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DnaT protein, only found in the Gram-negative
bacteria, 1s required for assembly of the replication
restart primosome. Activity of the replication
restart primosome is essential for cell growth and
survival. Although DnaT is involved in DNA
replication, nothing is known about DNA binding
activity of DnaT. In this project, we have showed
that DnaT has a strong DNA binding ability relatively
higher than those of other members in the primosome,
and have detailed the DNA-binding mode. In this one-
year project, we have published b SCI papers, of
which 1 is a review article. We hope these results
will provide a new target for drug design for
bacterial antibiotics resistances, including
Klebsiella pneumoniae.
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interactions.



i

14

ERER
la. ¥ 238 page
Ib. B2 8 page
TRAE
2. W s page
2b. FEF B BTl s page
2c. = }g’%#ﬂ?ﬁ -------------------------------------- page
) I E S Page
SR EAH page
() page

S5a

5b

5¢

5d

S5e

Huang, Y.H., Lin, M.J., Huang, C.Y.* (2013) DnaT is a single-stranded
DNA binding protein. Genes Cells, 18, 1007-1019. (SCI)

Huang, Y.H., Huang, C.Y.* (2013) The N-terminal domain of DnaT, a
primosomal DNA replication protein, is crucial for PriB binding and

self-trimerization. Biochem. Biophys. Res. Commun., 442, 147-152. (SCI)
Peng, W.F., Huang, C.Y.* (2014) Allantoinase and dihydroorotase binding

and inhibition by flavonols and the substrates of cyclic amidohydrolases.
Biochimie, 101, 113-122. (SCI)

Huang, Y.H., Huang, C.Y.* (2014) Structural insight into the DNA-binding
mode of the primosomal proteins PriA, PriB, and DnaT. Review article.
Biomed Res. Int., 2014, 195162. (SCI)

Huang, Y.H., Huang, C.Y.* (2014) C-terminal domain swapping of SSB
changes the size of the ssDNA binding site. Biomed Res. Int., 2014,
573936. (SCI)

II

III

22



DnaT £E ff S L FETHF hdd o H &4 SAF @£ e 515 & 4 (replication

restart primosome) 2 5 &2 & 4 jEPE AT T & - | o @ A gt R BRI e e

£ S Ec P o DnaT ehé 2828 DNAAF G M > RALT L2 o v 5 DNA g & i
o Bt PRI 0 e g P DnaT 44 5% chDNA B & 7dth > 02 © 8= ) o f

FETBEERSK SCIHY (5

II



SR 2

Ib. % 45 &

Keywords: Klebsiella pneumoniae, DnaT, protein-DNA interactions.

DnaT protein, only found in the Gram-negative bacteria, is required for assembly of the
replication restart primosome. Activity of the replication restart primosome is essential for cell
growth and survival. Although DnaT is involved in DNA replication, nothing is known about
DNA binding activity of DnaT. In this project, we have showed that DnaT has a strong DNA
binding ability relatively higher than those of other members in the primosome, and have detailed
the DNA-binding mode. In this one-year project, we have published 5 SCI papers, of which 1 is a
review article. We hope these results will provide a new target for drug design for bacterial

antibiotics resistances, including Klebsiella pneumoniae.
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This report focuses on “DnaT is a single-stranded DNA binding protein.”

The ability to reinitiate chromosomal DNA replication to maintain genetic integrity after
encountering DNA damage is essential for bacterial survival (Cox et al. 2000; Cox 2001;
McGlynn & Lloyd 2002). Given that the DNA replication machinery of all organisms may stall
anywhere on the chromosome, the collapsed DNA replication forks must be reactivated through
origin-independent reloading of the replisome for genome duplication. The replication restart
primosome (Schekman et al. 1974; Marians 2000; Sandler 2000), a formidable enzymatic
machine, is a protein - DNA complex that reactivates stalled DNA replication at repaired
replication forks after DNA damage (Masai et al. 2010). It travels along the lagging strand
template, unwinds the duplex DNA, and primes the Okazaki fragments that are required for
replication fork progression (Patel et al. 2011; Zheng & Shen 2011). Contrary to the
DnaA-directed primosome initiated at the unique oriC site (Mott & Berger 2007; Leonard &
Grimwade 2011), the replication restart primosome preferentially recognizes three-way branched
DNA structures possessing a leading strand (Tanaka et al. 2002; Mizukoshi et al. 2003; Sasaki et
al. 2007; Tanaka et al. 2007). In Escherichia coli, the replication restart primosome includes
seven essential proteins, namely, PriA helicase, PriB, PriC, DnaB helicase, DnaC, DnaT, and
DnaG primase. At least two overlapping mechanisms are available for the reassembly of the
replication forks, that is, initiation is induced by either the PriA helicase or PriC (Heller &
Marians 2006a, 2006b). In a PriA-PriB-DnaT-dependent reaction, PriB and DnaT are the second
and third proteins to be assembled in the protein-DNA complex, respectively. In addition, the
association of DnaT with PriA is facilitated by PriB (Liu et al. 1996). The binding site on PriB for
the ssDNA overlaps the binding sites for PriA and DnaT, suggesting a dynamic primosome
assembly process, in which single-stranded DNA (ssDNA) is handed off from one primosome
protein to another as the repaired replication fork is reactivated (Lopper et al. 2007). The binding
of DnaT to PriA and PriB induces the dissociation of PriB from the ssDNA (Figure 1). However,
the mechanism of PriA-PriB-DnaT in reloading the DnaC-DnaB complex and in the formation of
the DnaB-DnaG complex at the forks remains unclear.

DnaT, formerly known as the “protein i” (Arai et al. 1981; Masai et al. 1986; Masai &
Arai 1988), has been initially described as a key component for phage X174 (Marians 1992)
and pBR322 plasmid replication, but not for R1 plasmid replication (Masai & Arai 1989).
Genetic analysis for E. coli DnaT suggests an essential replication protein for bacterial cell
growth because the dnaT822 mutant shows colony size, cell morphology, inability to properly
partition nucleoids, UV sensitivity, and basal SOS expression similar to priA2::kan mutants
(McCool et al. 2004). DnaT is a homotrimer of ~22 kDa subunits (Arai et al. 1981). However,
recent studies have also indicated that the protein exists in solution as a monomer-trimer
equilibrium system (Szymanski et al. 2013). Although the role of DnaT in the recruitment of
DnaB helicase has been proposed, little is known about the fundamental function of DnaT for the
replication restart primosome assembly.

Currently, infections occur that are resistant to all antibacterial options. Few therapies are
effective against the six antibiotic-resistant ESKAPE pathogens (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species) (Bush 2010). K. pneumoniae is a ubiquitous opportunistic
pathogen that causes severe diseases such as septicemia, pneumonia, urinary tract infections, and
soft tissue infections (Podschun & Ullmann 1998). Since DnaT is required for reinitiating
chromosomal DNA replication in bacteria, blocking the activity of DnaT would be detrimental to
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bacterial survival. In addition, because DnaT is not found in human, the K. pneumoniae DnaT
protein may be a promising target in developing antibiotics.

The number of oligonucleotide/oligosaccharide-binding (OB)-fold proteins has grown
rapidly over the past few years, and their mechanisms in interacting with ssDNA, including PriB
and SSB, has been relatively understood (Flynn & Zou 2010). To date, little information on the
ssDNA-binding mode of non-OB fold proteins is available, especially for a trimeric protein. In
this study, we identified a trimeric DnaT that could form stable complex(es) with dT
homopolymers of 25 bases (dT25) or longer using electrophoretic mobility shift analysis (EMSA).
EMSA is a very popular and well-established approach in molecular biology that facilitates the
observation of the protein-DNA complex (Cadman et al. 2005; Huang 2012). In addition, we also
found that the ssDNA-binding affinity of DnaT was approximately 2-fold higher than that of PriB,
an OB-fold protein. Based on the bioinformatic analyses of DnaT using ConSurf (Landau et al.
2005) and (PS)* (Chen et al. 2006, 2009), as well as the results from the biophysical and
mutational studies, we proposed a binding model for the DnaT trimer-ssDNA complex. A
previously proposed hand-off mechanism for primosome assembly (Lopper et al. 2007) in
replication restart was discussed and modified.

= = ;Lm ES
Materials

All restriction enzymes and DNA-modifying enzymes were purchased from New England
Biolabs (Ipswich, MA, USA) unless explicitly stated otherwise. All chemicals were purchased
from Sigma-Aldrich (St. Louis, MO, USA) unless explicitly stated otherwise. The E. coli strains
TOPI0F’ (Invitrogen, USA) and BL21(DE3)pLysS (Novagen, UK) were used for genetic
construction and protein expression, respectively.

Construction of the DnaT, DnaT26-179, and DnaT42-179 expression plasmids

The gene KPN04812 encoding the putative DnaT was PCR-amplified using genomic DNA
of K. pneumoniae subsp. pneumoniae MGH 78578 as template. The forward
(5'-GAAGGGGCATATGTCTTCGCGAATTTTAACCTC-3") and the reverse
(5'-GGGGCTCGAGTCCTCGGAAACCTCGCGGAAT-3") primers were designed to introduce
unique Ndel and Xhol restriction sites (underlined) into DnaT, permitting insertion of the
amplified gene into the pET21b vector (Novagen Inc., Madison, WI, USA) for protein expression
in E. coli. The DnaT26-179 and DnaT42-179 expression plasmids were constructed using the
same protocol for DnaT. The oligonucleotide primers for preparation of the DnaT26-179 and
DnaT42-179 expression plasmids were: 5-GGGCATATGAAATCGACTGACGGCACC-3" and
5'-GGGCTCGAGTCCTCGGAAACCTCGCGG-3’ for DnaT26-179, and
5'-GGGCATATGTTCTATGCGCTGACGCCA-3' and
5'-GGGCTCGAGTCCTCGGAAACCTCGCGG-3' for DnaT42-179. The expected gene product
expressed by these plasmids has a His tag, which is useful for purifying the recombinant protein.

Protein expression and purification

The recombinant DnaT proteins were expressed and purified using the protocol described
previously for allantoinase (Ho et al. 2013), hydantoinase (Huang et al. 2009), dihydroorotase
(Wang et al. 2010), PriB (Huang et al. 2012b), DnaB (Lin & Huang 2012), and SSB (Huang &
Huang 2012). 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-Bertani medium containing 250 pg/ml
ampicillin with rapid shaking. Overexpression of the expression plasmids was induced by
incubating with 1 mM isopropyl thiogalactoside (IPTG) 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-HCI, 5 mM imidazole, and 0.5 M NaCl, 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
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buffer (20 mM Tris-HCI and 100 mM NaCl, pH 8.0; Buffer C). Protein purity remained greater
than 97 % as determined by Coomassie-stained SDS-PAGE (Mini-PROTEAN Tetra System;
Bio-Rad, CA, USA).

Protein concentration

The protein concentration of the solutions was determined by the Bio-Rad Protein Assay
using bovine serum albumin as a standard (Bio-Rad, CA, USA). The Bio-Rad Protein Assay is a
dye-binding assay in which a differential color change of a dye occurs in response to various
concentrations of protein.

Gel-filtration chromatography

Gel-filtration chromatography was carried out by the AKTA-FPLC system (GE Healthcare
Bio-Sciences, Piscataway, NJ, USA). Briefly, purified protein (4 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 measuring the absorbance at 280
nm. The column was calibrated with proteins of known molecular weight: thyroglobulin (670
kDa), y-globulin (158 kDa), ovalbumin (44 kDa), and myoglobin (17 kDa). The K,, values for
the standard proteins and the DnaT variants were calculated from the equation: K,, =(V. —
Vo)/(Ve — V), where V, is column void volume, V. is elution volume, and V. is geometric
column volume.

Electrophoretic mobility shift assay (EMSA)

EMSA for the DnaT variants was carried out by the protocol described previously for DnaB
(Lin & Huang 2012), PriB (Hsieh & Huang 2011; Huang et al. 2012a; Huang et al. 2012b), and
SSB proteins (Huang et al. 2011; Jan et al. 2011; Huang & Huang 2012). Briefly, radiolabeling
of various lengths of ssDNA oligonucleotides was carried out with [y*°P]JATP (6000 Ci/mmol;
PerkinElmer Life Sciences, Waltham, MA) and T4 polynucleotide kinase (Promega, Madison,
WI, USA). DnaT, DnaT26-179, and DnaT42-179 (0, 0.35, 0.7, 1.4, 2.8, 5.6, 11.3, 22.5, 45, and
90 uM) were individually incubated for 30 min at 25 °C with 1.7 nM DNA substrates (dT20-55)
in a total volume of 10 pl in 20 mM Tris-HCI pH 8.0 and 100 mM NaCl. Aliquots (5 ul) were
removed from each of the reaction solutions, and added to 2 pl of gel-loading solution (0.25%
bromophenol blue and 40% sucrose). The resulting samples were resolved on a native 8%
polyacrylamide gel at 4 °C in TBE buffer (89 mM Tris borate and 1 mM EDTA) for 1-1.5 h at
100 V, and were visualized by autoradiography. Complexed and free DNA bands were scanned
and quantified.

ssDNA-binding ability

The ssDNA binding ability ([Protein]so; Kgapp) for the protein was estimated from the
protein concentration that binds 50% of the input ssDNA (Huang 2012). Each [Protein]s is
calculated as the average of at least three measurements + SD.

Site-directed mutagenesis

Two DnaT mutants, DnaT42-179/W140A and DnaT42-179/W140A,K143A, were generated
using a QuikChange Site-Directed Mutagenesis kit according to the manufacturer’s protocol
(Stratagene; Lalolla, CA, USA). The presence of the mutation was verified by DNA sequencing
in each construct. The oligonucleotide primers for the preparation of mutants were:
5'-TTTCACCACGTGCAGGCGCAGCAGAAG-3' and
5'-CAGCTTCTGCTGCGCCTGCACGTGGTG-3' for DnaT42-179/W140A (the
pET21b-DnaT42-179 as template); 5'-GTGCAGGCGCAGCAGGCGCTGGCACGTAGC-3' and
5'-GCTACGTGCCAGCGCCTGCTGCGCCTGCAC-3" for DnaT42-179/W140A,K143A (the
pET21b-DnaT42-179/W140A as template). The underlined sequences denote the mutated amino
acid(s).



Bioinformatics

The amino acid sequences of 29 sequenced DnaT homologs were aligned using ConSurf
(Landau et al. 2005). The model of DnaT was built from the coordinate of 1GD9 (crystal
structure of Pyrococcus horikoshii alpha-aminotransferase) by using (PS)* (Chen et al. 2006,
2009). The 25-mer ssDNA in the model of the ssDNA-DnaT complex was generated from the
coordinate of IEYG (crystal structure of the ssDNA-SSB complex) (Raghunathan et al. 2000), in
which dC3-27 (25-mer ssDNA) was used. The structures were visualized by using the program
PyMol.

o 2L by 2 =4
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Sequence analysis

Although DnaT has been identified as a component of the replication restart primosome, the
fundamental function of DnaT in the replication restart primosome assembly has yet to be
properly presented. The gene KPN04812, encoding Klebsiella pneumoniae DnaT, was initially
found using a database search through the National Center for Biotechnology Information
(NCBI). Based on the known nucleotide sequence, the predicted DnaT monomer protein has a
length of 179 amino acid residues and a molecular mass of ~20 kDa. Figure 2 shows that the
alignment consensus of 29 sequenced DnaT homologs by ConSurf (Landau et al. 2005; Ho et al.
2013) revealed the degree of variability at each position along the primary sequence. Amino acid
residues that are highly variable are colored teal, whereas highly conserved amino acid residues
are colored burgundy. A consensus sequence was established by determining which amino acid
residue that is most commonly found at each position relative to the primary sequence of K.
pneumoniae DnaT. In general, amino acid residues in the C-terminal region of DnaT are highly
conserved.

Purification of DnaT

The gene KPN04812 encoding the putative DnaT was PCR-amplified using genomic DNA
of K. pneumoniae subsp. pneumoniae MGH 78578 as template. This amplified gene was then
ligated into the pET21b vector for protein expression. K. pneumoniae DnaT protein was
hetero-overexpressed in E. coli and then purified from the soluble supernatant by Ni*"-affinity
chromatography (Figure 3). Pure protein was obtained in this single chromatographic step with an
elution of Buffer B (20 mM Tris—HCI, 250 mM imidazole, and 0.5 M NaCl, pH 7.9), and the
dialyzed against a dialysis buffer (20 mM Tris-HCI and 100 mM NaCl, pH 8.0; Buffer C).
Approximately >60 mg of purified protein was obtained from 1 L of a culture of E. coli cells. The
truncated and mutant DnaT proteins were also purified according to the same protocol as that for
the wild-type protein, and with very similar purification results.

DnaT has an ssDNA-binding activity

Aromatic stacking and electropositive interactions has an important role in ssDNA binding
by proteins (Raghunathan et al. 2000; Huang et al. 2006). Given that DnaT contains 10 Arg, 5
Lys, and 18 aromatic amino acid residues (11 Phe, 4 Trp and 3 Tyr), we attempted to test whether
DnaT has ssDNA-binding activity. We studied the binding of DnaT to ssDNA of different lengths
with different protein concentrations using EMSA (Figure 4). EMSA is a well-established
approach in studies of molecular biology, allowing the detection of the distinct protein-DNA
complex(es) (Huang 2012). When we incubated DnaT with dT20, no significant band shift was
observed, indicating that DnaT could not form a stable complex with this homopolymer (Figure
4A). To investigate the length of nucleotides sufficient for the formation of the DnaT-ssDNA
complex, as well as the ssDNA-binding ability of DnaT, we further tested dT25 (Figure 4B),
dT35 (Figure 4C), and dT50 (Figure 4D) to bind to DnaT. In contrast to dT20, longer dT
homopolymers, dT25-50, produced a very significant band shift (C, complex). These findings
confirm the ssDNA-binding activity of DnaT, which is strong enough to form a stable
protein-DNA complex in solution. Furthermore, two different complexes for dT55 were formed
by DnaT (Figure 4E). At lower protein concentrations, DnaT formed a single complex (C1) with
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dT55, similar to that observed with dT50 (Figure 4D). However, when the DnaT concentration
was increased, another slower-migrating complex (C2) was observed. The appearance of the
second complex resulted from the increased DnaT concentration, suggesting that two DnaT
proteins may be contained per oligonucleotide. Although dT55 is only 5 nt longer than dT50, the
presence of an extra 5 nt in dT55 compared with that of dT50, provides enough interaction space
for the binding of two DnaT trimers. Therefore, one DnaT protein occupies 25 (50/2 = 25) nt to
27.5 (55/2 = 27.5) nt of the ssDNA. These results from EMSA suggest that the length of an
ssDNA (or the binding site size) (Huang 2012) required for DnaT binding is 26 + 2 nt.

Design of the truncated DnaT proteins DnaT26-179 and DnaT42-179

The N-terminal region of the DnaT is revealed by an alignment consensus of 29 sequenced
DnaT homologs (Figure 2), indicating that the function of DnaT can accommodate many different
amino acids in the N-terminal region. Thus, the truncated DnaT proteins, DnaT26-179 (the
N-terminal 25 aa was removed) and DnaT42-179 (the N-terminal 41 aa was removed), were
constructed and purified (Figure 3) to investigate whether the N-terminal region is essential for
ssDNA binding and oligomerization of DnaT.

DnaT26-179 bound to ssDNA

The binding of DnaT26-179 to dT20 (Figure 5A), dT25 (Figure 5B), dT35 (Figure 5C),
dT50 (Figure 5D), and dT55 (Figure 5E) were examined using EMSA. As shown in Figure 5A,
no significant band shift was observed when DnaT26-179 was incubated with dT20. However,
DnaT26-179 bound to dT25-50 and formed a single complex. For dT55, two different complexes
of DnaT26-179 appeared at high protein concentrations. Regardless of the efficient
concentrations for the ssDNA binding, the stoichiometry of DnaT26-179 was nearly identical to
that of the wild-type DnaT.

DnaT42-179 bound to ssSDNA

The binding of DnaT42-179 to dT20 (Figure 6A), dT25 (Figure 6B), dT35 (Figure 6C),
dT50 (Figure 6D), and dT55 (Figure 6E) were studied by EMSA. No significant band shift was
observed when DnaT42-179 was incubated with dT20. DnaT42-179 could form a single complex
with dT25-50 and form two distinct complexes with dT55, respectively. Although the efficient
concentrations of DnaT42-179 for the complex(es) formation are higher than those of DnaT and
DnaT26-179, their stoichiometries for ssDNA binding are very similar. These data indicate that
deletion of the N-terminal 1-41 aa region does not influence the binding site size of DnaT.

Binding constants of the DnaT-ssDNA complexes determined from EMSA

To compare the ssDNA-binding abilities of DnaT, DnaT26-179, and DnaT42-179, the
midpoint values for input ssDNA binding, calculated from the titration curves of EMSA and
referred to as [Protein]so, were quantified and are summarized in Table 1. Although the binding
site size of these DnaT variants was very similar as previously discussed, their ssDNA-binding
activities were different. The deletion of the N-terminal 1-25 aa region in the DnaT slightly
affected the ssDNA binding (Table 1). DnaT42-179 had a 2.5- to 4-fold lesser affinity for binding
to dT25-55 compared with those of DnaT.

The N-terminal region of DnaT was assumed to be not significant in the primosome
assembly because this region was quite variable (Figure 2). Although the region aa 1-41 in DnaT
does not contain highly conserved positively charged/aromatic residues for ssDNA interacting
(except for F16), our EMSA results indicated that DnaT42-179 still had a defective
ssDNA-binding ability compared with DnaT (Table 1). Thus, this region in DnaT may not be
directly involved in ssDNA binding. Previous data have shown that the binding of SSB to long
ssDNA results in a conformational change in the protein, making the glycine-rich region more
casily accessible to the action of proteases (Curth et al. 1996). Although the flexible region in
DnaT has not been identified yet, DnaT has been noted to contain 13 Pro and 11 Gly amino acid
residues (Figure 2), which are important components of the flexible region. We speculate that the
phenomenon for SSB may be applied to DnaT. The N-terminal region aa 1-41 may be involved in
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some unknown conformational changes in DnaT, causing some ssDNA-binding sites to be more
accessible to interact with ssDNA. Given the hand-off mechanism for the primosome assembly,
we believe that some significant conformational changes in DnaT must occur during ssDNA
binding (Lopper et al. 2007). Many bacteria do not contain a recognizable homologue of PriB
(Dong et al. 2010) and other loading factors, such as PriC and DnaC. Thus, several regions that
are important for protein-protein interaction and conformational change in DnaT are not
necessarily conserved.

Oligomeric state of DnaT in solution

The analysis of purified DnaT protein (4 mg/ml; 204 uM) by gel filtration chromatography
revealed a single peak with elution volume of 81.6 ml (Figure 7A). Assuming that DnaT has a
shape and partial specific volume similar to the standard proteins, the native molecular mass of
DnaT was estimated to be 60320 Da, calculated from a standard linear regression equation, K,y =
—0.3684 (logMw) + 2.2707 (Figure 7B). The native molecular mass for DnaT is approximately
thrice as much as that of a DnaT monomer (~20 kDa). In addition, a single peak with the same
elution volume similar to that of 4 mg/ml was observed when 1 mg/ml (~50 pM) DnaT
concentration was used. Therefore, we believe that DnaT, under these conditions, is a stable
trimer in solution. In addition, this concentration (50 uM) used in estimating the DnaT trimer was
also used in EMSA (Figure 4). Given the formation of a single complex with ssDNA (dT25-50),
we speculate that only the trimeric form of DnaT, but not a mixture or other oligomeric form, is
involved in the complex(es) formation.

Purified DnaT42-179 (4 mg/ml; 253 puM) was also analyzed by gel (filtration
chromatography to investigate the deletion effect in the oligomeric state of DnaT. The
chromatographic result also showed a single peak (Figure 7A). The native molecular mass of
DnaT42-179 was estimated to be 45982 Da (Figure 7B). Based on the molecular mass of the
DnaT42-179 monomer (~16 kDa), we concluded that DnaT42-179 in the solution is a stable
trimer, similar to DnaT. Thus, deletion of the N-terminal 1-41 aa region does not cause any
change in the oligomeric state of DnaT.

Structure modeling of DnaT

To obtain an in-depth understanding of the structure-function relationship of DnaT, we
decided to model its three-dimensional structure by homology modeling. No protein with amino
acid sequence similar to DnaT was found in the structure databank. Hence, homology modeling
for the DnaT structure by several homology-based programs was not successful. For example,
when we  pasted the DnaT amino acid sequence to SWISS-MODEL
(http://swissmodel.expasy.org/) for modeling, no result was provided (Arnold et al. 2006). Thus,
DnaT may form a novel fold for ssDNA binding.

We subsequently used another type of the bioinformatic program, (PS)* (Chen et al. 2006,
2009), for the structure modeling of DnaT. (PS)* (http://140.113.239.111/~ps2v2/docs.php) is an
automatic homology modeling server that combines both sequence and secondary structure
information to detect the homologous proteins with remote similarity and the target-template
alignment. After pasting the amino acid sequence to the website of (PS)?, one hit (Protein Data
Bank entry: 1GD9), alpha-aminotransferase from Pyrococcus horikoshii, was suggested. The
amino acid residue 14-165 in DnaT (pink) was matched in the alpha-aminotransferase (yellow) of
aa 143-314, with 20% identity in amino acid sequence and 85% identity in the secondary
structure (Figure 8A). This model shows that the N-terminal region in the modeled structure of
DnaT is flexible, and the C-terminal region contains helices with several loops (Figure 8B).
Given that the deletion in the N-terminal region did not cause any change in the oligomerization
state of DnaT (Figure 7), the C-terminal region of DnaT may serve as the
oligomerization/ssDNA-binding domain, similar to the N-terminal
oligomerization/ssDNA-binding domain in SSB (Raghunathan et al. 2000; Chan et al. 2009).
However, the sequence and structure fold between DnaT and SSB are quite different.

Trimeric DnaT structure model



Although the ssDNA-binding ability of DnaT has been identified in this study, the
ssDNA-binding mode remains ambiguous. Considering that the oligomerization state and
ssDNA-binding properties of DnaT42-179 are similar to those of DnaT, the region aa 42-179
could be defined as the oligomerization/ssDNA-binding domain in DnaT. Accordingly, a possible
trimeric DnaT structure was manually built using 3-fold symmetry; each monomer is stabilized
by two helices (Figure 8C). We found that the modeled DnaT trimer structure is ring-shaped. The
ring-like structure of DnaT is slightly similar to that of the hexameric (consisted of three dimers)
DnaC helicase from Geobacillus kaustophilus, a DnaB-like helicase (Lo et al. 2009). DnaT may
bind to DnaB with a stoichiometry of 1:2, one DnaT monomer to a DnaB dimer. However, this
DnaT structure is only a modeled structure, and these speculations must be further confirmed by
additional biophysical studies.

sSDNA-binding mode of DnaT

Based on the structural model of DnaT, the positively charged (blue) and aromatic residues
(green) located in the C-terminus of DnaT has been suggested to be involved in ssDNA binding:
HI136, H137, W140, K143, R146 and R151 (Figure 8D). In addition, these residues in DnaT are
significantly conserved among the 29 sequenced DnaT proteins (Figure 2). F73 and F74 are also
potential binding sites for ssDNA, but they are not conserved in DnaT family. These residues in
DnaT create a shallow groove on the surface that can potentially be wrapped around by ssDNA.
According to the structure-function relationship of DnaT, we manually added and superimposed
the ssDNA dC25 from the crystal structure of E. coli SSB (Raghunathan et al. 2000) (Protein
Data Bank entry: 1EYG) into the DnaT trimer structure (Figure 8E). DnaT could form a stable
complex with 25-mer ssDNA (Figure 4B). In this modeled structure of DnaT-ssDNA complex,
25-mer ssDNA seems to suitably fit DnaT (Figure 8E). However, this DnaT complex structure is
only a modeled structure, and this binding mode must be further confirmed by additional
biophysical studies.

To test whether the proposed model is possible for forming the DnaT-ssDNA complex,
alanine substitution mutant DnaT42-179/W140 and the double mutant
DnaT42-179/W140,K143A were conducted and analyzed by EMSA. As shown in Figure 9A,
although the band shift was still observed when DnaT42-179/W140 was incubated with dT35,
significant smears and decreased ability for ssDNA binding were found. The [Protein]sy for the
binding of DnaT42-179/W140 to dT35 is 16 + 3 pM, a value lower than that for DnaT42-179 (12
+ 2 uM). For the double mutant DnaT42-179/W140,K143A, it could not form a stable complex,
indicating a dramatically impaired ability for ssDNA binding of this mutant (Figure 9B). Thus,
residues suggested from the proposed model were involved in ssDNA binding of DnaT. Because
of a trimer, mutation in these two residues (W140 and K143) may lead to loss of six binding sites
in the C-terminal region of DnaT (Figure 9C).

DnaT is a novel ssDNA-binding protein

For the first time, the ssDNA-binding activity of DnaT was identified and assessed with a
Ka,app ([Protein]sp) of 5.6 + 0.3 uM for dT25 binding and the binding site size of 26 + 2 per DnaT
trimer. To date, insufficient information on the ssDNA-binding mode for a trimeric protein is
available. Although DnaT has been identified as a component of the replication restart primosome,
the function of DnaT for DNA binding has yet to be properly presented. Although previous
fluorescence anisotropy studies have indicated that DnaT has a very weak ssDNA-binding
activity to determine its Kq (Lopper et al. 2007), with the use of EMSA, we showed in our study
that the ssDNA-binding activity of DnaT is strong enough for forming a stable complex with
ssDNA. This activity for ssDNA binding by DnaT, assayed in the same manner, is even higher
than that of an OB-fold protein PriB (Table 1), another loading factor for primosome assembly
(Huang et al. 2012b). EMSA is a useful technology in molecular biology and the use of
radioactive DNA make it highly sensitive and allows to observation of the distinct complexes
(Huang 2012). For 25-mer ssDNA or longer, stable DnaT-ssDNA complex(es) is clearly shown
from EMSA (Figure 4). However, whether this significant disparity is due to inherent differences
among the species, the use of different assay methods, or the effect of different investigators,
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remains unknown. We also noted that these seemingly contradictory data may reconcile. In a
previous study that used fluorescence anisotropy (Lopper et al. 2007), the ssDNA-binding ability
of DnaT was assayed with 18-mer ssDNA, and a very weak activity of DnaT for ssDNA-binding
was then observed and concluded. Similarly, DnaT could not bind to short ssDNA from our
EMSA result (Figure 4A).

Comparison with PriB

Various single-stranded DNA binding proteins bind to ssDNA with some degree of positive
cooperativity (Lohman & Ferrari 1994; Wold 1997; Huang et al. 2006). In this study, we found
different EMSA behaviors between PriB and DnaT proteins. DnaT variants form multiple distinct
complexes with ssDNA of different lengths (Figures 4-6), whereas binding of PriB to ssDNA
dT20-dT60 forms a single complex only (Huang et al. 2012b). Considering their binding
activities (Table 1), these findings suggest that DnaT binds to ssDNA with higher binding affinity
but lower cooperativity than PriB. Although DnaT is not an OB-fold protein predicted from
sequence analysis and structure modeling, DnaT has a higher ssDNA-binding activity than that of
PriB, an OB-fold protein.

Insight into the hand-off mechanism: A modified version

A hand-off mechanism for primosome assembly (Lopper et al. 2007) has been proposed
(Figure 1), where (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 participates in this nucleocomplex to
form a triprotein complex, in which, the recruitment of DnaT results in the release of ssDNA by
PriB, and then loads the DnaB/C complex. In this study, we have identified DnaT as a kind of
ssDNA-binding protein, and found that the ssDNA-binding activity of DnaT is ~2-fold higher
than that of PriB. Thus, the hand-off mechanism for primosome assembly should be modified
(Figure 10), 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 ssDNA, PriA, and PriB,
forces the release of ssDNA by PriB, and then the DnaB/C complex are loaded. This updated
model explains the mechanism as to how DnaT binds to ssDNA and its partner proteins. However,
the detailed action of DnaT in every key step for primosome assembly is still unclear. In addition,
whether DnaT is a necessary factor for primosome assembly because many bacteria do not have a
recognizable homolog of DnaT still remains to be explored. Furthermore, given that only one
monomer of the PriB dimer can engage in interactions with the DNA and the partner protein(s)
(Huang et al. 2006; Szymanski et al. 2010), whether the binding site on PriB for ssDNA is
necessary to overlap the binding sites for PriA and DnaT should be determined. The more
complex structures of PriB and DnaT are useful in helping our understanding of the primosome
assembly mechanism(s).
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Figure legends

Figure 1 A hand-off mechanism for the replication restart primosome assembly. (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 participates in this nucleocomplex to form a triprotein complex,
in which, the recruitment of DnaT results in the release of ssDNA by PriB, and then loads the
DnaB/C complex. This figure is adapted from the published assembly mechanism presented
earlier by Lopper et al. 2007.

Figure 2 Amino acids sequence alignment of K. pneumoniae DnaT. An alignment consensus of
29 sequenced DnaT homologs by ConSurf (Landau et al. 2005) reveals the degree of variability
at each position along the primary sequence. Amino acid residues that are highly variable are
colored teal, while highly conserved amino acid residues are colored burgundy. A consensus
sequence was established by determining the amino acid residue that is most commonly found at
each position relative to the primary sequence of K. pneumoniae DnaT. In general, amino acid
residues in the C-terminal region of DnaT are highly conserved.

Figure 3 Protein purity. Coomassie Blue-stained SDS-PAGE (12%) of the purified DnaT (lane 1;
5.5 pug), DnaT26-179 (lane 2; 4.8 pg), DnaT42-179 (lane 3; 4.4 pg) and molecular mass standards
(M) are shown. The sizes of the standard proteins, from the top down, are as follows: 55, 40, 35,
25, 15, and 10 kDa. The purified DnaT protein migrated between the 25 and 15 kDa standards on
the SDS-PAGE.

Figure 4 Binding of DnaT to dT20-55. DnaT (0, 0.35, 0.7, 1.4, 2.8, 5.6, 11.3, 22.5, 45, and 90
uM; monomer) was incubated for 30 min at 25°C with 1.7 nM of (A) dT20, (B) dT25, (C) dT35,
(D) dT50 or (E) dTS55 in a total volume of 10 pl in 20 mM Tris-HCI pH 8.0 and 100 mM NacCl.
Aliquots (5 pl) were removed from each reaction solution and added to 2 pl of gel-loading
solution (0.25% bromophenol blue and 40% sucrose). The resulting samples were resolved on a
native 8% polyacrylamide gel at 4°C in TBE buffer (89 mM Tris borate and 1 mM EDTA) for
1-1.5 h at 100 V and visualized by autoradiography. Complexed and free DNA bands were
scanned and quantified.

Figure 5 Binding of DnaT26-179 to dT20-55. DnaT26-179 (0, 0.35, 0.7, 1.4, 2.8, 5.6, 11.3, 22.5,
45, and 90 uM; monomer) was incubated for 30 min at 25°C with 1.7 nM of (A) dT20, (B) dT25,
(C) dT35, (D) dT50 or (E) dT55 in a total volume of 10 ul in 20 mM Tris-HCI1 pH 8.0 and 100
mM NaCl. Aliquots (5 pL) were removed from each reaction solution and added to 2 pl of
gel-loading solution (0.25% bromophenol blue and 40% sucrose). The resulting samples were
resolved on a native 8% polyacrylamide gel at 4°C in TBE buffer (89 mM Tris borate and 1 mM
EDTA) for 1-1.5 h at 100 V and visualized by autoradiography. Complexed and free DNA bands
were scanned and quantified.

Figure 6 Binding of DnaT42-179 to dT20-55. DnaT42-179 (0, 0.35, 0.7, 1.4, 2.8, 5.6, 11.3, 22.5,
45, and 90 uM; monomer) was incubated for 30 min at 25°C with 1.7 nM of (A) dT20, (B) dT25,
(C) dT35, (D) dT50 or (E) dT55 in a total volume of 10 ul in 20 mM Tris-HCI pH 8.0 and 100
mM NaCl. Aliquots (5 pl) were removed from each reaction solution and added to 2 pl of
gel-loading solution (0.25% bromophenol blue and 40% sucrose). The resulting samples were
resolved on a native 8% polyacrylamide gel at 4°C in TBE buffer (89 mM Tris borate and 1 mM
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EDTA) for 1-1.5 h at 100 V and visualized by autoradiography. Complexed and free DNA bands
were scanned and quantified.

Figure 7 Oligomeric state of purified DnaT and DnaT42-179 in solution. (A) Gel-filtration
chromatographic analysis of the purified DnaT wvariants. Purified protein in buffer (20 mM
Tris-HCl and 100 mM NaCl at pH 8.0) was applied to a Superdex 200 HR 10/30 column
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 protein was detected by measuring absorbance at 280 nm.
The column was calibrated with proteins of known molecular masses (closed symbols):
thyroglobulin (670 kDa), y-globulin (158 kDa), ovalbumin (44 kDa), and myoglobin (17 kDa).
The corresponding single peak shows the eluted DnaT and DnaT42-179, respectively. (B) A
standard linear regression curve was generated by plotting the log of the molecular mass of the
calibration proteins against their K,, values.

Figure 8 Structure modeling of DnaT. (A) Structure modeling of DnaT by the bioinformatic
program (PS)’. After searching and modeling, Pyrococcus horikoshii alpha-aminotransferase was
suggested. The amino acid residue 14-165 in DnaT (pink) was matched in the
alpha-aminotransferase of aa 143-314 (yellow), with 20% identity in amino acid sequence and
85% identity in the secondary structure. (B) Ribbon diagram of the modeled DnaT monomer (aa
14-165). The N-terminal region aa 14-41 is shown in marine color, and aa 42-165 in DnaT is in
hot pink. (C) Ribbon diagram of a possible trimeric DnaT structure. The trimeric DnaT structure
was manually built using 3-fold symmetry; each monomer (aa 14-165) is stabilized by two
helices. The N-terminal region aa 14-41 is shown in marine color, and aa 42-165 in DnaT is in
hot pink. (D) The putative ssDNA binding sites of DnaT. The highly conserved hydrophobic
(green) and basic residues (blue) of DnaT, H136, H137, W140, K143, R146 and R151, located on
the potential ssDNA binding surface, are indicated. (E) A model of the ssDNA-DnaT complex.
The model was directly constructed by superimposing the modeled DnaT trimer with the crystal
structure of the ssDNA-SSB complex (PDB code 1EYG). The ssDNA (25-mer) generated from
the ssDNA-SSB complex is shown in gold.

Figure 9 Mutational analysis of DnaT. Binding of DnaT mutant protein, (A)
DnaT42-179/W140A or (B) DnaT42-179/W140A,K143A to dT35. The mutant protein (0, 0.35,
0.7, 1.4, 2.8, 5.6, 11.3, 22.5, 45, and 90 uM; monomer) was incubated for 30 min at 25 °C with
1.7 nM of dT35 in a total volume of 10 pL in 20 mM Tris-HCI pH 8.0 and 100 mM NacCl.
Aliquots (5 pL) were removed from each reaction solution and added to 2 pL of gel-loading
solution (0.25% bromophenol blue and 40% sucrose). The resulting samples were resolved on a
native 8% polyacrylamide gel at 4°C in TBE buffer (89 mM Tris borate and 1 mM EDTA) for
1-1.5 h at 100 V and visualized by autoradiography. Complexed and free DNA bands were
scanned and quantified. (C) A proposed trimeric DnaT structure for DnaT42-179/W140A,K143A
mutant. Because of a trimer, mutation in these two residues (W140 and K143) may lead to loss of
six binding sites in the C-terminal region of DnaT.

Figure 10 An updated hand-off mechanism for the replication restart primosome assembly. In
this study, we have identified DnaT as a kind of ssDNA-binding protein, and found that the
ssDNA-binding activity of DnaT is ~2-fold higher than that of PriB. Thus, the hand-off
mechanism for primosome assembly should be modified , 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 ssDNA, PriA, and PriB, forces the release of ssDNA by PriB, and then the
DnaB/C complex are loaded. This updated model explains the mechanism as to how DnaT binds
to ssDNA and its partner proteins. However, the detailed action of DnaT in every key step for
primosome assembly is still unclear.
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Table 1. ssDNA binding properties of DnaT, DnaT26-179, and DnaT42-179 as analyzed by
EMSA

DnaT DnaT26-179 DnaT42-179 PriB !

DNA [Pro‘[eir1]502 N? [Protein]sp N [Protein]sy N  [Protein]sp N

dT20 ND 1 ND 1 ND 1 ND 1
dT25 5.6+0.3 1 6.5+03 1 14+2 1 18 +2 1
dT35 2.7+£0.2 1 6.1+£03 1 12+2 1 8=+1 1

dT50 22+0.2 1 28+02 1 82+1.2 1 4+0.5 1

dT55 20+02 2 29+03 2 8.1+1.5 2 4+0.5 1

Errors are standard deviations determined by three independent titration experiments.

"EMSA results of K. pneumoniae PriB (Huang et al. 2012b).

2 [Protein]sp was calculated from the titration curves of EMSA by determining the concentration
of the protein (uUM) needed to achieve the midpoint value for input ssDNA binding. For dT55,
input ssDNA binding were the sum of the intensities from the two separate ssDNA-protein
complexes.

3N, complex number.
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DnaT is one of the replication restart primosomal proteins required for reinitiating chromo-
somal DNA replication in bacteria. In this study, we identified and characterized the single-
stranded DNA (ssDNA)-binding properties of DnaT using electrophoretic mobility shift
analysis (EMSA), bioinformatic tools and two deletion mutant proteins, namely, DnaT26-179
and DnaT42-179. ConSurf analysis indicated that the N-terminal region of DnaT is highly var-
iable. The analysis of purified DnaT and the deletion mutant protein DnaT42-179 by gel filtra-
tion chromatography showed a stable trimer in solution, indicating that the N-terminal
region, amino acid 1-41, is not crucial for the oligomerization of DnaT. Contrary to PriB,
which forms a single complex with a series of ssDNA homopolymers, DnaT, DnaT26-179 and
DnaT42-179 form distinct complexes with ssDNA of different lengths and the size of binding
site of 26 & 2 nucleotides (nt). Using bioinformatic programs (ps)’ and the analysis of the posi-
tively charged/hydrophobic residue distribution, as well as the biophysical results in this study,
we propose a binding model for the DnaT trimer—-ssDNA complex, in which 25-nt-long
ssDNA is tethered on the surface groove located in the highly conserved C-terminal domain
of DnaT. These results constitute the first study regarding ssDNA-binding activity of DnaT.
Consequently, a hand-off mechanism for primosome assembly was modified.

Introduction oriC site (Mott & Berger 2007; Leonard & Grimwade
2011), the replication restart primosome preferentially
recognizes three-way branched DNA structures pos-
sessing a leading strand (Tanaka ef al. 2002, 2007;
Mizukoshi et al. 2003; Sasaki et al. 2007). In Escheri-
chia coli, the replication restart primosome includes

The ability to reinitiate chromosomal DNA replica-
tion to maintain genetic integrity after encountering
DNA damage is essential for bacterial survival (Cox
et al. 2000; Cox 2001; McGlynn & Lloyd 2002).
Given that the DNA replication machinery of all
organisms may stall anywhere on the chromosome,
the collapsed DNA replication forks must be reacti-
vated through origin-independent reloading of the
replisome for genome duplication. The replication
restart primosome (Schekman ef al. 1974; Marians
2000; Sandler 2000), a formidable enzymatic
machine, is a protein—-DNA complex that reactivates
stalled DNA replication at repaired replication forks
after DNA damage (Masai ef al. 2010). It travels
along the lagging strand template, unwinds the
duplex DNA and primes the Okazaki fragments that
are required for replication fork progression (Patel
et al. 2011; Zheng & Shen 2011). Contrary to the
DnaA-directed primosome initiated at the unique

seven essential proteins, namely PriA helicase, PriB,
PriC, DnaB helicase, DnaC, DnaT and DnaG prim-
ase. At least two overlapping mechanisms are avail-
able for the reassembly of the replication forks, that
is, initiation is induced by either the PriA helicase or
PriC (Heller & Marians 2006a,b). In a PriA-PriB-
DnaT-dependent reaction, PriB and DnaT are the
second and third proteins to be assembled in the pro-
tein—-DNA complex, respectively. In addition, the
association of DnaT with PriA is facilitated by PriB
(Liu et al. 1996). The binding site on PriB for the
ssDINA overlaps the binding sites for PriA and DnaT,
suggesting a dynamic primosome assembly process, in
which single-stranded DNA (ssDNA) is handed oft
from one primosome protein to another as the
repaired replication fork is reactivated (Lopper et al.
Communicated by: Hisao Masai 2007). The binding of DnaT to PriA and PriB
*Correspondence: cyhuang@csmu.edu.tw induces the dissociation of PriB from the ssDNA
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(Fig. 1). However, the mechanism of PriA—PriB—
DnaT in reloading the DnaC—DnaB complex and in
the formation of the DnaB-DnaG complex at the
forks remains unclear.

DnaT, formerly known as the ‘protein 1’ (Arai
et al. 1981; Masai et al. 1986; Masai & Arai 1988),
has been initially described as a key component for
phage ¢X174 (Marians 1992) and pBR322 plasmid
replication, but not for R1 plasmid replication (Masai
& Arai 1989). Genetic analysis for E. coli DnaT sug-
gests an essential replication protein for bacterial cell
growth because the dnaT822 mutant shows colony
size, cell morphology, inability to properly partition
nucleoids, UV sensitivity and basal SOS expression
similar to priA2::kan mutants (McCool et al. 2004).
DnaT is a homotrimer of approximately 22 kDa
subunits (Arai et al. 1981). However, recent studies
have also indicated that the protein is in solution as a
monomer—trimer equilibrium system (Szymanski et al.

Q
\\ 0)
// % Pgs

Se..
// & DnaT

\ DnaB/C

Figure 1 Hand-oft mechanism for the replication restart pri-
mosome assembly. (i) PriA recognizes and binds to a replica-
tion fork; (i) PriB joins to PriA to form a PriA—PriB—-DNA
ternary complex; and (iii) DnaT participates in this nucleo-
complex to form a triprotein complex, in which, the recruit-
ment of DnaT results in the release of ssDNA by PriB and
then loads the DnaB/C complex. This figure is adapted from
the published assembly mechanism presented earlier by Lopper
et al. (2007).

Genes to Cells (2013) 18, 1007-1019

2013). Although the role of DnaT in the recruitment
of DnaB helicase has been proposed, little is known
about the fundamental function of DnaT for the rep-
lication restart primosome assembly.

Currently, infections occur that are resistant to all
antibacterial options. Few therapies are effective
against the six antibiotic-resistant ESKAPE pathogens
(Enterococcus  faecium, ~ Staphylococcus — aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeru-
ginosa and Enterobacter species; Bush 2010). Klebsiella
pneumoniae 1s a ubiquitous opportunistic pathogen that
causes severe diseases such as septicemia, pneumonia,
urinary tract infections and soft tissue infections
(Podschun & Ullmann 1998). As DnaT is required
for reinitiating chromosomal DNA replication in bac-
teria, blocking the activity of DnaT would be detri-
mental to bacterial survival. In addition, because
DnaT is not found in human, the K. pneumoniae
DnaT protein may be a promising target in develop-
ing antibiotics.

The number of oligonucleotide/oligosaccharide-
binding (OB)-fold proteins has grown rapidly over
the past few years, and their mechanisms in interact-
ing with ssDNA, including PriB and SSB, have been
relatively understood (Flynn & Zou 2010). To date,
little information on the ssDNA-binding mode of
non-OB-fold proteins is available, especially for a tri-
meric protein. In this study, we identified a trimeric
DnaT that could form stable complex(es) with dT
homopolymers of 25 bases (dT25) or longer using
electrophoretic mobility shift analysis (EMSA). EMSA
is a very popular and well-established approach in
molecular biology that facilitates the observation
of the protein—-DNA complex (Cadman et al. 2005;
Huang 2012). In addition, we also found that the
ssDNA-binding aftinity of DnaT was approximately
twofold higher than that of PriB, an OB-fold protein.
Based on the bioinformatic analyses of DnaT using
CONSURE (Landau ef al. 2005) and (ps)” (Chen ef al.
2006, 2009), as well as the results from the biophysi-
cal and mutational studies, we proposed a binding
model for the DnaT trimer—ssDNA complex. A pre-
viously proposed hand-off mechanism for primosome
assembly (Lopper ef al. 2007) in replication restart
was discussed and modified.

Results
Sequence analysis

Although DnaT has been identified as a component of
the replication restart primosome, the fundamental

© 2013 The Authors
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Figure 2 Amino acids sequence alignment of Klebsiella pneumoniae DnaT. An alignment consensus of 29 sequenced DnaT homo-
logues by ConSurf (Landau ef al. 2005) shows the degree of variability at each position along the primary sequence. Amino acid

residues that are highly variable are colored teal, whereas highly conserved amino acid residues are colored burgundy. A consensus

sequence was established by determining the amino acid residue that is most commonly found at each position relative to the pri-

mary sequence of K. pneumoniae DnaT. In general, amino acid residues in the C-terminal region of DnaT are highly conserved.

function of DnaT in the replication restart primosome
assembly has yet to be properly presented. The gene
KPN04812, encoding K. pneumoniae DnaT, was
initially found using a database search through the
National Center for Biotechnology Information
(NCBI). Based on the known nucleotide sequence,
the predicted DnaT monomer protein has a length of
179 amino acid residues and a molecular mass of
approximately 20 kDa. Figure 2 shows that the align-
ment consensus of 29 sequenced DnaT homologues by
ConSurF (Landau et al. 2005; Ho et al. 2013) revealed
the degree of variability at each position along the pri-
mary sequence. Amino acid residues that are highly
variable are colored teal, whereas highly conserved
amino acid residues are colored burgundy. A consensus
sequence was established by determining which amino
acid residue that is most commonly found at each posi-
tion relative to the primary sequence of K. pneumoniae
DnaT. In general, amino acid residues in the C-termi-
nal region of DnaT are highly conserved.

Purification of DnaT

The gene KPN04812 encoding the putative DnaT
was PCR-amplified using genomic DNA of K. pneu-
moniae subsp. pneumoniae MGH 78578 as template.
This amplified gene was then ligated into the
pET21b vector for protein expression. Klebsiella pneu-
moniae DnaT protein was hetero-overexpressed in
E. coli and then purified from the soluble supernatant
by Ni*"-affinity chromatography (Fig. 3). Pure pro-
tein was obtained in this single chromatographic step
with an elution of Buffer B (20 mm Tris—HCI,
250 mm imidazole and 0.5 m NaCl, pH 7.9) and
then dialyzed against a dialysis buffer (20 mm Tris—

© 2013 The Authors

kDa M 1 2 3
35-
25-
| —
C—
15- —

Figure 3 Protein purity. Coomassie Blue-stained SDS-PAGE
(12%) of the purified DnaT (lane 1; 5.5 pg), DnaT26-179
(lane 2; 4.8 pg), DnaT42-179 (lane 3; 4.4 pg) and molecular
mass standards (M) are shown. The sizes of the standard pro-
teins, from the top down, are as follows: 55, 40, 35, 25, 15
and 10 kDa. The purified DnaT protein migrated between
the 25 and 15 kDa standards on the SDS-PAGE.

HCI and 100 mm NaCl, pH 8.0; Bufter C). Approxi-
mately >60 mg of purified protein was obtained from
1 L of a culture of E. coli cells. The truncated and
mutant DnaT proteins were also purified with the
same protocol as that for the wild-type protein, and
with very similar purification results.

DnaT has an ssDNA-binding activity

Aromatic stacking and electropositive interactions
have an important role in ssDNA binding by proteins
(Raghunathan et al. 2000; Huang et al. 2006). Given
that DnaT contains 10 Arg, 5 Lys and 18 aromatic
amino acid residues (11 Phe, 4 Trp and 3 Tyr), we
attempted to test whether DnaT has ssDNA-binding
activity. We studied the binding of DnaT to ssDNA
of different lengths with different protein concentra-
tions using EMSA (Fig. 4). EMSA is a well-established

Genes to Cells (2013) 18, 1007-1019
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approach in studies of molecular biology, allowing the
detection of the distinct protein—-DNA complex(es)
(Huang 2012). When we incubated DnaT with dT20,
no significant band shift was observed, indicating that
DnaT could not form a stable complex with this
homopolymer (Fig. 4A). To investigate the length of
nucleotides sufficient for the formation of the DnaT—
ssDNA complex, as well as the ssDNA-binding ability
of DnaT, we furthermore tested dT25 (Fig. 4B),
dT35 (Fig. 4C) and dT50 (Fig. 4D) to bind to DnaT.
In contrast to dT20, longer dT homopolymers, dT25-
50, produced a very significant band shift (C, com-
plex). These findings confirm the ssDNA-binding
activity of DnaT, which is strong enough to form a
stable protein—-DNA complex in solution. Further-
more, two different complexes for dT55 were formed
by DnaT (Fig. 4E). At lower protein concentrations,
DnaT formed a single complex (C1) with dT55, simi-
lar to that observed with dT50 (Fig. 4D). However,
when the DnaT concentration was increased, another
slower-migrating complex (C2) was observed. The
appearance of the second complex resulted from the
increased DnaT concentration, suggesting that two
DnaT proteins may be contained per oligonucleotide.
Although dT55 is only 5 nt longer than dT50, the
presence of an extra 5 nt in dT55 compared with that
of dT50 provides enough interaction space for the
binding of two DnaT trimers. Therefore, one DnaT
protein occupies 25 (50/2 = 25) nt to 27.5 (55/
2 = 27.5) nt of the ssDNA. These results from EMSA
suggest that the length of an ssDNA (or the binding
site size; Huang 2012) required for DnaT binding is
26 £ 2 nt.

Design of the truncated DnaT proteins DnaT26-
179 and DnaT42-179

The N-terminal region of the DnaT is shown by an
alignment consensus of 29 sequenced DnaT homo-

logues (Fig. 2), indicating that the function of DnaT
can accommodate many different amino acids in the
N-terminal region. Thus, the truncated DnaT pro-
teins, DnaT26-179 (the N-terminal 25 amino acid
(aa) was removed) and DnaT42-179 (the N-terminal
41 amino acid was removed), were constructed and
purified (Fig. 3) to investigate whether the N-termi-
nal region is essential for ssDNA binding and oligo-
merization of DnaT.

DnaT26-179 bound to ssDNA

The binding of DnaT26-179 to dT20 (Fig. 5A), dT25
(Fig. 5B), dT35 (Fig. 5C), dT50 (Fig. 5D) and dT55
(Fig. 5E) was examined using EMSA. As shown in
Fig. 5A, no significant band shift was observed when
DnaT26-179 was incubated with dT20. However,
DnaT26-179 bound to dT25-50 and formed a single
complex. For dT55, two different complexes of
DnaT26-179 appeared at high protein concentrations.
Regardless of the efficient concentrations for the
ssDNA binding, the stoichiometry of DnaT26-179
was nearly identical to that of the wild-type DnaT.

DnaT42-179 bound to ssDNA

The binding of DnaT42-179 to dT20 (Fig. 6A),
dT25 (Fig. 6B), dT35 (Fig. 6C), dT50 (Fig. 6D) and
dT55 (Fig. 6E) was studied by EMSA. No significant
band shift was observed when DnaT42-179 was incu-
bated with dT20. DnaT42-179 could form a single
complex with dT25-50 and form two distinct com-
plexes with dT55, respectively. Although the efficient
concentrations of DnaT42-179 for the complex(es)
formation are higher than those of DnaT and
DnaT26-179, their stoichiometries for ssDNA bind-
ing are very similar. These data indicate that deletion
of the N-terminal 1-41 amino acid region does not
influence the binding site size of DnaT.

(A) [DnaT] (B) [DnaT] () [DnaT] (D) [DnaT] (E) [DnaT]
—_—_—— —_——] - —— —_—]
wiWl-c il -C - -C e -C2
Vel i c1
- -dT50 ke -dT55
i (T20 il dT25 ‘il -dT35

Figure 4 Binding of DnaT to dT20-55. DnaT (0, 0.35, 0.7, 1.4, 2.8, 5.6, 11.3, 22.5, 45 and 90 um; monomer) was incubated
for 30 min at 25 °C with 1.7 nm of (A) dT20, (B) dT25, (C) dT35, (D) dT50 or (E) dT55 in a total volume of 10 puL in 20 mm
Tris—=HCI pH 8.0 and 100 mm NaCl. Aliquots (5 pL) were removed from each reaction solution and added to 2 pL of gel-loading
solution (0.25% bromophenol blue and 40% sucrose). The resulting samples were resolved on a native 8% polyacrylamide gel at
4 °C in TBE buffer (89 mm Tris borate and 1 mm EDTA) for 1-1.5 h at 100 V and visualized by autoradiography. Complexed
and free DNA bands were scanned and quantified.

Genes to Cells (2013) 18, 1007-1019 © 2013 The Authors
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Figure 5 Binding of DnaT26-179 to dT20-55. DnaT26-179 (0, 0.35, 0.7, 1.4, 2.8, 5.6, 11.3, 22.5, 45 and 90 pm; monomer)
was incubated for 30 min at 25 °C with 1.7 nm of (A) dT20, (B) dT25, (C) dT35, (D) dT50 or (E) dT55 in a total volume of
10 puL in 20 mm Tris=HCI pH 8.0 and 100 mm NaCl. Aliquots (5 PL) were removed from each reaction solution and added to
2 pL of gel-loading solution (0.25% bromophenol blue and 40% sucrose). The resulting samples were resolved on a native 8%
polyacrylamide gel at 4 °C in TBE buffer (89 mm Tris borate and 1 mm EDTA) for 1-1.5 h at 100 V and visualized by autoradi-
ography. Complexed and free DNA bands were scanned and quantified.
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Figure 6 Binding of DnaT42-179 to dT20-55. DnaT42-179 (0, 0.35, 0.7, 1.4, 2.8, 5.6, 11.3, 22.5, 45 and 90 pum; monomer)
was incubated for 30 min at 25 °C with 1.7 nm of (A) dT20, (B) dT25, (C) dT35, (D) dT50 or (E) dT55 in 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 added to
2 pL of gel-loading solution (0.25% bromophenol blue and 40% sucrose). The resulting samples were resolved on a native 8%
polyacrylamide gel at 4 °C in TBE buffer (89 mm Tris borate and 1 mm EDTA) for 1-1.5 h at 100 V and visualized by autoradi-
ography. Complexed and free DNA bands were scanned and quantified.

Table 1 ssDNA-binding properties of DnaT, DnaT26-179 and DnaT42-179 as analyzed by EMSA

DnaT DnaT26-179 DnaT42-179 PriB*
DNA [Protein]s,t N [Protein]s N [Protein]s N [Protein]s N
dT20 ND 1 ND 1 ND 1 ND 1
dT25 5.6 £0.3 1 6.5 £ 0.3 1 14 £ 2 1 18 £ 2 1
dT35 27 +£0.2 1 6.1 £ 0.3 1 12 £2 1 8§+1 1
dT50 22 £0.2 1 2.8 £0.2 1 82 £ 12 1 4 £05 1
dT55 2.0 £0.2 2 29 £ 0.3 2 8.1 £15 2 4 £0.5 1
N, complex number; EMSA, electrophoretic mobility shift analysis.
Errors are standard deviations determined by three independent titration experiments.
*EMSA results of Klebsiella pneumoniae PriB (Huang et al. 2012b).
F[Protein]s, was calculated from the titration curves of EMSA by determining the concentration of the protein (im) needed to
achieve the midpoint value for input ssDNA binding. For dT55, input ssDNA binding was the sum of the intensities from the
two separate ssDNA—protein complexes.
Binding constants of the DnaT-ssDNA complexes was very similar as previously discussed, their ssDINA-
determined from EMSA binding activities were different. The deletion of the

N-terminal 1-25 amino acid region in the DnaT
slightly affected the ssDNA binding (Table 1).
DnaT42-179 had a 2.5- to 4-fold lesser affinity for
binding to dT25-55 compared with those of DnaT.
The N-terminal region of DnaT was assumed to
be not significant in the primosome assembly because

To compare the ssDNA-binding abilities of DnaT,
DnaT26-179 and DnaT42-179, the midpoint values
for input ssDNA binding, calculated from the titra-
tion curves of EMSA and referred to as [Protein]s,
were quantified and are summarized in Table 1.
Although the binding site size of these DnaT variants

© 2013 The Authors Genes to Cells (2013) 18, 1007-1019
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this region was quite variable (Fig. 2). Although the
region amino acid 1-41 in DnaT does not contain
highly conserved positively charged/aromatic residues
for ssDNA interaction (except for F16), our EMSA
results indicated that DnaT42-179 still had a defective
ssDNA-binding  ability compared with DnaT
(Table 1). Thus, this region in DnaT may not be
directly involved in ssDNA binding. Previous data
have shown that the binding of SSB to long ssDNA
results in a conformational change in the protein,
making the glycine-rich region more easily accessible
to the action of proteases (Curth et al. 1996).
Although the flexible region in DnaT has not been
identified yet, DnaT has been noted to contain 13
Pro and 11 Gly amino acid residues (Fig. 2), which
are important components of the flexible region. We
speculate that the phenomenon for SSB may be
applied to DnaT. The N-terminal region amino acid
1-41 may be involved in some unknown conforma-
tional changes in DnaT, causing some ssDNA-bind-
ing sites to be more accessible to interact with
ssDNA. Given the hand-off mechanism for the pri-
mosome assembly, we believe that some significant
conformational changes in DnaT must occur during
ssONA binding (Lopper et al. 2007). Many bacteria
do not contain a recognizable homologue of PriB
(Dong et al. 2010) and other loading factors, such as
PriC and DnaC. Thus, several regions that are
important for protein—protein interaction and confor-
mational change in DnaT are not necessarily con-
served.

Oligomeric state of DnaT in solution

The analysis of purified DnaT protein (4 mg/mL;
204 pm) by gel filtration chromatography showed a
single peak with elution volume of 81.6 mL
(Fig. 7A). Assuming that DnaT has a shape and par-
tial specific volume similar to the standard proteins,
the native molecular mass of DnaT was estimated to
be 60 320 Da, calculated from a standard lin-
ear regression equation, K,, = —0.3684 (log-
Mw) + 2.2707 (Fig. 7B). The native molecular mass
for DnaT is approximately thrice as much as that of a
DnaT monomer (approximately 20 kDa). In addition,
a single peak with the same elution volume similar to
that of 4 mg/mlL was observed when 1 mg/mL
(approximately 50 pum) DnaT concentration was used.
Therefore, we believe that DnaT, under these condi-
tions, is a stable trimer in solution. In addition, this
concentration (50 pum) used in estimating the DnaT
trimer was also used in EMSA (Fig. 4). Given the

Genes to Cells (2013) 18, 1007-1019
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Figure 7 Oligomeric state of purified DnaT and DnaT42-
179 in solution. (A) Gel filtration chromatographic analysis of
the purified DnaT variants. Purified protein in buffer (20 mm
Tris—=HCI and 100 mm NaCl at pH 8.0) was applied to a
Superdex 200 HR 10/30 column equilibrated with the same
bufter. The column was operated at a flow rate of 0.5 mL/
min, and 0.5 mL fractions were collected. The protein was
detected by measuring absorbance at 280 nm. The column
was calibrated with proteins of known molecular masses
(closed  symbols):  thyroglobulin (670 kDa), 7y-globulin
(158 kDa), ovalbumin (44 kDa) and myoglobin (17 kDa).
The corresponding single peak shows the eluted DnaT and
DnaT42-179, respectively. (B) A standard linear regression
curve was generated by plotting the log of the molecular mass
of the calibration proteins against their K, values.

formation of a single complex with ssDNA (dT25-
50), we speculate that only the trimeric form of
DnaT, but not a mixture or other oligomeric form, is
involved in the complex(es) formation.

Purified DnaT42-179 (4 mg/mL; 253 pum) was
also analyzed by gel filtration chromatography to
investigate the deletion effect in the oligomeric state

© 2013 The Authors
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of DnaT. The chromatographic result also showed a
single peak (Fig. 7A). The native molecular mass
of DnaT42-179 was estimated to be 45 982 Da
(Fig. 7B). Based on the molecular mass of the
DnaT42-179 monomer (approximately 16 kDa), we
concluded that DnaT42-179 in the solution is a stable
trimer, similar to DnaT. Thus, deletion of the N-ter-
minal 1-41 amino acid region does not cause any
change in the oligomeric state of DnaT.

Structure modeling of DnaT

To obtain an in-depth understanding of the struc-
ture—function relationship of DnaT, we decided to
model its three-dimensional structure by homology
modeling. No protein with amino acid sequence sim-
ilar to DnaT was found in the structure databank.
Hence, homology modeling for the DnaT structure
by several homology-based programs was not success-
ful. For example, when we pasted the DnaT amino

(8)

DnaT is a single-stranded DNA binding protein

acid sequence to SWISS-MODEL (http://swissmod-
el.expasy.org/) for modeling, no result was provided
(Arnold et al. 2006). Thus, DnaT may form a novel
fold for ssONA binding.

We subsequently used another type of the bioin-
formatic program (ps)”> (Chen et al. 2006, 2009), for
the structure modeling of DnaT. (s)? (http://140.
113.239.111/~ps2v2/docs.php) is an  automatic
homology modeling server that combines both
sequence and secondary structure information to
detect the homologous proteins with remote similar-
ity and the target—template alignment. After pasting
the amino acid sequence to the website of (ps), one
hit (Protein Data Bank entry: 1GD9Y), alpha-amino-
transterase from  Pyrococcus horikoshii, was suggested.
The amino acid residue 14-165 in DnaT (pink) was
matched in the alpha-aminotransferase (yellow) of
amino acid 143-314, with 20% identity in amino
acid sequence and 85% identity in the secondary
structure (Fig. 8A). This model shows that the N-ter-

Figure 8 Structure modeling of DnaT. (A) Structure modeling of DnaT by the bioinformatic program (rs)>. After searching and
modeling, Pyrococcus horikoshii alpha-aminotransterase was suggested. The amino acid residue 14-165 in DnaT (pink) was matched
in the alpha-aminotransferase of amino acid 143-314 (yellow), with 20% identity in amino acid sequence and 85% identity in the
secondary structure. (B) Ribbon diagram of the modeled DnaT monomer (amino acid 14-165). The N-terminal region amino
acid 14—41 is shown in marine color, and amino acid 42-165 in DnaT is in hot pink. (C) Ribbon diagram of a possible trimeric
DnaT structure. The trimeric DnaT structure was manually built using threefold symmetry; each monomer (amino acid 14-165) is
stabilized by two helices. The N-terminal region amino acid 14—41 is shown in marine color, and amino acid 42-165 in DnaT is
in hot pink. (D) The putative ssDNA binding sites of DnaT. The highly conserved hydrophobic (green) and basic residues (blue)
of DnaT, H136, H137, W140, K143, R146 and R151, located on the potential ssDNA binding surface, are indicated. (E) A
model of the ssDNA-DnaT complex. The model was directly constructed by superimposing the modeled DnaT trimer with the
crystal structure of the ssDNA-SSB complex (PDB code 1EYG). The ssDNA (25-mer) generated from the ssDNA-SSB complex
is shown in gold.

© 2013 The Authors
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minal region in the modeled structure of DnaT is
flexible, and the C-terminal region contains helices
with several loops (Fig. 8B). Given that the deletion
in the N-terminal region did not cause any change
in the oligomerization state of DnaT (Fig. 7), the
C-terminal region of DnaT may serve as the
oligomerization/ssDNA-binding domain, similar to
the  N-terminal  oligomerization/ssDNA-binding
domain in SSB (Raghunathan et al. 2000; Chan et al.
2009). However, the sequence and structure fold
between DnaT and SSB are quite difterent.

Trimeric DnaT structure model

Although the ssDNA-binding ability of DnaT has
been identified in this study, the ssDNA-binding
mode remains ambiguous. Considering that the olig-
omerization state and ssDNA-binding properties of
DnaT42-179 are similar to those of DnaT, the region
amino acid 42—179 could be defined as the oligomer-
ization/ssDNA-binding domain in DnaT. Accord-
ingly, a possible trimeric DnaT structure was
manually built using threefold symmetry; each mono-
mer is stabilized by two helices (Fig. 8C). We found
that the modeled DnaT trimer structure is ring-
shaped. The ring-like structure of DnaT is slightly
similar to that of the hexameric (consisted of three
dimers) DnaC helicase from Geobacillus kaustophilus, a
DnaB-like helicase (Lo et al. 2009). DnaT may bind
to DnaB with a stoichiometry of 1 : 2, one DnaT
monomer to a DnaB dimer. However, this DnaT
structure is only a modeled structure, and these spec-
ulations must be furthermore confirmed by additional
biophysical studies.

ssDNA-binding mode of DnaT

Based on the structural model of DnaT, the posi-
tively charged (blue) and aromatic residues (green)
located in the C-terminus of DnaT have been sug-
gested to be involved in ssDNA binding: H136,
H137, W140, K143, R146 and R151 (Fig. 8D). In
addition, these residues in DnaT are significantly
conserved among the 29 sequenced DnaT proteins
(Fig. 2). F73 and F74 are also potential binding sites
for ssDNA, but they are not conserved in DnaT
family. These residues in DnaT create a shallow
groove on the surface that can potentially be
wrapped around by ssDNA. According to the struc-
ture—function relationship of DnaT, we manually
added and superimposed the ssDNA dC25 from the
crystal structure of E. coli SSB (Raghunathan ef al.

Genes to Cells (2013) 18, 1007-1019

2000; Protein Data Bank entry: 1EYG) into the
DnaT trimer structure (Fig. 8E). DnaT could form
a stable complex with 25-mer ssDNA (Fig. 4B). In
this modeled structure of DnaT—ssDNA complex,
25-mer ssDNA seems to suitably fit DnaT (Fig. 8E).
However, this DnaT complex structure is only a
modeled structure, and this binding mode must be
furthermore confirmed by additional biophysical
studies.

To test whether the proposed model is possible for
forming the DnaT—ssDNA complex, alanine substitu-
tion mutant DnaT42-179/W140 and the double
mutant DnaT42-179/W 140, K143A were conducted
and analyzed by EMSA. As shown in Fig. 9A,
although the band shift was still observed when
DnaT42-179/W140 was incubated with dT35, signif-
icant smears and decreased ability for ssDINA binding
were found. The [Protein]sy for the binding of
DnaT42-179/W140 to dT35 is 16 & 3 pum, a value

(A) (B)
[DnaT42-179/W140A] [DnaT42-179/W140A,K143A]
—_—] _———]
-C
#-dT35

Figure 9 Mutational analysis of DnaT. Binding of DnaT
mutant protein, (A) DnaT42-179/W140A or (B) DnaT42-
179/W140A, K143A to dT35. The mutant protein (0, 0.35,
0.7, 1.4, 2.8, 5.6, 11.3, 22.5, 45 and 90 um; monomer) was
incubated for 30 min at 25 °C with 1.7 nm of dT35 in a total
volume of 10 pL in 20 mm Tris=HCl pH 8.0 and 100 mm
NaCl. Aliquots (5 PL) were removed from each reaction solu-
tion and added to 2 pL of gel-loading solution (0.25% brom-
ophenol blue and 40% sucrose). The resulting samples were
resolved on a native 8% polyacrylamide gel at 4 °C in TBE
bufter (89 mm Tris borate and 1 mM EDTA) for 1-1.5 h at
100 V and visualized by autoradiography. Complexed and free
DNA bands were scanned and quantified. (C) A proposed tri-
meric DnaT structure for DnaT42-179/W140A, K143A
mutant. Because of a trimer, mutation in these two residues
(W140 and K143) may lead to loss of six binding sites in the
C-terminal region of DnaT.

© 2013 The Authors
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lower than that for DnaT42-179 (12 + 2 um). For
the double mutant DnaT42-179/W140, K143A, it
could not form a stable complex, indicating a dramat-
ically impaired ability for ssDNA binding of this
mutant (Fig. 9B). Thus, residues suggested from the
proposed model were involved in ssDNA binding of
DnaT. Because of a trimer, mutation in these two
residues (W140 and K143) may lead to loss of six
binding sites in the C-terminal region of DnaT

(Fig. 9C).

Discussion
DnaT is a novel ssDNA-binding protein

For the first time, the ssDNA-binding activity of
DnaT was identified and assessed with a Ky, ([Pro-
tein|sg) of 5.6 & 0.3 pm for dT25 binding and the
binding site size of 26 £ 2 per DnaT trimer. To date,
insufficient information on the ssDNA-binding mode
for a trimeric protein is available. Although DnaT has
been identified as a component of the replication
restart primosome, the function of DnaT for DNA
binding has yet to be properly presented. Although
previous fluorescence anisotropy studies have indi-
cated that DnaT has a very weak ssDNA-binding
activity to determine its Ky (Lopper et al. 2007), with
the use of EMSA, we showed in our study that the
ssDNA-binding activity of DnaT is strong enough for
forming a stable complex with ssDNA. This activity
for ssDNA binding by DnaT, assayed in the same
manner, is even higher than that of an OB-fold pro-
tein PriB (Table 1), another loading factor for primo-
some assembly (Huang ef al. 2012b). EMSA is a
useful technology in molecular biology, and the use
of radioactive DNA makes it highly sensitive and
allows for the observation of the distinct complexes
(Huang 2012). For 25-mer ssDNA or longer, stable
DnaT—ssDNA complex(es) is clearly shown from
EMSA (Fig. 4). However, whether this significant
disparity is due to inherent differences among the spe-
cies, the use of different assay methods, or the eftect
of different investigators, remains unknown. We also
noted that these seemingly contradictory data may
reconcile. In a previous study that used fluorescence
anisotropy (Lopper et al. 2007), the ssDNA-binding
ability of DnaT was assayed with 18-mer ssDNA, and
a very weak activity of DnaT for ssDNA-binding was
then observed and concluded. Similarly, DnaT could
not bind to short ssDNA from our EMSA result
(Fig. 4A).

© 2013 The Authors
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Comparison with PriB

Various single-stranded DNA binding proteins bind
to ssDNA with some degree of positive cooperativity
(Lohman & Ferrari 1994; Wold 1997; Huang et al.
2006). In this study, we found different EMSA behav-
iors between PriB and DnaT proteins. DnaT variants
form multiple distinct complexes with ssDNA of dif-
ferent lengths (Figs 4-6), whereas binding of PriB to
ssDNA dT20-dT60 forms a single complex only
(Huang et al. 2012b). Considering their binding activ-
ities (Table 1), these findings suggest that DnaT binds
to ssDNA with higher binding affinity but lower
cooperativity than PriB. Although DnaT is not an
OB-fold protein predicted from sequence analysis and
structure modeling, DnaT has a higher ssDNA-bind-
ing activity than that of PriB, an OB-fold protein.

Insight into the hand-off mechanism: a modified
version

A hand-oft mechanism for primosome assembly (Lop-
per et al. 2007) has been proposed (Fig. 1), where (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 participates in this nucleo-
complex to form a triprotein complex, in which, the
recruitment of DnaT results in the release of ssDNA
by PriB and then loads the DnaB/C complex. In this
study, we have identified DnaT as a kind of ssDINA-
binding protein and found that the ssDNA-binding
activity of DnaT is approximately twofold higher
than that of PriB. Thus, the hand-off mechanism for
primosome assembly should be modified (Fig. 10),
such that (i) PriA recognizes and binds to a replica-
tion fork; (i1) PriB joins to PriA to form a PriA-—
PriB-DNA ternary complex; and (i) DnaT interacts
with ssDNA, PriA and PriB, forces the release of
ssDNA by PriB and then the DnaB/C complex is
loaded. This updated model explains the mechanism
as to how DnaT binds to ssDNA and its partner pro-
teins. However, the detailed action of DnaT in every
key step for primosome assembly is still unclear. In
addition, whether DnaT is a necessary factor for pri-
mosome assembly because many bacteria do not have
a recognizable homologue of DnaT still remains to
be explored. Furthermore, given that only one
monomer of the PriB dimer can engage in interac-
tions with the DNA and the partner protein(s)
(Huang ef al. 2006; Szymanski et al. 2010), whether
the binding site on PriB for ssDNA is necessary to
overlap the binding sites for PriA and DnaT should

Genes to Cells (2013) 18, 1007-1019

Genes to Cells © 2013 by the Molecular Biology Society of Japan and Wiley Publishing Asia Pty Ltd

1015



1016

Y-H Huang et al.

Figure 10 An updated hand-oft mechanism for the replica-
tion restart primosome assembly. In this study, we have identi-
fied DnaT as a kind of ssDNA-binding protein and found that
the ssDNA-binding activity of DnaT is approximately twofold
higher than that of PriB. Thus, the hand-off mechanism for
primosome assembly should be modified, such that (1) PriA
recognizes and binds to a replication fork; (i) PriB joins to
PriA to form a PriA—PriB-DNA ternary complex; and (iii)
DnaT interacts with ssDNA, PriA and PriB, forces the release
of ssDNA by PriB and then the DnaB/C complex are loaded.
This updated model explains the mechanism as to how DnaT
binds to ssDNA and its partner proteins. However, the
detailed action of DnaT in every key step for primosome
assembly is still unclear.

be determined. The more complex structures of Pri3
and DnaT are useful in helping our understanding of
the primosome assembly mechanism(s).

Experimental procedures
Materials

All restriction enzymes and DNA-modifying enzymes were
purchased from New England Biolabs (Ipswich, MA) unless
explicitly stated otherwise. All chemicals were purchased from
Sigma-Aldrich (St. Louis, MO) unless explicitly stated other-
wise. The E. coli strains TOP10F (Invitrogen) and BL21
(DE3)pLysS (Novagen, UK) were used for genetic construc-
tion and protein expression, respectively.

Genes to Cells (2013) 18, 1007-1019

Construction of the DnaT, DnaT26-179 and
DnaT42-179 expression plasmids

The gene KPN04812 encoding the putative DnaT was PCR-
amplified using genomic DNA of K. pneumoniae subsp. pneu-
moniae MGH 78578 as template. The forward (5'-GA-
AGGGGCATATGTCTTCGCGAATTTTAACCTC-3") and
the reverse (5'-GGGGCTCGAGTCCTCGGAAACCTCGC-
GGAAT-3') primers were designed to introduce unique Ndel
and Xhol restriction sites (underlined) into DnaT, permitting
insertion of the amplified gene into the pET21b vector
(Novagen Inc., Madison, WI) for protein expression in E. coli.
The DnaT26-179 and DnaT42-179 expression plasmids were
constructed using the same protocol for DnaT. The oligonu-
cleotide primers for preparation of the DnaT26-179 and
DnaT42-179 expression plasmids were as follows: 5-GGGC
ATATGAAATCGACTGACGGCACC-3' and 5-GGGCTC
GAGTCCTCGGAAACCTCGCGG-3' for DnaT26-179 and
5'-GGGCATATGTTCTATGCGCTGACGCCA-3" and 5'-G
GGCTCGAGTCCTCGGAAACCTCGCGG-3' for DnaT42-
179. The expected gene product expressed by these plasmids
has a His tag, which is useful for purifying the recombinant
protein.

Protein expression and purification

The recombinant DnaT proteins were expressed and purified
using the protocol described previously for allantoinase (Ho
et al. 2013), hydantoinase (Huang et al. 2009), dihydroorotase
(Wang et al. 2010), PriB (Huang et al. 2012b), DnaB (Lin &
Huang 2012) and SSB (Huang & Huang 2012). Briefly, E. coli
BL21(DE3) cells were individually transformed with the
expression vector and grown to ODgg of 0.9 at 37 °C in
Luria-Bertani medium containing 250 pg/mL ampicillin with
rapid shaking. Over-expression of the expression plasmids was
induced by incubating 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
Bufter A (20 mm Tris—=HCI, 5 mm imidazole and 0.5 m NaCl,
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) 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 NaCl,
pH 8.0; Bufter C). Protein purity remained >97% as deter-
mined by Coomassie-stained SDS-PAGE (Mini-PROTEAN
Tetra System; Bio-Rad, CA).

Protein concentration

The protein concentration of the solutions was determined by
the Bio-Rad Protein Assay using bovine serum albumin as a
standard (Bio-Rad). The Bio-Rad Protein Assay is a dye-bind-
ing assay in which a difterential color change of a dye occurs
in response to various concentrations of protein.

© 2013 The Authors
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Gel filtration chromatography

Gel filtration chromatography was carried out by the AKTA-
FPLC system (GE Healthcare Bio-Sciences). Briefly, purified
protein (4 mg/mL) in Buffer C was applied to a Superdex 200
HR 10/30 column (GE Healthcare Bio-Sciences) equilibrated
with the same bufter. 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 measuring the absorbance at
280 nm. The column was calibrated with proteins of known
molecular  weight: thyroglobulin (670 kDa), vy-globulin
(158 kDa), ovalbumin (44 kDa) and myoglobin (17 kDa).
The K,, values for the standard proteins and the DnaT vari-
ants were calculated from the equation: K, = (V. — )/
(Ve — V), where V is column void volume, V7 is elution
volume and I/, is geometric column volume.

Electrophoretic mobility shift assay

Electrophoretic mobility shift analysis for the DnaT variants
was carried out by the protocol described previously for DnaB
(Lin & Huang 2012), PriB (Hsieh & Huang 2011; Huang
et al. 2012a,b) and SSB proteins (Huang ef al. 2011; Jan et al.
2011; Huang & Huang 2012). Briefly, radiolabeling of various
lengths of ssDNA oligonucleotides was carried out with [y*2P]
ATP (6000 Ci/mmol; PerkinElmer Life Sciences, Waltham,
MA) and T4 polynucleotide kinase (Promega, Madison, WI).
DnaT, DnaT26-179 and DnaT42-179 (0, 0.35, 0.7, 1.4, 2.8,
5.6, 11.3, 22.5, 45 and 90 um) were individually incubated for
30 min at 25 °C with 1.7 nm DNA substrates (dT20-55) in a
total volume of 10 pL in 20 mm Tris-HCl pH 8.0 and
100 mm NaCl. Aliquots (5 pL) were removed from each of
the reaction solutions and added to 2 pL of gel-loading solu-
tion (0.25% bromophenol blue and 40% sucrose). The result-
ing samples were resolved on a native 8% polyacrylamide gel
at 4 °C in TBE buffer (89 mm Tris borate and 1 mm EDTA)
for 1-1.5 h at 100 V and were visualized by autoradiography.
Complexed and free DNA bands were scanned and quanti-

fied.

ssDNA-binding ability

The ssDNA-binding ability ([Protein]so; Kgpp) for the protein
was estimated from the protein concentration that binds 50%
of the input ssDNA (Huang 2012). Each [Protein]s, is calcu-
lated as the average of at least three measurements 3= SD.

Site-directed mutagenesis

Two DnaT mutants, DnaT42-179/W140A and DnaT42-179/
W140A, K143A, were generated using a QuikChange Site-
Directed Mutagenesis kit according to the manufacturer’s pro-
tocol (Stratagene, LaJolla, CA). The presence of the mutation
was verified by DNA sequencing in each construct. The oli-
gonucleotide primers for the preparation of mutants were as

follows: 5'-TTTCACCACGTGCAGGCGCAGCAGAAG-3'

© 2013 The Authors
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and 5-CAGCTTCTGCTGCGCCTGCACGTGGTG-3' for
DnaT42-179/W140A (the pET21b-DnaT42-179 as template);
5'-GTGCAGGCGCAGCAGGCGCTGGCACGTAGC-3'
and 5'-GCTACGTGCCAGCGCCTGCTGCGCCTGCAC-
3" for DnaT42-179/W140A, K143A (the pET21b-DnaT42-
179/W140A as template). The underlined sequences denote
the mutated amino acid(s).

Bioinformatics

The amino acid sequences of 29 sequenced DnaT homologues
were aligned using CONSURF (Landau ef al. 2005). The model
of DnaT was built from the coordinate of 1GD9 (crystal struc-
ture of P. horikoshii alpha-aminotransferase) using (ps)? (Chen
et al. 2006, 2009). The 25-mer ssDNA in the model of the
ssDNA-DnaT complex was generated from the coordinate of
1EYG (crystal structure of the ssONA-SSB complex; Raghu-
nathan ef al. 2000), in which dC3-27 (25-mer ssDNA) was
used. The structures were visualized using the program Py-
MoL.
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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

Keywords: not in single-stranded DNA (ssDNA) binding. DnaT and the deletion mutant DnaT42-179 protein can bind
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

DNA replication restart
Single-stranded DNA
Primosome

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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University, No. 110, Sec. 1, Chien-Kuo N. Rd., Taichung City, Taiwan.
E-mail address: cyhuang@csmu.edu.tw (C.-Y. Huang).
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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.
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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
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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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Allantoinase and dihydroorotase are members of the cyclic amidohydrolases family. Allantoinase and
dihydroorotase possess very similar binuclear metal centers in the active site and may use a similar
mechanism for catalysis. However, whether the substrate specificities of allantoinase and dihydroorotase
overlap and whether the substrates of other cyclic amidohydrolases inhibit allantoinase and dihy-
droorotase remain unknown. In this study, the binding and inhibition of allantoinase (Salmonella enterica

ifly‘::fr?: serovar Typhimurium LT2) and dihydroorotase (Klebsiella pneumoniae) by flavonols and the substrates of
Dif?y d?ooicsiase other cyclic amidohydrolases were investigated. Hydantoin and phthalimide, substrates of hydantoinase
Hydantoinase and imidase, were not hydrolyzed by allantoinase and dihydroorotase. Hydantoin and dihydroorotate
Imidase competitively inhibited allantoinase, whereas hydantoin and allantoin bind to dihydroorotase, but do not

affect its activity. We further investigated the effects of the flavonols myricetin, quercetin, kaempferol,
and galangin, on the inhibition of allantoinase and dihydroorotase. Allantoinase and dihydroorotase were
both significantly inhibited by kaempferol, with ICs¢ values of 35 + 3 uM and 31 + 2 pM, respectively.
Myricetin strongly inhibited dihydroorotase, with an ICsg of 40 + 1 pM. The double reciprocal of the
Lineweaver—Burk plot indicated that kaempferol was a competitive inhibitor for allantoinase but an
uncompetitive inhibitor for dihydroorotase. A structural study using PatchDock showed that kaempferol
was docked in the active site pocket of allantoinase but outside the active site pocket of dihydroorotase.
These results constituted a first study that naturally occurring product flavonols inhibit the cyclic ami-
dohydrolases, allantoinase, and dihydroorotase, even more than the substrate analogs (>3 orders of
magnitude). Thus, flavonols may serve as drug leads for designing compounds that target several cyclic
amidohydrolases.

Amidohydrolase

© 2014 Elsevier Masson SAS. All rights reserved.

1. Introduction

The amidohydrolase superfamily comprises a remarkable set of
enzymes that catalyze the hydrolysis of a wide range of substrates
with amide or ester functional groups at their carbon and phos-
phorus centers [1—3]. Based on their functional and structural
similarities to related enzymes, hydantoinase, allantoinase, dihy-
dropyrimidinase, and dihydroorotase belong to the cyclic amido-
hydrolase family [4,5]. Hydantoinase is also known as dihydro
pyrimidinase because of an overlap in substrate specificity [6].
Enzymes in this family [7—11], including imidase, are imide-

* Corresponding author. School of Biomedical Sciences, Chung Shan Medical
University, No. 110, Sec. 1, Chien-Kuo N. Rd., Taichung City, Taiwan. Tel.: +886 4
24730022x11472; fax: +886 4 23248187.

E-mail address: cyhuang@csmu.edu.tw (C.-Y. Huang).
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hydrolyzing enzymes. Even though they are functionally similar,
these enzymes have a relatively low amino acid sequence identity.
These metal-dependent enzymes catalyze the ring-opening hy-
drolysis of the cyclic amide bond of each substrate in either five- or
six-member rings in the metabolism of purines, pyrimidines, and
many xenobiotics (Fig. 1A).

Allantoinase occurs in a wide variety of organisms, including
bacteria, fungi, and plants, and a few animals. Allantoinase cata-
lyzes the reversible hydrolysis of allantoin to allantoic acid, which is
a key reaction in the biosynthesis and degradation of ureide
required for the utilization of nitrogen in purine-derived com-
pounds [12]. Allantoinase is a homotetrameric dinuclear metal-
loenzyme [13,14], but some allantoinases initially annotated as
polysaccharide deacetylases [15] are metal independent. Thus,
even without the allantoinase gene, some bacteria use allantoin to
utilize nitrogen.
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Fig. 1. Properties of the cyclic amidohydrolase family. (A) Substrate of hydantoinase/dihydropyrimidinase, allantoinase, dihydroorotase, and imidase. (B) The binuclear metal center
within the active site of allantoinase and dihydroorotase (in parentheses). Allantoinase and dihydroorotase contains four histidine, one aspartate, and one post-carboxylated lysine
residue, which are required for metal binding and catalytic activity, as revealed by their crystal structures. The coordinate was obtained from the Protein Data Bank (entry 3E74).
KCX, a post-carboxylated lysine. The metal ions (in black) and a metal-bound water molecule (in light blue) are also shown. (C) The chemical mechanisms of hydantoinase,
allantoinase and dihydroorotase. The hydrolysis of the substrates likely undergoes three steps: the hydrolytic water molecule must be activated for nucleophilic attack, and then the
amide bond of the substrate must be made more electrophilic by polarization of the carbonyl-oxygen bond, and the leaving-group nitrogen must be protonated as the carbon—

nitrogen bond is cleaved. The metal ions are shown as black circles.

Dihydroorotase catalyzes the reversible cyclization of carbamoyl
aspartate into dihydroorotate in the third step of the de novo py-
rimidine nucleotide biosynthetic pathway [16]. In mammals, this
enzyme is part of the large multifunctional protein carbamoyl
phosphate synthetase/aspartate transcarbamoylase/dihydroor-
otase (CAD) [16—19]. However, in prokaryotic organisms, CADs are
usually expressed separately and function independently [20] or
form multifunctional complexes [17,21,22]. Similar to allantoinase,
dihydroorotase is a metalloenzyme [21,23]|. The active site of
allantoinase [14] and dihydroorotase [23] contains four histidine,
one aspartate, and one post-carboxylated lysine residue or a second
aspartate residue, which are required for metal binding and cata-
lytic activity, as revealed by their crystal structures (Fig. 1B) [13,24].
The presence of a post-carboxylated lysine in hydantoinase is also
involved in binuclear metal center self-assembly [25] and increases
the nucleophilicity of the hydroxide for catalysis [26]. Nevertheless,
the substrate specificities of allantoinase, hydantoinase, and dihy-
droorotase may differ. However, whether the substrate of each
enzyme competitively inhibits other enzymes in this family re-
mains unclear.

Infections that are resistant to all antibacterial options have
recently developed. Few therapies are effective against the six
antibiotic-resistant ESKAPE pathogens (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, and Enterobacter species) [27].
Considering allantoinase and dihydroorotase are required for
metabolizing purines and pyrimidines, blocking their activities
would be detrimental to bacterial survival. In addition, allantoinase
is not found in humans, and mammalian and prokaryotic dihy-
droorotases exhibit distinct differences. Thus, these enzymes may
be promising therapeutic targets for developing antibiotics.

Although some chelators inhibit allantoinase and dihydroorotase,
they may be harmful to human health.

Flavonoids are the most common group of plant polyphenols
and are responsible for much of the flavor and color of fruits and
vegetables [28]. Over 5000 different flavonoids have been
described, many which display structure-dependent biological and
pharmacologic activities [29]. The six major subclasses of flavo-
noids are flavonols, flavones, flavanones, flavanols, anthocyanidins,
and isoflavones [28]. Flavonols, which are composed of two aro-
matic rings linked by a heterocyclic pyran-4-one ring, are known to
have antioxidant [30], antiradical [31], antiviral [32,33], and anti-
bacterial activities [34,35]. In this study, we investigated the effects
of the substrates of cyclic amidohydrolase and the flavonols myr-
icetin, quercetin, kaempferol, and galangin on inhibiting the cata-
lytic activity of allantoinase and dihydroorotase.

2. Materials and methods
2.1. Materials

All restriction enzymes and DNA-modifying enzymes were
purchased from New England Biolabs (Ipswich, MA, USA), unless
otherwise stated. All custom oligonucleotide primers were ob-
tained from Invitrogen Corporation (Carlsbad, CA, USA). All chem-
icals were purchased from Sigma—Aldrich (St. Louis, MO, USA)
unless otherwise stated.

2.2. Protein expression and purification

The construction of pET21e-KpDHO expression vector for Kleb-
siella pneumoniae dihydroorotase expression has been previously
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described [36]. The construction of pET21b-StALL expression vector
for Salmonella enterica serovar Typhimurium LT2 allantoinase
expression has been previously described [13]. Recombinant pro-
teins were expressed and purified using a previously described
protocol [13,25,37—40]. In a typical procedure, Escherichia coli
BL21(DE3) cells were individually transformed with the plasmid by
the heat shock method, and then grown to 0.9 ODggg at 37 °C in
Luria—Bertani medium containing 250 pg/mL ampicillin and 1 mM
MnCl, with rapid shaking. Overexpression of the construct was
induced by incubating with 1 mM isopropyl thiogalactoside (IPTG)
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—HCI, 5 mM imidazole, and 0.5 M NaCl, 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 (50 mM HEPES and
50 mM Nacl, pH 7.0). Protein purity remained greater than 95% as
determined by Coomassie-stained SDS-PAGE (Mini-PROTEAN Tetra
System; Bio-Rad, CA, USA).

2.3. Protein concentration

The protein concentrations of enzyme solution were deter-
mined by the bicinchoninic acid protein assay using bovine serum
albumin as a standard [41].

2.4. Enzyme assay

A rapid spectrophotometric assay was used to determine the
enzymatic activity according to a previously described protocol for
allantoinase [42], dihydroorotase [36], imidase [8,9], and hydan-
toinase [25]. In a typical procedure, the hydrolysis of allantoin and
dihydroorotate was measured at 25 °C as the decrease in absor-
bance at 258 and 230 nm, respectively. To start the reaction, the
protein solution (1—30 pg) was added to a 2 mL solution containing
the substrate and 100 mM Tris—HCI (pH 8.0). The extinction co-
efficients of allantoin and dihydroorotate were 0.0261 mM~! cm™!
at 258 nm and 0.92 mM~! em~! at 230 nm, respectively. Substrate
hydrolysis was monitored with a UV/vis spectrophotometer
(Hitachi U 3300, Hitachi High-Technologies, Tokyo, Japan). The
initial rates of change were a function of enzyme concentration
within the absorbance range of 0.01—0.3 min~.. A unit of activity
was defined as the amount of enzyme catalyzing the hydrolysis of
1 umol substrate/min, and the specific activity was expressed in
terms of units of activity per milligram of enzyme. The kinetic pa-
rameters Ky and V.« were determined by fitting the hydrolyzing
rate from individual experiments to the Michaelis—Menten
equation.

2.5. Dissociation constants determined by fluorescence
spectrophotometer

Determination of the dissociation constants (Ky) for allantoinase
and dihydroorotase was using the fluorescence quenching method
as previously described for DnaB helicase [34,37]. An aliquot of each
compound was added into the solution containing allantoinase or
dihydroorotase (0.8 uM), 50 mM HEPES at pH 7.0 with a final vol-
ume of 2 mL in a quartz cuvettes of 1 cm square cross-section. The
decrease in intrinsic fluorescence of protein was measured at
330 nm upon excitation at 280 nm and 25 °C with a spectrofluo-
rimeter (Hitachi F-2700; Hitachi High-Technologies, Tokyo, Japan).
At least seven data points were used to calculate each Kg. Each data
point was an average of 2—3 determinants, and the difference of the

determinants was within 10%. The K; was obtained by the equation:
AF = AFnax — Ky(AF/[compound]) (Enzyme Kinetics module of
Sigma-Plot; Systat Software, Chicago, IL, USA).

2.6. Determination of ICsg

Dose-response curves were generated by titrating compound
into the enzyme assay solution. The concentration of the compound
required for 50% inhibition (IC5¢) was determined directly from the
graphic analysis. Due to solubility, IC5o of some compounds for
allantoinase and dihydroorotase were not determined.

2.7. Bioinformatics

The model of S. enterica allantoinase was built from the co-
ordinates of Bacillus halodurans allantoinase (3HM7; 42% identity)
using SWISS-MODEL, (http://swissmodel.expasy.org) [43]. Simi-
larly, the model of K. pneumoniae dihydroorotase was built from the
coordinates of S. enterica dihydroorotase (3]JZE; 93% identity). The
coordinate and topology file of the flavonols, myricetin, quercetin,
kaempferol, and galangin, was found in DrugBank, http://www.
drugbank.ca/ [44]. Kaempferol was computationally docked into
the three-dimensional models of allantoinase and dihydroorotase
by using PatchDock, http://bioinfo3d.cs.tau.ac.il/PatchDock/ [45].
The hydantoin-complexed structure models of allantoinase and
dihydroorotase were directly constructed by superimposing the
structure of the apo form with the crystal structure of the
hydantoin-dihydropyrimidinase complex (the coordinate of 4LCS).
The structures were visualized by using the program PyMol.

3. Results
3.1. Hydantoin is not a substrate for allantoinase and dihydroorotase

Bacterial allantoinase and dihydroorotase are members of the
cyclic amidohydrolase family. This family includes hydantoinase/
dihydropyrimidinase, dihydroorotase, allantoinase, and imidase,
which use hydantoin, dihydroorotate, allantoin, and phthalimide
as a substrate, respectively (Fig. 1A). Members of this family have
very similar active sites (Fig. 1B) and may use the same catalytic
mechanism for substrate hydrolysis (Fig. 1C). This condition raises
an interesting question as to whether the substrate specificities of
allantoinase and dihydroorotase partially overlap with those of the
other cyclic amidohydrolases. Hydantoinase/dihydropyrimidinase
[6,46,47] and imidase [7,8,11] have broad and overlapping sub-
strate specificities. However, the standard assays showed no re-
action over 2 h when allantoinase was incubated with hydantoin
(10 and 100 mM), dihydroorotate (1 and 10 mM), or pthalimide
(01 and 1 mM) (data not shown). Similarly, dihydroorotase
showed no reaction when tested with allantoin (4 and 40 mM),
hydantoin (10 and 100 mM), or pthalimide (0.1 and 1 mM) (data
not shown). The maximal concentration of phthalimide was
limited to 1 mM due to its minimal solubility. Thus, unlike
hydantoinase and imidase, allantoinase and dihydroorotase have
absolute substrate specificities toward their own substrates,
namely, allantoin and dihydroorotate, respectively. Although these
cyclic amidohydrolases may use a similar active site and mecha-
nism for catalysis, no substrate overlapping was observed for
allantoinase and dihydroorotase.

3.2. Hydantoin and dihydroorotate are potential competitive
inhibitors of allantoinase

Based on the catalytic mechanism of the cyclic amidohydrolases
(Fig. 1C), hydantoin should be, but is actually not, a substrate of
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Table 1
Apparent Michaelis—Menten constants for allantoinase in the presence of kaemp-
ferol and the substrate of other cyclic amidohydrolases.

Compound Allantoinase

Vmax Km Vmax/Km Fold
Non 130.5 + 21.5 85.9 + 20.0 1.52 1.00
Dihydroorotate 125.2 +21.9 129.6 + 27.1 0.97 0.64
Phthalimide 130.0 + 22.0 86.0 + 20.4 1.51 0.99
Hydantoin 1209 + 184 108.3 + 20.7 1.12 0.74
Kaempferol 118.8 + 18.3 231.6 +£29.2 0.51 0.34

At least seven data points were used to calculate each V.« and K;,,. Each data point
was an average of 2—3 determinants, and the difference of the determinants was
within 10%. The kinetic parameters Km and Vmax were determined by fitting the
hydrolyzing rate from individual experiments to the Michaelis—Menten equation,
and then the standard errors were given.
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Fig. 2. Inhibition of allantoinase by substrate analogs. Inhibition of allantoinase by
some substrates of other cyclic amidohydrolase. To determine which type of inhibitor
is, the double reciprocal of the Lineweaver—Burk plots was used. The standard assay
solution was conducted with hydantoin (open circle), dihydroorotate (inverted filled
triangle), phthalimide (open triangle), or without any supplement (filled circle). The
inhibitions of allantoinase by these compounds resulted in the Lineweaver—Burk plots
where the lines are cross the y-axis at the very similar point, indicating that these
compounds are competitive inhibitors for allantoinase. Data points are an average of
2—3 determinations within 10% error.

allantoinase and dihydroorotase. Hydantoin has a structure similar
to that of allantoin, except for the 5 side chain (Fig. 1A). Thus,
hydantoin may be a potential allantoinase inhibitor. To assess
whether hydantoin inhibits the activity of allantoinase, hydantoin
(50 mM) was included in the standard allantoinase assay. In addi-
tion, dihydroorotate (2 mM) and phthalimide (1 mM) were also
individually used for allantoinase inhibition studies (Table 1). The
kinetic parameters of allantoinase were calculated from the double
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reciprocal of the Lineweaver—Burk plot with and without the
substrate analog as a potential inhibitor. As shown in Fig. 2, inhi-
bition of allantoinase by hydantoin and dihydroorotate resulted in
Lineweaver—Burk plots where the lines intersect the y-axis at a
similar point, which indicates that these compounds are competi-
tive inhibitors of allantoinase. The inclusion of phthalimide into the
assay at 1 mM did not affect the allantoinase activity. Thus, sub-
strates of the cyclic amidohydrolase, at least hydantoin and dihy-
droorotate competed with allantoin for allantoinase active sites.

3.3. ICsq of dihydroorotate, phthalimide, and hydantoin for
allantoinase

To compare the inhibitory capability of dihydroorotate, phtha-
limide, and hydantoin on allantoinase, their ICsg values, that is, the
inhibitor concentration required to reduce the activity of the
enzyme by 50%, were determined and compared. As shown in
Fig. 3, dihydroorotate, phthalimide, and hydantoin at different
concentrations were used to determine the ICsy for allantoinase.
The activity of allantoinase continued to decrease as the concen-
trations of dihydroorotate (Fig. 3A) and hydantoin (Fig. 3B)
increased. Only 1 mM of phthalimide was used as the maximal
concentration for IC5g determination because of its poor solubility
(data not shown). Phthalimide did not inhibit the activity of
allantoinase. The IC50 for allantoinase of dihydroorotate was
18.6 + 1.1 mM and that of hydantoin was 230 + 10 mM. Thus, the
inhibitory capability of dihydroorotate toward allantoinase was 12-
fold higher than that of hydantoin, based on their ICs5g (Table 2).

3.4. Ky of allantoinase bound to dihydroorotate, phthalimide, and
hydantoin

From our initial inhibition study, some substrate analogs were
identified as competitive inhibitors of allantoinase (Table 1 and
Fig. 2). To determine whether their inhibitory capabilities are
correlated with their binding abilities, the dissociation constants
(Kg) of allantoinase for dihydroorotate, phthalimide, and hydantoin
were determined through fluorescence quenching. The fluores-
cence emission spectra of allantoinase significantly quenched with
hydantoin are shown in Fig. 4A. The fluorescence intensity of
allantoinase also decreased remarkably with increasing dihy-
droorotate concentration, but not phthalimide (data not shown).
Adding hydantoin and dihydroorotate resulted in a blue shift
(~5 nm) of the allantoinase emission wavelength (Aerm), Which
indicates that dihydroorotate and hydantoin interact with allan-
toinase and suggest that dihydroorotate and hydantoin can form
stable complexes with allantoinase. The Ky values of allantoinase
bound to dihydroorotate and hydantoin, as determined through
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Fig. 3. ICso determinations for allantoinase (A) The concentration of dihydroorotate required for 50% inhibition of the activity of allantoinase was directly determined using graphic
analysis. (B) ICso determination of hydantoin for allantoinase. The errors are standard deviation determined at 3 measurements.
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Table 2
Effect of the flavonols and the substrate of other cyclic amidohydrolases on the
activity of allantoinase and dihydroorotase.

Table 3
Binding of allantoinase and dihydroorotase to the substrate of other cyclic amido-
hydrolases and kaempferol.

Compound ICs¢ (MM) Compound Kq (mM)

Allantoinase Dihydroorotase Allantoinase Dihydroorotase
Dihydroorotate 186 £ 1.1 — Dihydroorotate 3.89 + 1.15 ND
Phthalimide — — Hydantoin 6.06 + 1.18 39.5 +6.8
Hydantoin 230+ 10 - Allantoin ND 57.7 +£2.3
Myricetin ND 0.040 + 0.001 Kaempferol 0.028 + 0.004 0.021 + 0.004
Quercetin ND ND B ©
Kaempferol 0.035 + 0.003 0.031 + 0.002 The' deFrease in intrinsic ﬂuoores'cence of protein ‘was measured at 330 nm upon
Galangin ND ND excitation at 280 nm and 25 °C with a spectrofluorimeter. At least seven data points

—: No effect under the concentration range of the compound.
ND: due to solubility, the ICsg value was not determined.

their titration curves (Fig. 4B), were 3.89 + 1.15 and 6.06 + 1.18 mM,
respectively (Table 3). Therefore, dihydroorotate exhibits the
strongest binding and inhibitory capabilities toward allantoinase.

3.5. Allantoin and hydantoin bind to dihydroorotase, but does not
inhibit its activity

Dihydroorotase cannot use hydantoin, phthalimide, and allan-
toin as a substrate. To test the dihydroorotase inhibitory capability
of these compounds, allantoin (10 mM), phthalimide (1 mM), and
hydantoin (50 mM) were individually included in the standard
assay for dihydroorotase. However, unlike allantoinase, hydantoin,
phthalimide, and allantoin did not affect dihydroorotase activity.
Allantoin at 1 mM—40 mM and hydantoin at 1 mM—100 mM did
not affect dihydroorotase activity. Thus, hydantoin, phthalimide,
and allantoin were not inhibitors of dihydroorotase.

Fluorescence quenching was used to determine the Ky of dihy-
droorotase for hydantoin and allantoin. The fluorescence emission
spectra of dihydroorotase significantly quenched with hydantoin
are shown in Fig. 5A. The fluorescence intensity of dihydroorotase
also decreased remarkably with increasing allantoin concentration
(data not shown). Adding hydantoin and allantoin resulted in a blue
shift (~ 10 nm) of the emission wavelength (Aem) of dihydroorotase,
which indicates that dihydroorotase interacts with allantoin and
hydantoin. The Ky values of dihydroorotase bound to allantoin and
hydantoin determined using titration curves (Fig. 5B) were
57.7 &+ 2.3 and 39.5 &+ 6.8 mM, respectively (Table 3). Thus, dihy-
droorotase can bind to allantoin and hydantoin, but cannot hy-
drolyze these compounds. Given that the V. and Ky of
dihydroorotase, determined from the titration curves (Fig. 5C),
were 11.8 + 0.4 pmol/mg/min and 0.13 + 0.02 mM, respectively, the
binding of allantoin and hydantoin to dihydroorotase is possibly too

A

were used to calculate each K. Each data point was an average of 2—3 determinants,
and the difference of the determinants was within 10%. The K; was obtained by the
equation: AF = AFpyax — K4(AF/[compound]), and then the standard error was given.
ND, not determined.

weak (<100 folds) to compete with dihydroorotate for the dihy-
droorotase active site.

3.6. Use of flavonols in allantoinase and dihydroorotase inhibition

Substrate analogs for any enzyme are usually potential in-
hibitors. Although we found that substrate analogs such as dihy-
droorotate and hydantoin inhibit allantoinase activity, their ICsg
values were at the mM range, which is not significant for designing
inhibitors. To determine whether a natural product is an inhibitor
for allantoinase and dihydroorotase, the inhibitory capability of the
flavonols myricetin, quercetin, kaempferol, and galangin toward
allantoinase and dihydroorotase were tested (Fig. 6A).

3.7. Identification of the flavonol inhibition of allantoinase and
dihydroorotase

Flavonols are known to have antioxidant [30], antiradical [31],
and antibacterial activities [35]. To determine whether flavonols
inhibit allantoinase and dihydroorotase, myricetin, quercetin,
kaempferol, and galangin at different concentrations were included
in the standard assay. The titration curves shown in Fig. 6B suggest
that kaempferol most strongly inhibited allantoinase. The order
of the inhibitory capability of the flavonols is as follows:
kaempferol > galangin > quercetin > myricetin. For dihydroor-
otase, kaempferol also exhibited the strongest inhibition of enzyme
activity. The order of inhibitory capability of the flavonols is as
follows: kaempferol > myricetin > galangin > quercetin (Fig. 6C).
Thus, flavonols, especially kaempferol, are novel inhibitors of
allantoinase and dihydroorotase. In addition, the inhibitory capa-
bility of these flavonols (at the UM range) was significantly higher
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Fig. 4. Binding of allantoinase to the substrate of other cyclic amidohydrolases. (A) The fluorescence emission spectra of allantoinase with hydantoin of different concentrations (0—
9 mM). The decrease in intrinsic fluorescence of protein was measured at 330 nm upon excitation at 280 nm and 25 °C with a spectrofluorimeter. The fluorescence intensity
emission spectra of allantoinase significantly quenched with hydantoin. (B) An aliquot amount of hydantoin and dihydroorotate was individually added to the enzyme solution for
each K. The K4 was obtained by the equation: AF = AF,x — K4(AF/[compound]). Data points are an average of 2—3 determinations within 10% error.
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Fig. 5. Allantoin and hydantoin can bind, but cannot inhibit the activity of dihydroorotase. (A) The fluorescence emission spectra of dihydroorotase with hydantoin of different
concentrations (0—40 mM). The decrease in intrinsic fluorescence of protein was measured at 330 nm upon excitation at 280 nm and 25 °C with a spectrofluorimeter. The
fluorescence intensity emission spectra of dihydroorotase significantly quenched with hydantoin. (B) An aliquot amount of hydantoin and allantoin was individually added to the
enzyme solution for each Ky. The K; was obtained by the equation: AF = AFn,x — Kg(AF/[compound]). (C) Kinetic analysis of dihydroorotase using dihydroorotate of different
concentrations (0—1.25 mM) with the Vp,ax value of 11.8 + 0.4 pmol/mg/min and the K, value of 0.13 & 0.02 mM. Data points are an average of 2—3 determinations within 10% error.
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Fig. 6. The flavonol inhibitions of allantoinase and dihydroorotase. (A) Molecular structure of the flavonols, myricetin, quercetin, kaempferol, and galangin. They have a similar
structure but contain different numbers of hydroxyl substituents on the aromatic rings. (B) ICso determination of flavonols for allantoinase. Due to solubility, ICsq of some flavonols
was not determined from the graphic analysis. (C) ICso determination of flavonols for dihydroorotase. Data points are an average of 2—3 determinations within 10% error.

than that of the substrate analogs (at the mM range) of allantoinase cross the y-axis at a similar point, which indicates that kaempferol
and dihydroorotase. However, because of the poor solubility of is a competitive inhibitor for allantoinase. Thus, similar to hydan-
these flavonols, only some ICsq values for allantoinase and dihy- toin and dihydroorotate, kaempferol can compete with allantoin for
droorotase were determined (Table 2). Based on our knowledge, the active site of allantoinase, but with significantly stronger

kaempferol remains the best inhibitor for allantoinase, with an ICsq activity.
of 35 + 3 uM, and for dihydroorotase, with ICs5q of 31 &+ 2 uM.

3.10. Kaempferol is an uncompetitive inhibitor for dihydroorotase

3.8. Ky of allantoinase and dihydroorotase bound to kaempferol
In this study, the flavonol kaempferol was identified as an in-
The initial inhibition study of flavonols indicated that allantoi- hibitor of dihydroorotase for the first time. To determine whether
nase and dihydroorotase were both significantly inhibited by kaempferol competitively inhibits dihydroorotase, as with allan-
kaempferol. To determine whether the inhibitory capabilities are toinase, kaempferol (40 uM) was included in the standard assay for
correlated with their binding abilities, the Ky values of allantoinase
and dihydroorotase for kaempferol were determined through
fluorescence quenching. The Ky values of allantoinase and dihy-
droorotase bound to kaempferol determined using titration curve
(Fig. 7) were 28.3 + 3.8 and 20.9 & 3.9 uM, respectively (Table 3). 06 1
Thus, kaempferol can inhibit and bind to allantoinase and dihy-

droorotase with ICsg and Ky values at the uM range, significantly 1 04 |
higher than those of the substrate analogs of allantoinase and o
. 1
dihydroorotase (at the mM range). L
021 —e— Allantoi
. .. . s . antoinase

3.9. Kaempferol is a competitive inhibitor of allantoinase 5 Dihydroorotase

From our initial inhibition screening, the flavonol kaempferol 0.0 1

was identified as an inhibitor of allantoinase for the first time. To
determine which type of inhibitor kaempferol is, this flavonol
(40 pM) was included in the standard assay for allantoinase with [Kaempferol] (uM)

different concentrations of allantoin, and the kinetic parameters of

auantomase were calculated fro_m Fhe d,oupl? _rec1procal O,f the aliquot amount of kaempferol was added to the enzyme solution for each Ky The Ky
Lineweaver—Burk plot. As shown in Fig. 8, inhibition of allantoinase was obtained by the equation: AF = AFmay — K4(AF/[kaempferol]). Data points are an
by kaempferol resulted in Lineweaver—Burk plots with lines that average of 2—3 determinations within 10% error.
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Fig. 7. Fluorescence titrations of kaempferol with allantoinase and dihydroorotase. An
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Fig. 8. Kaempferol is a competitive inhibitor for allantoinase. Inhibition of allantoinase
by kaempferol resulted in Lineweaver—Burk plots where the lines are cross the y-axis
at the similar point, indicating that kaempferol is a competitive inhibitor for allan-
toinase. Data points are an average of 2—3 determinations within 10% error.

dihydroorotase with different dihydroorotate concentrations. Un-
expectedly, the inhibition of dihydroorotase by kaempferol resulted
in Lineweaver—Burk plots with lines parallel that intersect the y-
axis at different points, which indicates that kaempferol is an un-
competitive inhibitor (Fig. 9). Dihydroorotase in the presence of
40 uM kaempferol had a V% of 4.24 + 0.06 pmol/mg/min and a K,
of 0.048 & 0.004 mM. Based on these kinetic results, kaempferol
binds to the dihydroorotase—dihydroorotate complex rather than
acts to a free enzyme, and then allosterically inhibits dihydroor-
otase. Taken together, kaempferol is a competitive inhibitor of
allantoinase and an uncompetitive inhibitor of dihydroorotase.

3.11. Binding mode of allantoinase to kaempferol

To understand the inhibitory mechanism of kaempferol on
allantoinase, the structure of allantoinase was built through ho-
mology modeling. Kaempferol, which is found in the DrugBank,
was then computationally docked into the three-dimensional
model of allantoinase using PatchDock (http://bioinfo3d.cs.tau.ac.
il/PatchDock/) [45]. Docking was automatically performed after
uploading the coordinate and topology file of flavonol and allan-
toinase. The three docking models (Supplementary materials) with
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Fig. 9. Kaempferol is an uncompetitive inhibitor for dihydroorotase. Inhibition of
dihydroorotase by kaempferol resulted in Lineweaver—Burk plots where the lines are
parallel and cross the y-axis at different points, revealing an uncompetitive inhibitor.
Data points are an average of 2—3 determinations within 10% error.

the highest score for allantoinase interacting with kaempferol are
shown in Fig. 10A. Kaempferol with different binding poses was
docked into the active site pocket of allantoinase. For solution 1
with the highest docking score, the hydroxyl groups of kaempferol
on the ring interact with Ser286 and Ser317 (Fig. 10B). Ser317 is a
critical substrate binding site for allantoinase [14]. Thus, the dock-
ing study shows that kaempferol partially occupies the allantoinase
active site. Consistent with the kinetic evidence, the docking study
also shows that kaempferol competitively inhibits allantoinase.

3.12. Binding mode of dihydroorotase to kaempferol

To study the inhibitory effect of kaempferol on dihydroorotase
and the dihydroorotase—kaempferol complex, the model of
K. pneumoniae dihydroorotase was computationally docked with
kaempferol using PatchDock, as was done for allantoinase. The
three dihydroorotase docking models (Supplementary materials)
with the highest score for interacting with kaempferol are shown in
Fig. 11A. Unlike allantoinase, the binding poses of kaempferol were
all found to be docked outside the active site pocket of dihydroor-
otase. For solution 1 with the highest docking score, the hydroxyl
groups of kaempferol on the ring interacted with E35, G277, and
V346 (Fig. 11B). The docking study shows that kaempferol does not
interact with the active site of dihydroorotase, a result consistent
with the kinetic study (see Discussion).

4. Discussion

The development of clinically useful small-molecule antibiotics
has been a seminal event in the field of infectious diseases [48].
DNA metabolism is one of the most basic biological functions and
should be a prime target in antibiotic development. Considering
allantoinase and dihydroorotase are required for metabolizing
purines and pyrimidines, blocking their activities would be detri-
mental to bacterial survival. In addition, allantoinase is not found in
humans; hence, these inhibitors are potentially safe for human use.
The distinct differences between mammalian and prokaryotic
dihydroorotases make bacterial dihydroorotases suitable targets for
antibiotic development [16]. Although some chelators, such as 8-
HQSA [42], inhibit allantoinase, such chelators are harmful to
humans. In this study, we have shown that some flavonol com-
pounds inhibit the catalytic activities of allantoinase (Fig. 6B) and
dihydroorotase (Fig. 6C). Furthermore, the metabolic effects and
safety of the flavonols are well established, making such flavonols
beneficial for humans [28]. Thus, flavonols inhibit allantoinase
and dihydroorotase, as well as potential antibiotics for further
development.

We found that the flavonols myricetin, quercetin, kaempferol,
and galangin, which contain different numbers of hydroxyl sub-
stituents on their aromatic rings (Fig. 6A), have different inhibitory
effects on allantoinase and dihydroorotase (Fig. 6B and C).
The catalytic activities of allantoinase and dihydroorotase were
inhibited by flavonols in the following order: kaempferol >
galangin > quercetin > myricetin for allantoinase, and
kaempferol > myricetin > galangin > quercetin for dihydroorotase,
respectively. Kaempferol, which contains one hydroxyl substituent
on the flavonol aromatic ring, was the best inhibitor for allantoi-
nase, with an IC5¢ of 35 4= 3 uM, and for dihydroorotase, with an ICsq
of 31 + 2 uM (Fig. 5A). Although flavonols are known to have several
hydroxyl groups, thus, they have remarkable potential for binding
any protein, the strength of the inhibitory effect (ICsg) on allan-
toinase and dihydroorotase did not correlate with the number of
hydroxyl substituents on the flavonol aromatic rings.

The docking experiments of allantoinase and dihydroorotase
suggested that kaempferol docks into the active site pocket of
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Fig. 10. Representation of the docking models of allantoinase—kaempferol complex from PatchDock. (A) The three docking models with the highest score for allantoinase inter-
acting with kaempferol are shown. The active site residues of allantoinase are colored in yellow, and the substrate binding loop is colored in red. Kaempferol is colored in cyan. (B)
Binding environment of kaempferol to allantoinase for Solution 1. The hydroxyl groups of kaempferol on the ring interact with S286, D315, and S317 of allantoinase.

allantoinase, but outside the active site pocket of dihydroorotase.
Consistent with the docking results, the kinetic studies further
identified kaempferol as a competitive inhibitor of allantoinase, but
an uncompetitive inhibitor of dihydroorotase. Three docking solu-
tions with the highest scores all show that kaempferol partially
occupies the active site of allantoinase by interacting with the
putative substrate-binding loop (Fig. 10). For dihydroorotase,
kaempferol was bound to the loop with an unknown function.
However, the corresponding positions of dihydroorotase for dihy-
dropyrimidinase are structurally near the place for the conforma-
tional change of dihydropyrimidinase [49]. Thus, kaempferol may
inhibit dihydroorotase allosterically. No potent inhibitor has been
identified for these cyclic amidohydrolases. Thus, inhibitors
designed to target the loop(s) to lock the conformation of the cyclic
amidohydrolases may be worth to test in the future.

The cyclic amidohydrolases, at least hydantoinase [25,46,47],
dihydropyrimidinase [50,51], and imidase [7,8,10,11], are known to
catalyze the hydrolysis of a wide range of substrates and exhibit
some overlapping substrate specificities. Our study clearly indicates
that hydantoin, dihydroorotate, and phthalimide are not substrates,
but are competitive inhibitors of allantoinase (Fig. 2). Unlike

allantoinase, although hydantoin, allantoin, and phthalimide are
not dihydroorotase substrates, they did not affect dihydroorotase
activity. Nevertheless, dihydroorotase still binds to hydantoin and
allantoin (Fig. 5A and Table 3).

The chemical mechanism of the binuclear metal center—con-
taining amidohydrolase [2] likely has three steps (Fig. 1C): (1) the
hydrolytic water molecule must be activated for nucleophilic
attack, (2) the amide bond of the substrate must be made more
electrophilic by the polarization of the carbonyl—oxygen bond, and
(3) the leaving group nitrogen must be protonated as the carbon—
nitrogen bond is cleaved. Thus, a single group must be unproto-
nated for the catalytic activity [52]. Based on the crystal structures
of hydantoinase [53], dihydropyrimidinase [51], dihydroorotase
[23], and allantoinase [14], the bimetal ion likely functions as a
Lewis acid for polarizing the carbonyl group of the substrate of the
imide group [13,24,25]. The carbonyl oxygen of the substrate that
directly interacts with the metal center will diminish the electron
density and facilitate nucleophilic attacks by the bridging the hy-
droxide. In the final step, the amide nitrogen of the substrate must
be protonated. The conserved Asp in the active site of these cyclic
amidohydrolases is responsible for proton transfer (Fig. 1B and C).

G277

S

E35

V34w

Fig. 11. Representation of the docking models of dihydroorotase—kaempferol complex from PatchDock. The three docking models with the highest score for dihydroorotase
interacting with kaempferol are shown. The active site residues of dihydroorotase are colored in yellow, and the substrate binding loop is colored in red. Kaempferol is colored in
cyan. (B) Binding environment of kaempferol to dihydroorotase for Solution 1. The hydroxyl groups of kaempferol on the ring interact with E35, G277, and V346 of dihydroorotase.
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This residue has been proposed as the group that shuttles the
proton from the bridging hydroxide to and from the substrate and
product during catalysis. However, an important question remains
as to why even at more than 100 mM, hydantoin can bind to, but
absolutely cannot be hydrolyzed by, allantoinase and dihydroor-
otase. In addition, hydantoin can be docked into the active site
of allantoinase (data not shown). Does the 5’ side chain of allantoin
play an important role not only in interacting with the substrate
binding loop of allantoinase but also involve in electron/proton
delocalization as the driving force for imide hydrolysis? Further
studies are needed to investigate the substrate specificity, selec-
tivity, and the catalytic mechanism of allantoinase and
dihydroorotase.

In conclusion, we identified a novel inhibitor, the flavonol
kaempferol, and demonstrated its inhibitory mechanism on allan-
toinase and dihydroorotase using kinetic and docking experiments.
We also found that allantoinase and dihydroorotase cannot use the
substrates of other cyclic amidohydrolases as substrate. The sig-
nificant inhibitory effect of kaempferol on allantoinase and dihy-
droorotase (>3 orders of magnitude than hydantoin) make it a
promising drug lead for developing antibiotics targeting bacteria.
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Replication restart primosome is a complex dynamic system that is essential for bacterial survival. This system uses various proteins
to reinitiate chromosomal DNA replication to maintain genetic integrity after DNA damage. The replication restart primosome in
Escherichia coli is composed of PriA helicase, PriB, PriC, DnaT, DnaC, DnaB helicase, and DnaG primase. The assembly of the
protein complexes within the forked DNA responsible for reloading the replicative DnaB helicase anywhere on the chromosome
for genome duplication requires the coordination of transient biomolecular interactions. Over the last decade, investigations on the
structure and mechanism of these nucleoproteins have provided considerable insight into primosome assembly. In this review, we
summarize and discuss our current knowledge and recent advances on the DNA-binding mode of the primosomal proteins PriA,

PriB, and DnaT.

1. Introduction

Genome integrity should be maintained from generation to
generation to ensure proper cell function and survival [1-
3]. In bacteria, some exogenous and endogenous sources of
DNA damage can inactivate a large proportion of replica-
tion forks [4, 5]. When DNA is damaged, the replication
machinery, originally initiated at oriC, can be arrested and
disassembled anywhere along the DNA, leading to replication
failure [5, 6]. To reload DnaB helicase for oriC-independent
DNA replication, collapsed DNA replication forks must
be reactivated by the replication restart primosome [7, 8].
Primosome is the protein complex responsible for the con-
version of single-stranded circular DNA to the replicative-
form DNA in the replication cycle of ¢X174 phage [9, 10].
After DNA repair, the replication restart primosome [11-
13], a formidable enzymatic machine, can translocate along
the single-stranded DNA-binding protein (SSB), unwind the
duplex DNA, and prime the Okazaki fragments required
for the progression of replication forks [14]. In Escherichia

coli, the replication restart primosome is composed of
PriA helicase, PriB, PriC, DnaB helicase, DnaC, DnaT, and
DnaG primase [3]. To date, two DnaB helicase-recruiting
pathways are known: PriA-PriB-DnaT-DnaC-dependent and
PriC-DnaC-dependent systems; the former system uses fork
structures without gaps in the leading strand, whereas the
latter system preferentially uses fork structures with large
gaps (>5 nucleotides) in the leading strand [3]. As shown in
Figure 1, PriA can bind directly and assemble a primosome
on the template without gaps in the leading strand, and PriC
initiates the assembly of a primosome on a fork containing
gaps in the leading strand.

A hand-off mechanism for PriA-directed primosome
assembly [15] has been proposed (Figure 2), whereby (i) PriA
recognizes and binds to a replication fork; (ii) PriB joins PriA
to form a PriA-PriB-DNA ternary complex; (iii) DnaT par-
ticipates in this nucleocomplex to form a triprotein complex,
in which PriB is released from ssDNA due to recruitment
of DnaT; (iv) the PriA-PriB-DnaT-DNA quaternary complex
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FIGURE 1: Two DnaB helicase-recruiting pathways for DNA replication restart at the stalled replication fork in vitro. The PriA-directed pathway
(i.e., PriA-PriB-DnaT-DnaC-dependent reaction) preferentially uses fork structures without gaps in the leading strand, whereas the PriC-
directed pathway (i.e., PriC-DnaC-dependent system) preferentially uses fork structures containing large gaps (>5 nucleotides) in the leading

strand.

loads the DnaB/C complex; (v) DnaB is loaded on the lagging
strand template. Genetic analyses suggest that these primo-
somal proteins are essential replication proteins for bacterial
cell growth [12, 16-21]. These proteins are required for
reinitiating chromosomal DNA replication in bacteria; thus,
blocking their activities would be detrimental to bacterial
survival [22, 23]. Several primosomal proteins, such as PriA,
PriB, PriC, and DnaT, are not found in humans; thus, these
proteins may be potential targets in developing antibiotics for
the six antibiotic-resistant pathogens (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter sp.)
[24, 25]. The recently discovered inhibitor CGS 15943 targets
Neisseria gonorrhoeae PriA helicase with an IC, of 114 +
24 M [26].

Over the past 10 years, considerable progress has been
made in the structural mechanisms of the replication restart
primosome assembly. The structural information is a prereq-
uisite for formulating any model of the assembly mechanism
of the primosome (Table1). In the following sections, we
summarize and discuss our current knowledge and recent
advances on the DNA-binding mode of the primosomal
proteins PriA, PriB, and DnaT.

2. Structural Insights into the
DNA-Binding Mode

2.1. PriA Helicase. PriA functions as a scaffold that recruits
other primosomal proteins. It was originally discovered as an
essential factor for the conversion of single-stranded circular
DNA to the replicative-form DNA of ¢$X174 single-stranded
phage in vitro [27]. The priA mutant of E. coli exhibits
complex phenotypes that include reduced viability, chronic
induction of SOS response, rich media sensitivity, decreased

homologous recombination, sensitivity to UV irradiation,
defective double-stranded break repair, and both induced
and constitutive stable DNA replication [6, 12, 28-30]. The
native PriA is a monomer with a molecular mass of ~
82kDa. The tertiary structure of the monomer contains
two functional domains, namely, the helicase domain (HD),
which encompasses ~540 amino acid residues from the C-
terminus, and the DNA-binding domain, which comprises
~181 amino acid residues from the N-terminus [31-33]. PriA
is a DEXH-type helicase that unwinds DNA with a 3' to 5'
polarity [34]. Fuelled by the binding and hydrolysis of ATP,
PriA moves along the nucleic acid filaments with other pri-
mosomal proteins and separates double-stranded DNA into
their complementary single strands [35]. PriA preferentially
binds to a D-loop-like structure by recognizing a bend at
the three-way branched DNA structures and duplex DNA
with a protruding 3' single strand [32, 36, 37]. PriA interacts
with SSB [38], PriB [15, 39, 40], and DnaT [15]. PriA can
unwind the nascent lagging strand DNA to create a suitable
binding site to help PriC load the DnaB helicase onto stalled
replication forks where a gap exists in the nascent leading
strand [41, 42]. The crystal structures of the N-terminal
105 amino acid residue segment of E. coli PriA (EcPriA) in
complex with different deoxydinucleotides show a feasible
interaction model for the base-non-selective recognition of
the 3'-terminus of DNA between the nucleobase and the
DNA-binding sites of EcPriA [43].

Figure 3(a) shows that the alignment consensus of 150
sequenced PriA homologs by ConSurf [44] reveals the degree
of variability at each position along the primary sequence.
The highly variable amino acid residues are colored teal,
whereas the highly conserved are colored burgundy. A
consensus sequence was established by determining the most
commonly found amino acid residue at each position relative
to the primary sequence of K. pneumoniae PriA (KpPriA).
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TABLE 1: List of the structures of the primosomal proteins available in Protein Data Bank.
PDB ID X-ray NMR Length
2D7E The N-terminal domain of Escherichia coli PriA 105
2DwN The N-terminal domain of Escherichia coli PriA bound to AG 105
2D7G The N-terminal domain of Escherichia coli PriA bound to AA 105
SD7H The N-terminal domain of Escherichia coli PriA bound to 105
PriA cee
2Dwl The N-terminal domain of Escherichia coli PriA bound to AC 105
2Dwm The N-terminal domain of Escherichia coli PriA bound to AT 105
4NL4 Klebsiella pneumoniae PriA bound to ADP 731
ANLS gi;lzéeéla pneumoniae PriA bound to SSB C-terminal tail 731
2CCZ Escherichia coli PriB bound to ssDNA (15 mer) 104
1V1Q Escherichia coli PriB 104
IWOC Escherichia coli PriB 100
1ITXY Escherichia coli PriB 100
2PNH Escherichia coli PriB E39A 100
PriB 4APV Klebsiella pneumoniae PriB 102
3K8A Neisseria gonorrhoeae PriB 100
4FDB Ralstonia solanacearum PriB 99
3EN2 Ralstonia solanacearum PriB 95
3FHW Bordetella parapertussis PriB 102
3KILW Bordetella pertussis PriB 98
4GS3 E;i% N-terminal domain of Thermoanaerobacter tengcongensis 104
DnaT None
4ESV Geobacillus stearothermophilus DnaB bound to DNA (14 mer) 441
2R6E Geobacillus stearothermophilus DnaB 441
2R6D Geobacillus stearothermophilus DnaB 441
2R6A Geobacillus stearothermophilus DnaB bound to DnaG 441
2R6C Geobacillus stearothermophilus DnaB bound to DnaG 441
AMAW gi:ﬁacillus stearothermophilus DnaB bound to DnaG and 454
2R5U The N-terminal domain of Mycobacterium tuberculosis DnaB 167
DnaB 2Q6T Thermus aquaticus DnaB 440
3GXV The N-terminal domain of Helicobacter pylori DnaB 121
4AIF The C-terminal domain of Helicobacter pylori DnaB 323
4ANMN Aquifex aeolicus DnaB bound to ADP 434
2VYF Geobacillus kaustophilus DnaC 441
2VYE Geobacillus kaustophilus DnaC bound to ssDNA (9 mer) 441
1B79 The N-terminal domain of Escherichia coli DnaB 128
The N-terminal
UWE Esf;erzillar;aocfoli 14
DnaB
3EC2 Aquifex aeolicus DnaC 42-221 180
3ECC Aquifex aeolicus DnaC bound to ADP i 185
The N-terminal
DnaC 2W58 Geobacillus kaustophilus Dnal domain of Bacillus 199
AMAW Geobacillus stearothermophilus DnaB bound to DnaG and subtilis Dnal 278

Dnal
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TaBLE 1: Continued.
PDB ID X-ray NMR Length
2QGZ Streptococcus pyogenes Dnal 308
2K7R 106
3B39 Escherichia coli DnaG 109-427 bound to ssDNA (15 mer) 321
1DD9 Escherichia coli DnaG 115-428 338
1IDDE Escherichia coli DnaG 115-428 338
1T3W The C-terminal domain of Escherichia coli DnaG 148
Escherichia coli
2HAJ DnaG 447-581 135
4E2K Staphylococcus aureus DnaG 108-428 321
4EDG Staphylococcus aureus DnaG 108-428 bound to ATP 321
4EDK Staphylococcus aureus DnaG 108-428 bound to GTP 319
DnaG 4EDT Staphylococcus aureus DnaG 108-428 bound to ppGpp 321
4EDV Staphylococcus aureus DnaG 108-428 bound to ppGpp 321
4EEl Staphylococcus aureus DnaG 108-428 bound to CTP 321
4EDR Staphylococcus aureus DnaG 108-428 bound to UTP 321
Staphylococcus
aureus DnaG
2LZN 462-605 143
Bacillus
1Z8S stearothermophilus 146
DnaG 452-597
4EHS The C-terminal domain of Helicobacter pylori DnaG 438-559 122
AMAW Geobacillus stearothermophilus DnaB bound to Dnal and 143
DnaG
2R6A Geobacillus stearothermophilus DnaB bound to DnaG 143
2R6C Geobacillus stearothermophilus DnaB bound to DnaG 143
2AU3 Aquifex aeolicus DnaG 1-403 403
The N-terminal
. domain of
PriC 2RT6 Escherichia coli %8
PriC

Length and amino acid residues.

The amino acid sequences of KpPriA and EcPriA share 88%
identity [45]. The N-terminal 19-219 amino acid residues
in PriA are not highly conserved. The crystal structure of
KpPriA has been recently determined [45]. KpPriA has six
subdomains (Figure 3(b)), namely, a 3' DNA-binding domain
(3'BD; orange), a winged-helix domain (WH; green), two
lobes of the helicase core (colored hot pink and blue, resp.), a
Cys-rich region (CRR; dark blue), and a C-terminal domain
(CTD; red). The 3'BD and WH comprise the N-terminal
DNA-binding domain (DBD), and the other four subdomains
(two lobes of the helicase core, CRR, and CTD) comprise the
HD. Aspl7, located in the 3/BD of EcPriA, is crucial for the
3' base-non-selective recognition of DNA [43], and Arg697,
located in the CTD of KpPriA, is crucial for the C-terminal
tail of SSB (SSB-Ct) binding and induction of structural
changes in the SSB-DNA complex [45]; both are significantly
invariable. Many biochemical and genetic studies have been

performed on the DNA-binding mode of PriA [7, 8], but the
structural basis for the full length PriA-DNA complex is still
lacking.

To elucidate the structural mechanism of DNA binding
and unwinding by PriA, Bhattacharyya et al. [45] compared
the structure of the full length KpPriA with those of other
DNA helicases of superfamily II, namely, RecQl (Protein
Data Bank entry: 2WWY) [46, 47] and Hel308 (Protein Data
Bank entry: 2P6R) [48]. The structures of these helicases
have been solved in complex with substrate DNA. RecQl
and Hel308 bind to single-stranded DNA tailed duplex
and unwind via the DNA unwinding wedge element, a
prominent -hairpin for strand separation [47, 49]. PriA also
shares sequence similarity with other helicases, such as PcrA
(Protein Data Bank entry: 3PJR) [50], a DNA helicase of
superfamily I, and RecG (Protein Data Bank entry: 1GM5)
[51], a DNA helicase of superfamily II. The structures of



BioMed Research International

:/—512

DnaT

5
= Y S
5/ (iii)
31

DnaB/C

DnaC

=

5
3

FIGURE 2: A hand-off mechanism for the replication restart primo-
some assembly. The proposed assembly mechanism is as follows. (i)
PriA recognizes and binds to a replication fork, (ii) PriB joins PriA
to form a PriA-PriB-DNA ternary complex, (iii) DnaT participates
in this nucleocomplex to form a triprotein complex, in which PriB
is released from ssDNA due to recruitment of DnaT, (iv) the PriA-
PriB-DnaT-DNA quaternary complex loads the DnaB/C complex,
and (v) DnaB is loaded on the lagging strand template.

these helicases bound to DNA, along with KpPriA, are
shown in Figure 3(c) for comparison. According to the crystal
structures of the helicase-DNA complex, the two lobes of the
helicase core of KpPriA (colored hot pink and blue, resp.)
are aligned and manually superimpose the location of the
dsDNA from the complex structure with KpPriA structure.
These modeled structures of KpPriA show that the DNA-
binding modes and thus the DNA-unwinding modes are
different. Considering the known ssDNA-binding site at DBD
and the putative wedge element in KpPriA located at CRR,
KpPriA may use the Hel308-based model to bind DNA. The
DNA-binding mode, fork DNA recognition site(s), and the
helicase translocation using either the inchworm stepping or

Brownian motor mechanism [52] must be further confirmed
by additional biophysical and structural studies.

2.2. PriB Protein. PriB is a basic accessory protein in PriA-
directed DNA replication restart primosome [11, 13]. It was
originally discovered as an essential factor for the conversion
of single-stranded circular DNA to the replicative-form
DNA of ¢X174 single-stranded phage in vitro. In contrast
to the ¢X174 model, del(priB)302 mutant has almost wild-
type phenotypes [53], suggesting that PriB is not absolutely
required for bacterial DNA replication. PriB was formerly
known as the “n protein” because it can be inactivated
by treatment with N-ethylmaleimide [54]. In a PriA-PriB-
DnaT-dependent reaction, PriB is the second protein to be
assembled in the protein-DNA complex. It stabilizes the
binding of PriA to DNA hairpin [35, 55] and then stimulates
PriA helicase activity [40, 56]. The PriA stimulation by PriB
correlates with the ability of PriB to form a stable PriA-PriB-
DNA complex [40]. PriB also facilitates the association of
DnaT with PriA [57]. More than one PriA-PriB complex is
possibly involved in the initiation of primosome formation,
and the effect of PriB on the PriA-DNA association is
dependent on the DNA structure [58]. PriB interacts with
PriA [15, 39], DnaT [15, 59, 60], SSB [54, 61], and itself [61, 62]
and does not interact with DnaA, DnaB, DnaC, or DnaG
[61]. The mechanisms of DnaC-DnaB complex loading by
PriA-PriB-DnaT complex at the forks and then DnaB-DnaG
complex formation remain unclear.

PriB is a homodimer with polypeptide chains of 104
amino acid residues [63-65] (Figure 4(a)). Each PriB
monomer has an oligonucleotide/oligosaccharide-binding
(OB) fold structure [66-69] with three flexible -hairpin
loops: L,, (residues 20-24), L,; (residues 37-44), and L,
(residues 81-88) (Figure 4(b)). PriB can bind to ssDNA
[15, 39, 40, 54, 56, 62-65, 70-73], ssRNA [65], double-
stranded DNA [56, 70], and circular ¢X viral DNA [73].
Although PriB is a dimer, it has only one DNA-binding site
[73], which is located in loop L,5 centrally within the dimer,
and this site occupies a total site size of 12 + 1 nucleotides
[72]. The N-terminal 1-49 amino acid residue region of PriB
is crucial for dimerization, whereas the C-terminal 50-104
amino acid residue region is crucial for ssDNA binding [71].
PriB shares structural similarity with the N-terminal DNA-
binding domain of the E. coli SSB (EcSSB) [63-65, 74, 75].
Sequence comparisons and operon organization analyses
also show that PriB evolves from the duplication of the SSB
gene [76], but they differ in their ssDNA-binding properties
and strategies [70, 73]. For example, EcSSB possesses three
conserved aromatic residues (Trp40, Trp54, and Phe60) in
the L,5 loop of the OB fold. These residues serve important
functions in ssDNA binding. Two of these residues (Trp40
and Phe60 in EcSSB) are replaced with nonconserved amino
acids in the PriB family. In contrast to the EcSSB-DNA
complex, the L,; loop from each subunit of PriB makes a
close contact with the S-barrel core. The longer and extended
L,; loops in EcSSB greatly increase the interactions between
EcSSB and ssDNA [73, 75].
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FIGURE 3: (a) Amino acid sequence alignment of KpPriA. An alignment consensus of 150 sequenced PriA homologs by the program ConSurf
reveals the degree of variability at each position along the primary sequence. Highly variable amino acids are colored teal, whereas those
highly conserved are colored burgundy. A consensus sequence was established by determining the most commonly found amino acid residue
at each position relative to the primary sequence of KpPriA. The N-terminal 19-219 amino acid residues in PriA are not highly conserved.
Aspl7, located in the 3'BD of EcPriA, is crucial for the 3’ base-non-selective recognition of DNA, and Arg697, located in the CTD of KpPriA,
is crucial for the SSB-Ct binding and induction of structural changes in the SSB-DNA complex; both are significantly invariable. (b) Crystal
structure of KpPriA. KpPriA has six subdomains (Protein Data Bank entry: 4NL4), namely, a 3’ DNA-binding domain (3'BD; orange), a
winged-helix domain (WH; green), two lobes of the helicase core (colored hot pink and blue, resp.), a Cys-rich region (CRR; dark blue), and a
C-terminal domain (CTD; red). 3'BD and WH comprise the N-terminal DNA-binding domain (DBD), and the other four subdomains (two
lobes of the helicase core, CRR, and CTD) comprise the helicase domain (HD). (c) Putative DNA-binding mode of KpPriA. The DNA-binding
models of KpPriA are directly constructed by manually superimposing the KpPriA with DNA-bound crystal structure of Hel308 (Protein Data
Bank entry: 2P6R), RecQl (Protein Data Bank entry: 2WWY), PcrA (Protein Data Bank entry: 3PJR), and RecG (Protein Data Bank entry:
1GMS5). Considering the known ssDNA-binding site at DBD and the putative wedge element in KpPriA located at CRR, KpPriA may use the
Hel308-based model to bind DNA. The -hairpin, an important motif for DNA strand separation by helicase, is colored in magenta.
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FIGURE 4: (a) Amino acid sequence alignment of EcPriB. An alignment consensus of 111 sequenced PriB homologs by the program ConSurf
reveals the degree of variability at each position along the primary sequence. In general, the overall amino acid sequences among PriB proteins
are not highly conserved, including many residues found important for ssDNA binding by EcPriB, such as Phe42, Trp47, Lys82, Lys84, and
Lys89. (b) EcPriB is a homodimer with polypeptide chains of 104 amino acid residues. Each PriB monomer has an OB-fold structure with
three flexible -hairpin loops: L,, (residues 20-24; colored in blue), L, (residues 37-44; colored in red), and L,; (residues 81-88; colored in
purple blue). The ssDNA in the complex is shown in gold. (c) Crystal structure of EcPriB in complex with DNA. The complex structure of
EcPriB (Protein Data Bank entry: 2CCZ) shows that a single dT15 ssDNA periodically interacts with two OB folds from two symmetrically
related EcPriB dimers in the crystal and that the DNA is sandwiched by PriB dimers via their L,; loops. (d) Possible working model of
interaction between two PriB proteins on ssDNA. PriB proteins cooperatively bind to ssDNA in two steps: two PriB proteins independently
interact with ssDNA and then interact with each other through His64 on the ssDNA. The ssDNA in the complex is shown in gold. The region
in ssDNA that does not directly interact with PriB, proposed in this two-step binding model, is colored in yellow. (¢) Proposed models for
PriA-DNA-PriB structure. These models are based on these observations: (1) two PriB dimers are complexed with a single dT15; (2) PriA has
a highly electropositive ssDNA-binding region in DBD, and the basic DBD in PriA may be involved in complex with PriB; (3) DBD of PriA
alone in solution forms a dimer and not a monomer as the full-length PriA.



Figure 4(a) shows the alignment consensus of 111
sequenced PriB homologs by ConSurf [44]. The alignment
indicates that the overall amino acid sequences among
PriB proteins are not highly conserved; only 21 amino acid
residues are significantly conserved: Asn3, Gly9, Ser20,
Pro21, Gly23, Glu32, His33, Ser35, Glu39, Arg44, Ser55,
Gly56, Gly69, Gly76, Phe77, Val9l, Leu92, His93, Ala%4,
Ile97, and Glyl03. Many residues important for ssDNA
binding by E. coli PriB (EcPriB), such as Phe42 [64], Trp47
(64, 73], Lys82 [64, 73], Lys84 [73], and Lys89 [73], are not
conserved. PriB may be a nonessential facilitating factor in
DNA replication restart [53], and many prokaryotic genomes
do not contain a recognizable homolog of priB [39]. Hence,
we speculate that these residues among PriB proteins for
binding ssDNA do not need to be precisely conserved.

We previously described the crystal structure of EcPriB in
complex with ssDNA dT15 (Protein Data Bank entry: 2CCZ)
[73]. A single dT15 ssDNA periodically interacts with two
OB folds from two symmetrically related EcPriB dimers in
the crystal, sandwiched by PriB dimers via their L,s loops
(Figure 4(c)). Although the precise function of more than
one PriB self-assembled on DNA to form a high-density
nucleoprotein complex is still unclear, PriB binds DNA with
strong cooperativity [70, 72, 73] in two steps (Figure 4(d)):
two PriB proteins independently interact with ssDNA in
primary binding mode, and then the proteins interact with
each other through His64 on the ssDNA [77]. Whether the
resultant ssDNA bound by more than one PriB forms a
unique structure suitable for further assembly process for the
primosome is not clearly known. The complex structure [73]
and the thermodynamic analysis [72] indicate that the PriB
dimer behaves like a protein with half-site reactivity, where
only one monomer of the PriB dimer can engage in interac-
tions with the DNA and the partner protein. The importance
of the binding site on PriB for ssDNA to overlap the binding
sites for PriA and DnaT needs to be investigated [15]. Each
preprimosome may contain two PriB dimers [60]; whether
or not this cocrystal structure, in which two PriB dimers
are complexed with a single dT15 ssDNA, is an artificial or
an actual binding mode for ssDNA by PriB also remains
unclear. PriA may have a function similar to a monomer of
the symmetrical PriB dimer in the crystal to stabilize the
partially disordered ssDNA because the cooperation between
PriB and PriA may be necessary to form a stable PriA-
DNA-PriB complex. That is, the PriB-ssDNA-PriB complex
(Figure 4(c)) may mimic the structure of the PriA-ssDNA-
PriB complex (Figure 4(e)). We proposed three binding ways
by use of the crystal structures of PriA and PriB. EcPriA has
a highly electropositive ssDNA-binding region (amino acid
residues 1-198) containing 8 Lys and 14 Arg residues in DBD;
thus, the basic DBD in EcPriA may be involved in complex
with EcPriB [73]. The DBD of EcPriA alone in solution forms
a dimer and not a monomer as EcPriA [31], suggesting that
another unknown stabilization factor is needed. The DBD of
PriA and one of the monomers of PriB may bind to ssDNA
cooperatively to decrease the dissociation rate of PriA from
the DNA during helix unwinding [73]. The crystal structure
of PriA in complex with PriB and DNA is necessary to
elucidate the assembly mechanism of the replication restart
primosome.
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More than a mere ssDNA-binding protein, PriB can bind
both ssDNA and dsDNA with comparable affinity [70]. SSB
can also bind dsDNA but with far less affinity than ssDNA
[78]. According to the crystal structures of some dimeric
proteins complexed with dsDNA found in the Protein Data
Bank, PriB binds dsDNA in three possible ways (Figure 5).
First, PriB may bind to dsDNA via the replication terminator
protein- (RTP-) binding mode (Protein Data Bank entry:
1F4K) [79]. RTP, a dimeric WH protein [80, 81], uses two
recognition helices to bind the major grooves of dsDNA.
The PriB dimer also has two helices but does not contain
any aromatic or positively charged residues as RTP. Thus,
PriB binds to dsDNA via the RTP-binding mode that can
be ruled out. Second, PriB may bind to dsDNA via the
HU-binding mode (Protein Data Bank entry: 1P51) [82, 83].
HU is a dimeric nucleoid-associated protein that mainly
uses two f sheets to bind dsDNA. Third, PriB may bind
dsDNA in a manner similar to binding ssDNA. The structure-
based mutational analysis indicates that the residues in PriB
crucial for ssDNA binding are also crucial for dssDNA binding
[70]. These residues responsible for ssDNA and dsDNA
binding are almost overlapped; thus, PriB may use a similar
approach to bind to the phosphate backbone of ssDNA and
dsDNA through several positively charged residues. This
phenomenon may be the reason for the comparable binding
affinities of PriB to ssDNA and dsDNA. We speculate that,
during evolution [76], the conserved aromatic and other
residues in the L,5 loop of the OB fold in SSB are changed
into nonconserved and positively charged residues in PriB
to more precisely fit the requirement for assembly of the
replication restart primosome at the stalled DNA forks.

2.3. DnaT Protein. DnaT is an essential protein in the assem-
bly of the PriA-directed DNA replication restart primosome
[6, 11-13, 15, 55, 57]. It provides a specific recognition site for
loading the replicative DnaB helicase during the promosome
assembly [15, 42]. DnaT, formerly known as the “protein
i” [84-86], was originally discovered as a critical factor
for the conversion of single-stranded circular DNA to the
replicative-form DNA of ¢X174 single-stranded phage [9]
and pBR322 plasmid replication, but not for Rl plasmid
replication [87]. Genetic analysis for E. coli DnaT suggests
that a replication protein is essential for bacterial cell growth
because the colony size, cell morphology, inability to properly
partition nucleoids, UV sensitivity, and basal SOS expression
of the dnaT822 mutant are similar to those of priA2::kan
mutants [18]. DnaT is required for E. coli growth at elevated
pressure [88] and for the lytic cycle of Mu growth [89].
DnaT is a homotrimer of ~22kDa subunits [86, 90], but
it also exists in solution as a monomer-trimer equilibrium
system [91]. In a PriA-PriB-DnaT-dependent reaction, DnaT
is the third protein to be assembled in the protein-DNA
complex (Figure 2). The association of DnaTl with PriA is
facilitated by PriB [57]. Although the function of DnaT in
the recruitment of DnaB helicase has been proposed, the
fundamental function of DnaT for the replication restart
primosome assembly is not widely known.

We have recently identified and characterized that DnaT
is a ssDNA-binding protein [90]. Based on the alignment
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FIGURE 5: Putative dsDNA-binding mode of PriB. The DNA-binding models of PriB are directly constructed by manually superimposing the
PriB dimer with DNA-bound crystal structure of RTP (Protein Data Bank entry: 1F4K), HU (Protein Data Bank entry: 1P51), and B-form
dsDNA. The hydrophobic (green) and basic residues (blue) of RTP, Lysl4, Argl6, Lys51, Arg59, Lys71, Lys74, Lys76, Lys77, Lys81, Lys91, Tyr58,
and Tyr88, located on the dsDNA-binding surface, are indicated. The basic residues Arg53, Arg55, Lys56, Arg58, Arg6l, Lys64, Lys68, and
Arg75 of HU located on the dsDNA-binding surface are also indicated. Considering the known dsDNA-binding sites in PriB, PriB may use the
HU-based model to bind dsDNA. Alternatively, PriB may use a similar approach to bind ssDNA and dsDNA because the residues responsible
for ssDNA and dsDNA binding are almost overlapped.
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FIGURE 6: (a) Amino acid sequence alignment of KpDnaT. An alignment consensus of 29 sequenced DnaT homologs by the program ConSurf
reveals the degree of variability at each position along the primary sequence. In general, the amino acid residues in the C-terminal region of
KpDnaT are highly conserved. (b) Modeled structure of KpDnaT. The structure of KpDnaT is modeled by the bioinformatic program (PS)?
and then manually built using threefold symmetry with a 25 mer ssDNA (gold). The highly conserved hydrophobic (green) and basic residues
(blue) of KpDnaT, His136, His137, Trpl40, Lys143, Argl46, and Argl51 located on the potential ssDNA-binding surface are indicated.

consensus of 29 sequenced DnaT homologs by ConSurf [44], =~ We attempted to assess whether or not KpDnaT, especially at
we found that the amino acid residues in the C-terminal  the C-terminal region, has ssDNA-binding activity because
region of K. pneumoniae DnaT (KpDnaT) are highly con-  the aromatic stacking and electropositive interactions serve
served (Figure 6(a)) and that KpDnaT contains 10 Arg, 5Lys,  important functions in ssDNA binding by proteins [73, 75,
and 18 aromatic amino acid residues (11 Phe, 4 Trp,and 3 Tyr). ~ 92-94]. KpDnaT can form distinct complexes with ssDNA of
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different lengths, and the size of the binding site is 26 + 2
nucleotides for a trimeric KpDnaT [90]. Although DnaT is
not an OB-fold protein predicted from sequence analysis
and structure modeling, the activity for ssDNA binding by
DnaT, assayed in the same manner, is even higher than that of
PriB, an OB-fold protein [90]. The two-domain structure for
DnaT is characterized by the involvement of the N-terminal
domain (amino acid residues 1-83) in PriB binding and the
C-terminal domain (amino acid residues 84-179) in ssDNA
binding [59].

To date, little is known about the ssDNA-binding mode
of non-OB-fold proteins, particularly trimeric proteins.
No protein with amino acid sequence similar to DnaT
is found in the structure databank. Thus, homology
modeling for the DnaT structure by several homology-
based programs is not successful, including the use of
SWISS-MODEL  (http://swissmodel.expasy.org/) [95].
To obtain an indepth understanding of the structure-
function relationship of KpDnaT, its 3D structure has been
modeled by the bioinformatic program (PS)? [96, 97]. (PS)?
(http://140.113.239.111/~ps2v2/docs.php) is an automatic
homology modeling server that combines both sequence and
secondary structure information to detect the homologous
proteins with remote similarity and target-template
alignment [96, 97]. The modeled structure of KpDnaT,
manually built using threefold symmetry with a hit of alpha-
aminotransferase from Pyrococcus horikoshii (Protein Data
Bank entry: 1GD9) suggested from (PS)?, is a ring-shaped
trimer (Figure 6(b)) [59, 90]. Based on the structural model
of KpDnaT, we suggested that the positively charged (blue)
and aromatic residues (green) located in the C-terminus of
DnaT are involved in ssDNA binding: HI136, H137, W140,
K143, R146, and R151 (Figure 6(b)). These residues in DnaT
are significantly conserved among the 29 sequenced DnaT
proteins (Figure 6(a)). F73 and F74 are also potential binding
sites for ssDNA, but they are not completely conserved in
DnaT family. The ring-like structure of KpDnaT is slightly
similar to that of the hexameric (comprised of three dimers)
DnaC helicase from Geobacillus kaustophilus, a DnaB-like
helicase [92]. DnaT may bind to DnaB with a stoichiometry
of 1:2, one Dnal monomer to a DnaB dimer. However,
the DnaT structure is only a modeled structure, and these
speculations, including the putative DNA and DnaB-binding
modes of DnaT, must be further confirmed by additional
biophysical studies.

3. Perspectives

Most DNA helicases of superfamily I and superfamily II
are almost nonhexameric and have poor dsDNA unwinding
activities when acting alone in vitro [98]. Some helicases
might function as ssDNA translocases rather than helicases,
and self-assembly and/or interactions with accessory pro-
teins are required to activate helicase activity [98]. Several
monomeric ssDNA translocases of superfamily I can poten-
tially displace proteins that are bound to ssDNA by translo-
cating along the ssDNA and be activated by self-assembly,
removal of an autoinhibitory domain, or direct interactions
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TABLE 2: Examples for some different PriA-directed primosome
systems.

PriA size .
(amino acid Partner proteins
; found in NCBI
residues)
L. . PriB, PriC, DnaT,
?IEZ;ZZCIZM::LIangiae 731 DnaC, DnaB helicase,
P and DnaG
DnaD, DnaB, Dnal,
Staphylococcus aureus 802 DnacC helicase, and
DnaG
Pseudomonas Only DnaB helicase
) 739
aeruginosa and DnaG are found

PriA is conserved in bacteria, but its primosomal partners are not.

with an accessory protein(s) [38, 40, 99-101]. For PriA, the
self-assembly and removal of an autoinhibitory domain for
higher helicase activity have not been reported. However,
poor helicase activity for PriA, which can be significantly
stimulated by PriB [40] and SSB [38], is found. Based on
the structure of KpPriA bound to an SSB C-terminal peptide
(Trp-Met-Asp-Phe-Asp-Asp-Asp-Ile-Pro-Phe) and the study
of a single-molecule FRET (smFRET), Bhattacharyya et al.
[45] proposed a pushing mechanism, which is similar to
that for the RecA recombinase [102], for PriA-mediated
replication restart. For SSB-bound DNA replication forks,
PriA translocase activity may push SSB along the lagging-
strand template to expose additional ssDNA for PriB and
DnaT binding and that will ultimately serve as a binding site
for DnaB [45]. This model provides structural insight into
the molecular mechanism for initiating replication restart
primosome assembly. The interaction of PriB with PriA is
weak, and the stimulation of PriA by PriB via an interaction
with ssDNA is not DNA structure-specific [40]. Thus, the
targeting of stalled forks and recombination intermediates
during replication restart likely correlates with PriA alone.
More structural studies for these primosomal proteins are
still necessary to elucidate the interaction between PriB and
DnaT, as well as the release from the replication restart
system. Several studies have raised new interesting questions
as to whether or not PriA, PriB, and DnaT are always syn-
chronically expressed for physiological needs and whether
or not PriB and DnaT have additional functions for other
systems. PriA and DnaT are required for E. coli growth at
elevated pressure [88]; however, why PriB is not necessary
to be synchronically expressed has yet to be determined.
Many prokaryotic genomes do not contain a recognizable
homolog of priB and dnaT (e.g., P. aeruginosa; Table 2). Thus,
further operon and gene regulation analyses for PriB and
DnaT expression, not limited to replication restart, should
be also investigated in combination with the biochemical and
structural investigations.
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Single-stranded DNA-binding protein (SSB) plays an important role in DNA metabolism, including DNA replication, repair, and
recombination, and is therefore essential for cell survival. Bacterial SSB consists of an N-terminal ssDNA-binding/oligomerization
domain and a flexible C-terminal protein-protein interaction domain. We characterized the ssDNA-binding properties of Klebsiella
pneumoniae SSB (KpSSB), Salmonella enterica Serovar Typhimurium LT2 SSB (StSSB), Pseudomonas aeruginosa PAO1 SSB (PaSSB),
and two chimeric KpSSB proteins, namely, KpSSBnStSSBc and KpSSBnPaSSBc. The C-terminal domain of StSSB or PaSSB was
exchanged with that of KpSSB through protein chimeragenesis. By using the electrophoretic mobility shift assay, we characterized
the stoichiometry of KpSSB, StSSB, PaSSB, KpSSBnStSSBc, and KpSSBnPaSSBc, complexed with a series of ssDNA homopolymers.
The binding site sizes were determined to be 26 +2,21+2,29+2,21 +2, and 29 + 2 nucleotides (nt), respectively. Comparison of the
binding site sizes of KpSSB, KpSSBnStSSBc, and KpSSBnPaSSBc showed that the C-terminal domain swapping of SSB changes the
size of the binding site. Our observations suggest that not only the conserved N-terminal domain but also the C-terminal domain

of SSB is an important determinant for ssDNA binding.

1. Introduction

Single-stranded DNA-binding protein (SSB) specifically
binds to single-stranded DNA (ssDNA) and is known to
have important functions in the DNA metabolic processes,
such as DNA replication, repair, and recombination of both
prokaryotes and eukaryotes [1-4]. During these reactions,
SSB binds to and protects susceptible ssDNA from nucleolytic
digestion and chemical attacks and also prevents secondary
structure formation [5]. Many but not all bacterial and
human mitochondrial SSBs are active as homotetramers [5-
7], in which four oligonucleotide/oligosaccharide-binding
folds (OB folds) form a DNA-binding domain [8-12]. How-
ever, SSB from the bacterial phylum Deinococcus-Thermus
functions as a homodimer, in which each monomer contains
two OB folds linked by a conserved spacer sequence [13-20].
SSB from Sulfolobus solfataricus is a monomer that includes
one OB fold, which differentiates SSB from the bacterial form,
and is likely to be a more ancestral “simple” SSB [21-25]. The

DdrB protein from Deinococcus radiodurans is an alternative
SSB and functions as a pentamer [26]. Recent studies found
that a distinct SSB from hyperthermophilic Crenarchaea,
termed ThermoDBP, has ssDNA-binding domains that are
markedly different from the classical OB folds of bacterial SSB
[27, 28].

Bacterial SSBs consist of two domains, namely, an N-
terminal ssDNA-binding/oligomerization domain and a flex-
ible C-terminal protein-protein interaction domain without a
defined tertiary structure [3, 29]. Tyrosine phosphorylation of
SSB increases binding to ssDNA by almost 200-fold in vitro
[30, 31]. The N-terminal domain is separated from the highly
conserved acidic tail of the last 10 C-terminal amino acid
residues of SSB by along proline- or glycine-rich hinge [3, 32].
SSB interacts with other auxiliary proteins that are essential
for cell survival [33]. The C-terminal acidic tail of SSB, such
as “DDDIPE’ has been shown to bind to more than a dozen
different proteins and the activity of some of these proteins is
stimulated by their interactions with ssDNA-bound SSB [3].
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The binding of SSB to ssDNA makes the glycine-rich region
more easily accessible to other proteins such as proteases and
DNA polymerase III [33, 34]. The C-terminus in SSB can also
interact with the OB fold and regulate the ssDNA-binding
activity of SSB itself [35, 36].

Studies on SSB from different organisms have grown
rapidly during the past few years and knowledge on how
SSBs interact with ssDNA has increased [22, 32, 37-46].
The most thoroughly studied SSB is that of Escherichia coli
(EcSSB), which binds cooperatively to ssDNA [47]. The esti-
mated binding site size of EcSSB is dependent on the salt
concentration in fluorescence titrations with poly(dT) [47].
EcSSB mainly binds to 35- and 65-nucleotide- (nt) long
ssDNA via the (SSB),5- and (SSB)4s-binding modes, respec-
tively. In the (SSB);5-binding mode, two subunits of the
EcSSB tetramer interact with ssDNA, whereas in the (SSB)¢s-
binding mode all four subunits participate in ssDNA binding.
These different binding modes may be required during dif-
ferent stages of DNA metabolism for the in vivo function of
SSB [48-50]. Although SSB binds to ssDNA via the highly
conserved ssDNA-binding domain, the reason that the bind-
ing site sizes of SSBs from different organisms differ remains
unclear. For example, differences are found among the bind-
ing site sizes of Methanococcus jannaschii SSB [51], the Gono-
coccal Genetic Island-encoded SSB from Neisseria gonorr-
hoeae [39], the thermostable Thermotoga maritima and Ther-
motoga neapolitana SSBs [32], and the psychrophilic bacterial
SSBs [37]. In addition, the (SSB);5- and (SSB)4s-binding
modes are not found in some SSBs [32, 39, 42].

Previously, we have examined the electrophoretic mobil-
ity shift patterns of a His-tagged Klebsiella pneumoniae SSB
(KpSSB) [40], a His-tagged Salmonella enterica serovar Typh-
imurium LT2 SSB (StSSB) [43], and a His-tagged Pseu-
domonas aeruginosa PAO1 SSB (PaSSB) [42] bound to differ-
ent lengths of ssDNA. We also determined their correspond-
ing binding site sizes, that is, 26, 22, and 29 nt per tetramer,
respectively. The electrophoretic mobility shift assay (EMSA)
is a well-established approach in studies of molecular biology
[52], and the use of radioactive tracer in this assay allows visu-
alization of the actual formation of the distinct protein-DNA
complex(es)[53]. The expected result of EMSA is that when
the length of the nucleotides is sufficient for the binding of
two or more SSB molecules, the electrophoretic mobility of
the higher SSB oligomer complex will be lower than that of
the smaller SSB oligomer complex [52, 54]. Recent studies
on SSB binding also reveal that determination of the ssDNA-
binding site size by using EMSA is significantly consistent
with that of the cocrystal structure of SSB with ssDNA [27].

KpSSB, StSSB, and PaSSB are similar proteins whose
N-terminal ssDNA-binding domains are almost identical,
except for different ssDNA-binding site sizes [40, 42, 43].
Thus, we should assess whether the glycine-rich hinge, which
is not conserved among SSBs, is involved in the determina-
tion of the binding site size of SSB. In this study, we swapped
the C-terminal domains of StSSB and PaSSB into that of
KpSSB through protein chimeragenesis. Chimeras are pro-
teins that contain segments from two or more different parent
proteins and serve as valuable tools to understand enzyme
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mechanism and protein function [55]. The EMSA behav-
ior (patterns) of the resultant chimeric proteins, namely,
KpSSBnStSSBe and KpSSBnPaSSBc, was characterized and
compared with untagged KpSSB, StSSB, and PaSSB (Figure 1).
On the basis of the chimeragenesis results, the flexible C-ter-
minal domain of SSB was found to be involved in determining
the ssDNA-binding site sizes.

2. Materials and Methods

2.1. Materials. All restriction enzymes and DNA-modifying
enzymes were purchased from New England Biolabs
(Ipswich, MA, USA) unless explicitly stated otherwise. All
chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA) unless explicitly stated otherwise. The E. coli
strains TOP10F’ (Invitrogen, USA) and BL21(DE3)pLysS
(Novagen, UK) were used for genetic construction and pro-
tein expression, respectively.

2.2. Construction of Plasmids for KpSSB, StSSB, and PaSSB
Expression. The KpSSB [40], StSSB [43], and PaSSB [42]
expression plasmids were constructed by the protocols
described previously, with minor modification, to avoid
having a His tag fused with the gene product. A fragment con-
taining the coding sequence of KpSSB (KPN04446), StSSB
(STM4256), and PaSSB (PA4232) (with the stop codon) was
directly amplified by PCR by using the genomic DNA of
K. pneumoniae subsp. pneumoniae MGH 78578, S. enterica
serovar Typhimurium LT2, or P. aeruginosa PAOL (Primers
1to 6, resp.). During the process, Ndel and Xhol restriction
sites were introduced at the 5'-end and the 3'-end of these
genes, after which they were ligated into the pET21b vector
(Novagen Inc., Madison, W1, USA) for protein expression in
E. coli BL21. The expected gene product expressed by these
plasmids does not contain any artificial residue, including a
His tag. Primers used for construction of these plasmids are
summarized in Table 1.

2.3. Construction of Plasmids for KpSSBnStSSBc and KpSSBn-
PaSSBc Expression through Protein Chimeragenesis. To inves-
tigate the effect of the C-terminal domain of SSB on the
size of the ssDNA-binding site, the C-terminal domain of
KpSSB was replaced by that of StSSB and PaSSB. pET21b-
KpSSB (Primers 7 and 8), pET21b-StSSB (Primers 9 and
10), and pET21b-PaSSB (Primers 11 and 12) vectors were
mutated to create a desired Sacl site and to obtain the
vectors for expression of the chimeric proteins KpSSB-
nStSSBc and KpSSBnPaSSBc. The DIIE/Q92L-engineered
pET21b-KpSSB vector, the D91E/Q92L-engineered pET21b-
StSSB vector, and the G90E/Q91L-engineered pET21b-PaSSB
vector were cut at Ndel and SacI sites. Subsequently, the
KpSSBn, StSSBc-pET21b, and PaSSBc-pET2Ib fragments
were purified. KpSSBn was ligated with StSSBc-pET21b
and PaSSBc-pET2Ib fragments to generate the engineered
pET21b-KpSSBnStSSBc and pET21b-KpSSBnPaSSBc vectors.
To avoid artificial residues, positions 91 and 92 of the two
plasmids were mutated back (Primers 13 to 16) to obtain
pET21b-KpSSBnStSSBc and pET21b-KpSSBnPaSSBc vectors.
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StSSB KpSSB PaSSB
9192 9192 90 91
N C N -C Ny I 1-C
D Q D Q G Q
CAT CAG CAT CAA GGC CAG
Mutation l Mutation Mutation
9192 91 92 | 90|91 ,
Ndel L Xhol Ndel Xhol  Ndel FoL Xhol
GAG CTC GAG CTC GAG CTC
Sacl Sacl Sacl
Ndel/Sacl del/Sacl Ndel/Sacl Ndel/Sacl
StSSBc-pET21 P PaSSBc-pET21
fragment purification KpSSBn fragment purification fragment purification

and ligation

and ligation

and ligation

KpSSBnStSSBc KpSSBnPaSSBc
1 9192 176 1 91 92 166
E L E L
GAG CTC GAG CTC
l Mutation l Mutation
KpSSBnStSSBc KpSSBnPaSSBc
1 9192 176 1 9192 166
D Q D Q
CAT CAG CAT CAG

FIGURE 1: Construction of plasmids for expression of the chimeric KpSSBnStSSBc and KpSSBnPaSSBc proteins. To investigate the effect of the
C-terminal domain of SSB on the size of the ssDNA-binding site, the C-terminal domain of KpSSB was replaced by that of StSSB and PaSSB.
pET21b-KpSSB (Primers 7 and 8), pET21b-StSSB (Primers 9 and 10), and pET21b-PaSSB (Primers 11 and 12) vectors were mutated to create
a desired Sacl site and to obtain the vectors for expression of the chimeric proteins KpSSBnStSSBc and KpSSBnPaSSBc. The D91E/Q92L-
engineered pET21b-KpSSB vector, the D91E/Q92L-engineered pET21b-StSSB vector, and the G90E/Q91L-engineered pET21b-PaSSB vector
were cut at Ndel and Sacl sites. Subsequently, the KpSSBn, StSSBc-pET21b, and PaSSBc-pET21b fragments were purified. KpSSBn was ligated
with StSSBc-pET21b and PaSSBc-pET21b fragments to generate the engineered pET21b-KpSSBnStSSBc and pET21b-KpSSBnPaSSBc vectors.
To avoid artificial residues, positions 91 and 92 of the two plasmids were mutated back (Primers 13 to 16) to obtain pET21b-KpSSBnStSSBc
and pET21b-KpSSBnPaSSBc vectors. Thus, pET21b-KpSSBnStSSBc and pET21b-KpSSBnPaSSBc will express KpSSB1-91 fused StSSB92-176
and PaSSBI1-165, respectively. Note that KpSSBnPaSSBc will have 166 amino acid residues.

Thus, pET21b-KpSSBnStSSBc and pET21b-KpSSBnPaSSBc
will express KpSSB1-91 fused StSSB92-176 and PaSSB91-165,
respectively. Note that KpSSBnPaSSBc¢ will have 166 amino
acid residues. Plasmids were verified by DNA sequencing.
Underlined nucleotides indicate the designated site for muta-
tion or the restriction site (Table 1).

2.4. Protein Expression and Purification. The recombinant
SSBs were expressed using the protocol described previously
[9, 40, 42, 43, 56-60]. Purification of these recombinant SSBs
was carried out as described previously with the following
modifications [61, 62]. Briefly, E. coli BL21(DE3) cells were
individually transformed with the expression vector and
grown to ODg, of 0.9 at 37°C in Luria-Bertani medium
containing 250 ug/mL ampicillin with rapid shaking. Over-
expression of the expression plasmids was induced by incu-
bating with 1 mM isopropyl thiogalactoside (IPTG) 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-HCI, 5 mM imidazole, and 0.2 M ammonium sulfate, pH
7.9), and disrupted by sonication with ice cooling. The protein
solution (50 mL) was precipitated from the supernatant of
the cell lysate by incubation with 0.27 g/mL of ammonium
sulfate for 30 min and centrifugation at 20000 g for 10 min.
The pellets were washed twice with 2.0 mL of Buffer B (20 mM

Tris-HCL, 5mM imidazole, and 1.2M ammonium sulfate,
pH 79). After dialysis against Buffer C (20 mM Tris-HCI,
5mM imidazole,1 mM EDTA, and 100 mM NaCl, pH 7.9), the
protein solution applied to the Q column (GE Healthcare Bio-
Sciences, Piscataway, NJ, USA) was eluted with a linear NaCl
gradient from 0.1 to 0.6 M with Buffer C using the AKTA-
FPLC system (GE Healthcare Bio-Sciences, Piscataway, NJ,
USA). The peak fractions with the ssDNA-binding activity
were collected and dialyzed against Buffer D (20 mM potas-
sium phosphate, 1mM EDTA, and 100 mM NaCl, pH 7.0).
The protein solution was then applied to the Heparin HP
column (GE Healthcare Bio-Sciences, Piscataway, NJ, USA)
and eluted with a linear NaCl gradient from 0.1 to 1.0 M
with Buffer D. The peak fractions from this chromatographic
step with the ssDNA-binding activity were collected and
concentrated, and the purity of these SSBs was checked
by Coomassie-stained SDS-PAGE (Mini-PROTEAN Tetra
System, Bio-Rad, CA, USA; Figure 3).

2.5. Protein Concentration. The protein concentration of the
solutions was determined by the Bio-Rad Protein Assay using
bovine serum albumin as a standard (Bio-Rad, CA, USA).
The Bio-Rad Protein Assay is a dye-binding assay in which a
differential color change of a dye occurs in response to various
concentrations of protein.
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TABLE 1: Primers used for construction of plasmids.

Oligonucleotide

Primer

1 KpSSB-Ndel-N

2 KpSSB-XholI-C

3 StSSB-Ndel-N

4 StSSB-XhoI-C

5 PaSSB-Ndel-N

6 PaSSB-XhoI-C

7 KpSSB(D91E/Q92L-Sacl)-N

8 KpSSB(D91E/Q92L-SacI)-C

9 StSSB(D9IE/Q92L-Sacl)-N

10 StSSB(D91E/Q92L-Sacl)-C

11 PaSSB(G90E/QI1L-Sacl)-N

12 PaSSB(G90E/QI1L-Sacl)-C

13 KpSSBnStSSBc(E91D/L92Q)-N
14 KpSSBnStSSBc(E91D/L92Q)-C
15 KpSSBnPaSSBc(E91D/L92Q)-N
16 KpSSBnPaSSBc(E91D/1L92Q)-C

GGGCATATGGCCAGCAGAGGCGTAAAC
GGGCTCGAGTTAGAACGGGATGTCGTC
CTGAACATATGGCCAGCAGAGGCGTAA
TGGAACTCGAGTTAGAACGGAATGTCG
TTGCTCATATGGCCCGTGGGGTTAACA
TTGCACTCGAGTTAGAACGGAATGTCG
AAGTGGACCGAGCTCTCCGGTCAGGACA
GTCCTGACCGGAGAGCTCGGTCCACTT
AAGTGGACCGAGCTCAGTGGCCAGGAA
TTCCTGGCCACTGAGCTCGGTCCACTT
AAGTGGCAGGAGCTCGACGGTCAGGAT
ATCCTGACCGTCGAGCTCCTGCCACTT
AAGTGGACCGATCAGAGTGGCCAGGAA
TTCCTGGCCACTCTGATCGGTCCACTT
AAGTGGACCGATCAGGACGGTCAGGAT
ATCCTGACCGTCCTGATCGGTCCACTT

A fragment containing the coding sequence of KpSSB, StSSB, and PaSSB (with the stop codon) was cloned into the pET21b vector (using Primers 1-6). During
the process, Ndel and Xhol restriction sites were introduced at the 5'-end and the 3’-end of these genes, after which they were ligated into the pET21b vector.
To obtain the vectors for expression of the chimeric proteins KpSSBnStSSBc and KpSSBnPaSSBc, pET21b-KpSSB (Primers 7 and 8), pET21b-StSSB (Primers
9 and 10), and pET21b-PaSSB (Primers 11 and 12) vectors were mutated to create a desired Sacl site. The D91E/Q92L-engineered pET21b-KpSSB vector,
the D91E/Q92L-engineered pET21b-StSSB vector, and the G90E/Q91L-engineered pET21b-PaSSB vector were cut at Ndel and SacI sites. Subsequently, the
KpSSBn, StSSBc-pET21b, and PaSSBc-pET21b fragments were purified. KpSSBn was ligated with StSSBc-pET21b and PaSSBc-pET21b fragments to generate
the engineered pET21b-KpSSBnStSSBc and pET21b-KpSSBnPaSSBc vectors. To avoid artificial residues, positions 91 and 92 of the two plasmids were mutated
back (Primers 13 to 16) to obtain pET21b-KpSSBnStSSBc and pET21b-KpSSBnPaSSBc vectors. Thus, pET21b-KpSSBnStSSBc and pET21b-KpSSBnPaSSBc will
express KpSSBI-91 fused StSSB92-176 and PaSSB91-165, respectively. These plasmids were verified by DNA sequencing. Underlined nucleotides indicate the

designated site for mutation or the restriction site.

2.6. Gel-Filtration Chromatography. Gel-filtration chroma-
tography was carried out by the AKTA-FPLC system (GE
Healthcare Bio-Sciences, Piscataway, NJ, USA). Briefly, puri-
fied protein (2 mg/mL) was applied to a Superdex 200 HR
10/30 column (GE Healthcare Bio-Sciences, Piscataway, NJ,
USA) equilibrated with Buffer D. The column was operated
at a flow rate of 0.5 mL/min, and 0.5mL fractions were col-
lected. The proteins were detected by measuring the absorb-
ance at 280nm. The column was calibrated with proteins
of known molecular weight: thyroglobulin (670kDa), y-
globulin (158kDa), ovalbumin (44kDa), and myoglobin
(17 kDa). The K,, values for the standard proteins and the
SSB variants were calculated from the equation: K, = (V, —
V,)/(V. - V,), where V, is column void volume, V, is elution
volume, and V, is geometric column volume.

2.7, Electrophoretic Mobility Shift Assay (EMSA). EMSA [52]
for these SSBs was carried out by the protocol described
previously for DnaB [63], PriB [59, 64-66], DnaT [57, 67],
and SSB proteins [40, 42, 43, 52]. Briefly, radiolabeling of
various lengths of ssDNA oligonucleotides was carried out
with [y3 2P]ATP (6000 Ci/mmol; PerkinElmer Life Sciences,
Waltham, MA) and T4 polynucleotide kinase (Promega,
Madison, W1, USA). The protein (0, 19, 37, 77, 155, 310, 630,
1250, 2500, and 5000 nM) was incubated for 30 min at 25°C
with 1.7 nM DNA substrates (dT15-65) in a total volume of
10 uL in 20 mM Tris-HCI pH 8.0 and 100 mM NaCl. Aliquots
(5 uL) were removed from each of the reaction solutions and

added to 2 uL of gel-loading solution (0.25% bromophenol
blue and 40% sucrose). The resulting samples were resolved
on a native 8% polyacrylamide gel at 4°C in TBE buffer
(89 mM Tris borate and 1 mM EDTA) for 1h at 100 V and were
visualized by autoradiography. Complexed and free DNA
bands were scanned and quantified.

2.8. DNA-Binding Ability. The ssDNA-binding ability
([Protein]so; Ky ,pp) for the protein was estimated from the
protein concentration that binds 50% of the input ssDNA
[52]. Each [Protein]s, is calculated as the average of three
measurements + SD.

2.9. Bioinformatics. Sequence alignment of KpSSB, StSSB,
and PaSSB was generated by CLUSTALW?2 [68]. The structure
of the C-terminal domain of these SSBs was modeled by
(PS)* (http://140.113.239.111/~ps2v2/docs.php/). The struc-
tures were visualized by using the program PyMol.

3. Results

3.1. Sequence Analysis. Based on the nucleotide sequence
found, using a database search through the National Center
for Biotechnology Information (NCBI), we predicted that
KpSSB, StSSB, and PaSSB monomer proteins have lengths of
174, 176, and 165 amino acid residues, respectively. The size
of the ssDNA-binding site of His-tagged KpSSB [40], StSSB
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KpSSB. MASRGVNKVILVGNLGQDPEVRYMPSGGAVANFTLATSESWRDKQTGEMKEQTEWHRVVLFG 62
StSSB MASRGVNKVILVGNLGQDPEVRYMPSGGAVANLTLATSESWRDKQTGEMKEQTEWHRVVMFG 62
PaSSB MA-RGVNKVILVGNVGGDPETRYMPNGNAVTNITLATSESWKDKQTGRQQERTEWHRVVFFG 61
KpSSBT KLAEVAGEYLRKGSQVYIEGQLRTRKWTDOQSGQDKYTTEV-VVNVGGTMOMLGGRQGGGAPA 123
StSSBT KLAEVAGEYLRKGSQVYIEGQLRTRKWTDOQSGQERYTTEINVPQIGGVMOMLGGRQGGGAPA 124
PasSSB RLAEIAGEYLRKGSQVYVEGSLRTRKWQGQADGQDRYTTEI-VVDINGNMQLLGGR----- PS 120
KpSSBT GGGQQAGGWGQPQAPQ---GGNOFSGGAQSRPQAQAPAAPSNEPPMD -FDDDIPF 174
StSSBT G-GQQQAGGWGQPQOPQRQPQGCGNQFSGGAQSRPQQSAP-APSNEPPMD -FDDDIPF 176
PaSSB° G-DDSQRAPREPMQRP------ QQAPQQQSRPAPQQQPAPQPAQDYD SFDDDIPF 165

FIGURE 2: Multiple amino acid sequence alignment of SSB proteins. Sequence alignment of KpSSB, StSSB, and PaSSB was generated by
CLUSTALW?2. Identical amino acid residues are colored in red. Gly and Gln residues are shaded in cyan and gray. The N-terminal domains

of these SSBs are significantly conserved.
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FIGURE 3: Protein purity. Coomassie Blue-stained SDS-PAGE (15%)
of the purified KpSSB (lane 1), StSSB (lane 2), PaSSB (lane 3),
KpSSBnStSSBc (lane 4), KpSSBnPaSSBc (lane 5), and molecular
mass standards (M) are shown. The sizes of the standard proteins,
from the top down, are as follows: 55, 40, 35, 25, 15, and 10 kDa. The
purified SSBs migrated between the 25 and 15 kDa standards on the
SDS-PAGE.

[43], and PaSSB [42] was determined to be 26 + 1,22 + 1, and
29+1 nt, respectively. The longer the length of the polypeptide
chain, the smaller the size for ssDNA binding. Analysis of
the primary structures of KpSSB, StSSB, and PaSSB by RPS-
BLAST revealed the presence of a putative OB-fold domain
that is common to all known SSBs. Figure 2 shows that the
alignments of the amino acid sequences of KpSSB, StSSB, and
PaSSB amino acid residues in their N-terminal domains are
highly conserved (colored in red). In the E. coli SSB-ssDNA
complex [11], four essential aromatic residues, namely, Trp40,
Trp54, Phe60, and Trp88, participate in ssDNA binding via
stacking interactions [11]. These residues are conserved in
most SSB families, including KpSSB, StSSB, and PaSSB. The
important motif in the C-terminal tail of E. coli SSB, DDDIPF
residues, is also conserved in KpSSB, StSSB, and PaSSB. By

contrast to those motifs, the residues found in the glycine-
rich hinge of E. coli SSB are not conserved in KpSSB, StSSB,
and PaSSB (Figure 2). Thus, the length and composition of
the amino acid residues in the glycine-rich hinge may be
responsible for the different ssDNA-binding site sizes of SSBs.

3.2. Expression and Purification of KpSSB, StSSB, and PaSSB.
The N-terminal ssDNA-binding domain of SSB has been
well-established to be highly conserved. However, SSBs
possessing different ssDNA-binding site sizes have been
reported. The reason that SSBs have similar ssDNA-binding
domains but possess varying ssDNA-binding site sizes
remains unclear. Although the ssDNA-binding site sizes of
KpSSB, StSSB, and PaSSB have been reported, we reinves-
tigated the ssDNA-binding properties of KpSSB, StSSB, and
PaSSB in the absence of a His tag to avoid the unknown effect
of a His tag (hexahistidine) on the ssDNA binding of SSB.

3.3. KpSSB Bound to ssDNA. To investigate the length of
nucleotides sufficient for the formation of the KpSSB-ssDNA
complex and the ssDNA-binding ability of KpSSB, we
studied the binding of KpSSB to dT20 (Figure 4(a)), dT25
(Figure 4(b)), dT35 (Figure 4(c)), dT45 (Figure 4(d)), dT50
(Figure 4(e)), dT55 (Figure 4(f)), and dT60 (Figure 4(g))
with different protein concentrations. As shown in
Figure 4(a), no band shift was observed when KpSSB
was incubated with dT20, indicating that KpSSB could
not form a stable complex with this homopolymer. By
contrast to dT20, longer dT homopolymers, which include
dT25-50, produced a significant band shift (C, complex),
that is, formation of a stable protein-DNA complex in
solution. Furthermore, two different complexes for dT55
were formed by KpSSB (Figure 4(f)). At lower protein
concentrations, KpSSB formed a single complex (Cl) with
dT55, similar to that observed with dT50 (Figure 4(e)).
However, when the KpSSB concentration was increased,
another slower migrating complex (C2) was observed.
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FIGURE 4: Binding of KpSSB to dT20-60. KpSSB (0, 19, 37, 77, 155, 310, 630, 1250, 2500, and 5000 nM) was incubated for 30 min at 25°C with
1.7 nM of (a) dT20, (b) dT25, (c) dT35, (d) dT45, (e) dT50, (f) dT55, or (g) dT60 in a total volume of 10 yL in 20 mM Tris-HCI pH 8.0 and
100 mM NaCl. Aliquots (5 uL) were removed from each reaction solution and added to 2 L of gel-loading solution (0.25% bromophenol blue
and 40% sucrose). The resulting samples were resolved on a native 8% polyacrylamide gel at 4°C in TBE buffer (89 mM Tris borate and 1 mM
EDTA) for 1h at 100 V and visualized by autoradiography. Complexed and free DNA bands were scanned and quantified.

Two different complexes of KpSSB were also observed
to bind to dT60 (Figure 4(g)). The appearance of the
second complex resulted from the increased KpSSB con-
centration, suggesting that two KpSSB proteins may
be present per oligonucleotide. Although dT55 is only 5nt
longer than dT50 is, the presence of an extra 5 nt in dT55 com-
pared with that of dT50 provides enough interaction space
for the binding of two KpSSB proteins. Therefore, one KpSSB

occupies 25 (50/2 = 25)nt to 275 (55/2 = 27.5)nt of the
ssDNA. The EMSA results suggest that the length of an
ssDNA (or the binding site size) [52] required for KpSSB
binding is 26 + 2 nt.

3.4. StSSB Bound to ssDNA. The binding of StSSB to dT15
(Figure 5(a)), dT20 (Figure 5(b)), dT30 (Figure 5(c)), dT40
(Figure 5(d)), dT45 (Figure 5(e)), and dT50 (Figure 5(f)) was
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FIGURE 5: Binding of StSSB to dT15-50. StSSB (0, 19, 37, 77, 155, 310, 630, 1250, 2500, and 5000 nM) was incubated for 30 min at 25°C with
1.7 nM of (a) dT15, (b) dT20, (c) dT30, (d) dT40, (e) dT45, or (f) dT50 in a total volume of 10 4L in 20 mM Tris-HCI pH 8.0 and 100 mM
NaCl. Aliquots (5 uL) were removed from each reaction solution and added to 2 uL of gel-loading solution (0.25% bromophenol blue and
40% sucrose). The resulting samples were resolved on a native 8% polyacrylamide gel at 4°C in TBE buffer (89 mM Tris borate and 1 mM
EDTA) for 1h at 100 V and visualized by autoradiography. Complexed and free DNA bands were scanned and quantified.

examined using EMSA. StSSB can bind and form a single
complex with dT15 (Figure 5(a)) and dT20 (Figure 5(b)), but
KpSSB cannot (Figure 4(a)). StSSB bound to dT15-40 and
formed a single complex. For dT45 and dT50, two different
complexes of StSSB appeared at high protein concentrations
(Figures 5(e) and 5(f)). Therefore, one StSSB occupies 20
(40/2 = 20)nt to 22.5 (45/2 = 22.5) nt of the ssDNA. The
EMSA results suggest that the length of an ssDNA (or the
binding site size) [52] required for StSSB binding is 21 + 2 nt.

3.5. PaSSB Bound to ssDNA. The binding of PaSSB to dT20
(Figure 6(a)), dT25 (Figure 6(b)), dT35 (Figure 6(c)), dT45
(Figure 6(d)), dT55 (Figure 6(e)), dT60 (Figure 6(f)), and
dTé65 (Figure 6(g)) was studied by EMSA. Unlike StSSB, no
complex was observed when PaSSB was incubated with dT20.
Some smears were observed, indicating that PaSSB interacts
with dT20. However, the ssDNA may be too short to be
tully wrapped by PaSSB. PaSSB could form a single complex
with dT25-55 and form two distinct complexes with dT60

and dT65 (Figures 6(f) and 6(g)), respectively. Therefore, one
PaSSB occupies 275 (55/2 = 27.5)nt to 30 (60/2 = 30)nt
of the ssDNA. These results from EMSA suggest that the
length of an ssDNA (or the binding site size) [52] required for
PaSSB binding is 29 + 2 nt. Although the SSBs, that is, KpSSB,
StSSB, and PaSSB, have significantly similar ssDNA-binding
domains, their binding site sizes are different and range from
19 (21 + 2; StSSB) to 31 (29 + 2; PaSSB) nt. The obtained
EMSA results (Figures 4-6) also show that the binding site
sizes of the untagged SSBs (KpSSB, StSSB, and PaSSB) were
found to be almost identical to those of the His-tagged ones
(40, 42, 43].

3.6. Design of the Chimeric KpSSB Proteins KpSSBnStSSBc and
KpSSBnPaSSBc. The N-terminal ssDNA-binding domain of
KpSSB, StSSB, and PaSSB is highly conserved (Figure 2), but
their binding site sizes are different (Figures 4-6) and range
from 19nt to 31nt. The C-terminal acidic tails, DDDIPF,
are conserved (Figure 2), and these features led us to assess
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FIGURE 6: Binding of PaSSB to dT20-65. PaSSB (0, 19, 37, 77, 155, 310, 630, 1250, 2500, and 5000 nM) was incubated for 30 min at 25°C with
1.7 nM of (a) dT20, (b) dT25, (c) dT35, (d) dT45, (e) dT55, (f) dT60, or (g) dT65 in a total volume of 10 L in 20 mM Tris-HCI pH 8.0 and
100 mM NaCl. Aliquots (5 L) were removed from each reaction solution and added to 2 uL of gel-loading solution (0.25% bromophenol blue
and 40% sucrose). The resulting samples were resolved on a native 8% polyacrylamide gel at 4°C in TBE buffer (89 mM Tris borate and I mM
EDTA) for 1h at 100 V and visualized by autoradiography. Complexed and free DNA bands were scanned and quantified.

whether the flexible glycine-rich hinge in the C-terminal
domain, which is not conserved among SSBs, is involved in
the determination of the binding site size of SSB. Thus, the
C-terminal domains of StSSB and PaSSB were swapped with
KpSSB through protein chimeragenesis.

3.7. KpSSBnStSSBc Bound to ssDNA. The binding of
KpSSBnStSSBe to dT15 (Figure 7(a)), dT20 (Figure 7(b)),
dT40 (Figure 7(c)), and dT45 (Figure 7(d)) was examined
using EMSA. KpSSBnStSSBc exhibited significantly different

ssDNA-binding properties from those of KpSSB. Unlike
KpSSB (Figure 4), both KpSSBnStSSBc (Figure 8) and StSSB
(Figure 5) can bind and form a single complex with dT15 and
dT20. Similar to StSSB, KpSSBnStSSBc binds to dT15-40 and
forms a single complex. For dT45, two different complexes
of KpSSBnStSSBc appeared at high protein concentrations
(Figure 8(d)); this EMSA feature was also similar to that of
StSSB. One KpSSBnStSSBc occupies 20 (40/2 = 20)nt to
22.5 (45/2 = 22.5)nt of the ssDNA. These EMSA results
suggest that the length of an ssDNA (or the binding site
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FIGURE 7: Binding of KpSSBnStSSBc to dT15-45. KpSSBnStSSBc (0, 19, 37, 77 155, 310, 630, 1250, 2500, and 5000 nM) was incubated for
30 min at 25°C with 1.7 nM of (a) dT15, (b) dT20, (c) dT40, or (d) dT45 in a total volume of 10 L in 20 mM Tris-HCI pH 8.0 and 100 mM
NaCl. Aliquots (5 #L) were removed from each reaction solution and added to 2 uL of gel-loading solution (0.25% bromophenol blue and
40% sucrose). The resulting samples were resolved on a native 8% polyacrylamide gel at 4°C in TBE buffer (89 mM Tris borate and 1 mM
EDTA) for 1h at 100 V and visualized by autoradiography. Complexed and free DNA bands were scanned and quantified.

size) [52] required for KpSSBnStSSBc binding is 21 + 2nt, a
value identical to that for StSSB (Figure 5). Swapping of the
C-terminal domain of StSSB with KpSSB changes the size of
the ssDNA-binding site from 26 nt to 21 nt.

3.8. KpSSBnPaSSBc Bound to ssDNA. The binding fea-
tures of KpSSBnPaSSBc with dT20 (Figure 8(a)), dT25
(Figure 8(b)), dT40 (Figure 8(c)), dT55 (Figure 8(d)), and
dT60 (Figure 8(e)) were studied by EMSA. Similar to the
cases of KpSSB and PaSSB, no complex was observed when
KpSSBnPaSSBc was incubated with dT20. However, KpSSB-
nPaSSBc still exhibited dramatically different ssDNA-binding
properties from those of KpSSB. KpSSB can form two distinct
complexes with dT55 (Figure 4(f)), but both KpSSBnPaSSBc
(Figure 9) and PaSSB (Figure 6) cannot. One KpSSBnPaSSBc
occupies 27.5 (55/2 = 27.5)nt to 30 (60/2 = 30)nt of
the ssDNA. The above EMSA results suggest that the length
of an ssDNA (or the binding site size) [52] required for
KpSSBnPaSSBc binding is 29 + 2 nt, a value identical to that
of PaSSB. Swapping of the C-terminal domain of PaSSB to
KpSSB changes the size of the ssDNA-binding site from 26 nt
to 29 nt. Although these SSBs, namely, KpSSB, StSSB, PaSSB,
KpSSBnStSSBc, and KpSSBnPaSSBc, have nearly identical
ssDNA-binding domains, their binding site sizes are different
(Table 2). Thus, the size of the ssDNA-binding site required
for second SSB binding is likely to be dependent on the C-
terminal domain of SSB.

3.9. Binding Constants of the SSB-ssDNA Complexes Deter-
mined from EMSA. To compare the ssDNA-binding abil-
ities of KpSSB, StSSB, PaSSB, KpSSBnStSSBc, and KpSS-
BnPaSSBc, the midpoint values for input ssDNA bind-
ing, calculated from the titration curves of EMSA and
referred to as [Protein]s, (monomer), were quantified and
are summarized in Table 2. Although the N-terminal ssDNA-
binding domains of these SSB proteins are highly similar
(Figure 2), their ssDNA-binding activities and binding site
sizes are different (Table 2). [KpSSB], values ranged from
100 nM to 220 nM; [StSSB]s, values ranged from 420 nM to
650 nM; [PaSSB]5, values ranged from 550 nM to 1700 nM;
[KpSSBnStSSBc],, values ranged from 110 nM to 260 nM; and
[KpSSBnPaSSBc],, values ranged from 220 nM to 390 nM.
The ssDNA-binding ability is as follows, in the order of
decreasing affinity: KpSSB > KpSSBnStSSBc > KpSSBn-
PaSSBc > StSSB > PaSSB. Results from the above analyses
indicate that the exchange of the C-terminal domain in
SSB significantly changed the ssDNA-binding ability and the
DNA-binding behavior (complex number). The reason as
to why swapping of the C-terminal domain can affect the
ssDNA-binding activity of SSB remains unclear. The C-ter-
minal domain of SSB is suggested to be involved in ssDNA
binding. However, this relation is not evident in the results of
the cocrystal structure.

3.10. Oligomeric State of KpSSBnStSSBc and KpSSBnPaSSBc in
Solution. Gel-filtration chromatography was used to confirm
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FIGURE 8: Binding of KpSSBnPaSSBc to dT20-60. KpSSBnPaSSBc (0, 19, 37, 77, 155, 310, 630, 1250, 2500, and 5000 nM) was incubated for
30 min at 25°C with 1.7 nM of (a) dT20, (b) dT25, (c) dT40, (d) dT55, or (e) dT60 in a total volume of 10 uL in 20 mM Tris-HCI pH 8.0 and
100 mM NaCl. Aliquots (5 #L) were removed from each reaction solution and added to 2 uL of gel-loading solution (0.25% bromophenol blue
and 40% sucrose). The resulting samples were resolved on a native 8% polyacrylamide gel at 4°C in TBE buffer (89 mM Tris borate and 1 mM
EDTA) for 1h at 100 V and visualized by autoradiography. Complexed and free DNA bands were scanned and quantified.

that the oligomeric state of KpSSBnStSSBc and KpSSBn-
PaSSBc remains as tetramers after chimeragenesis. The analy-
sis of purified KpSSBnStSSBc and KpSSBnPaSSBc (2 mg/mL)
using a Superdex 200 HR 10/30 column revealed a single
peak with elution volumes of 78.6 and 78.9 mL, respectively.
Assuming that KpSSBnStSSBc and KpSSBnPaSSBc both have
shapes and partial specific volumes similar to the standard
proteins, the native molecular masses of KpSSBnStSSBc and
KpSSBnPaSSBc were estimated to be 76641 and 74827 Da, as
calculated from a standard linear regression equation, K, =
-0.3684(logMw) + 2.2707 (Figure 9). The native molecular
masses for KpSSBnStSSBc and KpSSBnPaSSBc are approx-
imately four times the mass of the monomer (~19kDa).
Therefore, KpSSBnStSSBc and KpSSBnPaSSBc under the
above chromatographic conditions are stable tetramers in
solution. Although the exchange of the C-terminal domain
in SSB significantly changed the ssDNA-binding ability and
DNA-binding behavior (complex number), protein chimera-
genesis did not cause any change in the oligomeric state of
SSB.

3.11. Summary of Gly, Gln, and Pro Number in SSBs. To ana-
lyze the C-terminal amino acid composition of SSBs, we
further counted the number of Gly, Gln, and Pro residues
in different SSB segments. SSB is abundant in Gly, Gln,
and Pro (GQP) (Table 3). The GQP contents of KpSSBI-
91, StSSB1-91, and PaSSBI-90 are similar. However, the Gly
number of PaSSB116-165 is significantly lower than that of
KpSSB116-174 and StSSB117-176; PaSSB116-165 contains only
1 Gly, but KpSSB116-174 and StSSB117-176 contain 11 and 12
Gly, respectively. In addition, we found different distribution
patterns among KpSSB, StSSB, and PaSSB. Although they
contain similar number of Gln (Q), the QQQ pattern is
frequently found in PaSSB (Table 3).

3.12. Structural Modeling of SSBs. Given its disordered C-ter-
minal domain, the crystal structure of the full-length SSB is
lacking, even when SSB can be crystallized with DNA [69].
We attempted to model the structure by homology mod-
eling using the bioinformatics program (PS)* to obtain an
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TABLE 2: ssDNA binding properties of KpSSB, StSSB, PaSSB,
KpSSBnStSSBc, and KpSSBnPaSSBc as analyzed by EMSA.

Protein DNA  [Protein]y, (nM)  Complex number
dT20 ND 0
dT25 200 £ 20 1
dT35 220 + 30 1
KpSSB dT45 100 £ 10 1
dT50 110 + 20 1
dT55 100 + 20 2
dTe60 100 £ 10 2
dT15 650 + 120 1
dT20 450 + 80 1
StSSB dT30 420 + 60 1
dT40 420 + 80 1
dT45 440 + 60 2
dT50 440 + 50 2
dT20 ND 0
dT25 1700 + 250 1
dT35 950 + 180 1
PaSSB dT45 780 + 160 1
dT55 820 + 90 1
dTe60 810 + 110 2
dTe65 550 + 70 2
dTi15 260 + 60 1
KpSSBnstssBe 9120 10720 !
dT40 120 £ 20 1
dT45 160 + 20 2
dT20 ND 0
dT25 390 + 60 1
KpSSBnPaSSBc  dT40 220+ 30 1
dT55 230 + 30 1
dT60 230 + 30 2

[Protein]s, was calculated from the titration curves of EMSA by determining
the concentration of the protein (M) needed to achieve the midpoint
value for input ssDNA binding. For some oligonucleotides, input ssDNA
binding was the sum of the intensities from the two separate ssDNA-protein
complexes. Errors are standard deviations determined by three independent
titration experiments.

TABLE 3: Summary of Gly, Gln, and Pro number in SSB.

SSB segment G Q P
KpSSB1-91 10 5 2
StSSB1-91 10 5 2
PaSSB1-90 11 6 2
KpSSB92-174 18 16 9
StSSB92-176 17 18 1
PaSSB91-165 5 15 11
KpSSB116-174 11 12 9
StSSB117-176 12 13 10
PaSSB116-165 1 12 1

in-depth understanding of the structure-function relation-
ship of the C-terminal domains of these SSBs [70, 71].

1
1.0
0.8 -
KpSSBnPaSSBc
0.6 4 KpSSBnStSSBc
%

N
0.4 4
0.2 -

Y = -0.3684X + 2.2707
2 _
0.0 R* =0.998 ' ' '
4.0 4.5 5.0 55

log Mw

FIGURE 9: Gel-filtration chromatographic analyses of KpSSBnStSSBc
and KpSSBnPaSSBc. Purified protein (2mg/mL) was applied to
a Superdex 200 HR 10/30 column (GE Healthcare Bio-Sciences,
Piscataway, NJ, USA) equilibrated with Buffer D. The column was
operated at a flow rate of 0.5mL/min, and 0.5mL fractions were
collected. The proteins were detected by measuring the absorbance
at 280nm. The column was calibrated with proteins of known
molecular weight: thyroglobulin (670 kDa), y-globulin (158 kDa),
ovalbumin (44kDa), and myoglobin (17 kDa). The K,, values for
the standard proteins and the SSB variants were calculated from the
equation: K, = (V,-V,)/(V,-V,), where V, is column void volume,
V., is elution volume, and V, is geometric column volume.

(PS)* (http://140.113.239.111/~ps2v2/docs.php/) is an auto-
matic homology modeling server that combines both
sequence and secondary structure information to detect the
homologous proteins with remote similarity and the target-
template alignment. After pasting the amino acid sequence
to the website of (PS)?, only one hit (Protein Data Bank
entry: 1QVC; EcSSB) for the C-terminal domains of KpSSB
and StSSB was suggested. For the C-terminal domain of
PaSSB, only one hit, that is, CstF-77 (Protein Data Bank entry:
200E; cleavage stimulation factor, CstF), but not EcSSB, was
suggested as the template for modeling. Figure 10 shows that
modeled structures of these SSB C-terminal domains are
highly disordered but that of PaSSB is more ordered than that
of other domains.

4. Discussion

In this study, we examined the sizes of the binding site of
the untagged SSB and the chimeric SSB from the ubiquitous
opportunistic pathogens K. pneumoniae, S. enterica serovar
Typhimurium LT2, and P. aeruginosa PAOL. Many clinical
strains of the abovementioned bacteria are highly resistant
to antibiotics [72-75]. The development of clinically useful
small-molecule antibiotics has been a seminal event in the
field of infectious diseases [48]. Nucleic acid metabolism
is one of the most basic biological functions and should
be a prime target in antibiotic development [76-78]. Many
bacterial SSBs form conserved protein interaction “hubs”
that are essential to recruit many proteins involved in DNA
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FIGURE 10: Structure modeling of SSB. The structures of KpSSB1-
115, StSSB1-115, and PaSSB1-115 (the N-terminal domain of SSB)
were modeled by SWISS-MODEL. The structures of KpSSB116-
142, StSSB116-142, and PaSSB121-160 (the C-terminal domain of
SSB) were modeled by (PS)”. Other regions of SSBs could not be
modeled by these two programs. The structures of the N-terminal
domain and the C-terminal domain of these SSBs were manually
linked (KpSSB1-142, blue; StSSB1-142, pink; PaSSB1-160, green) and
superimposed with the crystal structure of EcSSB1-142 (orange)
(PDB entry: 1QVC) for comparison. For clarity, only one subunit
of the tetramer was shown for each SSB.

replication, recombination, and repair SSB/DNA nucleopro-
tein substrates [79]. Thus, SSBs may be promising targets in
antibiotic development [80]. As a first step toward achieving
this goal, we investigated why SSBs possess highly conserved
N-terminal ssDNA-binding domain but exhibit varying bind-
ing site sizes. One significant clue is that their flexible hinges
and the length at the C-terminus are different as revealed by
sequence alignment (Figure 2).

The interactions of various SSBs with ssDNA have been
analyzed using a variety of techniques such as tryptophan-
fluorescence quenching [47], filter binding [81], EMSA [52,
82], analytical ultracentrifugation [83], electron microscopy
[84], nuclease digestion [44], single-molecule fluorescence
microscopy [48], and crystallographic analyses [11]. In this
study, we have examined the electrophoretic mobility shift
patterns of KpSSB, StSSB, PaSSB, KpSSBnStSSBc, and KpSS-
BnPaSSBc bound to different lengths of ssDNA and deter-
mined the corresponding binding site sizes to be 26, 21,
29, 22, and 29 nt per tetramer, respectively (Figures 4-
8). PaSSB and KpSSBnPaSSBc have the largest sizes for
ssDNA binding among the SSBs studied. We also identified
His-tagged and untagged SSBs that have similar ssDNA-
binding site sizes [40, 42, 43]. EMSA is a well-established
approach in studies of molecular biology [52], and the use of
radioactive tracer in this assay allows detection of the actual
formation of the distinct protein-DNA complex(es) [53]. For
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example, DNase protection assay and footprinting assay using
radioactive tracer can determine the specific DNA sequence
complexed by a protein. In EMSA, when the length of the
nucleotides is sufficient for the binding of two or more SSB
molecules, the electrophoretic mobility of the higher SSB
oligomer complex will be lower than that of the smaller SSB
oligomer complex [52, 54]. In addition, results of the ssDNA-
binding site size from EMSA and cocrystal structure of SSB
were consistent [27]. Thus, throughout this paper, we deter-
mined the ssDNA-binding site sizes of SSB from the EMSA
behavior.

Many SSBs bind to ssDNA with some degree of positive
cooperativity. Cooperativity can result from direct protein-
protein interactions between the nearest neighbors, such as
the LAST motif in the T4 gene-32 protein [85] and the
arginine-mediated interaction motif in Thermus SSB [86,
87]. Cooperativity can also result from the protein-induced
distortion of adjacent DNA, as demonstrated in Sulfolobus
SSB, PriB, and FOXKla proteins [23, 60, 88]. In the cases of
KpSSB, StSSB, and PaSSB (Figures 4-6), binding appeared to
be nearly noncooperative for several DNAs because all DNA
mainly shifts into the first complex (C1) before the appearance
of the second complex (C2) when subjected to increasing
protein concentrations. The length dependence of the [SSB]5,
values suggests that the amount of spacing is optimum for
steric considerations (Table 2).

Because bacteria have varying genomic DNA sizes, their
SSBs may need to evolve to have different binding site sizes
for DNA metabolism. Results from protein chimeragenesis
showed the C-terminal domain dependence of the binding
site sizes of SSB (Figure 11). The experimental data showed
that the binding site size of KpSSBnStSSBc was similar to that
of StSSB and the size of the binding site of KpSSBnPaSSBc
was similar to that of PaSSB. The reason for which the bind-
ing site size of SSB changed, followed by swapping of the
C-terminal domain, remains unclear. Flexibility, number
of glycine residues, and/or different QQQ patterns of the
C-terminal domain of SSB (Figure 2 and Table 3) may be
important factors for determining the ssDNA-binding site
size. In fact, the C-terminal domain of PaSSB, that is,
PaSSB116-165, has only 1Gly residue, which is significantly
less than that of KpSSB (11 Gly) and StSSB (12 Gly). Gly (and
Pro) is an important component of the flexible region; a
protein that contains low Gly content is predicted to have
low flexibility. Unlike typical SSB [35, 69], PaSSB116-165 has
a partial structure (Figure 10). Although KpSSB, StSSB, and
PaSSB contain similar number of GIn (Q), the QQQ pattern
is frequently found in PaSSB (Figure 2 and Table 3). PolyQ
and repeated sequences GAGAG are commonly found in
the structures of amyloids, silk fibers, and neurodegradation
proteins [89-92]. Considering that the simple coil polyQ, the
heptapeptide GNNQQNY, and the hexapeptide NNQQNY
can cause protein aggregation and nucleation [93-95], the
distribution of Gln in the C-terminal domain of a tetrameric
SSB may also be an important determinant of the ssDNA-
binding site size of SSB by some steric hindrances (Figure 11).
However, the above speculation must be confirmed by further
biochemical experiments.
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FIGURE 11: Possible models for explaining why SSBs are with different binding site sizes. Two modeled structures of KpSSB1-142 (blue), StSSB1-
142 (pink), and PaSSBI-160 (green) complexed with ssDNA (gold) are shown. For clarity, only one C-terminal domain was shown for each
SSB tetramer. By using the electrophoretic mobility shift assay and the protein chimeragenesis, we characterized that the binding site sizes of
KpSSB, StSSB, PaSSB, KpSSBnStSSBc, and KpSSBnPaSSBc were 26, 21, 29, 21, and 29 nt per tetramer, respectively. KpSSB, StSSB, and PaSSB
are similar proteins whose N-terminal ssDNA-binding domains are almost identical. Thus, the C-terminal domain of SSB may indirectly
contribute to ssDNA binding and wrapping and affects the binding site size by the steric hindrance.

5. Conclusion

In this study, we characterized the ssDNA-binding properties
of untagged SSBs from K. pneumoniae, S. enterica sero-
var Typhimurium LT2, and P, aeruginosa PAO1 and proposed
a role of the C-terminal flexible domain for ssDNA bind-
ing from the protein chimeragenesis and EMSA results.
The amino acid sequence of the N-terminal ssDNA-bind-
ing/oligomerization domain in these pathogenic SSBs is
highly conserved, but their apparent binding site sizes are
different. This finding indicates that the C-terminal protein-
protein interaction domain may also indirectly contribute to
ssDNA binding and wrapping.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

This research was supported by a Grant from the National Sci-
ence Council, Taiwan (NSC 102-2320-B-040-019 to Cheng-
Yang Huang).

References

[1] R.Reyes-Lamothe, D.J. Sherratt, and M. C. Leake, “Stoichiom-
etry and architecture of active DNA replication machinery in
escherichia coli,” Science, vol. 328, no. 5977, pp. 498-501, 2010.

[2] D.]J.Richard, E. Bolderson, and K. K. Khanna, “Multiple human
single-stranded DNA binding proteins function in genome
maintenance: structural, biochemical and functional analysis,”

(9]

(10]

(11]

Critical Reviews in Biochemistry and Molecular Biology, vol. 44,
no. 2-3, pp. 98-116, 2009.

R. D. Shereda, A. G. Kozlov, T. M. Lohman, M. M. Cox, and J. L.
Keck, “SSB as an organizer/mobilizer of genome maintenance
complexes,” Critical Reviews in Biochemistry and Molecular
Biology, vol. 43, no. 5, pp. 289-318, 2008.

D. J. Richard, E. Bolderson, L. Cubeddu et al., “Single-stranded
DNA-binding protein hSSB1 is critical for genomic stability;
Nature, vol. 453, no. 7195, pp. 677-681, 2008.

R.R. Meyer and P. S. Laine, “The single-stranded DNA-binding
protein of Escherichia coli,” Microbiological Reviews, vol. 54, no.
4, pp. 342-380, 1990.

C. Yang, U. Curth, C. Urbanke, and C. Kang, “Crystal structure
of human mitochondrial single-stranded DNA binding protein
at 2.4 A resolution,” Nature Structural Biology, vol. 4, no. 2, pp.
153-157,1997.

G. Webster, J. Genschel, U. Curth, C. Urbanke, C. Kang, and R.
Hilgenfeld, “A common core for binding single-stranded DNA:
structural comparison of the single-stranded DNA-binding
proteins (SSB) from E. coli and human mitochondria,” FEBS
Letters, vol. 411, pp. 313-316, 1997.

R. L. Flynn and L. Zou, “Oligonucleotide/oligosaccharide-bind-
ing fold proteins: a growing family of genome guardians,” Crit-
ical Reviews in Biochemistry and Molecular Biology, vol. 45, no.
4, pp. 266-275, 2010.

K. Chan, Y. Lee, C. Wang, H. Huang, and Y. Sun, “Single-Strand-
ed DNA-Binding Protein Complex from Helicobacter pylori
Suggests an ssDNA-Binding Surface, Journal of Molecular
Biology, vol. 388, no. 3, pp. 508-519, 2009.

D. L. Theobald, R. M. Mitton-Fry, and D. S. Wuttke, “Nucleic
acid recognition by OB-fold proteins,” Annual Review of Bio-
physics and Biomolecular Structure, vol. 32, pp. 115-133, 2003.

S.Raghunathan, A. G. Kozlov, T. M. Lohman, and G. Waksman,
“Structure of the DNA binding domain of E. coli SSB bound to



14

(12]

(14

(15

(16]

(17

[18

(20]

(22]

ssDNA,” Nature Structural Biology, vol. 7, no. 8, pp. 648-652,
2000.

A. G. Murzin, “OB(oligonucleotide/oligosaccharide binding)-
fold: common structural and functional solution for non-
homologous sequences,” EMBO Journal, vol. 12, no. 3, pp. 861-
867,1993.

N. P. George, K. V. Ngo, S. Chitteni-Pattu et al., “Structure and
cellular dynamics of deinococcus radiodurans single-stranded
DNA (ssDNA)-binding protein (SSB)-DNA complexes,” The
Journal of Biological Chemistry, vol. 287, no. 26, pp. 22123-22132,
2012.

P. Filipkowski and J. Kur, “Identification and properties
of the Deinococcus grandis and Deinococcus proteolyticus
single-stranded DNA binding proteins (SSB),” Acta Biochimica
Polonica, vol. 54, no. 1, pp. 79-87, 2007.

P. Filipkowski, A. Duraj-Thatte, and J. Kur, “Identification,
cloning, expression, and characterization of a highly ther-
mostable single-stranded-DNA-binding protein (SSB) from
Deinococcus murrayi, Protein Expression and Purification, vol.
53, no. 1, pp. 201-208, 2007.

P. Filipkowski, M. Koziatek, and J. Kur, “A highly ther-
mostable, homodimeric single-stranded DNA-binding protein
from Deinococcus radiopugnans,” Extremophiles, vol. 10, no. 6,
pp. 607-614, 2006.

P. Filipkowski, A. Duraj-Thatte, and J. Kur, “Novel thermostable
single-stranded DNA-binding protein (SSB) from Deinococcus
geothermalis,” Archives of Microbiology, vol. 186, no. 2, pp. 129-
137, 2006.

G. Witte, C. Urbanke, and U. Curth, “Single-stranded DNA-
binding protein of Deinococcus radiodurans: a biophysical
characterization,” Nucleic Acids Research, vol. 33, no. 5, pp. 1662
1670, 2005.

D. A. Bernstein, J. M. Eggingtont, M. P. Killoran, A. M. Misic,
M. M. Cox, and J. L. Keck, “Crystal structure of the Deinococcus
radiodurans single-stranded DNA-binding protein suggests a
mechanism for coping with DNA damage,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 101, no. 23, pp- 8575-8580, 2004.

S. Dabrowski, M. Olszewski, R. Piatek, A. Brillowska-
Dabrowska, G. Konopa, and J. Kur, “Identification and charac-
terization of single-stranded-DNA-binding proteins from Ther-
mus thermophilus and Thermus aquaticus—new arrange-
ment of binding domains,” Microbiology, vol. 148, no. 10, pp.
3307-3315, 2002.

R. Gamsjaeger, R. Kariawasam, C. Touma, A. H. Kwan, M. E
White, and L. Cubeddu, “Backbone and side-chain 'H, C and
N resonance assignments of the OB domain of the single
stranded DNA binding protein from Sulfolobus solfataricus
and chemical shift mapping of the DNA-binding interface,”
Biomolecular NMR Assignments, 2013.

M. L. Rolfsmeier and C. A. Haseltine, “The single-stranded
DNA binding protein of Sulfolobus solfataricus acts in the pre-
synaptic step of homologous recombination,” Journal of Molec-
ular Biology, vol. 397, no. 1, pp. 31-45, 2010.

I. D. Kerr, R. I. M. Wadsworth, L. Cubeddu, W. Blankenfeldt, J.
H. Naismith, and M. E. White, “Insights into ssDNA recognition
by the OB fold from a structural and thermodynamic study of
Sulfolobus SSB protein,” EMBO Journal, vol. 22, no. 11, pp. 2561~
2570, 2003.

(24]

(26]

[27]

(33]

(34]

[37]

BioMed Research International

C. A. Haseltine and S. C. Kowalczykowski, “A distinctive single-
stranded DNA-binding protein from the Archaeon Sulfolobus
solfataricus,” Molecular Microbiology, vol. 43, no. 6, pp. 1505-
15