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中 文 摘 要 ： 細菌利用 DNA 複製重啟之引子合成體 (DNA replication 

restart primosome) 來重新啟動 DNA 複製對其存活而言已被

確認為必需，此蛋白質-核酸複合體包含八個蛋白質有次序的

互相結合於停滯的複製叉上，分別為 PriA、PriB、PriC、

SSB、DnaB、DnaC、DnaG 與 DnaT。克雷伯氏肺炎桿菌是台灣

最常被分離出的病原菌之一，為了對抗被克雷伯氏肺炎桿菌

感染的威脅，阻斷其 DNA 複製叉重啟的能力也許可行。在此

計劃我們找到類黃酮具有抑制細菌引子合成體活性的潛力，

而這個一年期的計畫目前已發表 4篇 SCI論文以及一篇在專

書內之章節。希望這些結果在未來能對各種抗藥性細菌提供

初步的標靶藥物設計之建議。 

中文關鍵詞： 克雷伯氏肺炎桿菌，PriA，PriB，PriC，SSB，DnaB，DnaC，

DnaG，DnaT，引子合成體，DNA 複製重啟體，複製重啟，複

製叉，類黃酮，以結構為依據的藥物設計，單股 DNA 結合模

式，蛋白質-蛋白質交互作用，蛋白質-DNA 交互作用，巨分

子組裝，蛋白質結晶結構 

英 文 摘 要 ： It has been recognized that the ability of DNA 

replication restart primosome is essential for 

bacterial survival.  These primosomal proteins, PriA, 

PriB, PriC, SSB, DnaB, DnaC, DnaG and DnaT, 

sequentially associated together and then restart 

arrested DNA replication forks.  Klebsiella 

pneumoniae (KP) is one of the most commonly isolated 

bacterial pathogens in Taiwan. To combat the threat 

of KP infections, blocking the restart of replication 

fork of KP may be useful.  In this project, we have 

found that several flavonols can inhibit the 

primosomal activity, and these results have been 

published in 4 SCI papers and 1 chapter in a book.  

We hope these results will provide a new target for 

drug design for bacterial antibiotics resistances. 

英文關鍵詞： Klebsiella pneumoniae, PriA, PriB, PriC, SSB, DnaB, 

DnaC, DnaG, DnaT, primosome, DNA replication restart 

primosome, DNA replication restart, replication 

forks, flavonols, structure-based drug design, 

single-strand DNA binding mode, protein-protein 

interactions, protein-DNA interactions, 

macromolecular assembly, protein crystal structure. 
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一、計畫摘要 

1a. 中文摘要 
 
關鍵詞：克雷伯氏肺炎桿菌，PriA，PriB，PriC，SSB，DnaB，DnaC，DnaG，DnaT，引

子合成體，DNA 複製重啟體，複製重啟，複製叉，類黃酮，以結構為依據的藥物設計，

單股 DNA 結合模式，蛋白質-蛋白質交互作用，蛋白質-DNA 交互作用，巨分子組裝，蛋

白質結晶結構。 

 

    細菌利用 DNA 複製重啟之引子合成體 (DNA replication restart primosome) 來重新啟

動 DNA 複製對其存活而言已被確認為必需，此蛋白質-核酸複合體包含八個蛋白質有次序

的互相結合於停滯的複製叉上，分別為 PriA、PriB、PriC、SSB、DnaB、DnaC、DnaG 與

DnaT。克雷伯氏肺炎桿菌是台灣最常被分離出的病原菌之一，為了對抗被克雷伯氏肺炎桿

菌感染的威脅，阻斷其 DNA 複製叉重啟的能力也許可行。在此計劃我們找到類黃酮具有

抑制細菌引子合成體活性的潛力，而這個一年期的計畫目前已發表 4 篇 SCI 論文以及一篇

在專書內之章節。希望這些結果在未來能對各種抗藥性細菌提供初步的標靶藥物設計之建

議。 
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一、計畫摘要 

1b. 英文摘要 
 
Keywords: Klebsiella pneumoniae, PriA, PriB, PriC, SSB, DnaB, DnaC, DnaG, DnaT, 

primosome, DNA replication restart primosome, DNA replication restart, replication forks, 

flavonols, structure-based drug design, single-strand DNA binding mode, protein-protein 

interactions, protein-DNA interactions, macromolecular assembly, protein crystal structure. 

 

    It has been recognized that the ability of DNA replication restart primosome is essential for 

bacterial survival.  These primosomal proteins, PriA, PriB, PriC, SSB, DnaB, DnaC, DnaG and 

DnaT, sequentially associated together and then restart arrested DNA replication forks.  

Klebsiella pneumoniae (KP) is one of the most commonly isolated bacterial pathogens in Taiwan. 

To combat the threat of KP infections, blocking the restart of replication fork of KP may be 

useful.  In this project, we have found that several flavonols can inhibit the primosomal activity, 

and these results have been published in 4 SCI papers and 1 chapter in a book.  We hope these 

results will provide a new target for drug design for bacterial antibiotics resistances. 
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二、背景介紹 

2a. 前言 
2b. 研究目的 
2c. 文獻探討 
 
This report focuses on “Characterization of flavonol inhibition of DnaB helicase: real-time 
monitoring, structural modeling, and proposed mechanism.”  
 

DNA helicases are motor proteins that play essential roles in DNA replication, repair, and 
recombination [1,2]. In the replicative hexameric helicase, the fundamental reaction is the 
unwinding of double-stranded DNA (dsDNA) into single-stranded DNA (ssDNA) intermediates 
to provide ssDNA templates for DNA polymerases at the replication fork [3]. The most widely 
studied replicative helicase is Escherichia coli DnaB helicase (EcDnaB) [4]. EcDnaB participates 
in the initiation of DNA replication once the oriC region of E. coli is bound by the DnaA initiator 
protein [5,6]. It continues to act during the priming and elongation phases of DNA replication, 
and it catalyzes ATP hydrolysis and migrates on the DNA template with a strict 5′-3′ direction [5]. 
ATP hydrolysis may drive the movement of the helicase toward the 3′ end of the lagging strand 
[7]. 

Currently, infections occur that are resistant to all antibacterial options [8]. Few therapies are 
effective against the six antibiotic-resistant ESKAPE pathogens (Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 
aeruginosa, and Enterobacter species) [9,10]. K. pneumoniae (Kp) is a ubiquitous opportunistic 
pathogen that causes severe diseases such as septicemia, pneumonia, urinary tract infections, and 
soft tissue infections [11]. Since DnaB helicase is required for DNA replication, blocking the 
activity of DnaB helicase would be detrimental to bacterial survival [12]. In addition, because the 
structure and function between eukaryotic and prokaryotic DnaB-like helicases are different 
[5,12], the K. pneumoniae DnaB helicase (KpDnaB) and other bacterial DnaB-like proteins may 
be a promising target in developing antibiotics. 

Previously, we determined the three-dimensional structures of the Geobacillus kaustophilus 
DnaB-family protein (GkDnaB) and its complex with ssDNA [7]. Although the overall structure 
of the apo and the complex forms of GkDnaB is similar, the largest difference is found in their 
loop I region, which undergoes a strong conformational change during the helicase’s action [7]. 
These structural and functional analyses are useful in helping our understanding of the 
mechanism of DNA translocation in replication forks, and the resulting information may be 
useful in designing compounds that target bacterial DnaB helicases. Recently, we established that 
the 4 flavonols (Fig. 1) myricetin (Myr), quercetin (Que), kaempferol (Kae), and galangin (Gal) 
can interact with KpDnaB and prevent dNTP binding [13]. Flavonoids are the most common 
group of plant polyphenols, and are responsible for much of the flavor and color of fruits and 
vegetables [14]. Over 5000 different flavonoids have been described; many of these compounds 
display structure-dependent biological and pharmacological activities [15]. The 6 major 
subclasses of flavonoids are: flavonols, flavones, flavanones, flavanols, anthocyanidins, and 
isoflavones [14]. Flavonols, composed of 2 aromatic rings linked by a heterocyclic pyran-4-one 
ring, are known to have antioxidant [16], antiradical [17], and antibacterial activities [18]. In the 
present study, we further investigated the effect of flavonols on the inhibition of the ssDNA 
binding, ATPase activity, and dsDNA-unwinding activity of KpDnaB. A new assay that enables 
the real-time measurement of DNA helicase activity was also developed. This assay may be 
useful for screening helicase inhibitors at high throughput. 
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三、研究方法 

Materials. 
All restriction enzymes and DNA-modifying enzymes were purchased from New England 

Biolabs (Ipswich, MA, USA) unless explicitly stated otherwise. All custom oligonucleotide 
primers were obtained from Invitrogen Corporation (Carlsbad, CA, USA). All chemicals were 
purchased from Sigma-Aldrich (St. Louis, MO, USA) unless explicitly stated otherwise. 
 
Protein Expression and Purification. 

The encoding region of KpDnaB was put on pET21e expression vector and expressed with a 
hexahistidine tag at the C-terminus of the recombinant protein. The pET21e vector [19] was 
engineered from the pET21b vector (Novagen Inc., Madison, WI, USA), to avoid having the 
N-terminal T7 tag fused with the gene product. Details of the construction of pET21e-KpDnaB 
expression vector and protein purification have been described previously [13]. The purified 
protein was dialyzed against Buffer B (20 mM HEPES, 100 mM NaCl; pH 7.0), and concentrated 
to 5 mg/mL. Protein purity remained greater than 95% as determined by Coomassie-stained 
SDS-PAGE (Fig. 2). 
 
Gel Shifts. 
    EMSA for KpDnaB was carried out using the same protocol as described previously for SSB 
proteins [20-22], with a minor modification. ssDNA oligonucleotides were custom synthesized by 
MdBio, Inc., Frederick, MD. Radiolabeling was carried out with [γ32P]ATP (6000 Ci/mmol; 
PerkinElmer Life Sciences) and T4 polynucleotide kinase (Promega, Madison, WI, USA). 
KpDnaB (0, 90, 170, 340, 680, 1360, 2730, and 5450 nM) was incubated for 30 min at 25°C with 
1.7 nM ssDNA substrate (dT30) and 16.7 μM flavonol in a total volume of 10 μL in 20 mM 
HEPES (pH 7.0) and 100 mM NaCl. Aliquots (5 μL) were removed from each reaction solution 
and added to 2 μL of gel-loading solution (0.25% bromophenol blue and 40% sucrose, w/v). The 
resulting samples were resolved on a native 8% polyacrylamide gel (8.3 × 7.3 cm) at 4°C in TBE 
buffer (89 mM Tris borate and 1 mM EDTA) for 1 h at 100 V and visualized by phosphorimaging. 
The phosphor storage plate was scanned, and the data for complexed and free DNA bands were 
digitized for quantitative analysis. The ssDNA binding ability (Kd,app value) for the protein was 
estimated from the protein concentration that binds 50% of the input DNA [23-25]. Each Kd value 
is calculated as the average of at least three measurements ± S.D. 
 
FRET-based dsDNA Unwinding Activity Assay. 

To monitor the 5′-3′ DNA helicase activity of KpDnaB in real-time, we developed an assay 
on the basis of fluorescence resonance energy transfer (FRET) method. The dsDNA substrate was 
prepared with the fluorescent strand, 5′-TAGTACCGCCACCCTCAGAACC-3′ with Alexa Fluor 
488 (maximum excitation/emission = 495/519 nm) coupled to the 5′-end, and the complementary 
quencher strand, 3′-ATCATGGCGGTGGGAGTCTTGGTTTTTTTTTTTTTT-5′ with BHQ1 
coupled to the 3′-end, at a 1:1.2 concentration ratio. The dsDNA substrate was formed in 20 mM 
HEPES (pH 7.0) and 100 mM NaCl, by brief heating at 95 °C for 5 min and then followed by 
slow cooling to room temperature overnight. The fluorescence helicase assay was performed in 
20 mM HEPES (pH 7.0), 100 mM NaCl, 3 mM MgCl2, 50 nM dsDNA substrate, and 5 mM ATP 
in 2.0 mL of reaction volume. The unwinding reaction was started by adding KpDnaB (200 nM) 
and was carried out at 37 °C for 60 min using a spectrofluorimeter (Hitachi F-2700; Hitachi 
High-Technologies, Tokyo, Japan). The fluorescence intensity was recorded every 5 s. The DNA 
helicase activity was calculated as the initial reaction velocity from the linear part of the progress 
curve using the linear regression method. 
 
ATPase Activity Assay. 
    The protocol for measuring the ATPase activity of purified KpDnaB is based on the 
colorimetric determination of inorganic phosphate (Pi) released by the hydrolysis of ATP [26]. 
The ATPase activity assay for KpDnaB (20–50 ng) was performed in 20 mM HEPES (pH 7.0), 
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100 pmol of X　 -ssDNA, 10 μM flavonol, 100 mM NaCl, 3 mM MgCl2, and 5 mM ATP in 
100 μL of reaction volume. Liberated Pi was detected using ammonium molybdate and malachite 
green solutions, and absorbance was measured at 610 nm using a UV/vis spectrophotometer 
(Thermo Scientific Helios Omega; Thermo Fisher Scientific Inc., Waltham, MA, USA). The 
ATPase activity of KpDnaB was calibrated with sodium phosphate (NaH2PO4) of known 
concentrations. 
 
Bioinformatics. 
The amino acid sequences of KpDnaB, EcDnaB, GsDnaB, GkDnaB were aligned using 
CLUSTALW2 [27]. The model of KpDnaB was built from the coordinates of 2R6D (crystal 
structure of GsDnaB), 2VYF (crystal structure of GkDnaB), and 2VYE (crystal structure of 
GkDnaB in complex with ssDNA) by using SWISS-MODEL, http://swissmodel.expasy.org/ [28]. 
The coordinate and topology file of the flavonols, Myr, Que, Kae, and Gal, was found in 
DrugBank, http://drugbank.ca/ [29]. The flavonol was individually computationally docked into 
the three-dimensional models of KpDnaB by using PatchDock, 
http://bioinfo3d.cs.tau.ac.il/PatchDock/ [30]. The structures were visualized by using the program 
PyMol. 
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四、結果與討論 

Sequence Analysis 
    The gene KPN04439, encoding K. pneumoniae DnaB helicase, was initially found using a 
database search through the National Center for Biotechnology Information (NCBI). Based on 
the known nucleotide sequence, the predicted KpDnaB monomer protein has a length of 471 
amino acid residues and a molecular mass of 52.5 kDa, with a pI of 4.93. Analysis of the primary 
structure of KpDnaB revealed the presence of the putative Walker A motif (aa 232–238), Walker 
B motif (aa 340–343), ATP binding sites (aa 237–238, 343, 384, 420, 442, and 453), and DNA 
binding sites (348–349, 356–358, 383–391, 419–420, and 432–433); these are common in all 
known DnaB helicases. Figure 3 shows an alignment of the amino acid sequences of K. 
pneumoniae [13], E. coli [31], Geobacillus stearothermophilus [32], and Geobacillus 
kaustophilus DnaB helicases [7]; their ATP (boxed) and DNA binding sites (shaded in gray) are 
highly conserved. 
 
ssDNA-dependent ATPase Activity of KpDnaB. 

The ATPase activity of purified KpDnaB is based on the vanadate-sensitive colorimetric 
determination of inorganic phosphate released by the hydrolysis of ATP [26]. Figure 4A shows a 
standard linear regression curve generated by plotting the optical density (OD) at 610 nm against 
the concentrations of sodium phosphate (NaH2PO4). After some preliminary experiments to 
establish a suitable range of concentrations for the reagents (including KpDnaB) used for the 
assay, 3 mM MgCl2, 5 mM ATP, 10 μM flavonol, and 20–50 ng of KpDnaB were chosen for 
analysis of inhibition of KpDnaB ATPase activity by the flavonol. In the absence of the flavonol 
and φX-ssDNA, the specific activity of KpDnaB was 0.42 ± 0.09 μmol·min-1·mg-1. In the 
presence of φX-ssDNA, the specific activity of KpDnaB was increased to 5.5 ± 0.6 
μmol·min-1·mg-1. These data are similar to reported values for EcDnaB; the activity of EcDnaB is 
3.3 × 105 (without M13 ssDNA) and 6.4 × 106 pmol·min-1·mg-1 (with M13 ssDNA), respectively 
[33]. Thus, the ATPase activity of KpDnaB was stimulated by ssDNA, a property common to all 
DnaB helicases. 
 
ATPase Activity of KpDnaB Is Inhibited by Flavonols. 

Previously, we showed that the binding of KpDnaB to dNTP is inhibited by the flavonols 
Myr, Kae, Gal, and Que [13]. Here, as shown in Fig. 4B, the ATP hydrolysis activity of KpDnaB 
was also inhibited by the flavonols. In the presence of Myr, Que, Kae, or Gal, the specific activity 
of KpDnaB was decreased to 59%, 75%, 65%, and 57%, respectively, meaning that Gal exhibited 
the strongest inhibitory effect on the ATP hydrolysis of KpDnaB in the presence of φX-ssDNA. 
 
Inhibitory Effects of Flavonols on ssDNA Binding of KpDnaB. 

To investigate whether the ssDNA-binding ability of KpDnaB is inhibited by the flavonol, 
we used EMSA to study the binding of KpDnaB to dT30 (Fig. 5) when mixed with Myr, Que, 
Kae, or Gal. In the absence of any flavonol, KpDnaB formed a stable complex with dT30, as 
shown by electrophoresis (Fig. 5A). In the presence of 16.7 μM Gal (Fig. 5B), Kae (Fig. 5C), 
Que (Fig. 5D), or Myr (Fig. 5E), KpDnaB still bound to dT30, but the binding activity was 
slightly decreased. The apparent dissociation constant (Kd,app) values of KpDnaB bound to dT30 
in the absence of any flavonol or presence of Myr, Que, Kae, or Gal, as determined from the 
titration curves, were 0.97 ± 0.07, 1.11 ± 0.05, 1.03 ± 0.07, 1.10 ± 0.05, and 1.03 ± 0.06 μM, 
respectively. It should be noted that the observed inhibition was dependent on protein 
concentration (Fig. 5F); the disruption of formation of the KpDnaB-dT30 complex did disappear 
when its concentration was increased to 2.72 μM, a value that the [flavonol]/[KpDnaB monomer] 
ratio is ~6.1 (16.7/2.73 = 6.14). 
 
Real-time Monitoring of KpDnaB Helicase Activity Based on FRET. 
    To investigate whether the helicase activity of KpDnaB is also inhibited by flavonols, the 
fluorescence helicase assay was carried out in the absence or presence of Myr or Gal. This assay, 
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modified from that for HCV NS3 3′–5′ RNA helicase [34], was found to be useful for KpDnaB. 
The dsDNA substrate was prepared by annealing 2 oligonucleotides, a 5′ fluorophore-labeled 
(Alexa Fluor 488) 22-nucleotide donor and a 3′ quencher-labeled (BHQ1) 36-nucleotide quencher 
(Fig. 6A). When the dsDNA substrate is unwound by the helicase, the fluorophore (F) emits upon 
its release from the quencher (Q). The fluorescence quenching efficiency (signal-to-background 
ratio) for this substrate was >90%, suggesting high sensitivity for monitoring helicase activity, 
similar to that for HCV NS3 RNA helicase [34]. 
    Because of its high inhibitory effects on the ATPase activity of KpDnaB (Fig. 4B), Myr and 
Gal were selected for this assay. When KpDnaB was added, fluorescence was continuously 
emitted, whereas no increase in fluorescence occurred in the absence of KpDnaB (as the negative 
control). These results indicate that the observed fluorescence emission arose from the unwinding 
of the dsDNA substrate by purified KpDnaB (Fig. 6B). When assaying the helicase activity of 
KpDnaB in the presence of Myr or Gal, a linear increase in fluorescence emission was also 
observed. In addition, the initial velocity for KpDnaB helicase activity was nearly identical with 
or without flavonol (~1 × 10-3 fluorescence intensity/s). In contrast, unlike fluorescence emission 
of KpDnaB that continued to increase, the fluorescence emission of KpDnaB assayed in the 
presence of the flavonol Myr or Gal soon reached its maximal point. The magnitude of 
fluorescence activity for KpDnaB was in the following order: no flavonol added > Myr present > 
Gal present. 
 
Homology Modeling. 

The most thoroughly studied replicative DnaB helicase from bacteria is that of E. coli. 
Although KpDnaB shows a high degree of sequence identity with EcDnaB, its crystal structure is 
not yet reported. To deeply understand the structure-function relationship of the 
flavonol-KpDnaB-ssDNA complex(es), we decided to model its three-dimensional structure by 
homology modeling. The model of KpDnaB was built from the coordinates of 2R6D (crystal 
structure of GsDnaB), 2VYF (crystal structure of GkDnaB) and 2VYE (crystal structure of 
GkDnaB in complex with ssDNA) by using SWISS-MODEL, http://swissmodel.expasy.org/ [28]. 
KpDnaB and GkDnaB share 47% identity and 69% similarity, and KpDnaB and GsDnaB share 
46% identity and 69% similarity respectively, in the amino acid sequences level. The 
three-dimensional model of the hexameric KpDnaBs all forms a ring structure (Fig. 7A), of which 
the loop I position in GkDnaB-ssDNA complex based model was different. We propose that, as 
in the GkDnaB complexes [7], loop I of KpDnaB undergoes a conformational change, and 
thereby playing an important role in stabilizing DNA binding. It should be noted that the 
NTP-binding site, Walker A and B motifs, is adjacent to the DNA interaction site loop I (Fig. 
7B). 
 
Docking Study Using PatchDock. 
    The flavonol, found in DrugBank, was individually computationally docked into the 
three-dimensional models of KpDnaB by using PatchDock, 
http://bioinfo3d.cs.tau.ac.il/PatchDock/ [30]. After uploading the coordinate and topology file of 
the flavonol and KpDnaB, the docking was automatically performed. The docking results for 
KpDnaB (GkDnaB based model) interacting with Myr or Que are shown in Fig. 8 and Table 1. 
Myr (Fig. 8A) and Que (Fig. 8B) were found to be docked in the ATP-binding pocket of KpDnaB; 
however, there were also a few binding poses docked outside the pocket (Fig. 8B). Despite a 
similar structure, these flavonols were found to be docked with distinct binding poses in the 
ATP-binding pocket of both DNA-unbound and DNA-bound models of KpDnaB. For example, 
the binding pose of KpDnaB to Myr is different from that of Que (Fig. 9A). Que, the compound 
with 2 hydroxyl groups on the B ring, interacts with L214 and N215, whereas Myr (3 hydroxyl 
groups) interacts with L214, N247, and F460. In addition, the same compound is also found to be 
docked in different positions of the ATP-binding pocket of both DNA-unbound and DNA-bound 
models of KpDnaB. For instance, Myr interacts with L214, N247, and F460 in the DNA-unbound 
model, and interacts with L214 and N462 in the DNA-bound model of KpDnaB, respectively (Fig. 
9B). Generally, L214 is a key residue in all DNA-unbound and DNA-bound modeled structures 

http://bioinfo3d.cs.tau.ac.il/PatchDock/


regardless of which flavonol was used. 
 
Discussion. 
    The development of clinically useful small molecule antibiotics has been a seminal event in 
the world of infectious diseases [35]. DNA replication is one of the most basic biological 
functions and should be a prime target in antibiotic development. For example, some novel 
inhibitors were discovered to target topoisomerase [36,37], DNA gyrase [38], RNA polymerase 
[39], helicase-primase [40], and retroviral reverse transcriptase [41,42]. Since DNA helicases are 
important components of the cellular replication machinery in all organisms, inhibition of 
helicase activity would be detrimental to bacterial survival as well. Previously, we have shown 
that some flavonoid compounds can directly bind to KpDnaB and inhibit its binding ability to 
nucleotides, thus interfering with the growth of K. pneumoniae [13]. Flavonoids [14] are the most 
common group of plant polyphenols with antioxidant [16], antiradical [17], and antibacterial 
activities [18]. It is now clear that some flavonoids are ATP-inhibiting agents as competitors for 
ATP-binding proteins. For example, several flavonoid derivatives have been developed as 
therapeutic agents for cancer [43]. In this study, we used several assays to analyze the effects of 4 
flavonols, namely, Myr, Que, Kae, and Gal—which contain different numbers of hydroxyl 
substituents on the aromatic rings—on the ssDNA binding, ATP hydrolysis, and dsDNA 
unwinding abilities of KpDnaB. For the first time, our results demonstrated that these flavonols 
were capable of inhibiting the unwinding activity of the helicase. 
    DnaB helicase is an ssDNA-dependent ATPase. Previously, we showed that the binding of 
KpDnaB to dNTP is inhibited by the flavonols Myr, Kae, Gal, and Que. This study further 
investigated the flavonol-mediated inhibition of KpDnaB binding to dNTP, which may have led 
to the associated decrease in ATPase activity in the presence of ssDNA (Fig. 4). The 
ATP-hydrolyzing activity of KpDnaB was inhibited by flavonols in the following order of 
decreasing efficiency: Gal > Myr > Kae > Que. Although it is well established that flavonoids 
have several hydroxyl groups, and thus have marked potentials to bind any protein, the strength 
of inhibition of KpDnaB ATP-hydrolyzing activity did not correlate with the number of hydroxyl 
substituents on the flavonol aromatic rings. In addition, the structural model of KpDnaB shows 
that these flavonols bind to KpDnaB with distinct binding poses in the ATP-binding pocket (Fig. 
9). This situation is also found in several ATP-binding proteins that bind to different flavonoids. 
Crystal structures of PIM1 kinase in complex with quercetagetin and Myr reveal 2 distinct 
binding poses in the ATP-binding pocket, namely, orientations I and II [44]. Myr, adopting 
orientation II, has flipped 180o in PIM1 kinase, in contrast to quercetagetin (orientation I), such 
that the B ring is oriented toward the entrance of the ATP pocket. These orientations in PIM1 are 
also found to closely resemble those of Que and Myr in phosphatidylinositol 3-kinase [45]. 
Although the ATP-binding pocket in these proteins, including KpDnaB, is different, cases of 
PIM1 and phosphatidylinositol 3-kinase with different binding poses, are very similar to that of 
KpDnaB. Despite a very similar structure, flavonols may bind to KpDnaB by using different 
mechanisms, as shown in the structural models (Figs. 8 and 9). This may explain why the 
strength of inhibition in KpDnaB ATPase activity was not correlated with the number of hydroxyl 
substituents on the flavonol aromatic rings. 
    Other studies showed that Myr non-competitively inhibits E. coli DnaB helicase with an IC50 
of approximately 10 μM [46]; however, we have recently discovered that Gal, Kae, Que, and Myr 
can inhibit dNTP binding to KpDnaB, indicating a specific inhibitory process. Furthermore, these 
flavonols can be docked into the KpDnaB ATP-binding pocket. It is not known whether this 
disparity is due to the inherent differences among the species, or an alternative (allosteric) 
binding site(s) in DnaB helicase. However, the docking results also show that a few binding poses 
of the flavonol outside the ATP-binding pocket (Fig. 8), suggesting that there may be more than 
one site for flavonol binding in the DnaB helicase. This may explain why Myr non-competitively 
inhibits EcDnaB. In addition, we also showed flavonol-mediated inhibition of KpDnaB-ssDNA 
complex formation, which depended on the [flavonol]/[KpDnaB monomer] ratio; at a ~6 fold 
ratio, the inhibitory effect did disappear (Fig. 5). Since these flavonols inhibited not only the 
ATPase activity of KpDnaB but also the ssDNA-binding ability, we believe that there may be 



more than one site in KpDnaB for flavonol binding. However, this speculation must be confirmed 
by further biochemical experiments. 
    In this study, we describe a new in vitro fluorescence assay for measuring 5′–3′ DNA 
helicase activity by using dsDNA substrate (Fig. 6). Alexa Fluor 488 and BHQ1 were selected as 
the fluorophore-quencher pair. This assay enables the real-time, high-throughput measurement of 
DNA helicase activity, and does not require time-consuming procedures like the conventional 
gel-based assays. For example, on the basis of this assay, we observed that the initial velocity of 
KpDnaB for the unwinding activity assayed in the absence of the flavonol, or with Myr or Gal 
were very similar; however, their maximal activities were different. While fluorescence was 
continuously emitted without the addition of flavonol to the KpDnaB solution, the fluorescence 
increase stopped at ~300 s and ~600 s for Myr and Gal, respectively (Fig. 6B). This real-time 
unwinding kinetics of the DNA helicase cannot be easily observed by the conventional gel-based 
assays. Our laboratory is currently screening DNA helicase inhibitors using this high-throughput 
method. 
    All DNA-unbound and DNA-bound modeled structures showed flavonols binding to 
KpDnaB with distinct poses. However, these models all displayed a key residue involved in the 
flavonol binding, namely, L214. The L214 residue in DnaB helicases is highly conserved (Fig. 3), 
but its role has not yet been determined. On the basis of these results, we propose that these 
flavonols may inhibit KpDnaB in 2 possible ways. First, since DnaB helicase binding to dNTP 
causes a large conformational change [31,47,48] to become a translocase [7], these flavonols may 
partially occupy the ATP-binding pocket of the DnaB helicase and inhibit conformational change, 
thereby causing varying degrees of inhibition. This is a possible inhibition mechanism because 
the L214 residue of KpDnaB is not involved in ATP binding (Fig. 3), but most structural models 
indicate its importance in binding flavonols (Fig. 10). Second, more than one flavonol binds to 
KpDnaB; 1 is at the active site, and the other(s) is at an unknown site. The overall inhibition 
possibly results from the interactions between the flavonols and the enzyme. This may be a 
reason why flavonols not only bind at the ATP pocket of the DNA helicase, but can also 
non-competitively inhibit the ATPase activity of the DNA helicase [46]. Our crystal structure of 
GkDnaB in complex with ssDNA previously suggested that ATP hydrolysis may drive the 
movement of the helicase toward the 3′ end of the lagging strand [7]. In addition, the 
dNTP-binding site of the helicase at loop I, part of the Walker B motif, is adjacent to the DNA 
interaction site. In conclusion, the flavonol likely inhibits the DNA helicase (translocase) activity 
by affecting the ATP binding of KpDnaB, to ultimately shut down and lock the enzyme in the 
ATP-unbound state. 
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Figure legends 
 
Fig. 1 Molecular structure of myricetin (Myr), quercetin (Que), kaempferol (Kae), and galangin 
(Gal). 
 
Fig. 2 Coomassie Blue-stained SDS-PAGE (12%) of the purified KpDnaB and molecular mass 
standards. The sizes of the standard proteins, from the top down, are as follows: 170, 130, 100, 70, 
55, 40, 35, 25, and 15 kDa. 
 
Fig. 3 Multiple amino acid sequence alignment of DnaB helicases. Alignment was carried out 
using CLUSTALW2. Amino acid residues displaying 100% homology are highlighted in red, and 
those displaying similarity are highlighted in blue. The amino acids that are involved in ATP 
binding are boxed. The amino acids that are involved in ssDNA binding are shaded in gray. For 
clarity, only 4 bacterial stains are shown. Abbreviations: Kp, K. pneumoniae; Ec, E. coli; Gs, 
Geobacillus stearothermophilus [32]; Gk, Geobacillus kaustophilus [7]. 
 
Fig. 4 ssDNA-dependent ATPase activity of KpDnaB. (A) The vanadate-sensitive colorimetric 
determination of inorganic phosphate released by the hydrolysis of ATP. A standard linear 
regression curve was generated by plotting the optical density (OD) at 610 nm against the 
concentrations of sodium phosphate (NaH2PO4). (B) ATPase activity of KpDnaB is inhibited by 
flavonols. In the presence of Myr, Que, Kae, or Gal, the specific activity of KpDnaB was 
decreased to 59%, 75%, 65%, and 57%, respectively. 
 
Fig. 5 Inhibitory effects of flavonols on ssDNA binding of KpDnaB. EMSA of KpDnaB bound to 
dT30 (A) in the absence of any flavonol or presence of (B) Gal, (C) Kae, (D) Que, or (E) Myr. (F) 
The titration curves for ssDNA binding of KpDnaB. The apparent dissociation constant (Kd,app) 
values of KpDnaB bound to dT30 in the absence of any flavonol or presence of Myr, Que, Kae, 
or Gal, as determined from the titration curves, were 0.97 ± 0.07, 1.11 ± 0.05, 1.03 ± 0.07, 1.10 ± 
0.05, and 1.03 ± 0.06 μM, respectively. 
 
Fig. 6 Real-time monitoring of KpDnaB helicase activity. (A) Schematic representation of 
fluorescence helicase assay based on FRET. The dsDNA substrate was prepared by annealing 2 
oligonucleotides, a 5′ fluorophore-labeled (Alexa Fluor 488) 22-nucleotide donor and a 3′ 
quencher-labeled (BHQ1) 36-nucleotide quencher. When the dsDNA substrate is unwound by the 
helicase, the fluorophore (F) emits upon its release from the quencher (Q). (B) Inhibitory effects 
of flavonols on KpDnaB helicase activity. Myr and Gal were selected for this assay. 
 
Fig. 7 Homology modeling. (A) The three-dimensional models of the hexameric KpDnaB form a 
ring structure. The monomers are colored differently. ssDNA is colored in black. (B) The 
structural model of the KpDnaB-ssDNA complex. The NTP-binding site, Walker A and B motifs, 
is adjacent to the DNA interaction site loop I (green). There are synergistic effects between the 
nucleotide and ssDNA binding [7]. The Walker A and B motifs are colored in red and blue, 
respectively. ssDNA is colored in gold. 
 
Fig. 8 Representation of the docking models from PatchDock. The six docking models with the 
highest score for KpDnaB (GkDnaB based model) interacting with (A) Myr and (B) Que are 
shown. The Walker A motif (aa 232-238), a nucleotide binding site, is colored in red. 
 
Fig. 9 (A) The binding pose of KpDnaB to Myr is different from that of Que. Que interacts with 
L214 and N215, whereas Myr interacts with L214, N247, and F460. (B) Myr was docked in 
different positions of the ATP-binding pocket of both DNA-unbound and DNA-bound models of 
KpDnaB. Myr interacts with L214, N247, and F460 in the DNA-unbound model, and interacts 
with L214 and N462 in the DNA-bound model of KpDnaB, respectively. 
 



Table 1. Docking results of KpDnaB with Myr and Que from PatchDock. 
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Score 
Myr            Que 

1 4142 4170 

2 3938 4096 

3 3802 3994 

4 3796 3962 

5 3752 3766 

6 3722 3694 
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PriB is a primosomal DNA replication protein required for the re-initiation of replication in

bacteria. In this study, we investigated the gene expression of PriB in Klebsiella pneumoniae

(KpPriB) and characterized the gene product through crystal structural and functional analy-

ses. Quantitative polymerase chain reaction analysis (Q-PCR) indicated that the 104-aa priB

was expressed in K. pneumoniae with a CT value of 22.4. The crystal structure of KpPriB (Pro-

tein Data Bank entry: 4APV) determined at a resolution of 2.1 Å was similar to that of Escheri-

chia coli PriB (EcPriB). KpPriB formed a single complex with single-stranded DNA (ssDNA) of

different lengths, suggesting a highly cooperative process. Structure-based mutational analysis

revealed that substitution at K18, F42, R44, W47, K82, K84, or K89 but not R34 in KpPriB

had a significant effect on both ssDNA and double-stranded DNA (dsDNA) binding. Based on

these findings, the known ssDNA interaction sites of PriB were expanded to include R44 and

F42, thus allowing nucleic acids to wrap around the whole PriB protein.

Introduction

The initiation and re-initiation of chromosomal
DNA replication in bacteria for genome duplication
is a complex process that relies on divergent multi-
protein assembly for entry of the replicative DNA
helicase (Benkovic et al. 2001). In Escherichia coli, rep-
lication starts with the loading of DnaB helicase at
the unique oriC site – a process accomplished by
DnaA (an oriC-specific recognition protein) and
DnaC (a loader protein) (Mott & Berger 2007).
However, the replication fork initiated at oriC can be
arrested anywhere along the DNA, leading to failure
of replication (Cox et al. 2000; McGlynn & Lloyd
2002; Masai et al. 2010). Thus, a reloading DnaB
helicase for oriC-independent DNA replication is
required for bacterial survival (Gabbai & Marians

2010). The replication restart primosome is a multi-
protein complex that reactivates stalled DNA replica-
tion at the forks after DNA damage (Masai et al.
2010). To date, at least two DnaB helicase-recruiting
pathways are known: the PriA-PriB-DnaT-DnaC-
dependent reactions are the most effective on fork
structures with no gaps in the leading strand, whereas
the PriC-DnaC-dependent system preferentially uses
fork structures with large gaps in the leading strand
(Heller & Marians 2006a,b). In the PriA-directed
pathway, PriB is the second protein to be assembled
in the protein-DNA complex (Marians 2000), where
it then stimulates PriA helicase activity (Cadman et al.
2005). PriB also stabilizes the binding of PriA to
DNA hairpins, therefore facilitating the association of
DnaT with the primosome (Liu et al. 1996). In an
ATP- and DnaC-dependent manner, DnaB helicase
is then loaded onto the complex and forms the com-
plete primosome upon binding to DnaG primase
(Bailey et al. 2007; Lo et al. 2009). Recruitment of
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DnaB helicase to the DNA results in reactivation of
the repaired replication forks, allowing bidirectional
DNA synthesis to resume.

Escherichia coli PriB exists as a homodimer, with
each PriB monomer (104 aa) possessing an oligonu-
cleotide/oligosaccharide-binding (OB)-fold structure
(Liu et al. 2004; Lopper et al. 2004; Shioi et al.
2005). The single-stranded DNA (ssDNA)-binding
site of PriB is located centrally in L45 loop within the
dimer (Huang et al. 2006) and occupies 12 ± 1 nt of
the total site size (Szymanski et al. 2010). The N-ter-
minal (1–49 aa) region of PriB is crucial for dimeriza-
tion, whereas the C-terminal (50–104 aa) region is
crucial for ssDNA binding (Hsieh & Huang 2011).
Although a dimer, PriB has only one ssDNA-binding
site (Huang et al. 2006; Szymanski et al. 2010). PriB
shares structural similarity with the DNA-binding
domain of E. coli ssDNA-binding protein (EcSSB)
(Raghunathan et al. 2000), except for differences in
their ssDNA-binding modes (Huang et al. 2006).

Recently, several small proteins possessing ssDNA-
binding activity have been discovered (Aravind et al.
2003; Jelinska et al. 2005; Luo et al. 2007; Paytubi
et al. 2012), including a shorter 55-aa Klebsiella pneu-
moniae PriB (KpPriBc) documented by the NCBI
(Hsieh & Huang 2011). Some of these small DNA-
binding proteins have similar properties. For instance,
similar to KpPriBc, CC1 is a 6-kDa, monomeric,
basic protein adopting an OB-fold-like structure (Luo
et al. 2007). However, a recent study using sequence
alignment indicated that KpPriBc, which is much
shorter in length than the well-studied EcPriB, proba-
bly resulted from the use of the wrong ATG as the
priB start codon (Berg & Lopper 2011). Although gel
filtration and some ssDNA-binding analyses suggest
that KpPriB (104-aa) is similar to EcPriB in structure
and function (Berg & Lopper 2011), the gene expres-
sion of KpPriB has never been analyzed and identi-
fied. As many prokaryotic genomes do not contain a
recognizable homologue of priB (Dong et al. 2010),
the expression of KpPriB should be analyzed care-
fully. In this study, we identified the expression of
the priB gene in K. pneumoniae and characterized the
gene product by crystal structural and mutational
analyses.

Results

Expression of priB gene in K. pneumoniae

To date, gene expression of the “putative” 104-aa
PriB in K. pneumoniae has never been analyzed and

identified. To test whether the 104-aa PriB could be
expressed in K. pneumoniae, total RNA was extracted
and reverse transcribed and then analyzed by Q-PCR
using specific primers. We found that the 104-aa
PriB was expressed with a CT value of 22.4 (Fig. 1).
This low CT value suggests that PriB is a nonhouse-
keeping gene. Results experimentally confirmed that
the 104-aa PriB was actually expressed in K. pneumo-
niae. The original version of K. pneumoniae PriB,
KPN_04595 (NCBI), probably resulted from the use
of the wrong ATG as the priB start codon (residue
Met50 in KpPriB).

KpPriB binds to ssDNA

Electrophoretic mobility shift assay (EMSA) is a pop-
ular and well-established approach in molecular bio-
logy that allows the detection of distinct complexes
(Huang 2012). In this study, EMSA of the binding
of KpPriB to dT20–dT60 with different protein con-
centrations revealed that KpPriB could not form a
stable complex with dT20 during electrophoresis
(Fig. 2). Because some smears were observed, it
appears that KpPriB can interact with dT20. In con-
trast, the longer dT homopolymers (i.e., dT25,
dT30, dT35, dT40, dT45, dT50, dT55, and dT60)
bind to KpPriB to form a single complex. These
interactions appear to be highly cooperative because
only one complex of KpPriB molecules bound per
ssDNA was visible; no other obvious and distinctive
complex or intermediate form was detected. Our
findings indicate that the length of ssDNA required
to enable the formation of a stable complex with the
KpPriB molecule(s) is approximately 25 nt, as deter-
mined using EMSA.

Figure 1 Expression of priB gene in K. pneumoniae analyzed

by Q-PCR. The expression plasmid pET21b-KpPriB served

as quantitative standard. KpPriB was expressed with a CT

value of 22.4.
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ssDNA-binding ability of KpPriB

To compare the binding ability of KpPriB to ssDNA
of different lengths, the midpoint values for input
ssDNA binding, calculated from the titration curves
of EMSA and referred to as [Protein]50, were quanti-
fied. They are summarized in Table 1. In general,
the binding ability of KpPriB to ssDNA increased
with length. However, the ability of KpPriB to bind
ssDNA does not significantly change when the length
of the dT homopolymer is furthermore increased to
50 nt.

There is a conflicting report on the binding abili-
ties of KpPriB protein. The concentration of KpPriB

required for 50% of the 15–45-mer fluorescein-
labeled ssDNA to be bound, determined using fluo-
rescence polarization spectroscopy, is 45–62 nM (Berg
& Lopper 2011). In addition, we also noted that the
binding ability of KpPriB to a longer 45-base ssDNA
is lower than that to a shorter 30-base ssDNA (Berg
& Lopper 2011). To compare their results, we also
studied the DNA binding by KpPriB under the same
conditions using EMSA (Fig. 3). As expected,
KpPriB could not form a stable complex with the
15-mer ssDNA substrate, and the longer 30-mer and
45-mer ssDNA substrates can bind to KpPriB to form
a single complex, as in the case using the dT homo-
polymers (Fig. 2). However, the [KpPriB]50 for the
30-mer and 45-mer ssDNA substrates are 9–12 lM, a
significantly lower value (~ 2–3 orders of magnitude)
than that reported previously using fluorescence
polarization spectroscopy (Berg & Lopper 2011). The
lower values from EMSA are also found in other pro-
tein-DNA complexes (Wang et al. 2003) and proba-
bly due to the dissociation of the DNA-protein
complexes during gel electrophoresis.

Base preference for ssDNA binding of KpPriB

We used dT30 (Fig. 2C) and dA30 (Fig. 2J) to test
the base preference for KpPriB binding to purine and
pyrimidine (Table 1). Similar to EcPriB (Liu et al.
2004) and KpPriBc (Hsieh & Huang 2011), KpPriB
showed a preference for dT30 than dA30, indicating
that KpPriB preferentially binds to pyrimidine than
purine. However, the in vitro base preference of PriB,
as well as other SSBs, is still unknown (Lohman &
Ferrari 1994).

Table 1 ssDNA-binding properties of KpPriB analyzed using

electrophoretic mobility shift assay

ssDNA substrate [KpPriB]50 (lM)

dT20 ND

dT25 18 ± 2

dT30 9 ± 2

dT35 8 ± 1

dT40 6 ± 1

dT45 6 ± 0.8

dT50 4 ± 0.5

dT55 4 ± 0.5

dT60 4 ± 0.5

The 15-mer ssDNA ND

The 30-mer ssDNA 12 ± 1

The 45-mer ssDNA 9 ± 1

dA30 16 ± 2

Errors are standard deviations determined using three indepen-

dent titration experiments.

(A) (B) (C) (D) (E)

(F) (G) (H) (I) (J)

Figure 2 Binding of KpPriB to ssDNA. KpPriB (0, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.5, 25, and 50 lM) was incubated for 30 min at

25 °C with 1.7 nM of (A) dT20, (B) dT25, (C) dT30, (D) dT35, (E) dT40, (F) dT45, (G) dT50, (H) dT55, (I) dT60, or (J) dA30

in a total volume of 10 lL in 20 mM Tris–HCl pH 8.0 and 100 mM NaCl. Aliquots (5 lL) were removed from each reaction

solution and added to 2 lL 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 h at 100 V and

visualized by autoradiography. Complexed and free DNA bands were scanned and quantified.
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Crystal structure of KpPriB

KpPriB was crystallized and its structure was deter-
mined at a resolution of 2.1 Å (Table 2). The cell
unit contains only one monomer of KpPriB, but its
oligomerization state in solution is dimeric (Berg &
Lopper 2011). The KpPriB monomer has an OB-fold
domain, similar to EcPriB and Neisseria gonorrhoeae
PriB (NgPriB) (Fig. 4). The majority of the electron
density for KpPriB is of good quality, but a disconti-
nuity is observed for residues 84–86 (K84, N85, and
G86), and these three residues are absent from the
model, suggesting that this region is highly dynamic.

ssDNA-binding mode of KpPriB

Previously, we described the crystal structure of EcPriB
in complex with ssDNA dT15; a single dT15 periodi-
cally interacts with two OB-fold from 2 symmetrically
related PriB dimers in the crystal (Huang et al. 2006).
Although the DNA-binding site is known to be
located centrally in loop L45 of EcPriB, the length of
DNA in the cocrystal structure is not long enough
to wrap the nucleic acid around the protein dimer.
Thus, the ssDNA-binding mode of PriB is still
not completely clear. Based on the structure of the
EcPriB-DNA complex, we manually superimposed the
location of ssDNA with the structure of KpPriB
(Fig. 5A). ssDNA-binding sites R13, K18, W47, K82,
K84, and K89 that were revealed by EcPriB-DNA
complex and functional analyses were well conserved
in KpPriB (Fig. 5B). In order for nucleic acid to wrap
around the whole KpPriB protein, there are two signif-
icant grooves that may serve as potential ssDNA-bind-
ing pocket on the protein surface (Fig. 5C): one is
mediated by F42-R44 (Model I) and the other
involved R34-R44 (Model II).

To determine which of the two models is used for
KpPriB binding to ssDNA, alanine substitution
mutants (i.e. K18A, R34A, F42A, R44A, W47A,
K82A, K84A, and K89A) and the double mutant
W47A/K82A were constructed and analyzed by

(A) (B) (C)

Figure 3 Binding of KpPriB to the 15-mer, 30-mer, and 45-mer ssDNA. For comparison (Berg & Lopper 2011), other DNA

substrates (15-mer, 30-mer, and 45-mer) and conditions were also used for EMSA. KpPriB (0, 0.8, 1.6, 3.2, 6.4, 12.5, 25, and

50 lM) was incubated with 1 nM of the (A) 15-mer, (B) 30-mer, or (C) 45-mer ssDNA substrate, 20 mM Tris-HCl pH 8.0,

50 mM NaCl, 4% glycerol, 1 mM MgCl2, 1 mM b-mercaptoethanol, 0.1 mg/mL bovine serum albumin to a total volume of

10 lL for 30 min at 25 °C. Aliquots (5 lL) were removed from each reaction solution and added to 2 lL 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 h at 100 V and visualized by autoradiography. Complexed and free DNA

bands were scanned and quantified.

Table 2 Data collection and refinement statistics

Data collection

Crystal KpPriB

Wavelength (Å) 0.97622

Resolution (Å) 36.1–2.1

Space group C2

Cell dimension (Å) a = 64.8

b = 36.9 b = 113.8

c = 39.5

Completeness (%) 95.6 (99.8)*

<I/rI> 40.7 (6.4)

Rsym† (%) 6.4 (25.9)

Redundancy 3.4 (3.6)

Refinement

Resolution (Å) 29.5–2.1

No. reflections 4899

Rwork/Rfree 0.205/0.274

No. atoms

Protein 755

Water 10

R.m.s deviation

Bond lengths (Å) 0.007

Bond angles (°) 1.001

Ramachandran Plot

In preferred regions 91 (96.8%)

In allowed regions 3 (3.2%)

Outliers 0 (0%)

PDB entry 4APV

*Values in parentheses are for the highest resolution shell.

†Rsym = ΣhΣi|Ii � I|ΣhΣI I, where I is the mean intensity of

the i observations of reflection h.
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EMSA (Fig. 6). The [Protein]50 values for the bind-
ing of these KpPriB variants to dT30 are summarized
in Table 3. F42A has a [KpPriB]50 value that was
2.3-fold higher than that of wild-type KpPriB,
whereas substitution at R34 had very little effect
(~1.0-fold) on ssDNA binding compared with wild-
type KpPriB. Results suggest that Model I is most
likely used as the ssDNA-binding mode of KpPriB
(Fig. 5C). The DNA interaction sites of PriB (i.e.,
K84, R13, K82, K89, W47, and K18) that were pre-
viously investigated using the crystal structure of
EcPriB-ssDNA complex has been expanded to
include R44 and F42 to allow for nucleic acid to
fully wrap around the whole KpPriB protein.

To strengthen the conclusion that Model I is the
DNA-binding mode of PriB, two mutant proteins
containing the double mutations, F42A/R44A and
R34A/R44A, were constructed and analyzed by
EMSA (Fig. 6J,K). F42A/R44A has a [KpPriB]50

value that was significantly higher than that of either
F42A or R44A, whereas R34/R44A had very little
effect on ssDNA binding compared with R44A.
These results may firmly rule out the role of R34 for
ssDNA binding (Table 3). Furthermore, a quadruple
mutant, F42A/R44A/W47A/K82A was also gener-
ated and no band shift of this quadruple mutant was
observed, indicating a dramatically impaired ability
for ssDNA binding of this mutant. Previous report
has demonstrated that K82A/K84A/K89A in EcPriB
plays a very important role in ssDNA binding (Huang
et al. 2006). Taken together, these results showed that

not only the highly electropositive region in L45

loop, the aromatic residues F42 and W47 are also
very critical for ssDNA binding by PriB. However, it
should be noted that the Model I is still not a fully
convincing model at this time. The length of ssDNA
used in this model is only 18 nt (15 nt in the com-
plex structure of 2CCZ plus 3 nt manually added)
and in fact, 18 nt long ssDNA did not bind to
KpPriB (Fig. 2).

Double-stranded DNA (dsDNA) binding of

KpPriB

Despite the fact that both PriB and SSB have a classi-
cal OB-fold ssDNA-binding surface, they bind
ssDNA using different strategies. Unlike SSB (Raghu-
nathan et al. 2000), PriB binds ssDNA with the
highly electrostatic positive L45 loop surface (Huang
et al. 2006). This feature leads us to assess whether
KpPriB binds dsDNA. The 22 base pairs (bp) dsDNA
substrate for EMSA was prepared by annealing two
oligonucleotides, of which one DNA strand was ra-
diolabeled. As expected, KpPriB can bind this
dsDNA (Fig. 7A). However, unexpectedly, we found
that the [KpPriB]50 for this dsDNA binding is
5 ± 0.5 lM, a value higher than that for ssDNA
dT30 binding of KpPriB (9 ± 2 lM).

To investigate the contribution of individual
amino acid residues to dsDNA binding, alanine sub-
stitution mutants were constructed and analyzed by
EMSA (Fig. 7), similarly to our study on ssDNA

Figure 4 Crystal structure of KpPriB. Sequence alignment and ribbon diagram of KpPriB (PDB code 4APV), EcPriB (PDB code

1V1Q), and NgPriB (PDB code 3K8A) monomer. The secondary structural elements of these PriBs are shown above the

sequences. Amino acid residues displaying 100% homology are highlighted in red, and those displaying similarity are highlighted in

blue. Three residues, K84, N85, and G86 are absent from the model of KpPriB.
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binding (Fig. 6). For the first time, the dsDNA-bind-
ing mode of PriB was assessed. The [Protein]50 values
for the binding of these KpPriB variants to dsDNA
are summarized in Table 4. Like ssDNA binding,
these mutant proteins F42, R44, W47, K82, K84,
and K89 but not R34 of KpPriB had low [Protein]50

values (approximately 1.8- to- 3.8-folds) compared
with wild-type KpPriB for dsDNA binding. In addi-
tion, the mutant proteins containing the double
mutations W47A/K82A and F42A/R44A, and the
quadruple mutations F42A/R44A/W47A/K82A,
exhibited significantly impaired ability for dsDNA
binding of KpPriB. Thus, results from these struc-
ture-based mutational analyses indicated that the
amino acid residues important for ssDNA binding
were also crucial for dsDNA binding in KpPriB (see
Discussion).

Discussion

In this study, we investigated the crystal structure and
DNA-binding mode of KpPriB, in which several
results extend the knowledge in the field of PriB fam-
ily. We also confirmed that the 104-aa PriB
was expressed in K. pneumoniae (Fig. 1), but not the
55-aa KpPriBc (KPN_04595) (Hsieh & Huang 2011),
originally documented in NCBI. Although a recent
study using sequence alignment suggests that KpPriBc,

which is much shorter in length than the well-studied
EcPriB, resulted from the use of the wrong ATG as
the priB start codon (Berg & Lopper 2011), we believe
that the expression of the 104-aa KpPriB still needs to
be carefully analyzed. As PriB is such a small protein,
we do not know whether some prokaryotic genomes
without a recognizable homologue of priB resulted
from the use of the wrong ATG as the priB start
codon, such as in the case of K. pneumoniae. This
problem could be addressed by investigation using
RT-PCR, as demonstrated in this study.

Many SSB proteins bind to ssDNA with some
degree of positive cooperativity (Lohman & Ferrari
1994). In this study, we found differing EMSA
behaviors between PriB and SSB proteins. SSB pro-
teins form multiple distinct complexes with ssDNA
of different lengths (Olszewski et al. 2008, 2010;
Huang et al. 2011; Jan et al. 2011; Huang & Huang
2012), whereas KpPriB binding to ssDNA dT20-
dT60 forms a single complex only (Fig. 2). EMSA is
a useful technology in molecular biology that allows
the detection of distinct complexes (Huang 2012).
These findings strongly suggest that KpPriB binds to
ssDNA with higher cooperativity than SSB proteins.
However, it should be noted that ssDNA-binding
affinity of PriB is significantly lower (>2–3 orders of
magnitude) than that of SSB proteins (Huang et al.
2011; Jan et al. 2011; Huang & Huang 2012). Inter-

(A) (B)

(C)

Figure 5 ssDNA-binding mode of KpPriB. (A) A model of the ssDNA-KpPriB complex. Dimeric KpPriB structure was gener-

ated from the symmetry-related molecules. The model was directly constructed by superimposing the KpPriB dimeric form (deter-

mined in this study) with the crystal structure of the ssDNA-EcPriB complex (PDB code 2CCZ) (Huang et al. 2006). The ssDNA

generated from the ssDNA-EcPriB complex is shown in gold. The hydrophobic (green) and basic residues (blue) of KpPriB located

on the potential ssDNA-binding surface are indicated. (B) The putative ssDNA-binding sites of KpPriB, R13, K18, R34, R44,

F42, W47, K82, K84, and K89, are indicated. (C) KpPriB binds to ssDNA in two possible ways: one is mediated by F42-R44

(Model I), and another is involved in R34-R44 (Model II). The length of manually modeled ssDNA interacting with either F42-

R44 or R34-R44, shown in hot pink, is 3 nt.
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estingly, sequence comparisons and operon organiza-
tion analyses have shown that PriB evolved from SSB
via gene duplication with subsequent rapid sequence
diversification (Ponomarev et al. 2003). These find-
ings raises several questions as to why PriB has
become a kind of SSB with lower ssDNA-binding
ability and higher cooperativity, and how PriB partic-
ipates in DNA replication differently from its ances-
tor. Previous investigations have demonstrated that
aromatic stacking plays an important role in ssDNA
binding of SSB (Raghunathan et al. 2000), whereas
PriB binds to the phosphate backbone of ssDNA
via its highly electropositive region in L45 loops
of the OB-fold (Huang et al. 2006). SSB possesses
conserved aromatic residues (W40, W54, and F60) in
L45 loop of the OB-fold; in contrast, two of these
residues (W40 and F60) are replaced with noncon-
served amino acids in the PriB family. A possible
explanation is that during evolution, the conserved

(A) (B) (C) (D)

(E) (F) (G) (H)

(I) (J) (K) (L)

Figure 6 Mutational analysis of KpPriB for ssDNA binding. Binding of KpPriB mutant protein, (A) K18A, (B) R34A, (C) F42A,

(D) R44A, (E) W47A, (F) K82A, (G) K84A, (H) K89A, (I) W47A/K82A, (J) R34A/R44A, (K) F42A/R44A, or (L) F42A/

R44A/W47A/K82A, to dT30. The mutant protein (0, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.5, 25, and 50 lM) was incubated for 30 min

at 25 °C with 1.7 nM of dT30 in a total volume of 10 lL in 20 mM Tris–HCl pH 8.0 and 100 mM NaCl. Aliquots (5 lL) were

removed from each reaction solution and added to 2 lL 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 h at 100 V and visualized by autoradiography. Complexed and free DNA bands were scanned and quantified.

Table 3 ssDNA-binding affinities for KpPriB variants to

dT30

KpPriB variants [KpPriB]50 (lM) Fold

Wild type 9 ± 2 1.0

K18A 10 ± 2 1.1

R34A 9 ± 2 1.0

F42A 21 ± 3 2.3

R44A 21 ± 4 2.3

W47A 17 ± 3 1.9

K82A 35 ± 5 3.9

K84A 32 ± 4 3.6

K89A 35 ± 6 3.9

W47A, K82A >50 >5.6

R34A, R44A 19 ± 3 2.1

F42A, R44A >50 >5.6

F42A,R44A, W47A,K82A >>50 >>5.6

Errors are standard deviations determined using three indepen-

dent titration experiments.
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aromatic and other residues in L45 loop of the
OB-fold in SSB were changed into positively charged
residues in PriB in order to more precisely fit the
requirement for assembly of the replication re-initia-
tion primosome at the stalled DNA forks.

Results from the mutational analysis (Fig. 6) and the
crystal structural information (Fig. 4) demonstrated
that Model I was most likely used for ssDNA binding
of KpPriB (Fig. 5C). Thus, the ssDNA interaction sites
of PriB that were previously investigated using the
crystal structure of EcPriB-ssDNA complex has been
expanded to include R44 and F42 in order to allow for
nucleic acid to fully wrap around the whole KpPriB
protein. Although PriB uses a different DNA-binding
strategy compared with other SSBs, including human
replication protein A (Bochkarev et al. 1997; Huang
et al. 2006), all SSB proteins still follow a similar
DNA-binding path (i.e., loop L45 to loop L23) of OB-
fold proteins (Murzin 1993; Theobald et al. 2003).

(A) (B) (C) (D)

(E) (F) (G) (H)

(I) (J) (K) (L)

Figure 7 Mutational analysis of KpPriB for dsDNA binding. Binding of KpPriB protein, (A) the wild type, (B) R34A, (C) F42A,

(D) R44A, (E) W47A, (F) K82A, (G) K84A, (H) K89A, (I) W47A/K82A, (J) R34A/R44A, (K) F42A/R44A, or (L) F42A/

R44A/W47A/K82A, to the dsDNA substrate (22 bp). The mutant protein (0, 0.4, 0.8, 1.6, 3.2, 6.4, 12.5, 25, and 50 lM) was

incubated for 30 min at 25 °C with 1.7 nM of dT30 in a total volume of 10 lL in 20 mM Tris–HCl pH 8.0 and 100 mM NaCl.

Aliquots (5 lL) were removed from each reaction solution and added to 2 lL 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 h at 100 V and visualized by autoradiography. Complexed and free DNA bands were scanned and

quantified. A radiolabeled ssDNA is shown in left lane as a control.

Table 4 Binding affinities for KpPriB variants to dsDNA

KpPriB

variants

[KpPriB]50

(lM) Fold

Wild type 5 ± 0.5 1.0

R34A 5 ± 0.5 1.0

F42A 9 ± 1 1.8

R44A 9 ± 1 1.8

W47A 18 ± 1 3.6

K82A 19 ± 2 3.8

K84A 18 ± 1 3.6

K89A 18 ± 1 3.6

W47A, K82A >50 >10

R34A, R44A 10 ± 1 2.0

F42A, R44A >50 >10

F42A, R44A,

W47A, K82A

>>50 >>10

Errors are standard deviations determined using three indepen-

dent titration experiments.
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There are conflicting reports on the binding ability
of residue 34 in PriB proteins. Substitution of K34 in
NgPriB with alanine, the position structurally corre-
sponding to R34 in KpPriB, significantly reduces the
protein’s ssDNA-binding activity (Dong et al. 2010).
Results indicate that K34 probably plays an important
role in NgPriB, whereas R34 in KpPriB does not. In
addition, the binding ability of NgPriB to a (longer)
45-base ssDNA is ~2-fold lower than that to a
(shorter) 36-base ssDNA (Dong et al. 2010). In con-
trast, the binding ability of KpPriB to oligonucleo-
tides generally increases with greater length (Table 1).
As the mechanisms for participating in assembly of
the replication re-initiation primosome should be dis-
tinct (Dong et al. 2010; Feng et al. 2011), NgPriB
and KpPriB may bind DNA differently. The crystal
structure of NgPriB complexed with DNA is highly
needed in helping our understanding of the primo-
some assembly mechanism(s).

In this study, we also found that KpPriB can bind
both ssDNA and dsDNA with comparable affinity
(Tables 1 and 4). According to crystal structures of
some dimeric proteins complexed with dsDNA found
in Protein Data Bank (PDB), as well as results from
mutational analysis (Fig. 7), we speculate that KpPriB
binds dsDNA in two possible ways (Fig. 8). First,
KpPriB may bind to dsDNA via the HU-binding
mode (Swinger et al. 2003; Kamashev et al. 2008).
HU, a dimeric nucleoid-associated protein, mainly
uses the two b sheets to bind the dsDNA (Fig. 8A).
According to the structure of HU-DNA complex,
we manually superimpose the location of dsDNA
with our KpPriB structure and find that this complex
structure seems to match the residues important for
dsDNA binding (Fig. 7 and Table 4). Secondly,
KpPriB may bind dsDNA in a manner similar to bind
ssDNA (Fig. 8B). The structure-based mutational
analysis indicated that residues in KpPriB crucial for
ssDNA binding were also crucial for dsDNA binding
(Tables 3 and 4). As these residues responsible for
ssDNA and dsDNA binding were almost overlapped,
KpPriB may use a similar way to bind to the phos-
phate backbone of ssDNA and dsDNA via several
positively charged residues. This may be a reason for
the comparable binding affinities of KpPriB with
ssDNA and dsDNA. This might also explain why
SSB can bind dsDNA but with far less affinity than
ssDNA (Meyer & Laine 1990): several important resi-
dues in L45 loop of the OB-fold of SSB are aromatic
residues (W40, W54, and F60), not the positively
charged residues like in PriB. Taken together, we
believe that both these two possible ways to bind

dsDNA for KpPriB, namely the HU binding mode
or ssDNA-binding mode of KpPriB, cannot be ruled
out at this time.

The binding site on PriB for ssDNA overlaps the
binding sites for PriA and DnaT, suggesting a dynamic
primosome assembly process in which ssDNA is
handed off from one primosome protein to another as
a repaired replication fork is reactivated (Lopper et al.
2007). However, the complexed structure (Huang
et al. 2006) and the thermodynamic analysis (Szyman-
ski et al. 2010) indicate that the PriB dimer behaves
like a protein with half-site reactivity, where only one
monomer of the dimer can engage in interactions with
the DNA and the partner protein(s) (Szymanski et al.
2010). Thus, it still remains to be explored whether
the binding site on PriB for ssDNA is necessary to
overlap the binding sites for PriA and DnaT.

The activity mediated by the replication primoso-
mal proteins, including PriB, to reinitiate replication

(A) (B)

Figure 8 dsDNA-binding mode of KpPriB. (A) A HU-based

model of the dsDNA-KpPriB complex. The model was

directly constructed by manually superimposing the KpPriB

dimeric form with the crystal structure of the dsDNA-HU

complex (Swinger et al. 2003) (PDB code 1P51). The basic

residues R53, R55, K56, R58, R61, K64, K68, and R75 of

HU located on its potential dsDNA-binding surface are indi-

cated. (B) A ssDNA-KpPriB complex based model for the

dsDNA-KpPriB complex. The model, based on the Model I

in Fig. 5C, was constructed by manually superimposing the

B-form dsDNA with KpPriB dimeric form.
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after DNA damage is essential for bacterial survival.
There are some conflicting reports on the proposed
binding mode of PriB to DNA and its partner pro-
teins (Liu et al. 2004; Cadman et al. 2005; Huang
et al. 2006; Lopper et al. 2007; Dong et al. 2010). It
is not known whether this disparity is because of
inherent differences among the species, use of differ-
ent assay methods, or the effect of different investiga-
tors. This study reports the structural and functional
analysis of KpPriB and discusses why PriB evolved
from SSB to become a new DNA-binding protein
during evolution. The more complex structures of
PriB 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, USA)

unless explicitly stated otherwise. All chemicals were purchased

from Sigma-Aldrich (St. Louis, MO, USA) unless explicitly sta-

ted otherwise. The E. coli strains TOP10F’ (Invitrogen, USA)

and BL21(DE3)pLysS (Novagen, UK) were used for genetic

construction and protein expression, respectively.

RNA purification and cDNA synthesis

Klebsiella pneumoniae subsp. pneumoniae MGH 78578 was

grown to an OD600 of 1.0 at 37 °C in Luria-Bertani medium.

RNA of K. pneumoniae was extracted from 4 mL cell cultures

using RNAprotect Bacteria Reagent and Qiagen RNeasy

Mini Columns (Qiagen), according to the manufacturer’s

instructions. Total RNA was treated with DNaseI and reverse

transcribed using high-capacity cDNA reverse transcription kit

(PE Applied Biosystems) and random primers according to the

manufacturer’s instructions.

Quantitative real-time PCR

Quantitative real-time PCR (Q-PCR) analysis was carried out

using PowerSYBR Green Master Mix on a 7900 Real-Time

PCR system (PE Applied Biosystems) as recommended by the

manufacturer. Briefly, cDNA (25.4 ng) and primers (300 nM)

were used in the amplification reactions: one cycle of 50 °C
for 2 min; one cycle of 95 °C for 10 min; 45 cycles of 95 °C
for 15 s and 60 °C for 20 s; and one cycle of 95 °C for 15 s,

60 °C for 1 min, and 95 °C for 15 s. Primer 1 (5′-CACTGC

CAGTTCGTGCTTGA-3′) and Primer 2 (5′-ACTGTGAGT

AATGGCCTGGTTCTC-3′) were used. Product formation

was monitored by the increase in fluorescence from SYBR

Green intercalation. The threshold cycle (CT) is the first cycle

for which a statistically significance increase in the amount of

product is detected. CT values are inversely proportional to

the cDNA amount in the sample. The expression plasmid

pET21b-KpPriB served as quantitative standard.

Cloning, protein expression, and purification

The gene encoding the putative KpPriB was PCR-amplified

using cDNA from the reverse transcribed RNA as template.

The forward (GAAGGGGCATATGCCCGTTATTATTAG

CGGTCATGAG) and reverse primers (GGGCTCGAGGTC

TCCAGAATCTATCAATTCAAT) were designed to intro-

duce unique NdeI and XhoI restriction sites into KpPriB, thus

allowing the insertion of the amplified genes into the pET21b

vector (Novagen Inc., Madison, WI, USA). The recombinant

KpPriB protein was expressed and purified using the proto-

col used for EcPriB (Liu et al. 2004). Briefly, E. coli cells

were transformed with the expression vector and grown to

OD600 of 0.9 at 37 °C in Luria-Bertani medium containing

250 lg/mL ampicillin. Over-expression of KpPriB construct

was induced 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-HCl, 5 mM imidazole, 0.5 M NaCl; pH

7.9) and disrupted by sonication with ice cooling between

pulses. The KpPriB protein was then purified from the soluble

supernatant by Ni2+-affinity chromatography (HiTrap HP; GE

Healthcare Bio-Sciences, Piscataway, NJ, USA). Protein purity

was greater than 97% as determined by Coomassie-stained

SDS-PAGE.

Preparation of dsDNA substrates

The dsDNA substrate (22 bp) was prepared with a radiola-

beled strand (3′-GGGCTTAAGCTCGAGCCATGGG-5′)
and an unlabeled strand (5′-CCCGAATTCGAGCTCGGTA

CCC-3′) at a 1 : 1 concentration ratio. The dsDNA substrate

was formed in 20 mM HEPES (pH 7.0) and 100 mM NaCl,

by brief heating at 95 °C for 5 min and then followed by

slow cooling to room temperature overnight.

Electrophoretic mobility shift assay

Electrophoretic mobility shift assay for KpPriB was carried out

according to the protocol described for SSB proteins (Huang

et al. 2011; Jan et al. 2011; Huang & Huang 2012). Briefly,

[c32P]ATP (6000 Ci/mmol; PerkinElmer Life Sciences) and

T4 polynucleotide kinase (Promega, Madison, WI, USA) were

used for radiolabeling of various lengths of ssDNA oligonucle-

otides. KpPriB (0, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.5, 25, and

50 lM) was incubated with 1.7 nM DNA, 20 mM Tris-HCl

pH 8.0, and 100 mM NaCl to a total volume of 10 lL for

30 min at 25 °C. Aliquots (5 lL) were removed from each

reaction solution and added to 2 lL of gel-loading solution

(0.25% bromophenol blue and 40% sucrose). The resulting

samples were resolved on a native 8% polyacrylamide gel at
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4 °C in TBE buffer (89 mM Tris borate and 1 mM EDTA) for

1 h at 100 V and visualized by autoradiography. Complexed

and free DNA bands were scanned and quantified. For

dsDNA, KpPriB (0, 0.4, 0.8, 1.6, 3.2, 6.4, 12.5, 25, and

50 lM) was used, and a radiolabeled ssDNA is shown in left

lane as a control.

Other DNA substrates and conditions were also tried for

comparison (Berg & Lopper 2011). KpPriB (0, 0.8, 1.6, 3.2,

6.4, 12.5, 25, and 50 lM) was incubated with 1 nM DNA

(15-mer: 5′-TAGCAATGTAATCGT-3′; 30-mer: 5′-GCG

TGGGTAATTGTGCTTCAATGGACTGAC-3′; 45-mer:

5′-GCCGTGATCACCAATGCAGATTGACGAACCTTTG

CTCCAGTAACC-3′), 20 mM Tris–HCl pH 8.0, 50 mM

NaCl, 4% glycerol, 1 mM MgCl2, 1 mM b-mercaptoethanol,

0.1 mg/mL bovine serum albumin to a total volume of 10 lL

for 30 min at 25 °C, and then assayed using the protocol

described earlier.

Site-directed mutagenesis

KpPriB mutants were generated according to the QuikChange

Site-Directed Mutagenesis kit protocol (Stratagene, LaJolla,

CA, USA) using the primers and wild-type plasmid pET21b-

KpPriB as template. The presence of the mutation was verified

by DNA sequencing.

DNA-binding ability

The DNA-binding ability ([Protein]50) for the protein was

estimated from the protein concentration that binds 50% of

the input DNA. Each [Protein]50 is calculated as the average

of at least three measurements ± SD.

Crystallography

Before crystallization, KpPriB was concentrated to 10 mg/mL

in 20 mM sodium citrate and 100 mM NaCl (pH 5). Crystals

were grown at room temperature by hanging drop vapor

diffusion in 50% ethanol and 10 mM sodium acetate. Data

collection and refinement statistics for the crystal of KpPriB

are shown in Table 2. Data were collected using an ADSC

Quantum-315r CCD area detector at SPXF beamline

BL13C1 at NSRRC (Taiwan, ROC). All data integration

and scaling were carried out using HKL-2000 (Otwinowski

& Minor 1997). There was only one KpPriB molecule per

asymmetric unit. The crystal structure of KpPriB was solved

at 2.1 Å resolution with the molecular replacement software

AMoRe (Navaza 1994) using EcPriB (Liu et al. 2004) as

model (1V1Q). After molecular replacement, model building

was carried out using XtalView (McRee 1999). CNS was

used for molecular dynamic refinement (Brünger et al. 1998).

The final structure was refined to an R-factor of 0.205 and

an Rfree of 0.274. Atomic coordinates and related structure

factors have been deposited in the PDB with accession code

4APV.
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DnaB helicases are motor proteins essential for DNA replication, repair, and recombination and may be a promising target for
developing new drugs for antibiotic-resistant bacteria. Previously, we established that flavonols significantly decreased the binding
ability of Klebsiella pneumoniae DnaB helicase (KpDnaB) to dNTP. Here, we further investigated the effect of flavonols on the
inhibition of the ssDNA binding, ATPase activity, and dsDNA-unwinding activity of KpDnaB. The ssDNA-stimulated ATPase
activity of KpDnaB was decreased to 59%, 75%, 65%, and 57%, in the presence of myricetin, quercetin, kaempferol, and galangin,
respectively. The ssDNA-binding activity of KpDnaB was only slightly decreased by flavonols. We used a continuous fluorescence
assay, based on fluorescence resonance energy transfer (FRET), for real-time monitoring of KpDnaB helicase activity in the absence
and presence of flavonols. Using this assay, the flavonol-mediated inhibition of the dsDNA-unwinding activity of KpDnaB was
observed. Modeled structures of bound and unbound DNA showed flavonols binding to KpDnaB with distinct poses. In addition,
these structural models indicated that L214 is a key residue in binding any flavonol. On the basis of these results, we proposed
mechanisms for flavonol inhibition of DNA helicase. The resulting information may be useful in designing compounds that target
K. pneumoniae and other bacterial DnaB helicases.

1. Introduction

DNA helicases are motor proteins that play essential roles
in DNA replication, repair, and recombination [1, 2]. In
the replicative hexameric helicase, the fundamental reaction
is the unwinding of double-stranded DNA (dsDNA) into
single-stranded DNA (ssDNA) intermediates to provide
ssDNA templates for DNA polymerases at the replication
fork [3]. The most widely studied replicative helicase is
Escherichia coli DnaB helicase (EcDnaB) [4]. EcDnaB par-
ticipates in the initiation of DNA replication once the oriC
region of E. coli is bound by the DnaA initiator protein [5, 6].
It continues to act during the priming and elongation phases
of DNA replication, and it catalyzes ATP hydrolysis and

migrates on the DNA template with a strict 5′-3′ direction
[5]. ATP hydrolysis may drive the movement of the helicase
toward the 3′ end of the lagging strand [7].

Currently, infections occur that are resistant to all
antibacterial options [8]. Few therapies are effective against
the six antibiotic-resistant ESKAPE pathogens (Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acine-
tobacter baumannii, Pseudomonas aeruginosa, and Enterobac-
ter species) [9, 10]. K. pneumoniae (Kp) is a ubiquitous
opportunistic pathogen that causes severe diseases such as
septicemia, pneumonia, urinary tract infections, and soft
tissue infections [11]. Since DnaB helicase is required for
DNA replication, blocking the activity of DnaB helicase
would be detrimental to bacterial survival [12]. In addition,



2 Journal of Biomedicine and Biotechnology

HO O

O

OH

OH

R1

R1

R2

R2

R3

R3

Galangin

Kaempferol

Quercetin

Myricetin

H

A C

B

H

H

H

H

H OH

OHOH

OH OH OH

Figure 1: Molecular structure of myricetin (Myr), quercetin (Que),
kaempferol (Kae), and galangin (Gal).

because the structure and function between eukaryotic and
prokaryotic DnaB-like helicases are different [5, 12], the K.
pneumoniae DnaB helicase (KpDnaB) and other bacterial
DnaB-like proteins may be a promising target in developing
antibiotics.

Previously, we determined the three-dimensional struc-
tures of the Geobacillus kaustophilus DnaB-family protein
(GkDnaB) and its complex with ssDNA [7]. Although the
overall structure of the apo and the complex forms of
GkDnaB is similar, the largest difference is found in their
loop I region, which undergoes a strong conformational
change during the helicase’s action [7]. These structural and
functional analyses are useful in helping our understanding
of the mechanism of DNA translocation in replication forks,
and the resulting information may be useful in designing
compounds that target bacterial DnaB helicases. Recently,
we established that the 4 flavonols (Figure 1) myricetin
(Myr), quercetin (Que), kaempferol (Kae), and galangin
(Gal) can interact with KpDnaB and prevent dNTP binding
[13]. Flavonoids are the most common group of plant
polyphenols, and are responsible for much of the flavor
and color of fruits and vegetables [14]. Over 5000 different
flavonoids have been described; many of these compounds
display structure-dependent biological and pharmacological
activities [15]. The 6 major subclasses of flavonoids are
flavonols, flavones, flavanones, flavanols, anthocyanidins,
and isoflavones [14]. Flavonols, composed of 2 aromatic
rings linked by a heterocyclic pyran-4-one ring, are known
to have antioxidant [16], antiradical [17], and antibacterial
activities [18]. In the present study, we further investigated
the effect of flavonols on the inhibition of the ssDNA
binding, ATPase activity, and dsDNA-unwinding activity of
KpDnaB. A new assay that enables the real-time measure-
ment of DNA helicase activity was also developed. This
assay may be useful for screening helicase inhibitors at high
throughput.

Figure 2: Coomassie Blue-stained SDS-PAGE (12%) of the purified
KpDnaB and molecular mass standards. The sizes of the standard
proteins, from the top down, are as follows: 170, 130, 100, 70, 55,
40, 35, 25, and 15 kDa.

2. Materials and Method

2.1. Materials. All restriction enzymes and DNA-modifying
enzymes were purchased from New England Biolabs
(Ipswich, MA, USA) unless explicitly stated otherwise.
All custom oligonucleotide primers were obtained from
Invitrogen Corporation (Carlsbad, CA, USA). All chemicals
were purchased from Sigma-Aldrich (St. Louis, MO, USA)
unless explicitly stated otherwise.

2.2. Protein Expression and Purification. The encoding region
of KpDnaB was put on pET21e expression vector and
expressed with a hexahistidine tag at the C-terminus of
the recombinant protein. The pET21e vector [19] was
engineered from the pET21b vector (Novagen Inc., Madison,
WI, USA), to avoid having the N-terminal T7 tag fused with
the gene product. Details of the construction of pET21e-
KpDnaB expression vector and protein purification have
been described previously [13]. The purified protein was
dialyzed against Buffer B (20 mM HEPES, 100 mM NaCl; pH
7.0), and concentrated to 5 mg/mL. Protein purity remained
greater than 95% as determined by Coomassie-stained SDS-
PAGE (Figure 2).

2.3. Gel Shifts. EMSA for KpDnaB was carried out using
the same protocol as described previously for SSB pro-
teins [20–22], with a minor modification. ssDNA oligonu-
cleotides were custom synthesized by MdBio, Inc., Frederick,
MD, USA. Radiolabeling was carried out with [γ32P]ATP
(6000 Ci/mmol; PerkinElmer Life Sciences) and T4 polynu-
cleotide kinase (Promega, Madison, WI, USA). KpDnaB (0,
90, 170, 340, 680, 1360, 2730, and 5450 nM) was incubated
for 30 min at 25◦C with 1.7 nM ssDNA substrate (dT30)
and 16.7 μM flavonol in a total volume of 10 μL in 20 mM
HEPES (pH 7.0) and 100 mM NaCl. Aliquots (5 μL) were



Journal of Biomedicine and Biotechnology 3

removed from each reaction solution and added to 2 μL
of gel-loading solution (0.25% bromophenol blue and 40%
sucrose, w/v). The resulting samples were resolved on a
native 8% polyacrylamide gel (8.3 × 7.3 cm) at 4◦C in TBE
buffer (89 mM Tris borate and 1 mM EDTA) for 1 h at 100 V
and visualized by phosphorimaging. The phosphor storage
plate was scanned, and the data for complexed and free DNA
bands were digitized for quantitative analysis. The ssDNA
binding ability (Kd,app value) for the protein was estimated
from the protein concentration that binds 50% of the input
DNA [23–25]. Each Kd value is calculated as the average of at
least three measurements ± S.D.

2.4. FRET-Based dsDNA Unwinding Activity Assay. To
monitor the 5′-3′ DNA helicase activity of KpDnaB in
real-time, we developed an assay on the basis of fluorescence
resonance energy transfer (FRET) method. The dsDNA
substrate was prepared with the fluorescent strand, 5′-
TAGTACCGCCACCCTCAGAACC-3′ with Alexa Fluor 488
(maximum excitation/emission = 495/519 nm) coupled to
the 5′-end, and the complementary quencher strand, 3′-
ATCATGGCGGTGGGAGTCTTGGTTTTTTTTTTTTTT-5′

with BHQ1 coupled to the 3′-end, at a 1 : 1.2 concentration
ratio. The dsDNA substrate was formed in 20 mM HEPES
(pH 7.0) and 100 mM NaCl, by brief heating at 95◦C
for 5 min and then followed by slow cooling to room
temperature overnight. The fluorescence helicase assay was
performed in 20 mM HEPES (pH 7.0), 100 mM NaCl, 3 mM
MgCl2, 50 nM dsDNA substrate, and 5 mM ATP in 2.0 mL
of reaction volume. The unwinding reaction was started
by adding KpDnaB (200 nM) and was carried out at 37◦C
for 60 min using a spectrofluorimeter (Hitachi F-2700;
Hitachi High-Technologies, Tokyo, Japan). The fluorescence
intensity was recorded every 5 s. The DNA helicase activity
was calculated as the initial reaction velocity from the linear
part of the progress curve using the linear regression method.

2.5. ATPase Activity Assay. The protocol for measuring
the ATPase activity of purified KpDnaB is based on the
colorimetric determination of inorganic phosphate (Pi)
released by the hydrolysis of ATP [26]. The ATPase activity
assay for KpDnaB (20–50 ng) was performed in 20 mM
HEPES (pH 7.0), 100 pmol of φX-ssDNA, 10 μM flavonol,
100 mM NaCl, 3 mM MgCl2, and 5 mM ATP in 100 μL of
reaction volume. Liberated Pi was detected using ammonium
molybdate and malachite green solutions, and absorbance
was measured at 610 nm using a UV/vis spectrophotometer
(Thermo Scientific Helios Omega; Thermo Fisher Scientific
Inc., Waltham, MA, USA). The ATPase activity of KpDnaB
was calibrated with sodium phosphate (NaH2PO4) of known
concentrations.

2.6. Bioinformatics. The amino acid sequences of KpDnaB,
EcDnaB, GsDnaB, and GkDnaB were aligned using
CLUSTALW2 [27]. The model of KpDnaB was built
from the coordinates of 2R6D (crystal structure of GsDnaB),
2VYF (crystal structure of GkDnaB), and 2VYE (crystal
structure of GkDnaB in complex with ssDNA) by using
SWISS-MODEL, http://swissmodel.expasy.org/ [28]. The

coordinate and topology file of the flavonols, Myr, Que, Kae,
and Gal, was found in DrugBank, http://www.drugbank.ca/
[29]. The flavonol was individually computationally docked
into the three-dimensional models of KpDnaB by using
PatchDock, http://bioinfo3d.cs.tau.ac.il/PatchDock/ [30].
The structures were visualized by using the program
PyMol.

3. Results

3.1. Sequence Analysis. The gene KPN04439, encoding K.
pneumoniae DnaB helicase, was initially found using a
database search through the National Center for Biotechnol-
ogy Information (NCBI). Based on the known nucleotide
sequence, the predicted KpDnaB monomer protein has a
length of 471 amino acid residues and a molecular mass of
52.5 kDa, with a pI of 4.93. Analysis of the primary structure
of KpDnaB revealed the presence of the putative Walker
A motif (aa 232–238), Walker B motif (aa 340–343), ATP
binding sites (aa 237–238, 343, 384, 420, 442, and 453),
and DNA binding sites (348, 349, 356–358, 383–391, 419-
420, and 432-433); these are common in all known DnaB
helicases. Figure 3 shows an alignment of the amino acid
sequences of K. pneumoniae [13], E. coli [31], Geobacillus
stearothermophilus [32], and Geobacillus kaustophilus DnaB
helicases [7]; their ATP (boxed) and DNA binding sites
(shaded in gray) are highly conserved.

3.2. ssDNA-Dependent ATPase Activity of KpDnaB. The
ATPase activity of purified KpDnaB is based on the vanadate-
sensitive colorimetric determination of inorganic phosphate
released by the hydrolysis of ATP [26]. Figure 4(a) shows a
standard linear regression curve generated by plotting the
optical density (OD) at 610 nm against the concentrations
of sodium phosphate (NaH2PO4). After some preliminary
experiments to establish a suitable range of concentrations
for the reagents (including KpDnaB) used for the assay,
3 mM MgCl2, 5 mM ATP, 10 μM flavonol, and 20–50 ng of
KpDnaB were chosen for analysis of inhibition of KpDnaB
ATPase activity by the flavonol. In the absence of the
flavonol and φX-ssDNA, the specific activity of KpDnaB
was 0.42 ± 0.09 μmol·min−1·mg−1. In the presence of φX-
ssDNA, the specific activity of KpDnaB was increased
to 5.5 ± 0.6 μmol·min−1·mg−1. These data are similar to
reported values for EcDnaB; the activity of EcDnaB is 3.3 ×
105 (without M13 ssDNA) and 6.4 × 106 pmol·min−1·mg−1

(with M13 ssDNA), respectively, [33]. Thus, the ATPase
activity of KpDnaB was stimulated by ssDNA, a property
common to all DnaB helicases.

3.3. ATPase Activity of KpDnaB Is Inhibited by Flavonols.
Previously, we showed that the binding of KpDnaB to dNTP
is inhibited by the flavonols Myr, Kae, Gal, and Que [13].
Here, as shown in Figure 4(b), the ATP hydrolysis activity of
KpDnaB was also inhibited by the flavonols. In the presence
of Myr, Que, Kae, or Gal, the specific activity of KpDnaB was
decreased to 59%, 75%, 65%, and 57%, respectively, meaning
that Gal exhibited the strongest inhibitory effect on the ATP
hydrolysis of KpDnaB in the presence of φX-ssDNA.



4 Journal of Biomedicine and Biotechnology

60

60

43

43

120

120

103

103

180

180

160

160

240

240

219

219

300

300

279

279

359

359

337

337

419

419

397

397

471

471

454

454

KpDnaB

EcDnaB

GsDnaB

GkDnaB

KpDnaB

EcDnaB

GsDnaB

GkDnaB

KpDnaB

EcDnaB

GsDnaB

GkDnaB

KpDnaB

EcDnaB

GsDnaB

GkDnaB

KpDnaB

EcDnaB

GsDnaB

GkDnaB

KpDnaB

EcDnaB

GsDnaB

GkDnaB

KpDnaB

EcDnaB

GsDnaB

GkDnaB

KpDnaB

EcDnaB

GsDnaB

GkDnaB

Figure 3: Multiple amino acids sequence alignment of DnaB helicases. Alignment was carried out using CLUSTALW2. Amino acid residues
displaying 100% homology are highlighted in red, and those displaying similarity are highlighted in blue. The amino acids that are involved
in ATP binding are boxed. The amino acids that are involved in ssDNA binding are shaded in gray. For clarity, only 4 bacterial stains are
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3.4. Inhibitory Effects of Flavonols on ssDNA Binding of
KpDnaB. To investigate whether the ssDNA-binding ability
of KpDnaB is inhibited by the flavonol, we used EMSA to
study the binding of KpDnaB to dT30 (Figure 5) when mixed
with Myr, Que, Kae, or Gal. In the absence of any flavonol,
KpDnaB formed a stable complex with dT30, as shown by
electrophoresis (Figure 5(a)). In the presence of 16.7 μM Gal
(Figure 5(b)), Kae (Figure 5(c)), Que (Figure 5(d)), or Myr
(Figure 5(e)), KpDnaB still bound to dT30, but the binding
activity was slightly decreased. The apparent dissociation

constant (Kd,app) values of KpDnaB bound to dT30 in the
absence of any flavonol or presence of Myr, Que, Kae, or Gal,
as determined from the titration curves, were 0.97 ± 0.07,
1.11 ± 0.05, 1.03 ± 0.07, 1.10 ± 0.05, and 1.03 ± 0.06 μM,
respectively. It should be noted that the observed inhibition
was dependent on protein concentration (Figure 5(f)); the
disruption of formation of the KpDnaB-dT30 complex did
disappear when its concentration was increased to 2.72 μM,
a value that the [flavonol]/[KpDnaB monomer] ratio is ∼6.1
(16.7/2.73 = 6.14).
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Table 1: Docking results of KpDnaB with Myr and Que from
PatchDock.

Solution number
Score

Myr Que

1 4142 4170

2 3938 4096

3 3802 3994

4 3796 3962

5 3752 3766

6 3722 3694

3.5. Real-Time Monitoring of KpDnaB Helicase Activity Based
on FRET. To investigate whether the helicase activity of
KpDnaB is also inhibited by flavonols, the fluorescence
helicase assay was carried out in the absence or presence
of Myr or Gal. This assay, modified from that for HCV
NS3 3′-5′ RNA helicase [34], was found to be useful for
KpDnaB. The dsDNA substrate was prepared by annealing
2 oligonucleotides, a 5′ fluorophore-labeled (Alexa Fluor
488) 22-nucleotide donor and a 3′ quencher-labeled (BHQ1)
36-nucleotide quencher (Figure 6(a)). When the dsDNA
substrate is unwound by the helicase, the fluorophore (F)
emits upon its release from the quencher (Q). The fluo-
rescence quenching efficiency (signal-to-background ratio)
for this substrate was >90%, suggesting high sensitivity for
monitoring helicase activity, similar to that for HCV NS3
RNA helicase [34].

Because of its high inhibitory effects on the ATPase
activity of KpDnaB (Figure 4(b)), Myr and Gal were selected
for this assay. When KpDnaB was added, fluorescence was
continuously emitted, whereas no increase in fluorescence
occurred in the absence of KpDnaB (as the negative control).
These results indicate that the observed fluorescence
emission arose from the unwinding of the dsDNA substrate
by purified KpDnaB (Figure 6(b)). When assaying the
helicase activity of KpDnaB in the presence of Myr or Gal, a
linear increase in fluorescence emission was also observed. In
addition, the initial velocity for KpDnaB helicase activity was
nearly identical with or without flavonol (∼1× 10−3 fluores-
cence intensity/s). In contrast, unlike fluorescence emission
of KpDnaB that continued to increase, the fluorescence
emission of KpDnaB assayed in the presence of the flavonol
Myr or Gal soon reached its maximal point. The magnitude
of fluorescence activity for KpDnaB was in the following
order: no flavonol added > Myr present > Gal present.

3.6. Homology Modeling. The most thoroughly studied
replicative DnaB helicase from bacteria is that of E. coli.
Although KpDnaB shows a high degree of sequence identity
with EcDnaB, its crystal structure is not yet reported.
To deeply understand the structure-function relationship
of the flavonol-KpDnaB-ssDNA complex(es), we decided
to model its three-dimensional structure by homology
modeling. The model of KpDnaB was built from the
coordinates of 2R6D (crystal structure of GsDnaB), 2VYF
(crystal structure of GkDnaB) and 2VYE (crystal structure of

GkDnaB in complex with ssDNA) by using SWISS-MODEL,
http://swissmodel.expasy.org/ [28]. KpDnaB and GkDnaB
share 47% identity and 69%, similarity, and KpDnaB and
GsDnaB share 46% identity and 69% similarity, respectively,
in the amino acid sequences level. The three-dimensional
model of the hexameric KpDnaBs all forms a ring structure
(Figure 7(a)), of which the loop I position in GkDnaB-
ssDNA complex based model was different. We propose
that, as in the GkDnaB complexes [7], loop I of KpDnaB
undergoes a conformational change, and thereby playing
an important role in stabilizing DNA binding. It should be
noted that the NTP-binding site, Walker A and B motifs, is
adjacent to the DNA interaction site loop I (Figure 7(b)).

3.7. Docking Study Using PatchDock. The flavonol, found
in DrugBank, was individually computationally docked into
the three-dimensional models of KpDnaB by using Patch-
Dock, http://bioinfo3d.cs.tau.ac.il/PatchDock/ [30]. After
uploading the coordinate and topology file of the flavonol
and KpDnaB, the docking was automatically performed.
The docking results for KpDnaB (GkDnaB based model)
interacting with Myr or Que are shown in Figure 8 and
Table 1. Myr (Figure 8(a)) and Que (Figure 8(b)) were
found to be docked in the ATP-binding pocket of KpDnaB;
however, there were also a few binding poses docked outside
the pocket (Figure 8(b)). Despite a similar structure, these
flavonols were found to be docked with distinct binding
poses in the ATP-binding pocket of both DNA-unbound and
DNA-bound models of KpDnaB. For example, the binding
pose of KpDnaB to Myr is different from that of Que
(Figure 9(a)). Que, the compound with 2 hydroxyl groups
on the B ring, interacts with L214 and N215, whereas Myr
(3 hydroxyl groups) interacts with L214, N247, and F460. In
addition, the same compound is also found to be docked in
different positions of the ATP-binding pocket of both DNA-
unbound and DNA-bound models of KpDnaB. For instance,
Myr interacts with L214, N247, and F460 in the DNA-
unbound model, and interacts with L214 and N462 in the
DNA-bound model of KpDnaB, respectively (Figure 9(b)).
Generally, L214 is a key residue in all DNA-unbound and
DNA-bound modeled structures regardless of which flavonol
was used.

4. Discussion

The development of clinically useful small molecule antibi-
otics has been a seminal event in the world of infectious
diseases [35]. DNA replication is one of the most basic
biological functions and should be a prime target in
antibiotic development. For example, some novel inhibitors
were discovered to target topoisomerase [36, 37], DNA
gyrase [38], RNA polymerase [39], helicase-primase [40],
and retroviral reverse transcriptase [41, 42]. Since DNA
helicases are important components of the cellular repli-
cation machinery in all organisms, inhibition of helicase
activity would be detrimental to bacterial survival as well.
Previously, we have shown that some flavonoid compounds
can directly bind to KpDnaB and inhibit its binding ability
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Figure 6: Real-time monitoring of KpDnaB helicase activity. (a) Schematic representation of fluorescence helicase assay based on FRET. The
dsDNA substrate was prepared by annealing 2 oligonucleotides, a 5′ fluorophore-labeled (Alexa Fluor 488) 22-nucleotide donor, and a 3′

quencher-labeled (BHQ1) 36-nucleotide quencher. When the dsDNA substrate is unwound by the helicase, the fluorophore (F) emits upon
its release from the quencher (Q). (b) Inhibitory effects of flavonols on KpDnaB helicase activity. Myr and Gal were selected for this assay.

to nucleotides, thus interfering with the growth of K.
pneumoniae [13]. Flavonoids [14] are the most common
group of plant polyphenols with antioxidant [16], antiradical
[17], and antibacterial activities [18]. It is now clear that
some flavonoids are ATP-inhibiting agents as competitors
for ATP-binding proteins. For example, several flavonoid

derivatives have been developed as therapeutic agents for
cancer [43]. In this study, we used several assays to analyze
the effects of 4 flavonols, namely, Myr, Que, Kae, and Gal—
which contain different numbers of hydroxyl substituents on
the aromatic rings—on the ssDNA binding, ATP hydrolysis,
and dsDNA unwinding abilities of KpDnaB. For the first
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time, our results demonstrated that these flavonols were
capable of inhibiting the unwinding activity of the helicase.

DnaB helicase is an ssDNA-dependent ATPase. Previ-
ously, we showed that the binding of KpDnaB to dNTP is
inhibited by the flavonols Myr, Kae, Gal, and Que. This
study further investigated the flavonol-mediated inhibition
of KpDnaB binding to dNTP, which may have led to the
associated decrease in ATPase activity in the presence of
ssDNA (Figure 4). The ATP-hydrolyzing activity of KpDnaB
was inhibited by flavonols in the following order of decreas-
ing efficiency: Gal > Myr > Kae > Que. Although it is well
established that flavonoids have several hydroxyl groups, and
thus have marked potentials to bind any protein, the strength
of inhibition of KpDnaB ATP-hydrolyzing activity did not
correlate with the number of hydroxyl substituents on the
flavonol aromatic rings. In addition, the structural model of
KpDnaB shows that these flavonols bind to KpDnaB with
distinct binding poses in the ATP-binding pocket (Figure 9).
This situation is also found in several ATP-binding proteins
that bind to different flavonoids. Crystal structures of PIM1
kinase in complex with quercetagetin and Myr reveal 2
distinct binding poses in the ATP-binding pocket, namely,
orientations I and II [44]. Myr, adopting orientation II, has
flipped 180◦ in PIM1 kinase, in contrast to quercetagetin

(orientation I), such that the B ring is oriented toward the
entrance of the ATP pocket. These orientations in PIM1
are also found to closely resemble those of Que and Myr
in phosphatidylinositol 3-kinase [45]. Although the ATP-
binding pocket in these proteins, including KpDnaB, is
different, cases of PIM1 and phosphatidylinositol 3-kinase
with different binding poses, are very similar to that of
KpDnaB. Despite a very similar structure, flavonols may bind
to KpDnaB by using different mechanisms, as shown in the
structural models (Figures 8 and 9). This may explain why
the strength of inhibition in KpDnaB ATPase activity was not
correlated with the number of hydroxyl substituents on the
flavonol aromatic rings.

Other studies showed that Myr noncompetitively inhibits
E. coli DnaB helicase with an IC50 of approximately 10
μM [46]; however, we have recently discovered that Gal,
Kae, Que, and Myr can inhibit dNTP binding to KpDnaB,
indicating a specific inhibitory process. Furthermore, these
flavonols can be docked into the KpDnaB ATP-binding
pocket. It is not known whether this disparity is due
to the inherent differences among the species, or an
alternative (allosteric) binding site(s) in DnaB helicase.
However, the docking results also show that a few binding
poses of the flavonol outside the ATP-binding pocket



Journal of Biomedicine and Biotechnology 9

Solution 1 Solution 2 Solution 3

Solution 4 Solution 5 Solution 6

(a)

Solution 1 Solution 2 Solution 3

Solution 4 Solution 5 Solution 6

(b)

Figure 8: Representation of the docking models from PatchDock. The six docking models with the highest score for KpDnaB (GkDnaB-
based model) interacting with (a) Myr and (b) Que are shown. The Walker A motif (aa 232–238), a nucleotide binding site, is colored in
red.
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L214
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Figure 9: (a) The binding pose of KpDnaB to Myr is different from that of Que. Que interacts with L214 and N215, whereas Myr interacts
with L214, N247, and F460. (b) Myr was docked in different positions of the ATP-binding pocket of both DNA-unbound and DNA-bound
models of KpDnaB. Myr interacts with L214, N247, and F460 in the DNA-unbound model, and interacts with L214 and N462 in the DNA-
bound model of KpDnaB, respectively.
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(Figure 8), suggesting that there may be more than one
site for flavonol binding in the DnaB helicase. This may
explain why Myr non-competitively inhibits EcDnaB. In
addition, we also showed flavonol-mediated inhibition of
KpDnaB-ssDNA complex formation, which depended on
the [flavonol]/[KpDnaB monomer] ratio; at a ∼6 fold ratio,
the inhibitory effect did disappear (Figure 5). Since these
flavonols inhibited not only the ATPase activity of KpDnaB
but also the ssDNA-binding ability, we believe that there
may be more than one site in KpDnaB for flavonol binding.
However, this speculation must be confirmed by further
biochemical experiments.

In this study, we describe a new in vitro fluorescence
assay for measuring 5′-3′ DNA helicase activity by using
dsDNA substrate (Figure 6). Alexa Fluor 488 and BHQ1
were selected as the fluorophore-quencher pair. This assay
enables the real-time, high-throughput measurement of
DNA helicase activity, and does not require time-consuming
procedures like the conventional gel-based assays. For exam-
ple, on the basis of this assay, we observed that the initial
velocity of KpDnaB for the unwinding activity assayed in the
absence of the flavonol, or with Myr or Gal were very similar;
however, their maximal activities were different. While
fluorescence was continuously emitted without the addition
of flavonol to the KpDnaB solution, the fluorescence increase
stopped at ∼300 s and ∼600 s for Myr and Gal, respectively
(Figure 6(b)). This real-time unwinding kinetics of the DNA
helicase cannot be easily observed by the conventional gel-
based assays. Our laboratory is currently screening DNA
helicase inhibitors using this high-throughput method.

All DNA-unbound and DNA-bound modeled structures
showed flavonols binding to KpDnaB with distinct poses.
However, these models all displayed a key residue involved
in the flavonol binding, namely, L214. The L214 residue in
DnaB helicases is highly conserved (Figure 3), but its role
has not yet been determined. On the basis of these results,
we propose that these flavonols may inhibit KpDnaB in 2
possible ways. First, since DnaB helicase binding to dNTP
causes a large conformational change [31, 47, 48] to become
a translocase [7], these flavonols may partially occupy
the ATP-binding pocket of the DnaB helicase and inhibit
conformational change, thereby causing varying degrees
of inhibition. This is a possible inhibition mechanism
because the L214 residue of KpDnaB is not involved in ATP
binding (Figure 3), but most structural models indicate its
importance in binding flavonols (Figure 9). Second, more
than one flavonol binds to KpDnaB; 1 is at the active site,
and the other(s) is at an unknown site. The overall inhibition
possibly results from the interactions between the flavonols
and the enzyme. This may be a reason why flavonols not only
bind at the ATP pocket of the DNA helicase, but can also
non-competitively inhibit the ATPase activity of the DNA
helicase [46]. Our crystal structure of GkDnaB in complex
with ssDNA previously suggested that ATP hydrolysis may
drive the movement of the helicase toward the 3′ end of the
lagging strand [7]. In addition, the dNTP-binding site of the
helicase at loop I, part of the Walker B motif, is adjacent to
the DNA interaction site. In conclusion, the flavonol likely
inhibits the DNA helicase (translocase) activity by affecting

the ATP binding of KpDnaB, to ultimately shut down and
lock the enzyme in the ATP-unbound state.
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Single-stranded DNA-binding protein (SSB) plays an important role in DNA metabolism, such

as in processes like DNA replication, repair and recombination, and is essential for cell sur-

vival. Here, we characterized the ssDNA-binding properties of Klebsiella pneumoniae SSB

(KpSSB) by using fluorescence-quenching measurements, electrophoretic mobility shift

analysis (EMSA) and site-directed mutagenesis. Analysis of purified KpSSB by gel-filtration

chromatography showed a stable tetramer in solution. In fluorescence titrations, KpSSB bound

to 25–40 nucleotides (nt) per tetramer depending on the salt concentration. Using EMSA, we

characterized the stoichiometry of KpSSB complexed with a series of ssDNA homopolymers,

and the size of the binding site was determined to be 26 ± 1 nt. Mutation at either Arg73 or

Ser76 of KpSSB caused a less cooperative complex on DNA. Arg73 forms an intermolecular

hydrogen bond with Ser76, and this appears to be a likely driving force that directs the self-

assembly of SSB on DNA.

Introduction

Single-stranded DNA-binding protein (SSB) plays an
important role in DNA replication, repair and recom-
bination (Shereda et al. 2008; Roy et al. 2009; Reyes-
Lamothe et al. 2010). During these reactions, SSB
binds to and protects susceptible single-stranded DNA
(ssDNA) from nucleolytic digestion and also prevents
secondary structure formation. Most bacterial and
human mitochondrial SSBs (Yang et al. 1997) are
active as homotetramers where 4 oligonucleotide-
⁄ oligosaccharide-binding folds (OB-folds) form a
DNA-binding domain (Murzin 1993; Raghunathan
et al. 2000; Chan et al. 2009). However, SSB from
the bacterial phylum Deinococcus-Thermus functions as
a homodimer in which each monomer contains
2 OB-folds linked by a conserved spacer sequence
(Dabrowski et al. 2002; Witte et al. 2005; Fedorov
et al. 2006). SSB from Sulfolobus solfataricus is a mono-
mer that includes 1 OB-fold, which differentiates it

from the bacterial form, and is likely a more ancestral
‘simple’ SSB (Haseltine & Kowalczykowski 2002;
Kerr et al. 2003). A recent study showed that the
DdrB protein from Deinococcus radiodurans is an alter-
native SSB and functions as a pentamer (Sugiman-
Marangos & Junop 2010).

Bacterial SSBs consist of two domains, namely, an
N-terminal ssDNA-binding ⁄ oligomerization domain
and a flexible C-terminal protein–protein interaction
domain (Shereda et al. 2008). The N-terminal domain
is separated from the highly conserved acidic tail of
the last 10 C-terminal amino acids of SSB by a long
proline- (Olszewski et al. 2010) or glycine-rich hinge
(Lohman & Ferrari 1994). The C-terminal domain of
SSB interacts with other auxiliary proteins that are
essential for cell survival (Curth et al. 1996). The
binding of SSB to ssDNA makes the glycine-rich
region more easily accessible to other proteins such as
proteases and DNA polymerase III (Curth et al. 1996;
Witte et al. 2003).

The most thoroughly studied SSB is that of Escheri-
chia coli (EcSSB), which binds cooperatively to ssDNA
(Lohman & Ferrari 1994). The estimated size of the
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binding sites of SSBs is dependent on the salt concen-
tration in fluorescence titrations with poly(dT). EcSSB
mainly binds to 35- and 65-nucleotide (nt)-long
ssDNA, using the (SSB)35- and (SSB)65-binding
modes, respectively. In the (SSB)35-binding mode,
two subunits of the EcSSB tetramer interact with
ssDNA, whereas in the (SSB)65-binding mode, all
four subunits participate in ssDNA binding. These
different binding modes of SSB may be required dur-
ing different stages of DNA metabolism (Roy et al.
2007, 2009).

In this study, we examined the electrophoretic
mobility shift patterns of Klebsiella pneumoniae SSB
(KpSSB) bound to ssDNA of different lengths. Fur-
thermore, we also studied the binding properties of
KpSSB between low- and high-salt conditions using
fluorescence-quenching measurements. Site-directed
mutagenesis of the putative self-assembly site of
KpSSB was also carried out. On the basis of these
biophysical analyses, the ssDNA-binding mode of
KpSSB proteins is discussed.

Results

Sequence analysis

The gene KPN04446, encoding K. pneumoniae SSB,
was initially found using a database search through the
National Center for Biotechnology Information

(NCBI). On the basis of the known nucleotide
sequence, the predicted KpSSB monomer protein has a
length of 174 amino acid residues and a molecular mass
of 19 kDa. Analysis of the primary structure of KpSSB
by RPS-BLAST (Madden et al. 1996) showed the
presence of a putative OB-fold domain that is common
in all known SSBs. Figure 1 shows an alignment of the
amino acid sequences of K. pneumoniae, Salmonella
enterica Serovar Typhimurium LT2 (Huang et al.
2011), Pseudomonas aeruginosa (Jan et al. 2011),
Helicobacter pylori (Chan et al. 2009), E. coli (Savvides
et al. 2004), Mycobacterium tuberculosis (Saikrishnan et al.
2003) and Mycobacterium smegmatis (Saikrishnan et al.
2005) SSBs. In the EcSSB–ssDNA complex (Raghuna-
than et al. 2000), four essential aromatic residues,
Trp40, Trp54, Phe60 and Trp88, participate in ssDNA
binding via stacking interactions. These residues are
conserved in most SSB families as Phe ⁄ Tyr ⁄ Trp, and
the corresponding residues in KpSSB are Trp41,
Trp55, Phe61 and Trp89. The important motif in the
C-terminal tail of EcSSB, DDDIPF residues, is also
conserved in KpSSB. In contrast to those motifs, two
glycine residues found in the glycine-rich hinge of
EcSSB (Gly125 and Gly128) are not found in KpSSB.

Oligomerization of KpSSB in solution

Analysis of purified protein by gel-filtration chroma-
tography showed a single peak (Fig. 2). Assuming that

Figure 1 Multiple amino acid sequence alignment of SSB proteins. Sequence alignment of KpSSB, with other SSB proteins from

Salmonella enterica serovar Typhimurium LT2 (StSSB), Escherichia coli (EcSSB), Mycobacterium tuberculosis (MtSSB), Mycobacterium smegmatis

(MsSSB), Helicobacter pylori pylori (HpSSB) and Pseudomonas aeruginosa (PaSSB), was generated by CLUSTALW2 (Larkin et al. 2007).

Amino acid residues displaying 100% identity are highlighted in bold black, and those displaying similarity are highlighted in black.

Self-assembly site of SSB
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KpSSB has a shape and partial-specific volume similar
to the standard proteins, the native molecular mass of
KpSSB was estimated to be approximately 80 kDa.
The native molecular mass for KpSSB is approxi-
mately 4.1 times the molecular mass of a KpSSB
monomer (19 kDa). Thus, we concluded that KpSSB
in solution is a stable tetramer, similar to EcSSB.

DNA binding monitored by quenching of intrinsic

tryptophan fluorescence

It is well established that the fluorescence quenching
and the estimated size of the binding sites of SSBs
depend on the salt concentration of the SSB solution
(Lohman & Ferrari 1994). KpSSB has three trypto-
phan residues (Trp41, Trp55 and Trp89) in the OB-
fold domain, allowing an analysis of ssDNA binding
by tryptophan fluorescence quenching (Fig. 3). The
protein displayed strong intrinsic fluorescence with a
peak wavelength of 348 nm when excited at 295 nm,
consistent with tryptophan fluorescence (data not
shown). As dT50 was titrated into the KpSSB solu-

tion, the intrinsic fluorescence of the protein was
progressively quenched. On addition of a saturating
quantity of ssDNA in the presence of 20 and 300 mM

NaCl, the intrinsic fluorescence at 348 nm was
quenched by 65% and 89%, respectively. The esti-
mated binding-site sizes of KpSSB in 20 and 300 mM

NaCl were approximately of 27 ± 2 and 38 ± 2 nt,
respectively.

KpSSB binding to dT25–50 forms a single

complex

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 (Fig. 4A), dT25 (Fig. 4B),
dT30 (Fig. 4C), dT35 (Fig. 4D), dT40 (Fig. 4E),
dT45 (Fig. 4F) and dT50 (Fig. 4G) with different
protein concentrations using EMSA. As shown in
Fig. 4A, no significant band shift was observed when
KpSSB was incubated with dT20, indicating that
KpSSB could not form a stable complex with this
homopolymer. In contrast to dT20, longer dT homo-
polymers, dT25–50, bind to KpSSB and form a single
complex (Fig. 4B–G). Thus, the EMSA results sug-
gest that the length of ssDNA required for KpSSB
binding ranges between 20 and 25 nt.

Figure 2 Gel-filtration chromatographic analysis of KpSSB.

Purified KpSSB protein in buffer (0.1 M NaCl and 20 mM

Tris–HCl at pH 8.0) was applied to a Superdex 200 HR

10 ⁄ 30 column equilibrated with the same buffer. The proteins

were detected by measuring absorbance at 280 nm. The col-

umn was calibrated with proteins of known molecular masses:

c-globulin (158 kDa), albumin (67 kDa), ovalbumin (43 kDa),

chymotrypsinogen A (25 kDa) and ribonuclease A (13.7 kDa).

The sizes of the molecular mass markers (in kDa) are indicated

at the top. The corresponding peak shows the eluted KpSSB.

Coomassie Blue-stained SDS-PAGE (12%) of the purified

KpSSB and molecular mass standards are also shown. The sizes

of the standard proteins, from the top down, are as follows:

170, 130, 100, 70, 55, 40, 35, 25 and 15 kDa. The purified

KpSSB migrated between the 25 and 15 kDa standards on the

SDS-PAGE.

Figure 3 Fluorescence titration of KpSSB with ssDNA dT50.

Tryptophan fluorescence quenching of KpSSB in the presence

of 20 or 300 mM NaCl is shown. The excitation and emission

of tryptophan fluorescence were detected at 295 and 348 nm,

respectively. The KpSSB solution (0.1 lM; tetramer) in 2 mL

Tris–HCl buffer (20 mM Tris–HCl and pH 8.0) containing 20

or 300 mM NaCl was titrated with rising quantities of dT50

oligonucleotide. After the addition of the ssDNA, the complex

solution was equilibrated for 300 s until no fluorescence

change could be observed.
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Two different complexes are formed when KpSSB

binds to dT55–75

To examine the minimal nucleotide length necessary
for the binding of a second KpSSB tetramer to
ssDNA prebound to KpSSB, we studied the binding
of KpSSB to longer dT homopolymers of 55–75 nt
(Fig. 5). Although dT55 is only 5 nt longer than
dT50, the pattern of the KpSSB–ssDNA complexes
observed using EMSA is very different. At lower
protein concentrations, KpSSB forms a single com-
plex with dT55 (Fig. 5A), similar to that observed
with dT50 (Fig. 4G); however, when the KpSSB
concentration is increased, another slower-migrating
complex appears. The appearance of the second

complex results from the increasing KpSSB concen-
tration, which suggests that it may contain at least
two KpSSB tetramers per oligonucleotide. As the
minimal length of ssDNA required for KpSSB bind-
ing ranges between 20 and 25 nt (see above), the
presence of an extra 5 nt in dT55, as compared with
dT50, provides enough interaction space for the
binding of a second KpSSB tetramer, which occu-
pies approximately 27 nt ssDNA. Furthermore, the
stoichiometry of the two KpSSB tetramers bound
per ssDNA does not change when the length of the
dT homopolymers is further increased to 75 nt
(Fig. 5E). These results from EMSA suggest that the
length of ssDNA required for efficient binding of
KpSSB is 26 ± 1 nt (Fig. 6).

(A)

(E) (F) (G)

(B) (C) (D)

Figure 4 Binding of KpSSB to dT20–50. 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) dT30, (D) dT35, (E) dT40, (F) dT45 or (G) dT50 in a total volume

of 10 lL in 20 mM Tris–HCl pH 8.0 and 100 mM NaCl. Aliquots (5 lL) were removed from each reaction solution and added

to 2 lL 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 h at 100 V and visualized by

autoradiography.

(A)

(D) (E)

(B) (C)

Figure 5 Binding of KpSSB to dT55–75. 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) dT55, (B) dT60, (C) dT65, (D) dT70 or (E) dT75 in a total volume of 10 lL in 20 mM

Tris–HCl pH 8.0 and 100 mM NaCl. Aliquots (5 lL) were removed from each reaction solution and added to 2 lL 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 h at 100 V and visualized by autoradiography.
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Binding constants of the KpSSB–ssDNA

complexes

The binding constants of the KpSSB–ssDNA com-
plexes (Kd values) are summarized in Table 1. The
formation of the KpSSB–ssDNA complex 1 (C1) was
nearly ssDNA-length-independent (Fig. 7), suggesting
that the protein–DNA contact for each C1 is similar.
In contrast, the ability of a second KpSSB tetramer
(Kd2) to bind to ssDNA that is already bound to the
KpSSB tetramer was length-dependent (Fig. 7). In
fact, increases in ssDNA length were associated with

higher binding abilities (lower Kd2 values), indicating
that the second KpSSB prefers to bind to long ssDNA
segments to which KpSSB tetramer(s) is already
bound.

Functional role of Arg73 in KpSSB

According to the sequence and crystal structural
alignments, it is known that Arg72 plays an important
role in the formation of higher aggregates of EcSSB
(Witte et al. 2008). The corresponding residue in
KpSSB is Arg73. To investigate the role of Arg73 in
the binding of a second KpSSB to ssDNA prebound
to KpSSB, mutants were created with Gly (Fig. 8A),
Ala (Fig. 8B), Thr (Fig. 8C), Asn (Fig. 8D), Asp
(Fig. 8E) and Phe (Fig. 8F) substitutions, and binding
of the Arg mutant protein of KpSSB to dT25 or
dT55 was assessed. As shown in Fig. 8, although
these mutant proteins, namely, R73G, R73A, R73T,
R73N, R73D and R73F, could bind to dT25 and
dT55, they did not form C2 as in the case of the
wild-type protein; however, R73D and R73F could
weakly form a C2 only at a protein concentration of
5 lM. We also noted that most of these mutant pro-
teins bound dT55 well; the dT55 binding ability for
some of them was even better than that of the wild-
type protein. For example, the apparent Kd1 values
for dT55 binding are 112 ± 12 and 70 ± 5 nM for
the wild-type (Fig. 5A) and the R73A mutant protein
(Fig. 8B), respectively, suggesting that the R73 muta-
tion may not directly affect ssDNA binding. This is
an indication of a less cooperative complex compared
with that of the wild-type KpSSB (Fig. 5). Thus,
these results show that Arg73 may play a functional

Figure 6 Summary of the complex number of KpSSB. Com-

plex number of KpSSB as a function of the length of the

ssDNA determined using electrophoretic mobility shift analysis

(EMSA).

Table 1 ssDNA-binding parameters of KpSSB

KpSSB

The apparent Kd1 (nM) The apparent Kd2 (nM)

dT20

dT25 108 ± 8

dT30 78 ± 10

dT35 67 ± 6

dT40 118 ± 15

dT45 123 ± 10

dT50 51 ± 7

dT55 112 ± 12 2500 ± 150

dT60 123 ± 10 513 ± 46

dT65 109 ± 14 282 ± 22

dT70 134 ± 15 214 ± 24

dT75 140 ± 18 196 ± 15

Each Kd is calculated as the average of at least three measure-

ments ± SD.

KpSSB, Klebsiella pneumoniae SSB.

Figure 7 Summary of the apparent Kd values of KpSSB.

Apparent Kd values of KpSSB as a function of the length of

the ssDNA; Kd1, Kd for the formation of the first complex

(C1); Kd2, Kd for the formation of the second complex (C2).
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role in the interaction between KpSSB tetramers on
ssDNA.

Functional role of Ser76 in KpSSB

Ser75 is thought to play an important role in the for-
mation of higher aggregates of EcSSB via hydrogen
bonding to Arg72 (Witte et al. 2008). The corre-
sponding residue to Ser75 in KpSSB is Ser76. To fur-
ther examine the effect of the Ser76 mutation on the
binding of a second KpSSB to ssDNA prebound to
KpSSB, mutants were created with Gly (Fig. 9A), Ala
(Fig. 9B), Thr (Fig. 9C), Lys (Fig. 9D) and Asp
(Fig. 9E) substitutions, similarly to our study on
Arg73. For the first time, the ssDNA-binding proper-
ties of Ser76 mutant proteins of KpSSB were assessed.
As shown in Fig. 9, like R73, these mutant proteins,
namely, S76G, S76A, S76T, S76K and S76D, could
bind to dT25 and dT55, but they did not or only
weakly formed C2 (S76K). Thus, like in the case of
R73 mutants, these results suggest that Ser76 in
KpSSB is involved in the contact between KpSSB tet-
ramers on ssDNA, probably via the Arg73-mediated
interaction with Ser76. However, this hypothesis

must be confirmed by further biochemical experi-
ments.

Discussion

In this study, we described the cloning, expression,
purification and characterization of SSB from
K. pneumoniae, which is a ubiquitous opportunistic
pathogen that colonizes the mucosal surfaces in
humans, causing severe diseases. In addition, many
clinical strains of K. pneumoniae are highly resistant to
antibiotics (Bush 2010; Tempe 2010). Sequence anal-
ysis (Fig. 1) indicates that the KpSSB monomer pos-
sesses an OB-fold domain at its N-terminus and a
flexible tail at its C-terminus, as in EcSSB. Analysis of
KpSSB by gel-filtration chromatography showed that
the protein forms a tetramer in solution (Fig. 2).

Here, we showed that the binding of KpSSB to
dT50 results in tryptophan fluorescence quenching
(Fig. 3). In the presence of 20 and 300 mM NaCl, the
binding-site sizes of KpSSB were 27 ± 2 and
38 ± 2 nt per tetramer, respectively. In addition, two
distinct binding modes could be observed between
low- and high-salt conditions, as observed in EcSSB.

(A) (B)

(C) (D)

(E) (F)

Figure 8 Analysis of Arg73 mutant proteins. Binding of Arg73 mutant proteins, (A) R73G, (B) R73A, (C) R73T, (D) R73N,

(E) R73D and (F) R73F of KpSSB to dT25 and dT55. The mutant 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 of dT25 or dT55 in a total volume of 10 lL in 20 mM Tris–HCl pH

8.0 and 100 mM NaCl. Aliquots (5 lL) were removed from each reaction solution and added to 2 lL 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 h at 100 V and visualized by autoradiography.
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In case of EcSSB, under high-salt conditions, a 65-nt
ssDNA binds to each EcSSB tetramer with almost
90% quenching of fluorescence, whereas under low-
salt conditions, a 35-nt ssDNA exhibits 53% quench-
ing of fluorescence. In case of HpSSB, the stoichiom-
etry is 25 ± 2 nt per homotetramer (Chan et al.
2009), but the salt effect on its ssDNA-binding
mode(s) remains unclear. Human replication protein
A (hRPA), a eukaryotic SSB, binds to DNA in two
different steps. The first binding step is noncoopera-
tive, where hRPA70-A and B bind ssDNA in a linear
arrangement (approximately 8 nt), but the next two
OB-fold domains bind cooperatively during the sec-
ond stage of interaction where approximately 25 nt
are bound per heterotrimer. (Wold 1997; Oakley &
Patrick 2010). The constant binding mode (or ‘salt-
independent’ binding mode) of SSBs determined
using fluorescence quenching at high- and low-salt
concentrations has also been previously reported in
SSBs from the Deinococcus-Thermus group (Witte et al.
2005), Thermotoga maritima (Olszewski et al. 2010),
Thermotoga neapolitana (Olszewski et al. 2010), Thermo-
anaerobacter tengcongensis (Olszewski et al. 2008) and
P. aeruginosa PAO1 (Jan et al. 2011), possibly because
of low flexibility and ⁄ or low number of glycine resi-

dues (Olszewski et al. 2010; Jan et al. 2011). In fact,
eight glycine residues in the glycine-rich hinge that
are found in EcSSB are not found in PaSSB (Fig. 1).
The amino acid sequences of KpSSB and EcSSB are
found to share >80% identity, suggesting the presence
of multiple binding modes, even though two glycine
residues in the glycine-rich hinge of EcSSB (Gly125
and Gly128) are not found in KpSSB. However, this
speculation must be confirmed by further biochemical
experiments.

Many SSBs bind to ssDNA with some degree of
positive cooperativity. Cooperativity can result from
direct protein–protein interactions between the near-
est neighbors, such as the LAST motif in the T4
gene-32 protein (Casas-Finet et al. 1992) and the
arginine-mediated interaction motif in Thermus SSB
(Fedorov et al. 2006; Witte et al. 2008). Cooperativity
can also result from the protein-induced distortion of
adjacent DNA as shown by Sulfolobus SSB, PriB and
FOXK1a proteins (Kerr et al. 2003; Huang et al.
2006; Tsai et al. 2006; Hsieh & Huang 2011). In case
of KpSSB, binding appeared to be nearly noncooper-
ative for several DNAs, because essentially, all DNA
shifts into the first complex (C1) before the appear-
ance of the second complex (C2). In addition, the

(A) (B)

(C)

(E)

(D)

Figure 9 Analysis of Ser76 mutant proteins. Binding of Ser76 mutant proteins, (A) S76G, (B) S76A, (C) S76T, (D) S76K and (E)

S76D of KpSSB to dT25 and dT55. The mutant 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 of dT25 or dT55 in a total volume of 10 lL in 20 mM Tris–HCl pH 8.0 and 100 mM NaCl.

Aliquots (5 lL) were removed from each reaction solution and added to 2 lL 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 h at 100 V and visualized by autoradiography.

Y-H Huang & C-Y Huang

Genes to Cells (2012) 17, 146–157 � 2012 The Authors

Journal compilation � 2012 by the Molecular Biology Society of Japan/Blackwell Publishing Ltd.

152



apparent Kd values were of the first and second com-
plex, as expected for noncooperative binding (Table 1
and Fig. 7); for positive cooperative binding, Kd2

should be less than Kd1. Increasing the length of C2
caused its Kd value to match that of C1 (Fig. 7), sug-
gesting that length dependence reflects the minimal
amount of spacing that is optimal for steric consider-
ations.

The EMSA approach used here allowed us to
observe the formation of distinct complexes and to
determine the ssDNA-binding mode of KpSSB. A
KpSSB tetramer was shown to bind with other
KpSSB tetramer(s), thereby forming a cooperative
complex on DNA. The ordered assembly of KpSSB
on DNA may be directed through the intermolecular
Arg-Ser hydrogen bond (Witte et al. 2008). This
hydrogen bond leads to a protein–protein interaction
between KpSSB tetramers. A mutation at either
Arg73 (Fig. 8) or Ser76 (Fig. 9) to other residues
caused a less cooperative complex on the DNA, sug-
gesting that the formation of a hydrogen bond
between these two residues may be a driving force to
promote the cooperative binding of SSB to long
ssDNA. However, it should be noted that this force
is not a requirement for C2 formation of KpSSB. In
fact, if the ssDNA length was longer than dT55 (e.g.,
dT60), or a higher protein concentration of R73A
(e.g., 12 lM; 10-fold concentrations required for the
appearance of C2 for the wild-type protein) was used,
the C2 could still be observed (data not shown).
Thus, here, we only identified that the intermolecular
Arg-Ser hydrogen bond in SSB is important, but not
required, for the correct binding of a second protein
to a SSB prebound DNA. Other questions concern-
ing this are whether a DNA-induced process exists
and how many subunits of a SSB are involved in this
self-assembly. Furthermore, does this binding cause a
specific conformational change on the C-terminal
flexible region of SSB? At this point, these questions
remain to be elucidated experimentally.

In addition, we found that if only 1 KpSSB bound
to ssDNA, the minimal nucleotide length necessary
for a KpSSB tetramer binding was approximately
25 nt; however, for two KpSSB tetramers binding,
the minimal nucleotide length was approximately 55,
22–23 nt per KpSSB. This reduced binding-site size
for two KpSSB tetramers suggests that a conforma-
tional change during the participation of second
KpSSB tetramer may be occurring. Previous data
showed that the binding of EcSSB 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). We
speculate that this phenomenon may also be applied
to SSB itself; when SSB binds to long ssDNA, the
resultant conformational change may make the gly-
cine-rich region and some ssDNA-binding region of
SSB more accessible to the binding of a second SSB.
Therefore, some steric hindrance (e.g., the C-terminal
regions) would be overcome, causing closer binding
of two SSB proteins on DNA. The intermolecular
Arg-Ser hydrogen bond in SSB may serve as an
anchor to pull each SSB protein binding closer on
DNA (Fig. 10). If SSB does not have this Arg-Ser
hydrogen bond, SSB proteins may bind to DNA ran-
domly without a specific sequence. This may explain
the reason for a reduced size of the binding site for
the two KpSSB tetramers from EMSA data.

Figure 10 Proposed working model for the sequential assem-

bly of bacterial SSB proteins. On the basis of electrophoretic

mobility shift analysis (EMSA) results, the two highly con-

served residues in bacterial SSB, namely, R73 and S76, may

facilitate the assembly of SSB proteins on DNA by establishing

an intermolecular Arg-Ser hydrogen bond. (A) The wild-type

protein of SSB. The two SSB tetramers can bind to dT55

together and form a cooperative complex on DNA. (B) The

R73 or S76 mutant protein of SSB. According to the

sequence and crystal structural alignments (Witte et al. 2008),

R73 and S76 play an important role in the formation of higher

aggregates of SSB. Along with our mutational analysis, the

intermolecular Arg-Ser hydrogen bond in SSB may serve as an

anchor to pull each SSB protein closer on DNA. This model

may explain why the mutant proteins could not form a coop-

erative complex but could bind DNA well. Shown is a work-

ing model of the Arg-Ser hydrogen bond in SSB based on

these EMSA observations. Please note that if the ssDNA

length is longer than dT55 or if a higher R73A protein con-

centration is used, the cooperative complex (C2) can still be

observed.
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SSB plays an important role in DNA metabolism,
including DNA replication, repair and recombination,
and is absolutely essential for cell survival. The coop-
erative binding of SSB proteins leads to clustering of
SSB protein tracts to form protein filaments on long
DNA (Shereda et al. 2008). In this study, we identi-
fied that the highly conserved Arg73 and Ser76 in
bacterial SSBs are crucial for forming the cooperative
complex on DNA. The Arg73 and Ser76 are both
located in a flexible loop (the La4) of the OB-fold
domain, and thus, are possibly suitable to mediate this
dynamic process. Furthermore, in other proteins, such
as AAA+ proteins, the Arg residue, called arginine
finger, is also found to be involved in oligomerization
and inter-subunit communication in the proteins
(Sauer & Baker 2011). Whether the intermolecular
interaction, like between the Arg-Ser pair in bacterial
SSB, is found in other proteins involved in DNA
metabolism remains to be elucidated. Figure 11 shows
the structurally corresponding residues, namely,
Arg73 and Ser76 of KpSSB, in an OB-fold domain of
EcSSB (R73 and S76), SsSSB (K64 and Q67),
hRPA70-A (E250 and K253), hRPA70-B (S371 and
P374), TaSSB (R190 and D193), DrRecO (N51 and
H54), TtRecJ (L499 and E502) and EcPriB (S70 and
T73). On comparing the aforementioned residues, we
found that only TaSSB has an Arg residue like
KpSSB; this residue with its partner, D193, has
already been proven to be structurally important for
the formation of the cooperative complex (Fedorov

et al. 2006). We also noted that hRPA70-A, but not
hRPA70-B, has a potential pair, E250-K253, like that
of KpSSB. However, unlike KpSSB forming homo-
tetramers, hRPA functions as heterotrimers. It is still
unclear whether the cooperative binding of hRPA to
ssDNA in the second step is involved in the intermo-
lecular interaction pair of E250-K253 of hRPA70-A
subunits or even K253 of hRPA70-A with S371 of
hRPA70-B. Possibly, these issues could be addressed
by using mutational analyses like in this study.

The EMSA results indicate that KpSSB binds to
short ssDNAs (dT25–50) to form a complex in which
a single tetramer is bound to the ssDNA (Fig. 4), and
two tetramers are bound to dT55–75 (Fig. 5). Thus,
the apparent size of the binding site of KpSSB is
26 ± 1 nt (Fig. 7). Recently, we have determined
using EMSA that the binding-site sizes of PaSSB and
StSSB are 29 ± 1 and 22 ± 1 nt, respectively (Huang
et al. 2011; Jan et al. 2011). The amino acid sequence
of the N-terminal ssDNA-binding ⁄ oligomerization
domain in these pathogenic SSBs is highly conserved,
but their apparent binding-site sizes are quite differ-
ent: this suggests that the C-terminal protein–protein
interaction domain may also contribute to ssDNA
binding (Kozlov et al. 2010).

Conclusion

In this study, we characterized the ssDNA-binding
properties of SSB from K. pneumoniae and proposed a

Figure 11 Molecular representation comparing potential cooperative binding sites among some OB-fold proteins involved in

DNA metabolism. The structurally corresponding residues, namely, Arg73 and Ser76, of KpSSB, in an OB-fold domain of the

proteins, are shown. The PDB codes for Escherichia coli (EcSSB), Sulfolobus solfataricus (SsSSB), hRPA70-A (human), hRPA70-B,

Thermus aquaticus (TaSSB), Deinococcus radiodurans (DrRecO), Thermus thermophilus (TtRecJ) and EcPriB are 1EYG, 1O7I, 1JMC,

1JMC, 2IHE, 1W3S, 2ZXO and 1V1Q, respectively.
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putative working model for the self-assembly of SSB
from EMSA results. The two highly conserved resi-
dues in bacterial SSB, R73 and S76, may facilitate the
assembly of SSB proteins on DNA by establishing an
intermolecular Arg-Ser hydrogen bond.

Experimental procedures

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 protein expression, respectively.

Cloning, expression and purification

The gene KPN04446 encoding the KpSSB was PCR-ampli-

fied from K. pneumoniae subsp. pneumoniae MGH 78578

(Wang et al. 2010). The forward (5¢-GGGAATTCCATA

TGGCCAGCAGAGGCGTAAACAAG-3¢) and the reverse

(5¢-CCCGCTCGAGGAACGGGATGTCGTCGTCGAAGTC

CAT-3¢) primers were designed to introduce unique NdeI and

XhoI restriction sites (underlined) into KpSSB, permitting the

insertion of the amplified gene into the pET21b vector (Nov-

agen Inc., Madison, WI, USA) for the protein expression in

E. coli. E. coli cells were transformed with the expression vec-

tor and grown to OD600 of 0.9 at 37 �C in Luria-Bertani

medium containing 250 lg ⁄ mL ampicillin. Overexpression of

KpSSB construct was induced with 1 mM isopropyl thiogalac-

toside 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, 0.5 M NaCl;

pH 7.9) and disrupted by sonication with ice cooling between

pulses. The KpSSB protein was then purified from the soluble

supernatant by Ni2+ affinity chromatography (HiTrap HP;

GE Healthcare Bio-Sciences, Piscataway, NJ, USA). Protein

purity remained >95% as determined by Coomassie-stained

SDS-PAGE.

Gel-filtration chromatography

Gel-filtration chromatography was carried out by the same

protocol as previously described for DnaD using an AKTA-

FPLC system (Huang et al. 2008). Briefly, purified KpSSB in

buffer (0.1 M NaCl and 20 mM Tris–HCl at pH 8.0) was

applied to a Superdex 200 HR 10 ⁄ 30 column (GE Healthcare

Bio-Sciences) equilibrated with the same buffer. The column

was operated at a flow rate of 0.5 mL ⁄ min, and 0.5-mL frac-

tions were collected. The proteins were detected by measuring

absorbance at 280 nm. The column was calibrated with

proteins of known molecular masses: c-globulin (158 kDa),

albumin (67 kDa), ovalbumin (43 kDa), chymotrypsinogen A

(25 kDa) and ribonuclease A (13.7 kDa).

Fluorescence measurement

Fluorescence titrations were carried out in a spectrofluorimeter

(Hitachi F-2700; Hitachi High-Technologies, Tokyo, Japan) as

described previously (Curth et al. 1993; Chan et al. 2009; Ols-

zewski et al. 2010; Chen & Huang 2011; Huang et al. 2011;

Jan et al. 2011). The excitation and emission of tryptophan flu-

orescence were detected at 295 and 348 nm, respectively. The

KpSSB solution (0.1 lM; tetramer) in 2 mL Tris–HCl buffer

(20 mM Tris–HCl, and pH 8.0) containing 20 or 300 mM

NaCl was titrated with rising quantities of dT50 oligonucleo-

tide. After the addition of the ssDNA, the complex solution

was equilibrated for 300 s until no fluorescence change could

be observed. The tryptophan fluorescence quenching is used

to measure the diminution of fluorescence between the

ssDNA-free and the ssDNA-bound proteins. The ssDNA-

binding-site size (n) was analyzed by the ssDNA-binding curve

using the model of Schwarz & Watanabe (1983).

Gel shifts

Various lengths of ssDNA oligonucleotides were custom-syn-

thesized by MdBio, Inc. (Frederick, MD, USA). Radiolabeling

was carried out with [c32P]ATP (6000 Ci ⁄ mmol; PerkinElmer

Life Sciences) and T4 polynucleotide kinase (Promega, Madi-

son, WI, USA). 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 DNA substrates (dT15–75) in a total volume of 10 lL

in 20 mM Tris–HCl pH 8.0 and 100 mM NaCl. Aliquots

(5 lL) were removed from each reaction solution and added

to 2 lL 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 h at 100 V and visualized by

autoradiography. Complexed and free DNA bands were

scanned and quantified. The binding dissociation constants for

the KpSSB–ssDNA complex 1 (Kd1) were estimated from the

protein concentration that binds 50% of the input DNA (Liu

et al. 2004; Huang et al. 2006, 2011; Tsai et al. 2006, 2007;

Hsieh & Huang 2011; Jan et al. 2011); the binding dissociation

constants for the KpSSB–ssDNA complex 2 (Kd2) were esti-

mated from the protein concentration that forms 50% of the

complex 2. In this report, each Kd is calculated as the average

of at least three measurements ± SD.

Site-directed mutagenesis

The KpSSB mutants were generated according to the Quik-

Change Site-Directed Mutagenesis kit protocol (Stratagene,

LaJolla, CA, USA), using the wild-type plasmid pET21b-

KpSSB as a template and the forward (5¢-TGGTGA

GTATCTGNNNAAAGGCTCTCA-3¢) and the reverse

(5¢-TGAGAGCCTTTNNNCAGATACTCACCA-3¢) primers
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for the R73 mutants, and the forward (5¢-CTGCGTAAA

GGCNNNCAGGTGTACATT-3¢) and the reverse (5¢-AAT

GTACACCTGNNNGCCTTTACGCAG-3¢) primers for the

S76 mutants, respectively. The presence of the mutation was

verified by DNA sequencing.
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PriBis a primosomal protein required for re﹒
恤組副 on of repli 間位on in bacteria. We characterized
and compared the DNA-binding proper 鍾的 of PriBfrom
Salmonella enterica serovar Typbimurium LT2 (StPriB)
and Escherichia coli (EcPriB).Only one residue of
EcPr血，V6，was different in StPriB(replaced by A6).
Previous structural informa 組on revealed that this
residue is located on the putative dimer-dimer interface
of PriBand is not involved in single-stranded DNA
(ssDNA) binding. The cooperative binding mechanism
of StPr iBto DNA is，however ，very different from that
of EcPriB.Unlike EcPriB，which forms a single complex
with ssDNAsof vario 囚 lengths ，StPriBfor四s two or
more distinct complexes. Based on these resnlts ，as weD
as information on structure ，binding modes for forming
a stable complex of PriBwith ssDNA of 25 nucIeotides
(nt)，(EcPriB站，and (StPriBhs are proposed.

Key words: Prill;PriA;primosome; single-stranded
DNA (ssDNA) binding; ssDNA-binding
protein (SSB)

In也e maintenance of genetic integrity after DNA
damage ，reactivation of stalled DNA replication at the
forks，m巳diated by a replication restart primosome ，is
essential for bacterial survival.I -4)InEscherichia coli，
the replication restart primosome includes seven ess巴n-
tial proteins (priAhelicase ，扭曲，PriC，DnaBhelicase ，
DnaC ，DnaT ，祖d DnaG primase).5 ，6) There are two
overlapping mechanisms for reassembly of the replica-
tion forks: initiation is induced by either PriAhelicase or
Pric.7，8) In a PriA-P riB-DnaT-dependent reaction ，PriB
is the second protein to be assembled in the protein-DNA
complex ，where it then stimulates PriAhelicase activ-
ity.9 ，1O)Recent studies have indicated 也at there may be
more 也an one PriA-PriB complex involved in the
initiation of primosome formation ，and 由at the e在ect
of PriBon the PriA-DNA association is dependent on
DNA structure. Il)PriBalso facilitates the association of
DnaT with PriA.12)How PriA- PriB-DnaT participates in
reloading the DnaC-Dn aBcomplex and the formation of
the DnaB-DnaG complex at the forks remains unclear.
PriBis a homodimer with 104-amino acid (aa)

polypeptide chains ，I3-16)in which each PriBmonomer

has an oligonucleotide/oligosaccharide-binding (OB)
fold s加ct叮C戶，18) PriBshares structural similarity
with the DNA-binding domain of the Escherich的
coli single-stranded DNA (ssDNA)-binding protein
(EcSSB) ，15，16，19，20) but they probably differ in their
ssDNA-binding modes. 訓，22) PriB can bind to
ssDNA 只1-23) ssRNA ，I6)and double-stranded DNA
(dsDNA).9) The N-terminal 1-49 aa region of PriB is
crucial for dimerization ，while the C-terminal 50-104 aa
region is crucial for ssDNA binding 戶)Although a
dimer ，扭曲has only one DNA-binding site，22) located in
loop L45 centrally within the dimer ，and this site
occupies 12土1 nucleotides (nt) of the total site size.21)
This is just enough to fill a single DNA binding pocket
of one monomer ，but not long enough to wrap 也巴
nucleic acid around the protein dirner.21，22)

Pr ，巴vious 旬， we described the crystal structure of
EcPriBI6) and its complex with ssDNA dT15 戶)
Although a single dT15 periodically interacts with two
OB folds from two symmetrically related PriBdimers in
the crys 凶， we proposed 也at the in vitro assembled
cooperative complex of PriB-ssDNA- PriBmimics the
tern 紅y structure of the PriA-ssDNA- PriB complex. In
fac t，the positive cooperative binding of the PriBdimer
to ssDNA of various lengths has been studied by
comparing 也eir Hill coe鉛 cients 戶)However ，for PriB-
ssDNA complexes ，a cooperativity transition was found
to be signi 益cant between dA25 and dA30，and not at
dT15 祖d dA15 ，as in the crysta l.Since the DNA used
for the complex structure is sho 此， it is not yet
completely clear whether the PriB dimer can form a
stable complex with dT15 in solution ，or how PriB
dimers cooperatively bind to and form long clust 巴rs on
the nucleic acid lattice.
Inthe present sωdy ，we characterized and compared

the ssDNA-binding properties of Salmonella enterica
serovar Typhirnurium LT2 PriB(StPriB)and Eel世B.
These two proteins share >99% aa identity: only one
residue of EcPriB，V6，is different in StPriB (replaced
with A6). That is，StPriB can be considered a single
point mutation of EcPriB(V6A). One might conclude
that 也ey must be similar in structure and function ，13) but
we found that their ssDNA-binding modes were very
di宜erent. Onthe basis of the results in this study ，and

t To whom correspondenceshouldbe addressed.Tel: +886斗2473∞22 ext 11472;F缸﹒+886-4-23248187;E-mail: cyhuang@csmu.edu.tw
Abbreviations:ssDNA，single-s缸祖ded DNA; SSB，ssDNA-bindingprotein; EMSA，electrophoretic血obility shift祖 alys拭目，nucIeotides;帥，

amino acids; OB，oligonucleotide/oligosaccharidebinding;GA，glutaraldehyde
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1. Introduction 
In this chapter we describe how to perform an electrophoretic mobility shift assay (EMSA), 
also known as the band shift or gel retardation assay, to determine the binding site-size of 
the DNA binding protein using a series of DNA polymers. The binding site-size information 
of the DNA binding protein is a prerequisite for formulating any model of the proteins’ 
function in DNA replication. EMSA is simple and quick, and if needed, the use of 
radioactive DNA make it highly sensitive and allow us to “see” the formation of distinct 
complexes of the DNA binding protein. The expectation of EMSA is that, once the length of 
the nucleotides is sufficient for the binding of protein, the protein-DNA complex remains 
intact and migrates as distinct band during gel electrophoresis. In addition, once the length 
of the nucleotides is sufficient for the binding of two or more proteins, the protein-DNA 
complexes migrate as distinct bands, usually referred to as a super shift: the higher the 
oligomeric protein-DNA complex, the lower the electrophoretic mobility. This technique can 
be used for both highly sequence-specific (e.g., transcription factor) (1,2) and non-specific 
proteins (e.g., single-stranded DNA binding protein) (3-7).  

2. Some general considerations 
1. Although EMSA was originally used in the detection of DNA-binding proteins in the 

crude cell extracts, it is thought that cell extracts contain many other DNA-binding 
proteins (and their regulatory proteins), and some small molecules (such as ATP and 
DNA metabolites), that are also able to interact with the DNA and the target protein; 
these molecules may cause some unpredictable effects on the reaction. Therefore, it is 
highly recommended to use purified protein(s) for EMSA. 

2. When the studied protein has low DNA-binding activity, needs other loading factors, or 
binds to DNA in a strong sequence-specific way, a relatively high concentration of 
protein (in μM range) may be required to facilitate protein-DNA complex formation. 

3. Protein binding to DNA usually needs to be in the “suitable” condition for optimal 
complex formation and stabilization. The conditions for the DNA binding process may 



 
Stoichiometry and Research – The Importance of Quantity in Biomedicine 

 

236 

vary significantly in terms of pH, ionic strength, and necessary factors (such as metal 
ions or ATP). 

4. When the protein-DNA interaction is highly cooperative, a particular care must be 
taken for determining its binding site-size by use of EMSA. If only one protein-DNA 
complex is visible when the DNA length is further increased (for example, to dT60 or 
more), it is likely inappropriate to determine its binding site-size using EMSA. 

3. Experimental systems 
1. Polyacrylamide gels. Differences in the size, aggregation state and pI of protein-DNA 

complexes will affect the choice of conditions used for EMSA. Generally, the lower 
percent of polyacrylamide gel will be considered for the bigger protein. Polyacrylamide 
gels, usually in 6-12% w/v, are made using an acrylamide to bisacrylamide weight ratio 
of 19:1 and TBE as the buffer in the gel and for electrophoresis. 

2. Electrophoresis buffers. The process of electrophoretic separation may destabilize 
protein-DNA complexes, and thus the ionic strength, pH and composition of 
electrophoresis buffers should be adjusted to fit the need of the protein-DNA complex 
formation. If the binding condition for the formation of the protein-DNA complex is 
known, the electrophoresis buffer can be kept similar to the binding buffer. The most 
common buffer used in both polyacrylamide and agarose gels is TBE buffer. However, 
some metal-containing or metal-binding proteins should be analyzed in a buffer 
without EDTA. Sometimes the use of low ionic strength electrophoresis buffers at the 
same pH value can improve the stability of the protein-DNA complexes and the 
resolutions between bands; TE (10 mM Tris–HCl, 0.1 mM EDTA) or HE (10 mM HEPES, 
0.1 mM EDTA) might be used in this case. 

3. Sample buffers. Protein-DNA complexes are loaded on the polyacrylamide gel usually 
in the presence of 5-10% glycerol or sucrose. This can be included in the binding buffer 
or added before the protein-DNA complexes loading to the gel. Bromophenol blue 
and/or xylene cyanol (0.02% w/v) is usually used as an electrophoresis marker. 

4. Visualization of gels. After electrophoresis, the gels are placed on filter paper, dried 
under vacuum at 80 oC, and then visualized by either autoradiography (exposed to X-
ray film) or using a phosphorimager (exposed to the phosphor storage plate). 
Phosphorimaging is much more sensitive and the dynamic range is much greater than 
that of X-ray film. For phosphorimaging, the phosphor storage plate is scanned, and the 
data are digitized for quantitative analysis. 

4. Determination of the binding site-size of the protein-DNA complex by use 
of the electrophoretic mobility shift assay: Single-stranded DNA binding 
protein (SSB) 
Step 1. Use of a purified protein 

As mentioned above, cell extracts contain many other proteins and some small molecules, 
able to interact with the target DNA and protein, which may cause some unpredictable 
effects on the DNA-binding reaction. Therefore, it is highly recommended to use purified 
protein(s) for EMSA. More and more proteins have become available in a pure form now, 
especially by using recombinant technology. The overexpression of DNA-binding proteins 
or their domains is essential for their purification, characterization and structure 
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determination. The bacterial host E. coli is the first choice of expression system; it is simple to 
use and inexpensive to culture. For example, the gene encoding the single-stranded DNA 
binding protein (SSB) from Pseudomonas aeruginosa PAO1 can be PCR-amplified from the 
genomic DNA (3), inserted into the pET21b vector, and the gene can be expressed in 
transformed E. coli cell by using the inducer isopropyl thiogalactoside (IPTG). P. aeruginosa 
SSB can be then purified from the soluble supernatant by Ni2+-affinity chromatography 
(HiTrap HP; GE Healthcare Bio-Sciences, Piscataway, NJ, USA). Protein purity can be 
determined by Coomassie-stained SDS-PAGE. 

Step 2. Preparation of protein-DNA complexes 

Binding mode is not always the same for several DNA-binding proteins. For example, 
differences in the binding condition, such as the ionic strength, pH and some small molecules 
included in the reaction mixture, can affect the binding mode of SSB (8). These factors also 
influence the stability of the SSB-DNA complexes in the binding reaction. For determination of 
the binding site-size of SSB using EMSA, various lengths of ssDNA oligonucleotides or other 
series of ssDNA homopolymers will be needed; radiolabeling can be carried out with 
[γ32P]ATP (6000 Ci/mmol; PerkinElmer Life Sciences) and T4 polynucleotide kinase (Promega, 
Madison, WI, USA). The SSB-DNA complexes will be formed with different protein 
concentrations, usually at range of 10-9–10-7 M. For P. aeruginosa PAO1 SSB, 0, 19, 37, 77, 155, 
310, 630, 1250, 2500, and 5000 nM protein was used for the complexes formation, respectively. 
P. aeruginosa PAO1 SSB was incubated for 30 min at 25°C with 1.7 nM radioactive DNA 
substrates (dT15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, and 80) in a total volume of 10 μL in 
20 mM Tris-HCl pH 8.0 and 100 mM NaCl. The composition of the binding buffer may be 
adjusted to fit the need of study or the nature of the protein of interest. 

Step 3. Fractionation of the SSB-DNA complexes using EMSA 

Polyacrylamide or agarose gels can be used to fractionate mixture of protein-DNA 
complexes prior to further analysis. For P. aeruginosa PAO1 SSB, the complexes were formed 
in a total volume of 10 μL (see above), and aliquots (5 μL) were removed from each reaction 
solution and added to 2 μL of gel-loading solution (0.25% bromophenol blue and 40% 
sucrose). The resulting samples can be resolved on a native 8% polyacrylamide gel at 4 °C in 
TBE buffer for 1 h at 100 V and visualized by autoradiography or phosphorimaging. 

Step 4. Determination of the binding site-size of protein-DNA complexes 

After fractionating and phosphorimaging, complexed and free DNA bands can be 
visualized and quantified, and the binding site-size of DNA-protein complex can be 
determined. For example, various lengths of radioactive ssDNA oligonucleotides d(T5)n 
were complexed with SSB and with different protein concentrations. If the DNA space 
(length) is enough, the second or third studying protein will bind to the same complex 
where one protein of interest has been already pre-bound. Therefore, we can calculate the 
length of DNA required for the second joining protein (Figure 1). For example, SSB from 
Klebsiella pneumoniae binds to short ssDNAs (dT30–50) to form a complex in which a single 
protein is bound to the ssDNA (Figure 2), and two proteins could bind to dT55–75 (Figure 
3). The presence of an extra 5 nt in dT55, as compared with dT50, provides enough 
interaction space for the binding of a second SSB protein, which occupies around 27 nt 
ssDNA (55/2=27.5). Furthermore, three SSB proteins could bind to dT80–85 (Figure 4), 
which occupies around 26 nt ssDNA per SSB protein (80/3=26.7). Thus, combining together 
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the EMSA results with the number of the SSB-DNA (dT30–85) complexes, it can be found 
that the binding-site size of SSB from Klebsiella pneumoniae is 27 ± 1 nt, as determined using 
EMSA under this binding condition (Figure 5). 

 
Fig. 1. Schematic model for the supershift of the SSB binding to the ssDNA. If the DNA 
provides enough interaction space for the binding of a second protein, we can observe 
another slower-migrating complex from EMSA when the protein concentration is increased. 

 
Fig. 2. Binding of Klebsiella pneumoniae SSB to dT30–50. The reaction solutions contained DNA 
substrate dT30, dT40, or dT50 and the SSB (0–5.0 μM). SSB (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) dT30, (B) dT40, or (C) 
dT50 in a total volume of 10 μL in 20 mM HEPES pH 7.0 and 500 mM NaCl. Aliquots (5 μL) 
were removed from each reaction solution and added to 2 μL 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 h at 100 V 
and visualized by autoradiography. This SSB binding to dT30–50 forms a single complex. 
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Fig. 3. Binding of Klebsiella pneumoniae SSB to dT55–75. The reaction solutions contained 
DNA substrate dT55, dT65, or dT75 and the SSB (0–5.0 μM). SSB (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) dT55, (B) 
dT65, or (C) dT75 in a total volume of 10 μL in 20 mM HEPES pH 7.0 and 500 mM NaCl. 
Aliquots (5 μL) were removed from each reaction solution and added to 2 μL 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 h at 100 V and visualized by autoradiography. This SSB binding to dT55–75 
forms two different complexes. 

 
Fig. 4. Binding of Klebsiella pneumoniae SSB to dT80–85. The reaction solutions contained 
DNA substrate dT80 or dT85 and the SSB (0–5.0 μM). SSB (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) dT80 or (B) dT85 
in a total volume of 10 μL in 20 mM HEPES pH 7.0 and 500 mM NaCl. Aliquots (5 μL) 
were removed from each reaction solution and added to 2 μL 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 h at 100 V and visualized by autoradiography. This SSB binding to either dT80 or 
dT85 forms three different complexes. 



 
Stoichiometry and Research – The Importance of Quantity in Biomedicine 

 

240 

 
Fig. 5. Complex number of Klebsiella pneumoniae SSB as a function of the length of the ssDNA 
determined using EMSA. The binding site-size of other DNA-binding protein may also be 
determined using a similar protocol. 

Step 5. Estimation of the apparent dissociation constants 

In addition to the binding site-size, EMSA can also be used to estimate the apparent 
dissociation constants for the protein-DNA complexes when the protein concentration is 
known accurately and the used DNA is at low concentrations. If the DNA concentration is 
much lower than the apparent dissociation constant, its value will be equal to the protein 
concentration needed to have 50% of protein-DNA complex formed. The radio-intensity of 
free DNA and each protein-DNA complex, with increasing amounts of the protein, can be 
scanned and quantified by using phosphorimaging. For example, using Salmonella enterica 
serovar Typhimurium LT2 SSB (4), the apparent dissociation constant for the SSB-ssDNA 
complex 1 (Kd1) was estimated from the protein concentration that binds 50% of the input 
DNA; the apparent dissociation constant for the SSB-ssDNA complex 2 (Kd2) was estimated 
from the protein concentration that forms 50% of the complex 2, and Kdn could be also 
calculated in a similar manner if multiple complexes are formed. 

Step 6. Analysis of oligomeric state by gel filtration chromatography  

We have previously described how to determine the binding-site size of DNA-binding 
protein like SSB. Information about the oligomeric state of protein of interest may also be 
important for analysis of its binding mode. Assuming that the protein has a shape and 
partial specific volume similar to the standard proteins, the native molecular mass of the 
protein can be estimated and compared with its predicted mass in monomer from the amino 
acid sequence. For example, the native molecular mass for S. enterica serovar Typhimurium 
LT2 SSB is approximately 4.1 times the molecular mass of a StSSB monomer, and thus S. 
enterica serovar Typhimurium LT2 SSB in solution is a tetramer. 



Determination of the Binding Site-Size  
of the Protein-DNA Complex by Use of the Electrophoretic Mobility Shift Assay 

 

241 

5. Conclusion 
Development of more targeted drugs or antibiotics against many pathogenic bacteria has 
been hampered due to the lack of knowledge of DNA replication and the overall molecular 
biology of the organisms. For example, K. pneumoniae used here is a ubiquitous 
opportunistic pathogen that colonizes at the mucosal surfaces in humans and causes severe 
diseases; many clinical strains of K. pneumoniae are highly resistant to antibiotics. Since SSB 
is required for DNA replication, blocking the activity of SSB would be detrimental to 
bacterial survival. A characteristic of any protein-nucleic acid complex is its “site size”, i.e. 
the average number of nucleotide residues occluded by the bound protein. Here we describe 
how to determine the binding-site size of DNA-binding protein using EMSA in different 
binding conditions. The information obtained through the use of this methodology may be 
very helpful in studying the binding mode(s) of DNA-binding protein. However, a 
particular care must be taken when the DNA-binding protein of interest binds to DNA with 
high cooperativity, as like PriB. If only one protein-DNA complex is visible when the length 
of the DNA is further increased (for example, to dT60 or more), it is likely inappropriate to 
determine its binding site-size using EMSA. 

6. Acknowledgement 
This work was supported by a grant from the National Research Program for Genome 
Medicine (NSC 100-3112-B-040-001 to C.Y. Huang). 

7. Experimental protocol 
Determination of the binding site-size of SSB (or other DNA-binding protein) 

Equipment and reagents 

• 30% acrylamide/bis- acrylamide stock solution 
• Binding buffer: 20 mM Tris–HCl, pH 8.0, 100 mM NaCl. The composition of the binding 

buffer may be adjusted to fit the particular study or the nature of the studied protein 
• Various lengths of ssDNA homopolymers. The duplex DNA can be used for other 

DNA-binding protein 
• [γ32P]ATP solution at 10mCi/mL, specific activity 3000 Ci/mmol 
• T4 polynucleotide kinase 
• Purified SSB protein 
• Loading buffer: 0.25% bromophenol blue and 40% sucrose 
• TBE buffer (89 mM Tris borate and 1 mM EDTA) 
• Vertical electrophoresis system and a power pack 

Experimental method 

1. Phosphorylate the ssDNA homopolymers of varying length in 10 μL of T4 
polynucleotide kinase buffer (70 mM Tris–HCl, pH 7.6, 10 mM MgCl2, 5 mM 
dithiothreitol) supplemented with 1 μL of [γ32P]ATP and 1 μL of T4 polynucleotide 
kinase. Incubate at 37 oC for 1 h. 

2. Dilute radiolabeled DNA substrates to suitable concentration (for example, 1–10 nM; for 
determination of the apparent dissociation constant) using binding buffer. 
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3. Incubate radiolabeled DNA substrates with different concentrations of protein, 
respectively, for 30 min at 25 oC, in a total volume of 10 μL in binding buffer. 

4. Remove aliquots (5 μL) from each reaction solution and add it to 2 μL of loading buffer 
and load on a native 8% polyacrylamide gel at 4°C in TBE buffer for 1–2 h at 100 V, 
depending on the length of DNA. 

5. Dry the gel under vacuum and autoradiograph. 
6. Summarize the number of DNA-protein complexes formation for each length of DNA 

used. 
7. Evaluate DNA length required for two and three complexes formation. 
8. Calculate the length (the binding site-size) needed for one protein binding. 
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一、參加會議經過 

The 12th Annual Meeting of the Protein Science Society of Japan was held from Jun 20 to 22, 2012 
in Nagoya, Japan. As the meeting is mainly based on biophysics for the main shaft, so lots of the 
participating researchers are in the fields of macromolecular interactions in which I am rather interested. 
In the lecture sections of Prof. Toshiya Endo, Prof. Hidekazu Hiroaki, and Prof. Nobutoshi Ito, I am 
deeply attracted to learn more about new and efficient strategies to develop my research scenario. I also 
contributed a post presentation (1P-023) at Day 1 (June 20). The title is “The Klebsiella pneumoniae 
primosomal PriB protein: identification, crystal structure, and DNA binding mode.” 

 

二、與會心得 
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I would briefly elucidate those summaries of my most impressive lectures as following: 
 

    1). The talk by Dr. Toshiya Endo, entitled “Protein dynamics and cellular functions”, discusses the latest 
topics of in vivo protein science in perspective of dynamic cellular protein systems. Proteins mediate cellular 
functions by forming functional networks involving membranes. Conventional in vitro protein science on 
purified proteins is developing into in vivo protein science aiming at understanding protein biogenesis, traffic, 
and quality control in contexts of organelles and cells. 
  

2). The talk by Dr. Daisuke Kohda, entitled “Structural biology in the YouTube Era”, discusses how 
YouTube affects the studies of structural biology. In efforts to create vivid pictures of biomolecules in cells, 
the observation of a single molecule along a time axis, or the structural data as a function of time in the case 
of an ensemble of Avogadro’s number molecules is highly desirable. The talk focuses on a next generation of 
structural biology in the “YouTube” era. 

 
3). The talk by Dr. Takeshi Iwatsubo, entitled “The alpha-helical structure of the hydrophilic loop 1 of 

presenilin 1 contributes to the formation of the substrate binding site.”, mainly focuses on a molecular insight 
into the hydrophilic loop 1 forming the active site within of presenilin 1 (PS1). gamma-Secretase is an 
intramembrane-cleaving aspartyl protease that endoproteolyzes a scissile bond within the transmembrane 
domain (TMD) of the substrates. They have analyzed the structure of PS1, the catalytic subunit of 
gamma-secretase, by substituted cysteine accessibility method (SCAM). PS1 harbors a hydrophilic catalytic 
pore structure formed by TMD1, 6, 7, and 9 within membrane. In this talk, they analyzed the structure and 
function of the hydrophilic loop 1 of PS1 by SCAM. Essentially all residues in hydrophilic loop 1 reside in 
the hydrophilic environment. However, residues at C-terminal region of hydrophilic loop 1 showed low or 
high water accessibility in every three or four residues. Circular dichroism spectrometric analysis revealed 
that hydrophilic loop 1contained the alpha-helix structure. Intriguingly, introduction of proline substitutions to 
disrupt the helix structure of hydrophilic loop 1 diminished the formation of the substrate binding site in PS1. 
These data suggest that hydrophilic loop 1 of PS1 forms a short alpha-helical structure that contributes to the 
formation of the substrate binding site of the gamma-secretase. 

 
4). The talk by Dr. 荒牧 峻彥, a direct competitive researcher with our project, emphasizes PriC can 

bind to not only ssDNA, but also dsDNA. I did not understand his whole study, because his talk was in 
Japanese. Since his team has investigated PriC’s function, we must avoid to studying the same story as those. I 
think that PriC possesses this novel DNA binding activity that would rewrite the mechanism of the primosome 
assembly. 

 
   5). The talk by Dr. Wataru Nishii, entitled “Redox switch of Lon protease in a facultative anaerobe”, 
provides the information about how the redox switch regulates the activity of Lon protease. The E. coli 
ATP-dependent Lon protease rapidly degrades damaged proteins and certain regulatory proteins, thus 
playing pivotal roles in cellular stress responses. However, the enzyme is harmful unless controlled due to 
its unwanted activity toward cellular proteins. In this talk, they showed that the enzyme activity is 
posttranslationally controlled by redox. Under reducing conditions, the enzyme adopts the reduced form, 
of which activity is weak and strictly regulated by the amount of ATP and protein substrate. When 
oxidative stress is elevated, the enzyme reversibly transforms into the oxidized form having much higher 
(5-19 times) and rather deregulated activity through the intramolecular disulfide bond formation. 
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三、攜回資料名稱及內容 

   The 12th Annual Meeting of the Protein Science Society of Japan abstracts book. 
 
 
 
 
所發表之論文全文或摘要 
ID: 1P-023 
The Klebsiella pneumoniae primosomal PriB protein: identification, crystal structure, and DNA binding 
mode 
 
Huang, Cheng-Yang*, Huang, Yen-Hua 
Biomed. Sci., Chung Shan Med. Univ. 
 
    PriB is a primosomal protein required for the re-initiation of replication in bacteria. Previously, we 
characterized the 55-aa PriB in Klebsiella pneumoniae (KPN04595), which is much shorter in length than 
the well-studied Escherichia coli PriB (EcPriB). In the present study, gene expression of the real PriB 
(104 aa) in K. pneumoniae (KpPriB) was identified, and the gene product was characterized by crystal 
structural and functional analyses. Quantitative-polymerase chain reaction analysis indicated that the 
104-aa priB was expressed in K. pneumoniae with the CT value of 22.40. Crystal structure of KpPriB, 
determined at a resolution of 2.1, was similar to that of EcPriB; the largest difference was found in their 
L45 loops. KpPriB formed a single complex with ssDNA of different lengths, suggesting a highly 
cooperative process. Furthermore, we also found that KpPriB can bind dsDNA and dsDNA containing 
either 5' or 3' ssDNA overhang. Structure-based mutational analysis revealed that substitution at K18, F42, 
R44, W47, K82, K84, or K89 (but not R34) in KpPriB had a great effect on ssDNA binding. On the basis 
of these findings, the structure-function relationships and DNA binding mode of PriB was proposed and 
discussed.  
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