig. S4 in the
supplemental material). The binding affinities for both native and
mutant HpDnaG-CTD in complex with HpDnaB were also mea-
sured in vitro, using surface plasmon resonance (SPR). Both na-

tive and mutant HpDnaG-CTDs were immobilized in equal
amounts on two different chips under identical conditions as de-
scribed in Materials and Methods. The wild-type HpDnaB was
passed as an analyte with HBS buffer over both of the immobilized
proteins. At first, when HpDnaB was passed at the same concen-
tration over the two chips, there appeared to be a significant dif-
ference in response units (RU) with respect to both native and
mutant HpDnaG-CTDs (Fig. 5A). After the initial results, differ-
ent concentrations of HpDnaB were passed over the chips. The
outcome of the SPR shows that the mutation of phenylalanine 534
to alanine causes an �16-fold decrease in the binding affinity; the
Kd of the native protein (HpDnaG-CTD) is �32 nM, whereas that
of the mutant protein (HpDnaG-CTD F534A) is �520 nM (Fig.
5B and C). Although the difference in binding affinity to the native
(HpDnaG-CTD) and mutated (HpDnaG-CTD F534A) proteins
is relatively large considering that only a single residue was
mutated, there is still appreciable affinity between the helicase
and the mutant primase. Perhaps other residues besides
Phe534 also play a role in the interaction (see the Discussion).
Nevertheless, it is usually the case that no more than 5% of the
interface residues in a protein-protein interaction are impor-
tant for binding (66). According to both in silico calculations
and our in vitro experiment (SPR), Phe534 of primase

FIG 4 In silico investigations of the H. pylori helicase-primase complex. (A) Model of the H. pylori helicase-primase complex. Experimentally determined
structures of HpDnaB-NTD and HpDnaG-CTD, as well as that of the BstDnaB-BstDnaG-CTD complex, were used to generate the model of the complex. The
model was further relaxed to eliminate bad contacts using molecular energy minimization with the help of the AMBER molecular dynamics package. The inset
shows the crucial residues of the 9helical hairpin in contact with the primase. (B) RMSD analysis of the trajectories of native and mutant primase models.
Time-dependent C	-RMSD for all residues of the native (blue) and mutant (red) complex, indicating both mutant and native protein structures converged after
2-ns simulations.
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(HpDnaG) helps to stabilize the helicase-primase (HpDnaB/
HpDnaG) complex in H. pylori.

Importance of Phe534 for the function of the H. pylori heli-
case-primase complex. In addition to determining the effect of
the Phe534Ala mutation on the binding affinity between the
helicase (HpDnaB) and primase (HpDnaG), we also set out to
determine whether the mutation also affects the functions of
the proteins, in particular the helicase, ATPase, and DNA bind-
ing activities of HpDnaB. In addition to interacting with each
other, helicases (DnaB) and primases (DnaG) also stimulate
each other’s activity. Primases stimulate NTPase, helicase, and
(to some extent) DNA binding activities of helicase, while he-
licases regulate primase initiation activity and also the length of
primers synthesized (14, 16, 17, 36, 67). Although, as described
above, the stability of the complex varies across different spe-
cies, the underlying biochemistry of the complexes appears to
be same (22, 68). It has been shown earlier that the N terminus
of HpDnaB interacts with the C terminus of HpDnaG by SPR
and helicase assay (14). Finding the key residues for interaction
between the C terminus of HpDnaG and the N terminus of
HpDnaB is critical to understanding the formation of the com-
plex. According to the above model, Phe534 at the C terminus
of HpDnaG may be crucial for the protein-protein interaction
(Fig. 6A). If such is the case, mutation of Phe534 would be
expected to compromise the stimulation of helicase activity of
HpDnaB by HpDnaG (primase). To test this hypothesis,
helicase activities were measured. First, the mutant protein
HpDnaG F534A was purified by gel filtration chromatography,
along with the wild-type HpDnaG protein (Fig. 6B). After protein
purification, a helicase assay was performed according to the pro-
tocol described in Materials and Methods. The results indicate
that under otherwise similar conditions, stimulation of helicase
activity is decreased by 50% in the presence of mutant HpDnaG
F534A protein compared to the wild-type protein (Fig. 6C and D).
This significant reduction in the stimulation of helicase (HpDnaB)
activity by the mutated primase (HpDnaG) provides further
strengthens the evidence for the involvement of Phe534 in the
interaction between HpDnaB and HpDnaG.

One of the hallmarks of DnaB helicases is the ATPase activ-
ity which is essential for its helicase activity. It will be interest-

ing to see the effect of HpDnaG-CTD wild-type and mutant
(F534A) proteins on the ATPase activity of HpDnaB. For this
purpose, we performed NADH-LDH coupled ATPase assay in
the presence of HpDnaB alone or in the combination with
HpDnaG-CTD or HpDnaG-CTD F534A mutant protein. We
found that both proteins (wild type and mutant) stimulated the
ATPase activity of HpDnaB. However, the HpDnaG-CTD
F534A mutant showed a slower kinetics ATP hydrolysis rate
(�30%) than the wild-type protein under our experimental
conditions (Fig. 7B). The reduced helicase activity of HpDnaB
in the presence of mutant protein may be attributed to the
reduced ATPase activity of HpDnaB.

Recently, we have shown that the C terminus of HpDnaG pro-
foundly stimulates the DNA binding activity of HpDnaB, possibly
by unmasking the DNA binding region of HpDnaB (36). This
result prompted us to evaluate the effect of the HpDnaG-F534A
mutant on the stimulation of DNA-binding activity of HpDnaB.
For this purpose, we first introduced the Phe534Ala mutation in
HpDnaG-CTD, followed by expression and purification of the
protein using Ni-NTA and followed by gel filtration chromatog-
raphy (Fig. 7A). Further, we performed an electrophoretic mobil-
ity shift assay using HpDnaB and various concentrations of native
HpDnaG-CTD and the mutant HpDnaG-CTD F534A proteins.
Although the presence of either the native or the mutant form of
HpDnaG-CTD stimulated the DNA-binding activity of HpDnaB,
the mutant protein showed only a marginal reduction in the stim-
ulation of DNA-binding activity (�10 to 15%) compared to the
wild-type HpDnaG-CTD under our experimental conditions
(data not shown). It is not clear at this point why the effect of
mutation is marginal on the stimulation of HpDnaB DNA-bind-
ing activity, whereas the mutant shows a significant reduction in
the helicase activity. The results presented above (SPR, helicase
assay, ATPase assay, and the DNA binding assay) clearly show the
importance of Phe534 in the stability of HpDnaB-HpDnaG (heli-
case-primase) complex and hence validates our model for this
complex.

DISCUSSION

Previous studies conducted by others and our group have shown
the central role of DnaG primase C-terminal domain (CTD) in the

FIG 5 SPR sensogram. (A) Sensogram showing the difference in level of interaction of analyte (HpDnaB helicase) with HpDnaG-CTD native and mutant. The
amounts of analyte passed in both cases were the same: 525 nM. (B and C) Sensorgram showing the different binding affinities of native HpDnaG-CTD and
mutant HpDnaG-CTD for HpDnaB helicase. The legend shows the concentration of analyte (DnaB helicase used). The mutation of a single residue, Phe534 to
Ala, on the helicase-binding surface resulted in a 16-fold decrease in the measured binding affinity.
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interaction with the N-terminal domain (NTD) of helicase (10,
14). Interestingly, primase CTD shows more diversity than its in-
teracting partner, NTD helicase. The diversity occurs more at the
primary sequence level than at the tertiary level. Nevertheless, the
three-dimensional structures were not similar enough for us to
determine the structure of HpDnaG-CTD by molecular replace-
ment. Just as for the previous two structures of DnaG-CTD, this
structure was also solved by experimental phasing. The multiple
sequence alignment (MSA) did not offer any clue to the overall
three-dimensional structural similarity. In fact, after solving the
structure of HpDnaG-CTD, the three-dimensional structural
alignment with EcDnaG-CTD and BstDnaG-CTD shows some
conservation of the folds; this conservation occurs primarily in the
globular region (GR), which seems to be less diverse than the
helical hairpin region (HHR). In fact, it is the hairpin region that
has the major role in the interaction with DnaB-NTD (helicase),
and it shows a high degree of diversity at the primary, secondary,
and tertiary levels. Interestingly, the Dali server (69) shows that
HpDnaG-CTD has more structural similarity with DnaB-NTD
rather than the BstDnaG-CTD and EcDnaG-CTD structures. The
structure-based alignment rarely shows the alpha-helical bound-
aries to be actually aligned (see Fig. S2 in the supplemental mate-
rial).

The EcDnaG-CTD and HpDnaG-CTD crystal structures deter-

mined thus far show that they exist as dimers but, interestingly, the
dimerization surface and mode of dimerization is different. This
dimerization of primase CTD may simply be a concentration-
dependent dimerization and may not be biologically significant
since full-length primase is generally seen as a monomer. How-
ever, the dimerization could be due to the flexibility of hairpin,
since the crystal structures reported thus far has different dimeric
interfaces and dimerization pattern. Moreover, the dimerization
surface and helicase binding surface are on different sides of the
protein (see Fig. S2 in the supplemental material). In the dimeric
state, the helicase binding surface is not in a proper conformation
to bind to helicase and may play some role in preventing nonspe-
cific activity at the replication fork when not bound to helicase or
may help to bind with some other proteins such as single-stranded
DNA-binding protein (SSBs) (10).

The H. pylori helicase-primase complex (Fig. 4A) was modeled
using the H. pylori crystal structures of HpDnaG-CTD (primase,
reported here) and HpDnaB-NTD (helicase) solved by us previ-
ously (14) and using the cocrystal structure of BstDnaB-BstDnaG-
CTD as a template (22). The analysis of the interacting residues
from the HpDnaB-HpDnaG (helicase-primase) complex model
revealed a hydrophobic interaction between phenylalanine 534 in
the helical hairpin region of the HpDnaG-CTD (primase) and
Leu82 and Phe86 of HpDnaB-NTD (helicase). In the HpDnaG

FIG 6 Purification of HpDnaG F534A mutant and its effect on HpDnaB wild-type helicase activity. (A) Schematic domain organization and site of point
mutation in HpDnaG. (B) A gel filtration chromatogram of HpDnaG F534A mutant, as obtained by passing through Hi-Load Superdex-120 ml 16/60 column.
Inset panel a shows the elution pattern from the gel filtration of HpDnaG F534A mutant, and inset panel b shows the results for HpDnaGwt (lane 2) and HpDnaG
F534A mutant (lane 3) on an SDS-PAGE gel, along with that of the protein marker (lane 1). (C) Modulation of HpDnaB helicase activity in the presence of
HpDnaGwt and HpDnaG F534A mutant. Different concentrations of HpDnaGwt and HpDnaG F534A mutant proteins were added in the HpDnaB helicase
reaction as shown. The positions of the annealed probe and unwound oligonucleotides are shown in figure. The results indicate that the stimulation of HpDnaB
helicase activity is reduced by �50% in the presence of the mutant protein compared to the HpDnaGwt protein. (D) The results of a quantitative analysis of the
data from the gel in panel C are shown in the graph.
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(primase) monomer, Phe534 is solvent accessible; burial of this
apolar residue upon association with HpDnaB (helicase) likely
plays an important role in the stability of the complex. This point
is supported by molecular-dynamics (MD) calculations, which
revealed that the HpDnaB-HpDnaG (helicase-primase) complex
would get destabilized upon mutation of Phe534 to alanine. The
destabilization was indicated by MD both in pre-equilibrium tra-
jectories (Fig. 4B) and by the calculation of binding free energies of
the native HpDnaB-NTD/HpDnaG-CTD (helicase-primase) and
HpDnaB-NTD/HpDnaG-CTD F534A (helicase-mutant primase)
complexes (see Table ST2 in the supplemental material). The en-
ergy difference was enough to sense the instability of the HpDnaB-
HpDnaG (helicase-primase) complex of the mutant with respect
to the native protein. These binding affinity calculations were then
tested experimentally by expressing a Phe534Ala mutant of
HpDnaG-CTD and measuring its affinity for helicase by SPR. Ac-
cording to this analysis, the affinity of this mutant HpDnaG-CTD
for HpDnaB (helicase) is 16 times less than the affinity of the
native HpDnaG-CTD for HpDnaB (helicase). Taken together,
these findings helped us to identify Phe534 as one of the key
primase residues that may be involved in the interaction between
primase and helicase in H. pylori. The importance of this phenyl-
alanine may be specific to H. pylori since this residue is not con-
served.

Helicase and primase are known to coregulate each other’s
activities at the replication fork (14, 16, 17, 36, 67). A helicase
assay, carried out to check for the effect of the Phe534Ala muta-
tion of HpDnaG (primase) on the DNA unwinding ability of
HpDnaB (helicase), gave a very strong indication of Phe534 being
an important residue in the helicase-primase interactions in H.
pylori. A large difference between native and mutant HpDnaG
(primases) on their stimulation of HpDnaB’s (helicase) DNA un-

winding was seen. Interestingly, the effect of this mutation on
ssDNA-binding activity of HpDnaB was not that significant. The
dynamics of the interaction between the helicase and primase may
be different at the replication fork rather than on the ssDNA itself.
However, we noticed a moderate decrease (�30%) in the stimu-
lation of ATP hydrolysis rate of HpDnaB in the presence of
HpDnaG-CTD F534A (mutant) compared to the native
HpDnaG-CTD (Fig. 7). This may explain the difference in the
stimulation of helicase activity and DNA-binding activity of
HpDnaB in the presence of wild-type and mutant HpDnaG. Over-
all, these studies validated our model of the HpDnaB-HpDnaG
(helicase-primase) complex. Moreover, our analysis based on he-
licase and primase surface electrostatic potential from E. coli, B.
stearothermophilus, and H. pylori crystal structures (Fig. 8) has
showed that the helicase and primase interaction (complex for-
mation) in eubacteria may not be because of hydrophobic resi-
dues alone; charged residues too have a role to play. The pattern of
charge distribution on the surface of helicase and primase from B.
stearothermophilus is consistent with strong interactions between
these molecules, whereas the presence of negatively charged sur-
faces (i.e., like charged surfaces) for both helicase and primase of
E. coli helps explain their transient association. In the case of H.
pylori, the helicase and primase surfaces are almost complemen-
tary with respect to their surface charge potentials, which contrib-
ute to the good binding affinity. This favorable charge interaction
likely contributes to the capacity of the H. pylori complex to re-
main intact, albeit in a destabilized state, when primase residue
534 is mutated from Phe to Ala as described above. Based on the
available structural data, including the present study, we can sug-
gest a possible mechanism to explain regulation of helicase-pri-
mase activity at the replication fork. DnaG-CTD forms a dimer
not only in H. pylori as reported here but also in E. coli, although

FIG 7 Purification of HpDnaG-CTD F534A mutant and its effect on HpDnaB (wild type) ATPase activity. (A) Gel filtration chromatogram of HpDnaG-CTD
F534A (mutant) obtained by passage through a Superdex-200 10/300 GL (GE Healthcare) column. Inset panel a shows the induction profile of HpDnaG-CTD
F534A (indicated by an asterisk), along with marker (M), and inset panel b shows a Coomassie blue-stained gel corresponding to the peak fractions (15.85 ml)
collected after gel filtration of HpDnaG-CTD F534A. (B) Stimulation of HpDnaB ATPase activity in the presence of HpDnaG-CTD or HpDnaG-CTD F534A
mutant protein. ATPase assays were performed as described previously in Materials and Methods. ATP hydrolysis rates were calculated for the HpDnaB alone or
in combination with HpDnaG-CTD or HpDnaG-CTD F534A mutant protein (each 1.3 �M). ATP hydrolysis rates were plotted against substrate concentration
(ATP) as shown in figure. Alone HpDnaG-CTD (wild type or mutant protein) did not show any ATPase activity (data not shown) but both stimulated HpDnaB
ATPase activity. However, the presence of HpDnaG-CTD F534A mutant protein showed overall decrease (�30%) in ATP hydrolysis rate than HpDnaG-CTD.
The Vmax and Km of each reaction are shown at the bottom.
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weakly (10). The difference in the reported conformations of
HHR, including the NMR structure of BstDnaG-CTD (13) and its
complex with BstDnaB (helicase-primase crystal structure) (22),
is indicative of a flexible HHR. In the case of HpDnaG-CTD and
EcDnaG-CTD, the surfaces forming the (homo) dimer and the
complex with DnaB (helicase) are different. Nevertheless, the in-
teraction of primase subunits in trans when bound to helicase has
been discussed in the literature (19). When the CTD of primase is
not bound to the NTD of helicase, the helical hairpin may fold
back to interfere with the RNA polymerase/catalytic domain or
the Zn binding domain. This may, in turn, prevent nonspecific
interaction with the ssDNA for primer synthesis. Based on our
model, when DnaG-CTD comes into contact with helicase, the
otherwise bent helical hairpin becomes straight for proper bind-

ing to helicase. This straightening of the helical hairpin of CTD
away from the RNA polymerase domain or Zn binding domain
may lead to the activation of primase by coming in contact with
helicase.

The recent work (38) on HpDnaB using electron microscopic
and biophysical studies have shown interesting results about the
dodecameric state, while our previous studies indicated HpDnaB
to be a hexamer (35, 37) (see Fig. S5 in the supplemental material).
In the dodecameric state, hexametric HpDnaB dimerizes through
the N-terminal domains and in this conformation the primase
binding surface may not be accessible (38). Although the helicase
assay, ATPase assay and the SPR studies (see Results) clearly shows
that HpDanG indeed interacts with HpDnaB in solution. Previ-
ously we have already shown that HpDnaB-NTD interacts with

FIG 8 Electrostatic potential surface charge distribution on the primase and helicase interacting surfaces. (a to c=) Electrostatic potential surfaces of NTDs of
helicase and CTDs of primase for EcDnaB (a) and EcDnaG (a=), BstDnaB (b) and BstDnaG (b=), and HpDnaB (c) and HpDnaG (c=), respectively. The NTD dimer
of the BstDnaB-BstDnaG-CTD (helicase-primase) complex structure was used as a template to generate the model for the respective dimers of other helicases.
Negative, neutral, and positive electrostatic potentials are displayed in the figure in red, white, and blue, respectively. The electrostatic surface charge distribution
was calculated using ABPS plugin in PyMOL. The negative electrostatic surface is shown in red, and the positive surface is shown in blue; surfaces are drawn at �3
e/kBT.
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HpDnaG-CTD (14). In addition to this, we have successfully val-
idated our proposed model of HpDnaB-HpDnaG complex exper-
imentally, which clearly highlighted the interacting surfaces in-
volved in the complex formation and the residues involved. It is
plausible that the hexameric and dodecameric species of HpDnaB
are in equilibrium and that the techniques used to measure this are
not sensitive enough to look into the dynamics; moreover, these
measurements may also have some inherent limitations (22, 38,
70). Perhaps the HpDnaG competes for the binding with HpDnaB. In
vivo, at the replication fork after loading, dodecamer splits into
two hexamers, and both hexamers travel in opposite directions on
separate strands. Here, the hexamer must be binding to HpDnaG.
Once the primase (HpDnaG) binds to the helicase (HpDnaB), its
helicase activity gets activated and unwinding starts. The binding
of DnaG-CTD on the DnaB-NTD leads to the unmasking of the
strong DNA binding motif and hence stronger binding is there;
however, soon after the displacement of the primase, the helicase
goes back to the weak binding state and hence moves over to the
next point on the fork (36). The below-optimal level of activities of
unwinding of DNA duplex, movement of helicase, length of
primer synthesized, and loop formation will in turn slow down the
replication fork progression. The interaction pattern of primase
and helicase seems to be unique (10, 14, 17) for an organism and
therefore any change may affect not only the replication initiation
but overall DNA replication.
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