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DnaT and PriB are replication restart primosomal proteins required for re-initiating chromosomal DNA
replication in bacteria. Although the interaction of DnaT with PriB has been proposed, which region of
DnaT is involved in PriB binding and self-trimerization remains unknown. In this study, we identified
the N-terminal domain in DnaT (aa 1-83) that is important in PriB binding and self-trimerization but
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I?I?ET to PriB according to native polyacrylamide gel electrophoresis, Western blot analysis, and pull-down
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assay, whereas DnaT84-179 cannot bind to PriB. In contrast to DnaT, DnaT26-179, and DnaT42-179 pro-
teins, which form distinct complexes with ssDNA of different lengths, DnaT84-179 forms only a single
complex with ssDNA. Analysis of DnaT84-179 protein by gel filtration chromatography showed a stable
monomer in solution rather than a trimer, such as DnaT, DnaT26-179, and DnaT42-179 proteins. These
results constitute a pioneering study of the domain definition of DnaT. Further research can directly focus
on determining how DnaT binds to the PriA-PriB-DNA tricomplex in replication restart by the hand-off
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mechanism.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Genetic integrity should be maintained from generation to gen-
eration for bacteria to survive [1]. When DNA is damaged, the DNA
replication machinery may be arrested anywhere in the chromo-
some [2]. Collapsed DNA replication forks must be reactivated by
the replication restart primosome by the origin-independent
reloading of the polymerase to duplicate genomes [2,3]. After
DNA repair, the replication restart primosome [4-6], a formidable
enzymatic machine, travels along the lagging strand template, un-
winds the duplex DNA, and primes the Okazaki fragments required
for the progression of replication forks [7,8]. The replication restart
primosome preferentially recognizes three-way branched DNA
structures with a leading strand [9-12]. In Escherichia coli, the
PriA-directed primosome includes six essential proteins, namely,
PriA, PriB, DnaB, DnaC, DnaT, and DnaG [5]. PriA, an initiator pro-
tein, first binds to the forked DNA. PriB and DnaT are the second

Abbreviations: ssDNA, single-stranded DNA; aa, amino acid residues; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis; EDTA, ethylenedia-
mine tetraacetic acid; IPTG, isopropyl thiogalactoside; nt, nucleotides; EMSA,
electrophoretic mobility shift analysis.
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and third proteins, respectively, to be assembled in the protein-
DNA complex. The association of DnaT with PriA is facilitated by
PriB [13]. The binding of DnaT to PriA and PriB dissociates PriB
from single-stranded DNA (ssDNA) [14]. However, which region
of DnaT interacts with PriB remains unclear.

DnaT, formerly known as protein i [15-17], is a key component
for the replication of phage $X174 [18] and pBR322 plasmid but
not for that of R1 plasmid [19]. Genetic analysis of E. coli DnaT sug-
gests an essential replication protein for the growth of bacterial
cells because the dnaT822 mutant shows colony size, cell morphol-
ogy, inability to properly partition nucleoids, UV sensitivity, and
basal SOS expression similar to those of priA2::kan mutants [20].
DnaT is also required for E. coli growth at elevated pressure [21]
and for the lytic cycle of Mu growth [22].

DnaT is a homotrimer of approximately 22 kDa subunits
[17,23]. The N-terminal region, aa 1-41, is not crucial for the olig-
omerization of DnaT [23]. However, DnaT also exists in solution as
a monomer-trimer equilibrium system [24]. The ssDNA-binding
site of DnaT may primarily be located in the C-terminal region
(aa42-179) with a size of 26 + 2 nt [23]. Yeast two-hybrid analyses
revealed that DnaT can interact with PriB alone [25]. Although the
role of DnaT in the recruitment of DnaB helicase has been pro-
posed, little is known about the fundamental function of DnaT
for the assembly of the replication restart primosome.
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In this study, we defined a two-domain structure for DnaT
and thus identified the involvement of the N-terminal domain
(@a  1-83) in PriB binding and of the C-terminal
domain (aa 84-179) in ssDNA binding. The lack of the N-terminal
domain in DnaT resulted in the failure to trimerize. Further re-
search can focus on determining how PriB and DnaT bind to the
PriA-DNA complex in replication restart.

2. Materials and methods

2.1. Construction of expression plasmids of DnaT, DnaT1-83, DnaT1-
120, DnaT1-139, DnaT42-179, DnaT84-179, and PriB(dHis)

A fragment containing the coding sequence of DnaT variants
was amplified by PCR with the genomic DNA of Klebsiella pneumo-
niae subsp. pneumoniae MGH 78578 as template. The PCR products
with unique Ndel and Xhol restriction sites were then cloned into
the pET21b vector (Novagen, Madison, WI, USA) for protein expres-
sion in E. coli. The primers used to construct these plasmids are
summarized in Supplementary Table 1. These plasmids were veri-
fied by DNA sequencing. The expected gene product expressed by
these plasmids had a His tag, which is useful for purifying the re-
combinant protein and Western blot by the anti-His antibody. To
distinguish proteins in the Western blot, we also constructed plas-
mid pET21b-PriB(dHis) to express PriB without a His tag.

2.2. Protein expression and purification

The recombinant DnaT variants were expressed and purified
using the protocol described previously for DnaT [23]. Briefly,
E. coli BL21(DE3) cells were individually transformed with the
expression vector and grown to ODggo of 0.9 at 37 °C in Luria-Ber-
tani medium containing 250 pig/mL ampicillin with rapid shaking.
Overexpression of the expression plasmids was induced by incu-
bating with 1 mM isopropyl thiogalactoside for 3 h at 37 °C. The
cells overexpressing the protein were chilled on ice, harvested by
centrifugation, resuspended in Buffer A (20 mM Tris-HCl, 5 mM
imidazole, and 0.5M NacCl, pH 7.9) and disrupted by sonication
with ice cooling. The protein purified from the soluble supernatant
by Ni?*-affinity chromatography (HiTrap HP; GE Healthcare Bio-
Sciences, Piscataway, NJ, USA) was eluted with Buffer B (20 mM
Tris-HCI, 250 mM imidazole, and 0.5 M NaCl, pH 7.9) and dialyzed
against a dialysis buffer (20 mM Tris—-HCI and 100 mM NacCl, pH
8.0; Buffer C). PriB(dHis) was expressed using the same protocol,
but was purified in different way. The soluble supernatant
(20 mM Tris-HCl and 100 mM NacCl, pH 5.9; Buffer D) containing
PriB(dHis) was applied to the SP column (GE Healthcare Bio-Sci-
ences, Piscataway, NJ, USA). PriB(dHis) was eluted with a linear
NaCl gradient from 0.1 to 1 M with Buffer D using the AKTA-FPLC
system (GE Healthcare Bio-Sciences, Piscataway, NJ, USA). Purity of
these proteins remained greater than 97% as determined by Coo-
massie-stained SDS-PAGE (Mini-PROTEAN Tetra System; Bio-Rad,
CA, USA).

2.3. Gel-filtration chromatography

Gel-filtration chromatography was carried out by the AKTA-
FPLC system. Briefly, purified protein (25 mg/mL) in Buffer C was
applied to a Superdex 200 HR 10/30 column (GE Healthcare Bio-
Sciences, Piscataway, NJ, USA) equilibrated with the same buffer.
The column was operated at a flow rate of 0.5 mL/min, and 0.5-
mL fractions were collected. The proteins were detected by mea-
suring the absorbance at 280 nm. The column was calibrated with
proteins of known molecular weight: y-globulin (158 kDa), ovalbu-
min (44 kDa), myoglobin (17 kDa), and vitamin By, (1.35 kDa). The

K,y values for the standard proteins and the DnaT variant were cal-
culated from the equation: K., = (Ve — V,)/(V. — V,), where V, is
column void volume, V. is elution volume, and V. is geometric col-
umn volume.

2.4. Electrophoretic mobility shift assay (EMSA)

EMSA for DnaT84-179 was conducted according to the protocol
previously described for DnaT [23]. ssDNA oligonucleotides of var-
ious lengths were radiolabeled with [y*?P]ATP (6000 Ci/mmol;
PerkinElmer Life Sciences, Waltham, MA) and T4 polynucleotide
kinase (Promega, Madison, WI, USA). DnaT84-179 (0, 1.3, 2.5,
5.0, and 10.0 uM) was individually incubated at 25 °C for 30 min
with 1.7nM DNA substrates (dT10-70) at a total volume of
10 pL in 20 mM Tris-HCI (pH 8.0) and 100 mM NaCl. Aliquots
(5 pL) were removed from each reaction solution and were added
to 2 puL of gel-loading solution (0.25% bromophenol blue and 40%
sucrose). The resulting samples were resolved on a native 8% poly-
acrylamide gel at 4 °C in TBE buffer (89 mM Tris borate and 1 mM
EDTA) at 100 V for 60 min to 90 min and were visualized by auto-
radiography. Complexed and free DNA bands were scanned and
quantified.

2.5. Native PAGE for analyzing protein-protein interaction

DnaT, DnaT42-179, or DnaT84-179 (0-60 uM) was incubated at
25°C for 20 min with PriB(dHis) (60 uM) at a total volume of
100 pL in Buffer C. Aliquots (10 pL) were removed from each reac-
tion solution and were added to 3 pL of gel-loading solution (0.25%
bromophenol blue and 40% sucrose). The resulting samples were
resolved on a native 9% polyacrylamide gel at 4 °C in TBE buffer
(89 mM Tris borate and 1 mM EDTA) at 150V for 2 h and were
visualized by Coomassie staining.

2.6. Western blot analysis

After native PAGE, the proteins were transferred onto a nitrocel-
lulose membrane (Whattman). After overnight blocking with 1%
(w/v) bovine serum albumin, the membrane was sequentially
incubated with a mouse anti-6xHis-tag IgG1 monoclonal antibody
conjugated to horseradish peroxidase (1:1000) (Serotec). Between
these successive 2 h incubations, the membrane was washed with
PBS-0.1% Tween 20. A chemiluminescent HRP substrate (Millipore)
was used for detection.

2.7. Pull-down assay

DnaT, DnaT42-179, or DnaT84-179 (20 uM) was incubated at
25 °C for 20 min with PriB(dHis) (20 uM) in Buffer C. Nickel-NTA
agarose beads (GE Healthsciences) were added to each sample,
incubated for 2 min, and centrifuged for 1 min at 6000g. The beads
were washed several times with Buffer C. Proteins were eluted
with Buffer B and visualized by Coomassie stained SDS-PAGE.

2.8. ssDNA-binding ability

The ssDNA binding ability ([Protein]so; Kq.app) for the protein
was estimated from the protein concentration that binds 50% of
the input ssDNA. Each [Protein]sq is calculated as the average of
at least three measurements + SD.
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3. Results and discussion

3.1. Purifying DnaT, DnaT1-83, DnaT1-120, DnaT1-139, DnaT42-179,
DnaT84-179, and PriB(dHis)

The K. pneumoniae proteins were hetero-overexpressed in E. coli
and were then purified from the soluble supernatant by Ni*-affin-
ity chromatography and the SP column (Fig. 1A). However, DnaT1-
83, DnaT1-120, and DnaT1-139 were all expressed as protein pel-
lets, suggesting that the C-terminal region was important for the
solubility of DnaT.

3.2. DnaT84-179 is a monomer

DnaT is a trimeric protein whose N-terminal region (aa 1-41) is
unimportant for oligomerization [23]. To determine whether the
length of DnaT affects its oligomerization state, we analyzed
DnaT84-179 by gel filtration chromatography and found a single
peak with an elution volume of 98.08 mL (Fig. 1B). Assuming that
DnaT84-179 has a shape and partial specific volume similar to
those of standard proteins, the native molecular mass of DnaT84-
179 was estimated to be 10816 Da, calculated from a standard
linear regression equation, K, = —0.2921 (log Mw) + 1.8984
(Fig. 1C). The native molecular mass of DnaT84-179 is approxi-
mately equal to that of a DnaT84-179 monomer (~11 kDa). Thus,
the deletion of the N-terminal 1-83 aa region significantly changed
the oligomeric state of DnaT (i.e., from a trimer to a monomer) in
contrast to that of DnaT42-179, which remains a trimer [23]. The
N-terminal aa 43-83 region was critical for DnaT self-trimeriza-
tion. The properties of the deletion mutant of DnaT are summa-
rized in Table 1.

3.3. DnaT84-179 bound to ssDNA

In contrast to DnaT, which forms a trimer, DnaT84-179 was a
monomeric protein. To confirm whether small protein DnaT84-
179 can still bind to ssDNA, we assessed the binding of DnaT84-
179 to dT10, dT20, dT30, dT40, dT50, dT60, and dT70 (Fig. 2) at
different protein concentrations by EMSA. EMSA, a popular and
well-established approach in studies of molecular biology, detects
distinct protein-DNA complexes [26]. No significant band shift was
observed when DnaT84-179 was incubated with dT10 (Fig. 2A),
indicating that DnaT84-179 cannot form a stable complex with
dT10 during electrophoresis. In contrast to dT10, long dT homo-
polymers bound to DnaT84-179 and formed a single complex
(Fig. 2B-G). DnaT84-179 can bind to dT20, but DnaT, DnaT26-
179, and DnaT42-179 cannot [23]. Surprisingly, in contrast to
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Table 1
The properties of the deletion mutant of DnaT.

Oliomerization PriB binding ssDNA binding
DnaT Trimer + +
DnaT42-179 Trimer + +
DnaT84-179 Monomer - +
DnaT1-83 Expressed as protein pellets
DnaT1-120 Expressed as protein pellets
DnaT1-139 Expressed as protein pellets

DnaT, DnaT26-179, and DnaT42-179, which form distinct com-
plexes with ssDNA of varying lengths [23], DnaT84-179 complexed
with ssDNA formed a single complex. Because only one complex of
DnaT84-179 molecules bound per ssDNA was visible when the
length of the dT homopolymers was increased to 70 nt, these inter-
actions were more highly cooperative than those of DnaT, DnaT26-
179, and DnaT42-179. No other distinctive complex or intermedi-
ate form was observed. Thus, small monomeric protein DnaT84-
179 can still bind to ssDNA with unexpected positive cooperativity.
To compare the ssDNA-binding abilities of DnaT, DnaT26-179,
DnaT42-179, and DnaT84-179, the midpoint value for the input
ssDNA binding of DnaT84-179, calculated from the titration curves
of EMSA and referred to as [Protein]so, was quantified (Table 2).
[DnaT84-179]s¢ values ranged from 2.7 uM to 5.2 pM, similar to
those of DnaT and DnaT26-179 but different from those of
DnaT42-179. The reason for such discrepancy remains unknown.
Thus, the deletion of the N-terminal 1-83 aa region in DnaT chan-
ged the oligomerization state and DNA binding behavior (complex
number) but did not decrease ssDNA binding ability (Table 2).

3.4. Native PAGE analysis for identifying regions of interaction of DnaT
with PriB

Yeast two-hybrid analyses show the interaction of DnaT with
PriB in vivo [25]. To assess such interaction in vitro, native PAGE
analysis using purified proteins was conducted together with Wes-
tern blot. DnaT, DnaT42-179, and DnaT84-179 have a His tag and
therefore can be detected by the anti-His antibody. Native PAGE
analysis expects that the interaction of a protein with another
forms a protein complex(es), whose electrophoretic mobility dif-
fers from that of the uncomplexed form(s) of the protein. DnaT
and DnaT42-179 (Fig. 3A and B), but not DnaT84-179 (Fig. 3C),
incubated with PriB(dHis) caused a significant band shift, indicat-
ing different mobilities because of the addition of PriB(dHis). Thus,
DnaT can use its N-terminal region (aa 1-83) to interact with PriB
in the absence of DNA. Although we wanted to investigate several
deletion mutants in the C-terminal region, namely, DnaT1-83,
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Fig. 1. (A) Protein purity. Coomassie Blue-stained SDS-PAGE (14%) of the purified DnaT84-179 (lane 1), DnaT42-179 (lane 2), DnaT (lane 3), PriB(dHis) (lane 4), and molecular
mass standards (M) are shown. (B) Gel-filtration chromatographic analysis of the purified DnaT84-179 protein. The column (Superdex 200 HR 10/30) was calibrated with
proteins of known molecular masses: y-globulin (158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa), and vitamin By, (1.35 kDa). The single peak shows the eluted DnaT84-
179 protein. (C) A standard linear regression curve was generated by plotting the log of the molecular mass of the calibration proteins against their K, values.



150

A B C D
"] _/""! —— ]
s MC N Cc

deo-*w dT30- S
aro- e - :

Y.-H. Huang, C.-Y. Huang/Biochemical and Biophysical Research Communications 442 (2013) 147-152

E F G

—— ] —

L

dT40- i -

_,.,———::"'I‘ -"’_‘—f”l
W -C c- wHw i C
[ aTeo- Al i 7o

Fig. 2. Binding of DnaT84-179 to (A) dT10, (B) dT20, (C) dT30, (D) dT40, (E) dT50, (F) dT60, and (G) dT70. The reaction solutions contain 1.7 nM of the oligonucleotide and the

purified DnaT84-179 protein (0-10 pM).

Table 2

ssDNA binding properties of DnaT84-179 as analyzed by

EMSA.
DNA [Protein]so N
dT10 ND 0
dT20 52+04 1
dT30 3.1+05 1
dT40 29+0.2 1
dT50 29+04 1
dT60 2.7+03 1
dT70 2.7+04 1

Errors are standard deviations determined by three inde-
pendent titration experiments.
N, complex number.

DnaT1-120, and DnaT1-139, they were expressed as protein pel-
lets, which cannot be characterized.

3.5. Pull-down assay

To verify direct interaction of DnaT with PriB, we performed
pull-down experiments using DnaT variants and PriB(dHis). If
there is physical interaction between DnaT and PriB(dHis), un-
tagged PriB(dHis) will be eluted with His-tagged DnaT in this as-
say. As shown in Fig. 3D-F, DnaT and DnaT42-179, but not
DnaT84-179, eluted with PriB(dHis). PriB(dHis) was found in
washing solution when DnaT84-179 was used in this experiment
(Fig. 3F). Taken together, DnaT and DnaT42-179 can bind to PriB
according to native polyacrylamide gel electrophoresis, Western
blot analysis, and pull-down assay, whereas DnaT84-179 cannot
bind to PriB. In addition, these interactions did not require addition
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of DNA. These results constitute a pioneering study of the sites of
interaction of DnaT with PriB.

3.6. Functional domains of DnaT

Previously we have modeled the DnaT structure by (PS)* [23].
The C-terminal region of DnaT contains highly conserved positively
charged or aromatic residues for ssDNA interaction [23]. In the cur-
rent study, we found that DnaT84-179, although a monomer, can
bind to ssDNA with similar affinity to that of DnaT. The N-terminal
region of DnaT was assumed to be insignificant in primosome
assembly because this region is variable [23]. However, we found
that the N-terminal domain (aa 1-83), especially region aa
43-83, of DnaT, is essential for PriB binding (Table 1). Many bacte-
ria have no recognizable homolog of DnaT and other loading fac-
tors, such as PriB, PriC, and DnaC. These Gram-positive bacteria
still employ replication restart [27]. We proposed that DnaT serves
as an accessory protein for regulating the translocase or helicase
activity of replicative DnaB helicase. Thus, several regions that
are important for protein-protein interaction and conformational
change in DnaT, even those that are important for the interaction
of PriB or other primosomal proteins, are not necessarily
conserved.

3.7. Domain mapping of DnaT: insight into hand-off mechanism

A hand-off mechanism for primosome assembly [14] has been
proposed whereby (i) PriA recognizes and binds to a replication
fork, (ii) PriB joins to PriA to form a PriA-PriB-DNA ternary com-
plex, and (iii) DnaT participates in this nucleocomplex to form a tri-
protein complex, in which the recruitment of DnaT results in the

0 60 60 60 60 60 60 60 60
2 4 8 15 30 60

PriB(dHis)
DnaT84-179 60 0 1

Protein
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Fig. 3. (A-C) Native PAGE with Western blot analysis. (A) DnaT, (B) DnaT42-179, and (C) DnaT84-179 (0-60 pM) was incubated with PriB(dHis) (60 uM). The reaction
solution was analyzed by native PAGE with Western blot. (D-F) Pull-down assay. (D) DnaT, (E) DnaT42-179, and (F) DnaT84-179 was incubated with PriB(dHis) and then the

pull-down experiments were performed. W, washing solution; E, elution solution.
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Fig. 4. (A) Domain definition of DnaT. This trimeric DnaT structure (aa 14-165) with ssDNA (25 mer; shown in gold) modeled by (PS)? was adapted from [23]. (B) On the basis
of results in this study, the hand-off mechanism for primosome assembly is updated such that (i) PriA recognizes and binds to a replication fork, (ii) PriB joins to PriA to form a
PriA-PriB-DNA ternary complex, and (iii) DnaT interacts with PriA, ssDNA (via the C-terminal domain), and PriB (via the N-terminal domain) and the DnaB/C complex is
loaded. This modified model explains the mechanism as to how DnaT simultaneously binds to ssDNA and its partner protein, PriB.

release of ssDNA by PriB and then loads the DnaB/C complex. Very
recently, we have identified DnaT as a kind of ssDNA binding pro-
tein and then modified the hand-off mechanism for primosome
assembly [23]. In the current study, we identified that the N-termi-
nal domain of DnaT is responsible for PriB binding and that its
C-terminal domain is involved in ssDNA binding (Fig. 4A). Thus,
the hand-off mechanism for primosome assembly is updated
(Fig. 4B) such that (i) PriA recognizes and binds to a replication
fork, (ii) PriB joins to PriA to form a PriA-PriB-DNA ternary com-
plex, and (iii) DnaT interacts with PriA, ssSDNA (via the C-terminal
domain), and PriB (via the N-terminal domain) and the DnaB/C
complex is loaded. This modified model explains the mechanism
as to how DnaT binds to ssDNA and its partner protein, PriB. To fur-
ther elucidate the function and structure of DnaT, our laboratory is
obtaining several crystals of DnaT84-179 in complex with ssDNA
for crystallographic analysis. A large number of complex structures
of DnaT will enhance our understanding of the mechanism for
primosome assembly.

In this study, we constructed and analyzed several deletion mu-
tants of DnaT, in which DnaT84-179 can bind to ssDNA but cannot
interact with PriB and cannot form an oligomer. On the basis of this
biophysical characterization and extensive evidence from other lit-
erature, we mapped the domain functions of DnaT. The N-terminal
domain (aa 1-83), especially aa 43-83, is important in PriB binding
and self-trimerization, and the C-terminal domain (aa 84-179) is

crucial for ssDNA binding. Further research can directly focus on
determining how DnaT binds to the PriA-PriB-DNA tricomplex in
replication restart by the hand-off mechanism.
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