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Abstract

In bacterial DNA replication, DnaG primase synthesizes RNA primers which are then extended by DNA polymerase.

The DnaG primase consists of three domains, N-terminal zinc-binding domain (ZBD), RNA polymerase domain (RPD) and C-

terminal helicase binding domain (HBD). In the process of producing primers, the three domains of primase cooperate with each

other, and none is dispensable. Although the structures of the primase domains have been reported, so far, the full-length structure of

the primase is not known yet. Here, the model of full-length DnaG in Bacillus subtilis (BsuDnaG) was constructed from the data of

X-ray small angle scattering (SAXS) analysis. The BsuDnaG is in extended state in solution. On the other hand, the ZBD and HBD

domains could exhibit continuous conformational changes relative to the RPD domain. This study suggests the domains

rearrangement in DnaG primase may facilitate its function in DNA replication.
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In DNA replication, the DNA polymerases are
incapable of de novo synthesis, short oligonucleotides
are produced by primase to support the initiation of
nascent strands polymerization. In bacteria, DnaG
primase uses the unwound single-stranded DNA as a
template at the replication fork to synthesize RNA
primers!!-2l. DnaG is composed of three domains, the
(ZBD), RNA
polymerase domain (RPD) and C-terminal helicase
binding domain (HBD). In DNA replication, the
primase is recruited into the primosome by binding to

N-terminal zinc-binding domain

hexameric DnaB helicase vie HBD domain, then the
ZBD/RPD recognizes the specific initiation site in the
DNA template and the RPD synthesizes RNA primers.
After priming, the primers are transferred to DNA
polymerase for chain elongation. In this process, the
primase communicates with DnaB helicase, DNA
polymerase, single-strand DNA binding protein (SSB)
and DNA which
rearrangements of the primase domainsP4. Therefore,
it is essential to study the full-length DnaG to
understand how the DnaG domains cooperate with

template, requests  structural

each other.

To date, the structures of primase domains in
several bacteria have been resolved®™ 2l In Aquifex
aeolicus, the crystal structure of ZBD/RPD revealed
that ZBD docks against a face on the opposite side of
the RPD from the active site. In E. coli, SAXS
experiments show that the ZBD is bound to the RPD
in compact mode, however, the E. coli ZBD/RPD
fragment can transition to an extended state under
condition of increased ionic strength!!ll. So far, the
structure of full-length primase is unknown, the
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flexibility of full-length DnaG has not been evaluated
yet.

In this study, we purified the Bacillus subtilis
DnaG (BsuDnaG) and analyzed its solution structure
by X-ray small angle scattering. For the first time, the
rigid body model of the full-length DnaG primase was
described, the BsuDnaG primase was in extended
state in solution. On the other hand, the flexibility
analysis on BsuDnaG indicated that the ZBD and
HBD exhibit
conformational changes relative to the RPD domain.

domains could continuous
These results show light on the mechanism how the

BsuDnaG function in DNA replication.
1 Materials and methods

1.1 Protein expression and purification
The expression and purification of BsuDnaG
were the same as previously described!®. The purified
protein was analyzed by SDS-PAGE and the purity of
BsuDnaG  exceeded 95%. The
concentrated to ~15 g/L and stored at 4°C for
subsequent experiments.
1.2 Dynamic light—scattering

protein  was

(DLS)
measurements

The particle size and uniformity of the BsuDnaG
NanoStar
sample at a

protein were tested by the DynaPro
(Wyatt, USA). The
concentration of 5 g/L was added to the 10 pl quartz

instrument

cuvette for measurement at 25°C, a total of ten scans
of 5 s duration were accumulated. The light scattering
data was analyzed to obtain the distribution of ion
diffusion coefficient (Df). For spherical particles, the
interpreted as the
hydrodynamic radius R, of a diffusing sphere via the
Stokes-Einstein equation D, = kzT/6mnR, where kg is
the Boltzmann constant (1.381 x 102 J/K), T is the
absolute temperature, and 7 is the viscosity of the
solvent. Finally, the sizes distribution and the particle
diameters distribution were estimated using the
DYNAMICS software, which gave rise to an
autocorrelation function.
1.3 Homology structural modeling

The 3D models of the ZBD and HBD of DnaG
generated by SWISS-
MODELI Structure validation and quality control
were performed by Procheck!#land WhatCheck!'3)
modules on the Whatlf server.

diffusion constant can be

from B. subtilis were

1.4 SAXS measurements and data processing

Experimental SAXS data were collected at the
BL19U2 beamline at NCPSS (Shanghai, China)!'®! on
BsuDnaG serially diluted to 1, 3, 5 and 7 g/L. Before
SAXS measurements, all samples were centrifuged at
12 000 r/min for 10 min to remove aggregates and
debris. Two millimolar DTT was added to samples to
relieve radiation damage. Twenty successive frames
were collected for each sample with the exposure time
for each frame being 1 s. The scattering intensity (s)
was recorded in the range of the momentum transfer,
0.02 A <5 <04 A, where s = (4nsind)/4, 20 is the
scattering angle and A = 1.54 A. Owing to the high
experimental noise for s values > 0.3 A, the scattering
data in the range of 0.02 to 0.3 A was applied for
structural analysis.

The composite scattering curve was generated
from various protein sample concentrations by using
ATSASI7-8land  PRIMUSIL  Data obtained from
different sample concentrations were merged to yield
the final composite
resolution shape of BsuDnaG was built by the ab
initio method, DAMMIF2Y, Twenty models were
compared and averaged by DAMAVERPUand the
most universal model was selected as the typical

scattering curve. The low

model. Currently, high-resolution crystal structures of
ZBD and HBD of BsuDnaG are not available. Thus,
tertiary structure modeling was used to build atomistic
representations of the BsuDnaG subdomains, then
rigid body modeling was performed by using
CORAL!, To evaluate the flexibility of BsuDnaG,
the enzyme with assemblies of different conformers
was validated by using the ensemble optimization
method (EOM)[22, Standard parameters of EOM were
used, which included the generation of 10 000
different structural conformations that were subjected
to the selection of the ensemble distribution.

2 Results

2.1 Uniformity detection of BsuDnaG protein

The BsuDnaG protein was analyzed by SDS-
PAGE (Figure 1a). The homogeneity of BsuDnaG was
evaluated by dynamic light scattering, as shown in
Figure 1b, the light intensity autocorrelation function
was smooth and continuous, exponentially decaying
from a maximum value of 1.4 to a value of 1,
illustrating that the BsuDnaG protein was stable.
Figure 1b illustrated that BsuDnaG molecules were
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Fig. 1 The preparation of BsuDnaG

(a) A: The gel filtration chromatogram of BsuDnaG. The gel filtration column is Superdex 75 10/300 GL. B: The polyacrylamide gel electrophresis

analysis on BsuDnaG after gel filtration chromatogram. (b) 4:The light intensity autocorrelation function of BsuDnaG from dynamic light scattering

analysis. The results of ten trials were marked with ten different colors, respectively. B: The size distribution of BsuDnaG was shown in the

regularization graph, which presented monomodal size distribution.

Parameter
statistics of BsuDnaG was shown in Table 1. The
measured molecular size of BsuDnaG was about 4.3 nm

uniformly dispersed in the solution.

and the predicted molecular mass was ~ 65 ku, which
was close to the theoretical value of 69 ku, indicating
that the protein was in a monomer state in solution.

Table 1 Parameter statistics of BsuDnaG by DynaPro

NanoStar
Normalized
Item (BsuDnaG) Radius/nm Mw-S/ku
intensity/(Cnt-s™)
1 1793099 4.2 64.89
2 1798947 4.3 64.85
3 1820822 4.3 64.79
4 1816643 43 64.77
6 1844589 43 64.76
7 1783932 43 64.84
8 1770273 43 64.88
9 1800920 4.2 64.89
10 1787716 43 64.88

The numbers in the first column represent different tests.

2.2 The tertiary structure of ZBD and HBD of
BsuDnaG
The tertiary structures of ZBD and HBD of

BsuDnaG were modeled using SWISS-MODEL. The
homology modeling of proteins by SWISS-MODEL
requires a sequence consistency greater than 30%.
Here, The BsuDnaG ZBD (residues 1-97) shows 66%
sequence identity to the ZBD of BstDnaG (PDB ID:
1D0Q, chain A) Bl whereas the BsuDnaG HBD
(residues 462-602) has 51% sequence identity to the
HBD of BstDnaG (PDB ID: 2R6A, chain C)UZ
(Figure 2a). The structures of ZBD and HBD from
BstDnaG are good template for homology modeling.
The superposition of the models of ZBD and HBD
from BsuDnaG to the
counterparts in BstDnaG revealed a r.m.s.d value of
0.11 and 0.09 A, respectively (Figure 2b). The
geometry of the models was further validated by
Procheck and Whatlf. The Ramachandran plots
showed that 90.1 % of the amino acids in ZBD and
87.4 % in HBD fell in the preferred ¢/ peptide
torsion angle regions and none of the residues were in

crystal  structures of

disallowed regions(Figure 2c). The overall geometry
and packing validation parameters calculated by
Whatlf also pointed to good-quality models.
Therefore, the models of ZBD and HBD we obtained
could be used to model the BsuDnaG rigid body
structure.
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Fig.2 The homology modeling of ZBD and HBD of BsuDnaG
(a) 4: Amino acid sequence alignment of BsuDnaG and BstDnaG Zinc binding domain (ZBD). B: Helicase binding domain (HBD). (b) The

superposition of the models of ZBD and HBD in B. subtilis and the crystal structures of counterparts in B. stearothermophilus. The BsuDnaG(ZBD),
BsuDnaG(RPD) and BsuDnaG(HBD) domains were colored in red, blue and orange, and the BstDnaG(ZBD) and BstDnaG(HBD) were colored in
green. (¢) The Ramachandran plots of the constructed models of ZBD and HBD in B. subtilis. A: BsuDnaG(ZBD). B: BsuDnaG (HBD). The most

favorite regions, the additional allowed regions, the generously allowed regions and the disallowed regions were colored in red, yellow, pink and

white, respectively.

2.3 Solution structure of full-length BsuDnaG
The SAXS profiles recorded of the BsuDnaG are
shown in Figure 3a. The radius of gyration (R,) was ~
(37.3 £0.19) A, which was evaluated to be within the
range of the Guinier approximation. The molecular
mass of BsuDnaG was calculated to be (70 + 2) ku,
which is in agreement with the theoretical mass of
69 ku, indicating that the protein behaves as a
monomer in distance distribution
function p(r) for BsuDnaG is shown in Figure 3b.
Profiles of the p(r) function for BsuDnaG in solution
were characterized as an elongated body with a

solution. The

maximal particle dimension, D,,, of ~145 A. In
addition, twenty independent models were generated
by ab initio modeling, which gave reproducible

results and showed good approximations to the
experimental data with a discrepancy value y*> = 1.17
(Figure 3a, green line). A specific model of BsuDnaG
was built by CORAL modeling using the structures of
ZBD, RPD and HBD of BsuDnaG as rigid bodies. The
rigid model of CORAL (Figure 3c) agreed with the
experimental data very well (3> = 0.95) (Figure 3a,
blue line). The model revealed that the HBD extends
away from the other two domains (ZBD and RPD).
Moreover, the CORAL reconstructions fitted to the
DAMMIF models,
Thus, these two independent methods are consistent,

as demonstrated in Figure 3d.

thereby supporting the notion that the models
presented here clearly represent solution structures.
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Fig.3 Rigid body modeling of BsuDnaG

(a) SAXS scattering profiles and model reconstructions of BsuDnaG. Black circle: experimental intensity; green line: smooth curve back transformed

from the p(r) and extrapolated to zero scattering angle; red line: scattering pattern calculated from the DAMMIF model; yellow line:scattering pattern

computed from CORAL model; blue line: averaged scattering pattern of the optimized models generated by EOM. (b) Distance distribution function
p(r) for full length BsuDnaG in solution. (c) The rigid body modeling of full-length BsuDnaG by CORAL, the ZBD, RPD and HBD domains were

colored in green, blue and yellow, respectively. (d) Superposition of DAMMIF and CORAL models. The missing loops are represented as dummy

residues colored purple. Two orientations were shown. The ZBD, RPD and HBD domains were colored in green, blue and yellow, respectively.

Given the intrinsic flexibility of BsuDnaG, a
large pool of 10 000 different conformations was
generated by EOM and an optimized ensemble of 50
models that good described the SAXS data was
selected. The selected ensemble of conformations is in
good agreement with the SAXS profile with a y? value
of 1.15. Both the R, and D
the ensemble selected from the random pool for
BsuDnaG had a broad peak, ranging from ~25 to 50 A
and ~80 to 160 A, respectively (Figure 4a, b). From

distribution functions of

max

the distributions of the optimized ensembles, the
fractions of models with Rg ranging from 25.0 to
374 A correspond to compact configuration, one
representative model (4) from this Rg region was
showed in Figure 4c, where the HBD bended at a

large angle to approach the RPD domain. The other
fractions of models (Rg between 37.5 and 50.0 A) are
rather extended, five representative models (B—F)
from this Rg region were presented in Figure 4c. The
parameters of the selected models were presented in
Table 2. The histogram of the Rg distribution in
Figure 4 resulted in an estimated value of ~50% for
each type of the models. Although the conformations
of BsuDnaG were divided into two types according to
flexibility analysis, even the compact conformations
were looser than the folded globular proteins. These
results suggested that full-length BsuDnaG had a high
degree of flexibility and underwent continuous
conformational changes in solution, which may have
an compact on the function of BsuDnaG.
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Fig. 4 Flexibility analysis of BsuDnaG

(a,b) Rg and D, distributions of the optimized ensembles for BsuDnaG analyzed by program EOM, the »? value was 1.15. (c) The optimal six

BsuDnaG solution models selected by EOM, labeled in six different colors, respectively.

Table 2 The parameters of the models selected by EOM

program

Item Rg/A Dmax/A Fraction
BsuDnaG (4) 32.84 109.33 0.505
BsuDnaG (B) 42.93 144.56 0.101
BsuDnaG (C) 42.40 136.85 0.101
BsuDnaG (D) 42.44 131.22 0.101
BsuDnaG (E) 42.69 143.87 0.101
BsuDnaG (F) 42.73 149.62 0.101

The letters in parentheses represent representative models selected
by EOM program. Fraction represents the proportion of the
representative model in all selected models.

3 Discussion

In bacteriophage T7, the primase is covalently

linked to the helicase as a bifunctional protein; and
hence, the primase stacks on the helicase ring at the
DNA replication fork!?l. In humans, the primase
heterodimer contains a small catalytic subunit (p49)
and a large regulatory subunit (p58) with p49
responsible for primer synthesis and p58 responsible
for template-primer binding. An 18-residue linker
between the C-terminal domain of p58 (p58C) and the
rest of the primase facilitates the movement of p58C
during primer elongation>*2%1, For bacterial DnaG
primase, the HBD tethers the DnaG with DnaB at the
DNA replication fork and the ZBD/RPD is
responsible binding and primer
elongation. The intrinsic flexibility of DnaG results in
the degradation of the protein in vitro, which has
hampered the determination of the full-length

for template
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structure of BsuDnaG!®8l. Here, the rigid body model
of BsuDnaG obtained by CORAL (Figure 3¢) showed
that BsuDnaG was stretched in solution, the HBD
domain was far from the other two domains, the ZBD
docked against the RPD and associated closely.

In DNA replication, the primase is recruited to
the DNA replication fork by binding to the helicase
across the HBDI!!226-27 After priming, the polymerase
competes with primase to interact with SSB for the
primer hand-off to DNA polymerasel?®l. Otherwise,
the C-terminal domain of DnaG is also responsible for
binding to the SSBP°!. In these unwinding-priming-
polymerizing processes, the primase communicates
with both DNA and other proteins in the replisome,
structural rearrangement is not dispensable. In
primase, the flexibility of the interdomain linkers
provides freedom.

Sequence alignment reveals that the RPD and HBD

significant ~ conformational

domains are connected by long loop region (Loop2),
however, the length of the hinge region between ZBD
and RPD domains (Loopl) is different (Figure 5). In
A. aeolicus primase, Loopl is eight residues shorter
than that of BsuDnaG, which may limit the
rearrangement of ZBD domain. We analyzed the
flexibility of BsuDnaG through EOM, the results
showed that BsuDnaG continuous
conformational changes in solution (Figure 4), the
ZBD domain and HBD domain could be rearranged at
various angles relative to the RPD domain (Figure 4c)
in each model, which implied that the BsuDnaG could
adapt to specific conformation upon interacting with
each partner. To validate how DnaG interacts with
initiation, further
on the structure of DnaG/partner
complex are requested.

underwent

partners in DNA replication

investigations

(2)
BsuDnaG
BstDnaG
EcDnaG GNAIDE'IMNY‘:EEVETVEMIERHQRQTLY@G
SaDnaG ~ ........ KENEDRYNVAVDIEATOSNSNVOIASDDLO . M IEMERNI QFERY YART .
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Fig. 5 Sequence alignments of the hinge regions between BsuDnaG domains

(a) Loopl between ZBD and RPD domains in five bacterial primases. BsuDnaG: Bacillus subtilis; BstDnaG: Bacillus stearothermophilus;

EcDnaG:Escherichia coli; SaDnaG: Staphylococcus aureus; AaDnaG: Aquifex aeolicus. (b) Loop2 between between RPD and HBD domains. Amino

acid conservation among bacterial primases is mapped as a continuum of pink (most conserved) to white (least conserved), and the hinge area is

marked in gray. The secondary structures of BsuDnaG fragments were predicted by PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/).
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E  {EAEDNAK KT, DnaGolWlEE BRNA G, AR5 -G Y51 i i DNA KA RS TIES . DnaG 5 |9l i 3 4~4%
Fss 2 A, NOm4E 4 & 458, (zinc-binding domain, ZBD) . RNA & E45f, (RNA polymerase domain, RPD) Al C i
fiff e M2 5 4544 3% (helicase binding domain, HBD) . 7E& MG W RE . SIWEGRY 3 DASHERBRFAE , B—Amr
1Y 3 DSBS AR HGE , HREHFCY IR, 5IEER KA M ANTERE . FRAT7E MOGIRR N X 2k
B AR B T AR R 2R IR A 5 DB IR RS K, B R T K5 | RS AT . FRATTR B, AR AT 04 5 | W i
AL T RARES,  H.ZBD F1 HBD Z5H93AHXS T RPD 254 i 9 4 i B2 A 52 A8 Ak . AR SCIF5Y 32 W] DnaG 51 ¥l i 45
Fadul F HETT REAR B T HAE DNA Kb 2 456 .
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