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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. The accomplished experiments of this project are: (1) Gene cloning, expression, and
purification of these primosomal proteins. (2) The analyses of ssDNA binding modes of PriB and
SSB. (3) PriB and DnaT protein crystals are obtained. (4) Crystal structure of PriB has been
solved to 2.07 A by synchrotron radiation X-ray source at Beamline 13C1 of NSRRC. (5) The
flavonols are found to inhibit the activity of DnaB. (6) Analyses of interactions of PriB with the
primosomal proteins. (7) Crystal of DnaB in complex with the inhibitor galangin. We hope
these results will lead the structure-based drug design to target KP replication restart primosome,

especially PriB, SSB and DnaB.
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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
at the replication origin (1-4). In Escherichia coli, replication starts by loading the DnaB
helicase at the unique site oriC (origin of chromosomal replication), accomplished by an
oriC-specific recognition protein DnaA and a molecular escort protein DnaC, and continues
bidirectionally around the chromosome until the two replication forks meet in the terminus region
opposite to the oriC (5-8). During DNA replication, the DnaG primase interacts with the DnaB
helicase to synthesize short RNA primers, which are used to generate the Okazaki fragments that
are essential for the progression of replication fork extended by the DNA polymerase (9).
However, replication forks initiated at oriC often collapse or disintegrate spontaneously, leading
to fail to completion around the chromosome (4,10). It has become apparent that some
exogenous and endogenous sources of DNA damage can inactivate a large proportion of
replication forks (4,11). The replication forks could accidentally be arrested anywhere along the
DNA, so reloading DnaB helicase for oriC-independent re-initiation of DNA replication is
required (10,11).

In the past few years, it has been recognized that the ability to restart replication at sites of
DNA damage on the template is essential for bacterial survival (11). The replication restart
primosome, is a protein-DNA complex that re-activates stalled DNA replication at forks (4).
Eight crucial proteins (PriA, PriB, PriC, DnaB, DnaC, DnaT, DnaG, and SSB) are involved in the
restart of DNA replication (10). During replication restart, in vitro evidences indicate that
PriA-directed replication restart primosome is located at the D-loop, a three-way-junction DNA
structure that is an intermediate in recombination repair (12-14). The PriA-directed replication
restart primosome assembly on the D-loop DNA is an ordered process: (i) PriA recognizes and
binds to SSB-coated D-loop DNA. (ii) PriB joins PriA to form a PriA-PriB-DNA complex. (iii)
DnaT participates in this complex to form a tri-protein complex on the D-loop DNA. (iv) DnaB is
then transferred from a DnaB-DnaC complex to the PriA-PriB-DnaT-DNA complex to form a
pre-primosome assembly that consists of PriA, PriB, DnaT and DnaB on the DNA. Finally,
DnaG adds to this complex by interacting with DnaB, and completes assembly of the
PriA-directed replication restart primosome (4,15).

The PriA mutant of E. coli exhibit complex phenotypes that include reduced viability,
chronic induction of SOS response, rich media sensitivity, decreased homologous recombination,
sensitivity to UV irradiation, defective double-stranded break repair, and both induced and
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constitutive stable DNA replication (10,15-17). The priBC double mutant displays phenotypes
that are identical to those of the priA mutant, in addition to a very poor viability and a growth rate
that is even much slower than that of the priA mutant (15). These results suggest that preventing
re-initiation of DNA replication or blocking the activities of the replication restart primosome
will decrease the bacterial growth significantly. Fortunately, due to their distinct mechanisms in
DNA replication re-initiation, we found that bacterial PriA, PriB, PriC, and DnaT proteins have
no homologs in eukaryotic cells. Thus these prokaryotic primosomal proteins may be novel
targets for antibiotics development.

Klebsiella are ubiquitous opportunistic pathogens which colonize at the mucosal surfaces of
humans, and can give rise to severe diseases such as septicemia, pneumonia, urinary tract
infections, and soft tissue infection (18). These nosocomial infections are mainly caused by
Klebsiella pneumoniae (KP), the medically most important species of the genus. KP primarily
attacks immunocompromised patients who are hospitalized or suffering from severe underlying
diseases, such as diabetes mellitus, chronic alcoholism, or pulmonary obstruction, and commonly
results in a high fatality rate if untreated (18). In spite of advances in treatment and prevention,
KP still poses a major threat on public health worldwide. In Taiwan, KP is one of the most
commonly isolated bacterial pathogens and is reported to be more prevalent and virulent than
other regions of the world (19). Although KP strains are generally susceptible to some
antibiotics such as cephalosporins, to which many clinical strains of KP are highly resistant
(19-21). These extended-spectrum beta-lactamase (ESBL)-producing KP strains have restricted
effective treatments in current therapy (22). Several critical pathogenicity factors of Klebsiella
infections have been identified, including capsular antigens, pili (fimbriae), lipopolysaccharide,
serum resistance, and siderophores (18,23-26). These gene clusters of pathogenicity factors have
been sequenced, classified and studied by both in vitro and in vivo models to investigate the
interaction of bacterial cells with the host. Nevertheless, the ability of pathogenic bacteria to
cause disease in a susceptible host is determined by multiple virulence factors acting individually
or together at different stages of infection, thereby complicating the analyses of these dynamic
infection mechanisms and virulence factors-based drug design.

To combat the threat of invading KP infections, discovering virulence factors and identifying
novel targets for drug developments and/or new cures would be highly needed for public health.
Since inhibition of either activity of the replication restart primosomal proteins will be
detrimental to bacterial survival, targeting to these proteins should be a legitimate way to reduce
viability of KP. Some crystal structures of primosomal proteins such as PriA (27), PriB (28,29),
DnaB (5-7), and DnaG (30) have been determined, and these results have significantly advanced
the knowledge of the molecular mechanisms of replication restart primosome assembly. It

seems likely that antibiotics’ development by rational design for these target proteins of KP may
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be achieved as soon. However, we found that several primosomal proteins identified previously
are not conserved among Gram-negative bacteria including KP, for example as PriB protein
(28,29,31). It is therefore difficult and inappropriate to apply the primosome information
studied from other system directly to that of KP. In addition, little is reported on replication
restart primosome of KP (31-33). In this project, we propose to study the 3-D structure and
function of these KP primosomal proteins. We believe the resultant information can provide the
deeper knowledge of the KP replication restart primosome, whereby to advance our

understanding as to how DNA replication restart of KP can be blocked.
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New and emerging pathogenic bacteria and the rise in multi-drug-resistant bacterial strains
are driving the need to discover novel antibiotics. Klebsiella pneumoniae (KP) is one of the
most commonly isolated bacterial pathogens in Taiwan. It has been recognized that the ability
to restart arrested DNA replication forks is essential for bacterial survival. Thus, in order to
combat the threat of KP infections, blocking the restart of replication fork of KP may be useful.
Eight crucial proteins (PriA, PriB, PriC, DnaB, DnaC, DnaT, DnaG, and SSB) are involved in
assembly of replication restart primosome. To obtain better knowledge as to how the activities
of these primosomal proteins can be blocked, our objective is to provide structural and

functional information to assist in drug development targeting KP.

(1) Crystallization, and structural determination of KP primosomal proteins. To provide
the molecular information of these KP primosomal proteins, we aim to obtain the crystals of

PriA, PriB, PriC, DnaT, DnaC, DnaB, DnaG, and SSB or their complexes with DNA or RNA.

(2) Characterization of DNA binding properties of KP primosomal proteins. PriA, PriB,
DnaC, DnaB, DnaG, SSB are known to have ssDNA binding ability. Biochemical analyses of
these Protein-DNA complexes are vital to understand the assembly mechanisms of KP
PriA-directed primosome. We study the stoichiometry, the structure-function relationship,
base specificity, and binding affinity of the protein by use of electrophoretic mobility shift assay
(EMSA), mutational analysis, and filter binding assay. The cooperativity of the binding

process and the binding modes of the protein are also analyzed quantitatively.

(3) Knowledge-based selection of inhibitors. Some small compounds possessing anti-DNA
binding or anti-ATPase activities have been reported. We use these nucleic acid analogues as
inhibitors to characterize the DNA binding affinity of the protein, and the ability of the replication
restart primosome assembly of KP. To find more and more inhibitors, program-based docking
with the protein’s structure is also used. There may be some inhibitors as potential drug

candidates that can block the restart of replication fork of KP.

(4) Determination of crystal structure of the protein in complex with the drug candidate.
An inhibitor is selected to co-crystallize with the protein, and solve the complexed structure.
This information may provide a molecular insight into how modify the inhibitor can make a

better drug.
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(1) Gene cloning, expression, and purification of PriA, PriB, PriC, DnaT, DnaC, DnaB,
DnaG, and SSB from KP. The genes encoding KP replication restart primosomal proteins were
amplified by polymerase-chain reaction (PCR). The expression pET-21b vector containing a
six-histidine affinity tag at the C-terminus of the cloning site was used to overexpress these

proteins.

(2) Crystallization of PriB, DnaT, and DnaB from KP.

PriB DnaT DnaB

(3) Crystal structure of Klebsiella pneumoniae PriB. The structure of PriB from KP has been
solved at 2.07A resolution and submitted to the Protein Data Bank (PDB) with accession no.
2XIT.

Table Data collection and refinement statisties for KpPriB

Data collection

Crystal KpPriB
Wavelength (A) 0.97622
Resolution (A) 2.1
Space group c2
Cell dimension (A) a=64.7
b=36.9 p=113.7
c=394
Completeness (%) 96.7(99.8)
<I/ol> 40.7 (6.4)
Rsymb (%) 6.4 (25.9)
Redundancy 3.4 (3.6)
Refinement

Resolution (A) 30-2.1
No. reflections 5096
Rwork / Rfree 23.4/23.8
No. atoms

Portein 784

Water 12
R.m.s deviation
Bond lengths (A) 0.007
Bond angles (%) 1.5
Ramachandran Plot
In preferred regions 80 (90.9%)
In allowed regions 7 (7.9%)
outliers 1(1.1%)
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Crystal structure of the full length version of PriB from KP; accession no. 2xrr. The structure
of KP PriB (2.1A) compared with that of E coli PriB. Their ssDNA binding sites (Loop 45; L45)

are very different.

(4) Anovel PriB protein from KP.
4.1. Sequence analysis

The gene KPN_04595 encoding the putative KpPriB is described in the NCBI database.
Based on the known nucleotide sequence, the predicted KpPriB monomer protein has a length of
55 aa and a molecular mass of 7 kDa. This differs from the well-studied 104-aa EcPriB protein.
Analysis of the primary structure of KpPriB by RPS-BLAST revealed the presence of an RPA OB
fold-like domain. The figure shows alignment of the amino acid sequences of K. pneumoniae, P.
carotovorum (Pc), Y. ruckeri (Yr), S. enterica (Se), E. coli, and Neisseria gonorrhoeae (Ng) PriB.
The primary structures of these PriBs are similar; however, KpPriB, PcPriB, YrPriB, and SePriB
are shorter in length than EcPriB and NgPriB. Specifically, the N-terminal 1 - 49 aa region of
EcPriB is absent in KpPriB. This region in ECPriB contains several important residues crucial for
ssDNA binding, such as K18, R34, and W47. In addition, the W47 residue of EcPriB has been
proven to stimulate PriA helicase. These residues, conserved in most PriB families, are not found
in KpPriB, PcPriB, and YrPriB, due to their truncated gene products. The evolutionary tree for

these PriBs is shown: they could be classified into at least 3 groups.

T S e MPVII 5
DR S PSR L L B e B S Y ST R Y S e MPVIV 5§
VADPIB  erssaransin & 5 5 COGIMESSIETEE B 8 B B R SeNNGRRSTEINR S W 6 8 SSISSISTETEEE B R e S MPVIV §
SePriB = - - - s m s e m e e MLEHRSVQEEAGFHRQAWCQMPV IV 25
FcPriB - -MTNRLVLSGTVCRAPLRKVSPSGIPHCQFVLEHRSVOQEEAGFHRQAWCQMPVIV 54

NgPriB MGFTNLVSLAALIEKAFPIRYTPAGIPVLDI ILKHESWQEENGQQCLVQLEIFARI 56

KpPrie SGHENQAITHSITVGSAVTVRGFISCHKAKNGLSKMVLHAEQIELIDSGD 565
PcPriB SGLSSQAVTHSITVGTAQLTVHGFISCHAQGRNGLSKIVLHAEQIELIDSGD 665
¥rPriB SGHQSQALTHSITVGSQLTVEGFISCHQGRNGLNKLVLHAEQIELIDSGD 55
SePriB SGHENQAITHSITVGSRITVQGF I SCHKAKNGLSKMVLHAEQIELIDSGD 75
EcPrie SGHENQAITHSITVGSRITVAGF I SCHKAKNGLSKMVLHAEQIELIDSGD 104
NgPrie LGROQAEEWQYRQ- -GDCATVEGFL-AQKSRRSLMP-MLRIQNIKEYK-G- 100

KpPriB
SePriB

PcPriB
NgPriB
EcPriB
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4.2. Oligomerization of KpPriB in solution

To determine whether the length of the gene product affects its oligomerization state, we
analyzed KpPriB and EcPriB by gel filtration chromatography. ECPriB exists as a dimer and a
tetramer (solid line). However, analysis of purified KpPriB by gel filtration chromatography
revealed a single peak (dotted line). Assuming that KpPriB has a structure and partial specific
volume similar to the standard proteins, the native molecular mass of KpPriB was estimated to be
~7 kDa. Thus, the single peak suggests that KpPriB, unlike ECPriB, is a stable monomer.

To assess whether KpPriB forms dimer or oligomer in the presence of ssDNA, we incubated
the protein with glutaraldehyde in order to cross-link lysine residues in the presence and absence
of dT30. Addition of dT30 resulted in a significant increase in the amount of cross-linked species,
which may correspond to the presence of dimers (~15 kDa) and tetramers (~30 kDa) of KpPriB.
Taken together with the gel filtration data, these studies suggest that KpPriB is a monomer in

solution, and that oligomers (mainly dimers) are formed, only in the presence of ssDNA.

43 6.51 (in kDa)
\|/ 137 L 1.36
20 |V |
V. v

15 1

10 1

0 5] 10 15 20 25 30
Elution Volume (ml)

4.3. KpPriB binds ssDNA

To assess whether KpPriB binds ssDNA, we assessed binding of KpPriB to dT20, dT25,
dT30, dT35, dT40, dT45, dT50, dT55, and dT60 with different protein concentrations using
EMSA. No significant band shift was observed when KpPriB was incubated with dT20,
indicating that KpPriB could not form a stable complex with dT20 during electrophoresis. In
contrast to dT20, the longer dT homopolymers bind to KpPriB, forming a single complex. These
interactions appear to be highly cooperative since only 1 complex of KpPriB molecules bound per
ssDNA is visible when the length of the dT homopolymers is further increased to 60 nt; there is
no other distinctive complex or intermediate form. Thus, the shorter KpPriB can bind ssDNA,
and the length of ssDNA required for forming a stable complex with KpPriB molecule(s) is
approximately 25 nt, as determined using EMSA.

4.4. Base preference for ssDNA binding of KpPriB
To test the base preference for KpPriB binding to purine and pyrimidine, we used dT30,
dC30, and dA30 to bind to KpPriB. Like EcPriB, KpPriB shows a higher preference for dT30
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than for dA30. In addition, this study revealed that the binding preference of KpPriB follows the
given order: dT > dC > dA, i.e., KpPriB preferentially binds to pyrimidine than to purine.

However, the in vitro base preference of PriB, as well as other SSBs, is still unknown.

O - (T20 IR 1125 % -1T30 N = -(T35

E H
— ] _——— ] — ] —— ]
il -C Wil -C o ot bl il - uﬁ“-c
———————— _(T40 e - -dT45 5o A T5s
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4.5. RNA binding activity of KpPriB

It has been previously reported that ECPriB binds ssRNA (U35) with an affinity that is
comparable to its affinity for ssDNA dT35. In order to assess whether the ability of PriB to bind
to RNA is conserved, we assessed the binding of rU30 and dT30 to KpPriB. Unexpectedly,
KpPriB did not bind to rU30 with the same affinity as it did for dT30. Thus, the RNA-binding
activity of PriB among different species is not conserved and therefore is likely to be unnecessary

in the K. pneumoniae primosome assembly.

4.6. Cooperative binding of KpPriB to ssDNA

The ssDNA binding ability of KpPriB was studied via a filter-binding assay using dT15.
Since dT20 or longer homopolymers give high background noise on binding to nitrocellulose
filters, they were excluded from the assays. The titration curves for KpPriB are shown in the
figure, and the estimated apparent K4 values are summarized in the Table. The binding affinity of
KpPriB for dT15 (filled circle) increased significantly within a narrow range of protein
concentrations, indicating that the formation of the KpPriB-dT15 complex is a positive
cooperative process. The Hill coefficient (h) for KpPriB-dT15 binding was determined to be 3.41
+ 0.56, which is significantly higher than that for EcPriB-dT15 (1.5 + 0.1). The strong
cooperative binding of KpPriB to ssDNA has important implications for the nature of the
protein-protein interactions within the complex and the position of the ssDNA-binding sites on
KpPriB. This is especially important considering that KpPriB lacks several important residues for
ssDNA binding, as compared with EcPriB.
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4.7. Salt effect on ssDNA binding of KpPriB

The ssDNA-binding surface of ECcPriB is highly electropositive and interacts directly with
both the bases and the phosphate backbone of ssDNA. Although KpPriB lacks the N-terminal
1 - 49 aa region seen in ECPriB, the most important residues for ssDNA binding, K33, K35, and
K40, corresponding to positions K82, K84, and K89, respectively, in ECPriB, are conserved. To
investigate whether the electrostatic interactions play a role in ssDNA binding, we examined the
binding of KpPriB to dT15 at high salt concentrations (200 mM NacCl). As expected, the binding
affinity of KpPriB for dT15 is salt dependent, and is approximately 4-fold lower than that
measured in the absence of salt. Furthermore, the Hill coefficient (h) is reduced to 1.26 + 0.08,

indicating lower cooperativity in these conditions.

4.8. Role of K33 in KpPriB-ssDNA binding

To investigate the contribution of K33 in KpPriB-ssDNA binding, a mutant was created with
an alanine substitution at the position corresponding to K82 in loop Lss of ECPriB. Binding was
assessed in the absence and presence of 200 mM NaCl. The K33 A mutant has a K4 value (380 +
20 nM) that is 2.7-fold higher than that of the wild-type KpPriB (140 = 20 nM) in the absence of
additional NaCl. In the presence of 200 mM NacCl, the K33 A mutant has a K4 value (2600 + 400
nM) that is ~19-fold higher than that of the wild-type KpPriB assayed without additional salt. The
Hill coefficient of the K33A mutant is 1.26 + 0.08 and 1.28 + 0.19, when in the absence and
presence of 200 mM NaCl, respectively. These data indicate that KpPriB binds to ssDNA mainly
through electrostatic interactions, especially within the positive charge region. Hence, the K33
position in KpPriB appears to be involved not only in ssDNA binding, but also in the intra- or/and

inter-molecular cooperative binding to other residue(s) of KpPriB.

4.9. Comparison with EcPriB

The homodimeric arrangement of OB folds in EcPriB is roughly conserved among known
PriB homologs. In this study, we reported a novel PriB from K. pneumoniae that is shorter and
monomeric compared with the known PriBs, which are polymeric. It has been previously
reported that the monomeric interactions found in the ECPriB dimer are tightly packed by
hydrophobic interactions involving the residues Leu5, Leu7, Met50, and Ile78. Two of these
residues, Metl and Ile29, exist in the shorter KpPriB homolog. The lack of the 2 Leu residues

results in the failure to homodimerize, but the remaining residues are sufficient for mediating
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ssDNA binding.

Previous investigations of ECPriB demonstrated that aromatic stacking, mediated by residues
Phe42 and Trp47, plays an important role in ssDNA binding and in stimulating PriA helicase.
These residues, however, do not exist in KpPriB. Therefore, the mechanisms and the binding
modes of KpPriB, as well as other K. pneumoniae primosomal proteins, to sSDNA remain to be

explored.

(5) The putative KpPriB gene (KpPriBc), KPN_04595, described in the NCBI database, is
incorrect.
5.1. Identification of KpPriB gene in K. pneumoniae

Because the yeast 2-hybrid analysis of KpPriBc revealed that PriB from K. pneumoniae did
not interact with any primosomal proteins used, we aimed to discover other forms of PriB. We
found a DNA fragment of K. pneumoniae chromosome that could be specifically amplified by
using primers for cloning the ECPriB gene, suggesting that there was a region in K. pneumoniae
chromosome highly similar to that of the EcPriB gene. As expected, on searching the NCBI
database, we found a positive hit at 5023576 - 5023890 nt in the Kp chromosome. To test
whether this region, designated as KpPriB, could be expressed, the total RNA of K. pneumoniae
was extracted and reverse transcribed, and then analyzed by Q-PCR using specific primers for
KpPriBc and KpPriB. The expression plasmid pET21b-KpPriB served as a quantitative standard.
We found that this region of KpPriB, as well as of KpPriBc, was expressed; the Ct values were
22.59 and 22.40 for KpPriBc and KpPriB, respectively. Because the region of KpPriBc
completely overlapped the C-terminal region of KpPriB, comparison of Cr values from Q-PCR
experiments revealed that mRNA levels of KpPriBc and KpPriB were nearly equal. This suggests
that only 1 PriB gene was expressed in K. pneumoniae, most likely KpPriB.

5.2. Sequence analysis

The putative KpPriB is not described in the NCBI database, but we have identified its
expression here. Based on the known nucleotide sequence, the predicted KpPriB monomer
protein has a length of 104 aa and a molecular mass of 12 kDa. This is highly similar to the
well-studied 104-aa EcPriB protein. The figure shows the alignment of the amino acid sequences
of the PriB in K. pneumoniae, P. carotovorum (Pc), Y. ruckeri (Yr), S. enterica (Se), E. coli, and
Neisseria gonorrhoeae (Ng). The primary structures of these PriBs are similar; however, KpPriBc,
PcPriB, YrPriB, and SePriB are shorter in length than EcPriB and NgPriB. Since we identified
that KpPriB, another form of PriB, exists, these shorter PriBs, namely KpPriBc, PcPriB, YrPriB,
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and SePriB, as well as other unidentified PriBs among different bacterial species, may need to be
reassessed in terms of gene length.

In addition to identifying the expression of KpPriB, we also tried to locate its promoter as
predicted by several programs. By using online promoter analysis tools
(http://molbiol-tools.ca/Promoters.htm), we found no significant promoter for KpPriB expression.
Thus, it seems difficult and inappropriate to apply the gene expression information from E. coli
or other systems directly to that of K. pneumoniae. Therefore, the regulation and expression of
the primosomal proteins such as KpPriB should be further investigated in K. pneumoniae.

A B

B5023576-algaccanc cat clggagclg tec 25 i ST plasmid1'906><103
STD 1.906x104
20 [KpPriBe |
5 |1.05x104 STD 1.906x105
KpPrig |
15 [1.13x104 STD 1.906x108
cat aaggeanagancgre e ageannaty git ctg cal g
HKAKNGLS
gat tet goagac tag.) : o
D s ety 10° 10¢ 108 108 107
c Copy number/pl
KoPriBc = = = = = = = o ot et e s e s st s iiiii it MPVIIl §
KpPriB - -MTNRLELSGI|ICRTPLRKVSPSGIPHCQFVLEHRSVOQEEAGFHRQAWCAOMPV Il 54
PoPriB = = = = = = = s s s s s st e it st sessssasssassssaee MPVIV &
FrPriB = = s = s s s e s e e e e e e e e e e e e assaesassasesaaaaeeee e MPVIV &
SePriB = = = = = s s s s e s s aamaaeaaeeaseea MLEHRSVQEEAGFHRQAWCAOMPVIV 25
FcPriB - -MTNRLVLSGTVCRAPLRKVSPSGIPHCQFVLEHRSVQEEAGFHRQAWCAOMPV IV 54

NgPriB MGFTNLVSLAALIEKAFPIRYTPAGIPVLDIILKHESWQEENGQQCLVQLEIPARI 656

KoPriBc SGHENQAITHSITVGSAVTVRGFISCHKAKNGLSKMVLHAEQIELIDSGD 655
KoPriB SGHENQAITHSITVGSAVTVRGFISCHKAKNGLSKMVLHAEQIELIDSGD 104
PcPriB SGLSSQAVTHSITVGTAQLTVHGFISCHAQGRNGLSKIVLHAEQIELIDSGD 65
yYrPriB SGHQSQALTHSITVGSQLTVEGFISCHQGRNGLNKLVLHAEQIELIDSGD 6556
SePriB SGHENQAITHSITVGSRITVAQGFISCHKAKNGLSKMVLHAEQIELIDSGD 75
EcPrie SGHENQAITHSITVGSRITVQGFISCHKAKNGLSKMVLHAEQIELIDSGD 104
NgPriB LGROQAEEWQYRQ--GDCATVEGFL-AQKSRRSLMP-MLRIQNIKEYK-G- 100

5.3. Yeast 2-hybrid analyses

PriB is known to interact with the primosomal protein PriA and DnaT in vitro. To address
whether PriB binds to other primosomal proteins and to map the interacting region of PriB, 2
yeast 2-hybrid systems, strains Y187 and AH109, were used to identify proteins interacting with
KpPriB (right lanes) or KpPriBc (middle lands). cDNA corresponding to KpPriBc or KpPriB was
fused to the GAL4-binding domain used as the bait to bind a possible 2-hybrid. KpPriA, KpPriB,
KpDnaA, KpDnaB, KpDnaC, KpDnaG, and KpDnaT fused to the activation domain were used as
the prey, and the empty pACT2 vector was used as a control. An interaction between PriB
(KpPriBc or KpPriB) and the protein will result in strong [ -galactosidase activity of the Y187
strain, shown in blue after cell lysis. In addition, to ascertain this interaction, the AH109 strain
was tested for its ability to grow on histidine and urea-free plates. The filter papers show blue
smears, identifying the interactions of KpPriB-KpPriA, KpPriB-KpPriB, and KpPriB-DnaT pairs.
These interactions were also verified in the AH109 strain; the yeast grew well on histidine and
urea-free plates. Thus, KpPriB clearly showed strong interactions with KpPriA, KpDnaT, and
KpPriB itself as examined by these yeast 2-hybrid analyses.
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A PGBKT7b PriBc/pGBKT7b  PrBIpGBKT7b B pGBKT7b PriBc/pGBKT7b  PriB/pGBKT7b
+PriA/pACT2 +PriAfpACT2 +PriAlpACT2 +PriB/pACT2 +PriB/pACT2 +PriB/pACT2

| [ o £ __
C PGEKT7b PriBc/pGBKT7b  PriB/pGBKT7b D pGBKT7b PriBe/pGBKT7b  PriB/pGBKT7b
+DnaA/pACT2  +DnaAfpACT2  +DnaA/pACT2 *onablpACiz: +ORBPACTR  3DnaBpACTZ
v 8 ﬂ N "
i .
X-gal !5 A X-gal ] &
E pGBKT7b PriBe/pGBKT7b PriB/pGBKT7b F pGBKT7b PriBc/pGEKT7b PriB/pGEKTTb

+DnaC/pACT2 +DnaC/pACT2 +DnaC/pACT2 +DnaG/pACT2 +DnaG/pACT2 +DnaG/pACT2

G pPGBKT7b PriBe/pGBKT7b PriB/pGBKT7b H PriBc/pGEKT7b PriB/pGBKT7b
+DnaT/pACT2 +DnaT/pACT2 +DnaT/pACT2 +pACT2 +pACT2

A pGBKT7b PriBc/pGBKT7b PriB/pGBKT7b B pGBKT7b PriEc/pGBKT7b PriB/pGBKT7b
+PriAfpACT2 +PriAlpACT2 +PriAfpACT2 +PriB/pACT2 +PriB/pACT2 +PriB/pACT2

c pGBKTTb PriBc/pGBKT7b  PriB/pGBKT7b D pGBKT7b
+DnaApACT2 +DnaA/pACT2 +DnaB/pACT2

PriBe/pGBKT7b
+DnaB/pACT2

PriB/pGEKT7b
+DnaB/pACT2

E pGBKT7b PriBe/pGBKT7b Prie/pGBKT7b F pGBKT7b PriBe/pGBKT7b PriB/pGBKT7b
+DnaC/pACT2 +DnaC/pACT2 +DnaC/pACT2 +DnaG/pACT2 +DnaG/pACT2 +DnaG/pACT2

G pGBKT7b PriBe/pGBKT7b PriB/pGBKT7b H PriB/pGBKT7b  PriB/pGBKT7b
+DnaT/pACT2 +DnaT/pACT2 +DnaT/pACT2
-LT
~HULT

AH109 strain
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Table 1. The yeast 2-hybrid analyses of KpPriBe and KpPriB

Strain Y187 AHIL09
PriBc FriB PriBc FriB
PriA — ++ — ++
PriB —_ + —_ +++
DnaA — — — —
DnaB — — — —_
DnaC — — — —
DnaG — — — —_
DnaT — +++ — ++

Cirl — — — —

5.4. KpPriB binds ssDNA

To assess whether KpPriB binds ssDNA, we assessed binding of KpPriB to dT20, dT25,
dT30, dT35, dT40, dT45, dT50, dT55, and dT60 with different protein concentrations using
EMSA. No significant band shift was observed when KpPriB was incubated with dT20,
indicating that KpPriB could not form a stable complex with dT20 during electrophoresis. In
contrast to dT20, the longer dT homopolymers bind to KpPriB, forming a single complex. These
interactions appear to be highly cooperative since only 1 complex of KpPriB molecules bound per
ssDNA is visible when the length of the dT homopolymers is further increased to 60 nt; there is
no other distinctive complex or intermediate form. Thus, KpPriB can bind ssDNA, and the length
of ssDNA required for forming a stable complex with KpPriB molecule(s) is approximately 25 nt,
like KpPriBc, as determined using EMSA.

5.5. Base preference for ssDNA binding of KpPriB

To test the base preference for KpPriB binding to purine and pyrimidine, we used dT30 and
dA30 to bind to KpPriB. Like EcPriB and KpPriBc, KpPriB shows a higher preference for dT30
than for dA30, i.e., KpPriB preferentially binds to pyrimidine than to purine. However, the in

vitro base preference of PriB, as well as other SSBs, is still unknown.
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5.6. An annotation of K. pneumoniae PriB in NCBI is incorrect

In this study, we have shown a new or second PriB gene (5023576 - 5023890 nt) in K.
pneumoniae by using Q-PCR and bioinformatic approaches. This one seems to have a longer,
N-terminal extension, relative to the previous documented PriB gene (KPN_04595, designated as
KpPriBc in this study), and is ~98% identical to the E. coli gene. It is also exactly the same
length as the E. coli gene. Because the region of KpPriBc completely overlaps the C-terminal
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region of KpPriB, comparison of Cr values from Q-PCR experiments reveals that mRNA levels
of KpPriBc and KpPriB are nearly equal. Since there is no evidence that there are two
biologically meaningful forms of PriB, these results suggest that only 1 PriB gene is expressed in
K. pneumoniae, most likely KpPriB.

5.7. KpPriBc does not interact with KpPriA, KpPriB, KpDnaA, KpDnaB, KpDnaC, KpDnaG, and
KpDnaT proteins

The PriB gene in K. pneumoniae, originally described as KPN_04595 in the NCBI database,
has been identified recently and designated as KpPriBc here. Contrary to our initial expectation,
KpPriBc does not show interacting activity with the primosomal KpPriA, KpPriB, KpDnaA,
KpDnaB, KpDnaC, KpDnaG, and KpDnaT proteins in our yeast 2-hybrid analyses in the both
strains Y187 and AH109. We, therefore, reinvestigate the presence of other forms of PriB. The
only difference between KpPriBc and KpPriB is the length, in which the N-terminal 1 - 49 aa
region of KpPriB is absent in KpPriBc, indicating that this N-terminal domain contains several

residues crucial for both KpPriA and KpDnaT binding, as well as KpPriB self-association.

5.8. KpPriB does not interact with KpDnaA

It is well established that the components of primosome assembly are different in
gram-positive and gram-negative bacteria. Furthermore, it has been proposed that gram-positive
bacterial primosome assembly should be similar to that of the gram-negative bacteria, in which
DnaD and PriB assemble to their respective PriA proteins. In addition to binding to PriA, DnaD
also interacts with another initiator protein, DnaA, to initiate the DnaA-directed DNA replication
pathway. To test whether KpPriB interacts with KpDnaA, we performed yeast 2-hybrid analyses,
and the results revealed that KpPriB does not interact with KpDnaA. Thus, KpPriB, unlike DnaD,

may not initiate DnaA-directed pathway for DNA replication in gram-negative bacteria.

5.9. KpPriB does not interact with KpDnaC, KpDnaB, and KpDnaG

It has been proposed that DnaT binding to PriB, causing the release of ssDNA by PriB, is a
driving force in the recruitment of the DnaB/C complex to the primosome, perhaps through direct
contact with DnaT. To test whether PriB interacts with the DnaB/C complex, we performed yeast
2-hybrid analyses. The results revealed no interaction between KpDnaC, KpDnaB, and KpDnaG.
If PriA does not interact with the DnaB/C complex, we can speculate that DnaT may interact with
the DnaB/C complex alone and cause further loading onto the forked DNA. However, this

speculation needs to be confirmed by further biochemical experiments.

5.10. KpPriBc maintains interaction with sSDNA but loses interactions with KpPriA and KpDnaT

It has been shown that the residues E39 and R44 in EcPriB are crucial for ECPriA binding,
and these residues along with W47 are involved in EcDnaT binding, in which some binding
residues partially overlap to bind to ECPriA. Taken together with our yeast 2-hybrid
identifications of PriB domains important for protein binding, and the data that KpPriBc can bind

ssDNA well, the conserved N- and C-terminal regions in the PriB family could be clearly defined
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in terms of function. The N-terminal 1 - 49 aa region of PriB is the protein-protein interaction
domain for PriA and DnaT binding, and for self-dimerization, while the C-terminal 50 - 104 aa

region of PriB is the ssDNA-binding domain.

1 49 104
—
Protein-protein ssDNA-binding domain

interaction domain

(6) ssDNA binding modes of SSB.
6.1. Sequence analysis

The gene KPNO04446, encoding K. pneumoniae SSB, was initially found using a database
search through the National Center for Biotechnology Information (NCBI). Based on 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 revealed the presence of a putative OB-fold domain that is common in all known
SSBs. The figure shows an alignment of the amino acid sequences of K. pneumoniae, Salmonella
enterica Serovar Typhimurium LT2, Pseudomonas aeruginosa, Helicobacter pylori, E. coli,
Mycobacterium tuberculosis, and Mycobacterium smegmatis SSBs. In the EcCSSB-ssDNA
complex, 4 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
C-terminal tail of SSBs containing several acidic residues, such as “DDDIPF” in EcSSB, is
also conserved in KpSSB. In contrast to those motifs, 2 glycine residues in the glycine-rich hinge
of ECSSB (Gly125 and Gly128) are not found in KpSSB.

KpSSB 1ASRCVNEVILVGNLGODPEVRYAPSGCAVANF TLATSE SWRDEQTGENRE-QTEWHRYILFG 62
StSSB 14SRCYNKVILVGNLGODFEVRYAPSGCAVANLTLATSE SWRDEATCENRE-QTEWARVYNFG 62
PaSSB -}ARGYNEVILWGNVGGDPETRYNPNGNAVINI TLATSESUKDECTCUUUE-RTEWHRYVFRC 61
HpSSB ----LFNEVINVGRLTRNVELKYLPSGSAANTIGLATSRRF K -RODGTLOE-EVCRIDARLFG 57
EcSSB 1ASRCYNEVILVGNLGUDPEVRTNPNGCAVANI TLATSE SRDRATGENKE -QTEWHRVVLFG 62
MtSSB  --NACDTTITIVGNLTADFELRF TPSGAAVANF TYASTPRIYDROTGENEDOEALFLRCHIR !
MsSSB  --YACDTTITYVGNLT ADPELRF TPSG AAVANF TVASTPRUFDROSGENEDGEALFLRCHING 6
KpSSB KLAEVAGETLREGSOVY IEGULRTRENTDQIGQDKYTTEV-VVNVGOTHQNLOGRAGCEAPAG 124
St$SB KLAEVAGEYLREGSUVYIEGULRTRENTDQIGQERYTTEINVPQIGGVNQALGCROGGOAPAG 125
PaSSB RLABIACEYLREGSOVYVEGSLRTRENGGQIGQDRYTTEL-VVDINGHNQLLGC 56 121
HpSSB RTAEIANQVLSEGSSVLIEGHLTESKEDQIGRENSRHTITADSLOFEDRE SINPOANANGDS 120
EcSSB KLARVASEYLREGSOVYIEGULRTRENTDQIGQDRYTTEV-VYNVCCTHQALCCROCCCAPAG 124
MtSSB  BAAENVAESLTRGARNIVSGRLECRSFETRIGEERTVIEVEVORICPSLRYATARVNEASRSG 124
MsSSB §AABNVAECLTRGSEVIVTGRLEORSFETRIGERRTVVEVEVDRIGPSLRIATARVIEASRSG 124

KpSSB SRPOQQAPAAPSNEPPAD-FDDDIPY 174
StSSB S QRAGGHEQPRRPRAPAGE] SRPGRSA HEPPAD-FDDDIPF 176
PaSSB -~-DDSQRAPREPNQRP SRPAPQQA DEFDDDIPF 165
HpSSB INHENSNNATPANHNAPSC ENLOAQPS VPEINIDEEEIPF 179
EcSSB (1 SRPARSAP EPPAD-FDDDIPF 178
MeSSB SASCDDPNGSAPASGSFGCGDDEPPF 164
Ms SSB SEPEDDPW ASGSFSCADDEFPF 165
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6.2. Oligomerization of KpSSB in solution

Analysis of purified protein by gel filtration chromatography revealed a single peak.
Assuming that KpSSB has a shape and partial specific volume similar to the standard proteins,
the native molecular mass of KpSSB was estimated to be ~80 kDa. The native molecular mass for
KpSSB is approximately 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.

100
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6.3. DNA binding monitored by quenching of intrinsic tryptophan fluorescence

It is well established that the fluorescence quench and the estimated size of the binding sites
of SSBs depend on the salt concentration of the SSB solution. KpSSB has 3 tryptophan residues
(Trp41, TrpS5, and Trp89) in the OB-fold domain, allowing an analysis of ssDNA binding by
tryptophan fluorescence quenching. The protein displayed strong intrinsic fluorescence with a
peak wavelength of 348 nm when excited at 295 nm, consistent with tryptophan fluorescence. As
dT50 was titrated into the KpSSB solution, 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 NacCl, the intrinsic fluorescence at 348 nm was quenched by 65% and 89%, respectively.
The estimated binding-site sizes of KpSSB in 20 and 300 mM NaCl were about of 27 + 2 nt and
38 £ 2 nt, respectively.
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6.4. 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,
dT25, dT30, dT35, dT40, dT45 and dT50 with different protein concentrations using EMSA. As
shown in the figure, no significant band shift was observed when KpSSB was incubated with
dT20, indicating that KpSSB could not form a stable complex with this homopolymer. Because
some smears were observed, it appears that KpSSB interacts with dT20, but it could not form a
stable complex with dT20 during electrophoresis. It is considered that dT20 is too short to form a
stable complex with KpSSB. In contrast to dT20, longer dT homopolymers, dT25-50, bind to
KpSSB and form a single complex. Thus, the EMSA results suggest that the length of ssDNA
required for KpSSB binding ranges between 20-25 nt.

M—mo ——— —at2s ik —dT30 i —dT35

——— —dT40 —dTas - —adTs0

6.5. 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 pre-bound to KpSSB, we studied the binding of KpSSB to longer dT
homopolymers of 55-75 nt. 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 complex with dT55, similar to that observed with dT50;
however, when the KpSSB concentration is increased, another slower-migrating complex appears.
The appearance of the second complex results from the increasing KpSSB concentration, which
suggests that it may contain at least 2 KpSSB tetramers per oligonucleotide. As the minimal
length of ssDNA required for KpSSB binding ranges between 20-25 nt, 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 occupies around 27 nt ssDNA. Furthermore, the stoichiometry of the 2
KpSSB tetramers bound per ssDNA did not change when the length of the dT homopolymers was
further increased to 75 nt. These results from EMSA suggest that the length of ssDNA required
for efficient binding of KpSSB is 26 + 1 nt.
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6.6. The binding constants of the KpSSB-ssDNA complexes

The binding constants of the KpSSB-ssDNA complexes (K4 values) are summarized in the
table. The formation of the KpSSB-ssDNA complex 1 (C1) is nearly ssDNA-length independent,
suggesting that the protein-DNA contact for each C1 is similar. In contrast, the ability of a second
KpSSB tetramer (the Kg value) to bind to ssDNA already bound by KpSSB tetramer was
length-dependent. In fact, increases in ssDNA length were associated with higher binding ability
(lower Ky, value), indicating that the second KpSSB prefers to bind to long ssDNA segments to
which KpSSB tetramer(s) is already bound.
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Tzble 1. ssDMNA-bindmns paameters of EpSSE

EpSSB

En Ko

(M) (v
dT20
dr25 108 +8
dT30 78 =10
T35 67 £ 6
dT40 118 = 15
dT43 123 + 10
dT350 51 =7
dT55 112 £ 12 2500 = 150
dT50 123 = 10 513 = 46
dT53 109 = 14 282 £ 22
dT70 134 =15 214 =24
dT75 140 = 18 195 = 15

Each E is calculated as the average of at least three measurements + S D,
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6.7. Comparison with other SSBs

In this study, we described the cloning, expression, purification, and characterization of SSB
from K. pneumoniae, which is a ubiquitous opportunistic pathogen that colonizes at the mucosal
surfaces in humans and causes severe diseases. In addition, many clinical strains of K.
pneumoniae are highly resistant to antibiotics. Sequence analysis indicates that the KpSSB
monomer possesses an OB-fold domain at its N-terminus and a flexible tail at its C-terminus, as
in ECSSB. Analysis of KpSSB by using gel filtration chromatography showed that the protein
forms a tetramer in solution.

We showed that the binding of KpSSB to dT50 results in tryptophan fluorescence quenching.
In the presence of 20 and 300 mM NaCl, the binding site sizes of KpSSB were 27 + 2 nt and 38 +
2 nt per tetramer, respectively; 2 distinct binding modes could be observed between low- and
high-salt conditions, as observed in ECSSB. In the case of ECSSB, under high-salt conditions, a
65-nt ssDNA binds to each ECSSB tetramer with almost 90% fluorescence quench; under low-salt
conditions, a 35-nt ssDNA exhibits 53% fluorescence quench. In the case of HpSSB, the
stoichiometry was 25 + 2 nt per homotetramer, but the salt effect on its ssDNA-binding mode(s)
remains unclear. Human replication protein A, a eukaryotic SSB, binds to DNA noncooperatively
and has a binding site of 20-30 nt per heterotrimer under most conditions. The constant binding
mode (or “salt-independent” binding mode) of SSBs determined using fluorescence quench at
high- and low-salt concentrations has also been reported in SSBs from the Thermus/Deinococcus
group, Thermotoga maritima, Thermotoga neapolitana, Thermoanaerobacter tengcongensis, and
Pseudomonas aeruginosa PAOL1, possibly because of its low flexibility and/or low number of
glycine residues. In fact, 8 glycine residues in the glycine-rich hinge that are found in ECSSB are
not found in PaSSB. The amino acid sequences of KpSSB and EcSSB share >80% identity,
suggesting the presence of multiple binding modes, even though 2 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 nearest neighbors, such as the LAST
motif in the T4 gene-32 protein, and the arginine-mediated interaction motif in Thermus SSB.
Cooperativity can also result from the protein-induced distortion of adjacent DNA as
demonstrated by Sulfolobus SSB, PriB, and FOXKla proteins. In the case of KpSSB, binding
appears to be noncooperative, for several DNAs, because essentially all the DNA shifts into the
fist complex before the appearance of the second complex. In addition, the apparent K4 values are
of the first and second complex, as expected for noncooperative binding; for positive cooperative
binding, K4, should be less than Ky;. Increasing the length of C2 causes its K4 value to match that
of Cl1, suggesting that length dependence reflects the minimal amount of spacing that is optimal
for steric considerations.

The EMSA approach used here allowed us to observe the formation of distinct complexes
and to determine the ssDNA binding mode of KpSSB. 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, and 2 tetramers are bound to dT55-75. Thus, the apparent binding-site size of KpSSB is
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26 £ 1 nt. Recently, we have determined that the binding-site sizes of PaSSB and StSSB are 29 +
1 and 22 + 1 nt using EMSA, respectively. The amino acid sequence of the N-terminal
ssDNA-binding/oligomerization domain in these pathogenic SSBs is highly conserved to each
other (>90% identity) suggesting that the C-terminal protein-protein interaction domain may also
contribute to ssDNA binding, because of their differences in the binding-site size. We have
prepared chimeric proteins for these SSBs in which their C-terminal domains were exchanged to
further investigate this hypothesis, and the resulting information may be useful in identifying the
DNA binding mode(s) of SSB.

Takble 2. Summcry of the conplex formation of some pathogemc 558s

5sDNA length for the congplex formation

Source The bmding =site size Unstable conplex Formmng a first complex Formaing a second complex
K pmawmorniae 26x1 dTX0 dT25-50 dT55-75
5 nphimurim 221 dT15 dT20-40 dT45-60
F aeruginoza 29+1 dT15-20 dT25-55 dT60-80

(7) Inhibition of DnaB helicase by the flavonols
The purpose of this study was to identify some naturally occurring compounds that can
inhibit the activity of bacterial replicative helicase(s). The results presented here show that 4

flavonol compounds may be useful in developing anti-K. pneumoniae antibiotics.

oH
OH OH OH
OH, oH n\/U OH 0 OH o
| | OH OH
OH oH [+] oH
OH O H 0 oH o oH ©

Galangin Kaempferol Quercetin Myricetin

7.1. Fluorescence quenching of KpDnaB by dATP, dTTP, dCTP, or dGTP

The fluorescence emission spectra of KpDnaB quenched with dATP, dTTP, dCTP, and dGTP
are shown in the figure. Fluorescence intensity of KpDnaB decreased remarkably with increasing
concentrations of dNTP (0-10~ M). At 10° M, dCTP and dGTP quenched the fluorescence
intensity of KpDnaB almost completely, whereas dATP only quenches approximately 80% of the
KpDnaB fluorescence intensity. Adding dNTPs resulted in a significant blue shift (~10 nm) of the
emission wavelength (Aem) of KpDnaB, indicating an interaction between dNTP and KpDnaB and
suggesting formation of a dANTP-KpDnaB complex. The dissociation constant (K4) values of
KpDnaB bound to dATP, dTTP, dCTP, and dGTP determined from the titration curves were 159.8
+ 60, 106.0 + 30, 60.3 = 13, and 63.2 £ 16 uM, respectively, meaning that KpDnaB exhibited the
strongest binding activity towards dCTP.

7.2. Fluorescence quenching of KpDnaB by flavonols

The fluorescence emission spectra of KpDnaB quenched by Gal, Kae, Que, and Myr are
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shown in the figure. Due to the compounds’ solubility, 10 uM of each flavonol was used.
KpDnaB fluorescence intensity decreased significantly with increasing concentrations of
flavonols (0—-10 uM). The maximum Ay, of these flavonols alone in response to excitation at 280
nm was approximately 520 nm. In addition, these 4 flavonols resulted in a slight blue shift (~1
nm) of the maximum A, of KpDnaB. Thus, the quenching of KpDnaB fluorescence mainly
depended on the formation of a complex between the flavonol and KpDnaB. The titration curves
suggest that KpDnaB binds most strongly to Myr, and, in the order of decreasing affinity, to the

other flavonols as follows: Myr > Kae > Gal > Que.
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7.3. Fluorescence guenching of KpDnaB by dATP, dTTP, dCTP and dGTP in the presence of Myr,
Kae, Gal, or Que

To investigate whether the flavonols can inhibit the binding of KpDnaB to dNTP, we
analyzed KpDnaB fluorescence quenching by dATP in the presence of Myr, Kae, Gal, or Que.
The interaction of KpDnaB with dATP was much more sensitive to Gal than to Que. Fluorescence
quenching of KpDnaB was not obvious until the concentration of dATP increased to 10™ M,
indicating that the binding affinity between KpDnaB and dATP was decreased by the presence of
Gal, Kae, Que, or Myr in the reaction solution.

To test whether the flavonols inhibit the binding of KpDnaB to other dNTPs, we also
analyzed KpDnaB fluorescence quenching by dTTP, dCTP, and dGTP in the presence of Myr,
Kae, Gal, or Que. However, the results of these experiments were quite different from those of
the experiment with dATP. dTTP, dCTP, and dGTP quenched KpDnaB fluorescence by almost
50% even at 10 M of the flavonols, suggesting that Myr, Kae, Gal, and Que specifically disrupt
the KpDnaB-dATP interaction.
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7.4. Inhibition of KpDnaB-dNTP interaction by Gal was the strongest

The figure shows the effects of flavonol on the interaction between KpDnaB and dATP,
dTTP, dCTP, or dGTP. KpDnaB-dATP binding was inhibited by flavonoids as follows, in the
order of decreasing efficiency: Gal > Myr > Kae > Que. None of the 4 flavonols disrupted dGTP
binding to KpDnaB. Among the flavonols, Gal inhibited KpDnaB-dNTP interaction most strongly,
although Myr showed the strongest binding to KpDnaB. Thus, the ability of flavonols to inhibit
KpDnaB action in general may be dNTP-dependent.

AFHMFFRTFIPHIF- sRREFRL Page 25



>
o

1007 gatP 1001 grTP
80 4 80
g g
o 60 A m 60
£ k=
2 40 g 40 ] - =
L g
a a
20 4 20
0 - 0 -
Myr Que Kae Gal Myr Que Kae Gal

O
w)

100, dCTP 120, dGTP
_ 80 - _ 100
3 E 80
= 60 4 o T
g g 40
s} a

20 4 20

1] h 0 | |

Myr Que Kae Gal Myr Que Kae Gal

7.5. The flavonoids inhibited growth of K. pneumoniae

To test whether these flavonoids can inhibit growth of K. pneumoniae, K. pneumoniae cells
were grown to 0.5 ODggo at 37 °C, and then added 10 uM of Gal, Kae, Que, or Myr into the
medium. The figure shows that these 4 flavonoids inhibited growth of K. pneumoniae; Gal had a
greater inhibitory effect than the others.
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7.6. Inhibitory mechanism of DnaB helicase by the flavonols

DNA replication is one of the most basic biological functions and should be a prime target in
antibiotic development. In fact, it is the target of the bactericidal fluoroquinolone class of
antibiotics that interferes with DNA gyrase and topoisomerase. 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. In this study, we used
fluorescence quenching to analyze the interaction of KpDnaB with 4 flavonols, Gal, Kae, Que,
and Myr, which contain different numbers of hydroxyl substituent on the aromatic rings. Our
results demonstrated that these flavonols were capable of inhibiting the interaction of KpDnaB

with dNTPs. The extent of KpDnaB fluorescence quenching induced by dATP in the presence of
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a flavonol was much smaller than that of dATP alone, indicating inhibition of KpDnaB-dATP
binding by the flavonol. In addition, the inhibition depended not only on the flavonol (with Gal
displaying the strongest inhibition), but also on the dNTP used (the inhibition was most specific
to dATP binding).

Binding and hydrolysis of NTP cofactors by the DnaB helicase before association with
ssDNA are essential processes that induce and modulate a high affinity conformation of the
enzyme that can bind to ssDNA. Although the primary replicative helicase can hydrolyze all
NTPs, our studies indicate that KpDnaB has a preference for dCTP over other nucleotides. Thus,
other compounds similar to dCTP may be useful in inhibiting KpDnaB.

Other studies have shown that Myr non-competitively inhibits E. coli DnaB helicase and
RSF1010 RepA helicase, with ICsy of approximately 10 and 50 puM, respectively. In this study,
we found that 10 uM of Gal, Kae, Que, or Myr can inhibit INTP binding to KpDnaB. Although it
is well established that flavonoids have several hydroxyl groups and thus have marked potentials
to bind (any) proteins, the strength of the inhibition in dANTP binding of KpDnaB was not
correlated with the number of hydroxyl substituent on the aromatic rings of the flavonols.

Although Myr binds to KpDnaB with the highest affinity among the flavonols, it did not
display the highest inhibition of ANTP-KpDnaB binding. Based on these results, we propose that
these flavonols may inhibit ANTP binding to KpDnaB in 2 possible ways. First, these 4 flavonols
may not bind to the active site of KpDnaB, or only partially occupy the active site. Second, since
DnaB helicase binding to dNTP causes a large conformational change, these flavonols may
inhibit the conformational change itself, thereby causing varying degree of inhibition. The
inhibition of KpDnaB by these flavonols appeared to be dNTP-dependent, and, thus, neither of
these possibilities can be dismissed.

Our crystal structure of Geobacillus kaustophilus helicase in complex with ssDNA and the
non-hydrolysable NTP analogue ATPys revealed that ATP hydrolysis may drive the movement of
the helicase toward the 3’ end of the lagging strand. 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. From these
results, we speculate here that 1 flavonol molecule is enough to bind to the empty active sites of 6
KpDnaB subunits to shut down and lock the enzyme in the dNTP-unbound state. We have
prepared a crystal of KpDnaB in complex with Gal to further investigate this hypothesis, and the
resulting information may be useful in designing compounds that fit more precisely into helicase

active sites.
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3b. A 47 2543

We have expressed and purified these eight recombinant primosomal proteins with high
yield, and carried out the experiments as planned, describing into seven parts as following: (1)
Gene cloning, expression, and purification of these primosomal proteins. (2) The analyses of
ssDNA binding modes of PriB and SSB. (3) PriB and DnaT protein crystals are obtained. (4)
Crystal structure of PriB has been solved to 2.07 A by synchrotron radiation X-ray source at
Beamline 13C1 of NSRRC. (5) The flavonols are found to inhibit the activity of DnaB. (6)
Analyses of interactions of PriB with the primosomal proteins. (7) Crystal of DnaB in complex
with the inhibitor galangin.

Since the flavonol compounds were found to inhibit the binding activity of DnaB to dNTP,
we will combine this knowledge with DnaB structure to do molecular docking. In addition, we
also found that these small compounds possessing anti-DNA binding and anti-ATPase activities
on the DnaB’s action. This information may provide a molecular insight into how the inhibitor

can be modified as a “better” drug.

3c. i 8 2 FEEe FRA K

The most commonly difficult experiment for this project is to get “good” protein crystals for
X-ray diffraction. We have obtained several crystals such as PriB and DnaT crystals for their
structure determinations, but other primosomal proteins’ crystals are still needed to be produced.
We will conduct mutated version of these proteins with lower flexibility (e.g. loop(s)-deletion
forms) or co-crystallize these proteins with some additives. More and more proteins will be

produced for high-throughput screening of crystallization trials.
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We have expressed and purified these recombinant primosomal proteins with high yield,
solved some structures, and discovered some inhibitors for the DnaB action. These results are
highly correlated with the original goals of the project. Some results of the current project are,
however, not significant for the drug development. For example, inhibition of the DnaB helicase
by the natural product flavonols is only in uM scale. We will continue the optimization of the

inhibitor(s) for these proteins.
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PriB is a primosomal protein required for the reinitiation of replication in bacteria. Here, we report the
identification and characterization of a novel PriB protein in Klebsiella pneumoniae (KPN_04595; KpPriB).
Unlike the well-studied Escherichia coli PriB protein (EcPriB), which exists as a homodimer comprising
104-aa polypeptides, KpPriB forms a monomer of only 55 aa, due to the absence of the 49 aa N-terminus
1<9_J’W0rd55 in KpPriB. Although this N-terminal region (1-49 aa) in EcPriB contains several important residues, such
P?B as K18, R34, and W47, which are crucial for ssDNA binding, we found that KpPriB binds ssDNA, but not
PrFA ssRNA, with comparable affinity as that for EcPriB. Results from filter-binding assays demonstrate that
Primosome . . . k . s e . . .

ssDNA binding thg KpPrll.S—ssDNA mt.e.ractlon is coop.eratlve and salt.-sensmve. .Sut.)stltutlpg the residue 1(33 in KquB
SSB with alanine, the position corresponding to the classic ssDNA-binding residue K82 of EcPriB located in
loop Lys, significantly reduced ssDNA-binding activity and cooperativity. These results reveal that the
1-49 aa region of the classical PriB protein is unnecessary for ssDNA binding. On the basis of these find-

ings, the structure-function relationships of KpPriB are discussed.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The ability to reinitiate replication after DNA damage is essen-
tial for bacterial survival [1,2]. The replication restart primosome
is a multi-protein complex that reactivates stalled DNA replication
at the forks after DNA damage [3-5]. In Escherichia coli, the primo-
some includes 7 essential proteins (PriA, PriB, PriC, DnaB, DnaC,
DnaT, and DnaG). There are 2 overlapping mechanisms for reas-
sembly of the replication forks; initiation is induced by either PriA
helicase or PriC [6-8]. In the PriA-directed pathway, PriB is the sec-
ond protein to be assembled in the protein-DNA complex [9],
where it then stimulates PriA helicase activity [10]. PriB also stabi-
lizes the binding of PriA to DNA hairpins and therefore facilitates
the association of DnaT with the primosome [11]. In an ATP- and
DnaC-dependent manner, DnaB helicase is then loaded onto the
complex and forms the complete primosome upon binding with
DnaG primase [12-14]. Recruitment of DnaB helicase to the DNA
results in reactivation of the repaired replication forks, allowing
bidirectional DNA synthesis to resume.

Abbreviations: ssDNA, single-stranded DNA; SSB, single-stranded DNA-binding
protein; EMSA, electrophoretic mobility shift analysis; nt, nucleotides; aa, amino
acids; Ky, the apparent dissociation constant; OB, oligonucleotide/oligosaccharide
binding; EcSSB, E. coli ssDNA-binding protein.
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doi:10.1016/j.bbrc.2010.12.023

PriB exists as a homodimer [15-18] with 104-aa polypeptide
chains. The PriB monomer has an oligonucleotide/oligosaccharide
binding (OB)-fold structure [19,20], and it can bind both ssDNA
and ssRNA [18]. The DNA-binding site of PriB is located in loop
Lys centrally within the dimer [21], and this site occupies
12 + 1 nt of the total site-size [22]. Furthermore, PriB shares struc-
tural similarity with the DNA-binding domain of E. coli ssSDNA-
binding protein (EcSSB) [16-18,23,24], but they differ in their
ssDNA-binding modes [21,22].

While significant progress has been made in understanding the
structure and function of EcPriB, study of these proteins in other
bacterial species is limited. Many prokaryotic genomes do not con-
tain the full component of the primosome genes [15]. In addition,
several PriBs, such as KpPriB, PcPriB, and YrPriB from Klebsiella
pneumoniae, Pectobacterium carotovorum (Pc), Yersinia ruckeri (Yr),
and Salmonella enterica (Se) are shorter in length than EcPriB, spe-
cifically lacking the N-terminal 1-49 aa fragment present in EcPriB
(Fig. 1A). This N-terminal region in EcPriB contains several impor-
tant residues for binding to other primosomal proteins and ssDNA,
and for dimerization [9,15]. Therefore, the PriBs lacking such a re-
gion must have mechanisms for primosome assembly that are dis-
tinct from that of EcPriB.

Previously, we described the crystal structures of EcPriB [18]
and its complex with ssDNA [21]. Here, we aimed to determine
whether the shorter 55-aa PriB polypeptides bind ssDNA and
dimerize. In order to do so, KPN_04595, the gene encoding a puta-
tive PriB from K. pneumoniae was cloned and expressed, and its
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Fig. 1. (A) Multiple amino acid sequence alignment of PriB from K. pneumoniae (Kp), P. carotovorum (Pc), Y. ruckeri (Yr), S. enterica (Se), E. coli (Ec), and Neisseria gonorrhoeae
(Ng). Alignment was carried out using CLUSTALW2. Amino acid residues displaying 100% homology are highlighted in red, and those displaying similarity are highlighted in
blue. (B) The evolutionary tree of these PriB proteins was generated by CLUSTALW?2. (C) Gel-filtration chromatographic analysis of KpPriB and EcPriB is shown. Two peaks are
found for EcPriB at 10 mg/ml, whereas only a single peak is found for KpPriB under the same conditions. (D) Analysis of the subunit structure of KpPriB (20 uM) assessed by
glutaraldehyde (1%) chemical cross-linking in the absence (lane 1) and presence of 5 uM dT30 (lane 2). Retarded species have mobilities consistent with the formation of
cross-linked dimers (~15 kDa) and tetramers of KpPriB (~30 kDa). The sizes of the standard proteins, from the top down, are as follows: 40, 35, 25, 15, and 10 kDa. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

gene product was purified and biophysically characterized. Site-di-
rected mutagenesis of the putative DNA-binding residue of KpPriB
was also performed, and the structure-function relationship of this
novel PriB was elucidated.

2. Materials and methods
2.1. Materials

All restriction enzymes and DNA-modifying enzymes were pur-
chased from New England Biolabs (Ipswich, MA, USA) unless
explicitly stated otherwise. All chemicals were purchased from Sig-
ma-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.

2.2. Construction of the KpPriB expression plasmid

KPN_04595, the gene encoding the putative KpPriB, was PCR-
amplified using genomic DNA of K. pneumoniae subsp. pneumoniae
MGH 78578 as the template. The forward (5'-GCCGCGAATTCCC
CGTTATTATTAGCG-3’) and reverse (5'-GCGGCAAGCTTGTCTCCAGA
ATCTATC-3') primers were designed to introduce unique EcoRI
and Hindlll restriction sites (underlined) into KpPriB, permitting
the insertion of the amplified gene into the pET21e vector. The
pET21e vector was engineered from the pET21b vector (Novagen
Inc., Madison, WI, USA), to avoid having the N-terminal T7 tag
fused with the gene product [25]. Therefore, the expected gene
product expressed by pET21e-KpPriB will have 2 additional artifi-
cial residues, EF, introduced by the EcoRI site located at the N-ter-
minus, and a C-terminal His tag (KLAAALEHHHHHH), useful for
purifying the recombinant protein.

2.3. Site-directed mutagenesis

The KpPriB K33A mutant was generated according to the Quik-
Change Site-Directed Mutagenesis kit protocol (Stratagene; Lajolla,
CA, USA), by using the forward (5-GGTTCATCTCTTGCCATGC
GGCAAAGAACGGCTTGAGC-3') and the reverse (5'-TGCTCAAGCCGT
TCTTTGCCGCATGGCAAGAGATGAACC-3') primers, and the wild-
type plasmid pET21e-KpPriB as a template. The presence of the
mutation was verified by DNA sequencing.

2.4. Protein expression and purification

Recombinant wild-type and mutant KpPriB proteins were ex-
pressed and purified using the same protocol as described previ-
ously for EcPriB [18]. Briefly, E. coli cells were transformed with
the wild-type or mutant pET21e-KpPriB plasmids and grown to
0.9 ODggp at 37 °C in Luria-Bertani medium containing 250 pg/ml
ampicillin with rapid shaking. Overexpression of the KpPriB con-
structs was induced by incubating with 1 mM isopropyl thiogalac-
toside (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
wild-type and mutant KpPriB proteins were purified from the sol-
uble supernatant by Ni?*-affinity chromatography (HiTrap HP; GE
Healthcare Bio-Sciences, Piscataway, NJ, USA).

2.5. Gel filtration

Gel-filtration chromatography was carried out by using an
AKTA-FPLC system [26]. Briefly, purified KpPriB (10 mg/ml) and
EcPriB (10 mg/ml) in buffer (0.1 M NaCl and 20 mM Tris-HCI at
pH 7.9) was applied to a Superdex 75 10/300 GL column (GE
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Healthcare Bio-Sciences, Piscataway, NJ, USA) equilibrated with the
same buffer. The column was operated at a flow rate of 0.5 mL/min,
and 0.5-mL fractions were collected. The protein was detected by
measuring absorbance at 280 nm. The column was calibrated with
samples of known molecular masses: BSA (67 kDa), ovalbumin
(43 kDa), ribonuclease A (13.7 kDa), aprotinin (6.512 kDa), and
vitamin By, (1.355 kDa) (GE Healthcare Bio-Sciences, Piscataway,
NJ, USA).

2.6. Gel shifts

Various lengths of ssDNA oligonucleotides were custom synthe-
sized by MdBio, Inc., Frederick, MD. RNA oligonucleotides (U30 and
A30) were obtained from Dharmacon, Inc., Lafayette, CO (Thermo
Fisher Scientific). Radiolabeling was carried out with [y>?P]ATP
(6000 Ci/mmol; PerkinElmer Life Sciences) and T4 polynucleotide
kinase (Promega, Madison, WI, USA). KpPriB (0, 0.2, 0.4, 0.8, 1.6,
3.2, 6.4, 12.5, 25, and 50 uM) were incubated for 30 min at 25 °C
with 1.7 nM DNA or RNA substrates (dT5-60, dA30, dC30, rA30,
and rU30) in a total volume of 10 pL in 20 mM Tris-HCI pH 8.0
and 100 mM Nacl. Aliquots (5 pL) were removed from each reac-
tion solution and added to 2 pL of gel-loading solution (0.25% bro-
mophenol 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 visual-
ized by autoradiography. Complexed and free DNA or RNA bands
were scanned and quantified.

2.7. Filter binding assay

The affinity of KpPriB for ssDNA was examined by a double-fil-
ter binding assay using the same protocol as described previously
for EcPriB [21,27]. Briefly, ssDNA-KpPriB complexes were gener-
ated by incubating 1 nM of 32P-labeled oligonucleotide with vari-
ous concentrations of KpPriB (10~°-10-° M) for 30 min at 25 °C
in binding buffer containing 50 mM Hepes, pH 7.0, and 40 pg/ml
BSA. The reaction mixture, in a total volume of 50 pL, was filtered
though a nitrocellulose membrane overlaid on a Hybond N+ nylon
membrane (GE Healthcare Bio-Sciences, Piscataway, NJ, USA). The
membranes have been pre-soaked for 10 min in a washing buffer
containing 50 mM Hepes, pH 7.0, and 10 mM NaCl, before being
framed into a dot-blotting apparatus. The slots were washed
immediately with 100 puL of washing buffer before and after the
sample filtering step. The radioactivity on both filters was quanti-
fied with a Phosphorlmager (Molecular Dynamics), and the frac-
tion of bound ssDNA was estimated.

2.8. Data analysis

Apparent dissociation constants were determined by plotting
the fraction of ssDNA bound at each protein concentration and
then fitting the data to the following equation: 0 =[P]/([P] + Ky),
in which 0 is the fraction of ssDNA bound, [P] is the concentration
of total protein, and Kj is the apparent dissociation constant. Coop-
erative binding to ssDNA sites was assessed by plotting the fraction
of ssDNA bound over a range of protein concentrations, and the
binding data were analyzed by fitting the data to the following
equation: log(6/(1-6)) = h log[P] — h log K4, where h is the Hill coef-
ficient [21,28].

2.9. Glutaraldehyde cross-linking
KpPriB (20 pM) was incubated in the presence or absence of

5 uM dT30 for 10 min, and then added 1% glutaraldehyde for a fur-
ther 2 min. The reaction was quenched by the addition of 1 M Tris

(pH 8.0), and the cross-linked protein solutions were then analyzed
after SDS-PAGE (15%).

3. Results and discussion
3.1. Sequence analysis

The gene KPN_04595 encoding the putative KpPriB is described
in the NCBI database. Based on the known nucleotide sequence, the
predicted KpPriB monomer protein has a length of 55 aa and a
molecular mass of 7 kDa. This differs from the well-studied 104-
aa EcPriB protein. Analysis of the primary structure of KpPriB by
RPS-BLAST [29] revealed the presence of an RPA OB fold-like do-
main. Fig. 1A shows alignment of the amino acid sequences of K.
pneumoniae, P. carotovorum (Pc), Y. ruckeri (Yr), S. enterica (Se),
E. coli, and Neisseria gonorrhoeae (Ng) PriB. The primary structures
of these PriBs are similar; however, KpPriB, PcPriB, YrPriB, and Se-
PriB are shorter in length than EcPriB and NgPriB. Specifically, the
N-terminal 1-49 aa region of EcPriB is absent in KpPriB. This region
in EcPriB contains several important residues crucial for ssDNA
binding, such as K18, R34, and W47 [17,21]. In addition, the W47
residue of EcPriB has been proven to stimulate PriA helicase [10].
These residues, conserved in most PriB families [15], are not found
in KpPriB, PcPriB, and YrPriB, due to their truncated gene products.
The evolutionary tree for these PriBs is shown: they could be clas-
sified into at least 3 groups (Fig. 1B).

3.2. Oligomerization of KpPriB in solution

To determine whether the length of the gene product affects its
oligomerization state, we analyzed KpPriB and EcPriB by gel filtra-
tion chromatography. As shown in Fig. 1C, EcPriB exists as a dimer
and a tetramer (solid line) [16]. However, analysis of purified
KpPriB by gel filtration chromatography revealed a single peak
(dotted line). Assuming that KpPriB has a structure and partial spe-
cific volume similar to the standard proteins, the native molecular
mass of KpPriB was estimated to be ~7 kDa. Thus, the single peak
suggests that KpPriB, unlike EcPriB, is a stable monomer.

To assess whether KpPriB forms dimer or oligomer in the pres-
ence of ssDNA, we incubated the protein with glutaraldehyde in or-
der to cross-link lysine residues in the presence and absence of
dT30. As shown in Fig. 1D, addition of dT30 resulted in a significant
increase in the amount of cross-linked species, which may corre-
spond to the presence of dimers (~15kDa) and tetramers
(~30kDa) of KpPriB. Taken together with the gel filtration data
(Fig. 1C), these studies suggest that KpPriB is a monomer in solu-
tion, and that oligomers (mainly dimers) are formed, only in the
presence of ssDNA.

3.3. KpPriB binds ssDNA

To assess whether KpPriB binds ssDNA, we assessed binding of
KpPriB to dT20 (Fig. 2A), dT25 (Fig. 2B), dT30 (Fig. 2C), dT35
(Fig. 2D), dT40 (Fig. 2E), dT45 (Fig. 2F), dT50 (Fig. 2G), dT55
(Fig. 2H), and dT60 (Fig. 2I) with different protein concentrations
using EMSA. As shown in Fig. 2A, no significant band shift was
observed when KpPriB was incubated with dT20, indicating that
KpPriB could not form a stable complex with dT20 during electro-
phoresis. In contrast to dT20, the longer dT homopolymers bind to
KpPriB, forming a single complex (Fig. 2B-I). These interactions
appear to be highly cooperative since only 1 complex of KpPriB
molecules bound per ssDNA is visible when the length of the dT
homopolymers is further increased to 60 nt; there is no other
distinctive complex or intermediate form. Thus, the shorter KpPriB
can bind ssDNA, and the length of ssDNA required for forming a
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Fig. 2. KpPriB binding affinities to (A-I) dT20-60, (J) dC30, (K) dA30, and (L) U30. The reaction solutions contain 1.7 nM of the oligonucleotide and KpPriB (0-50 uM).

stable complex with KpPriB molecule(s) is approximately 25 nt, as
determined using EMSA.

3.4. Base preference for ssDNA binding of KpPriB

To test the base preference for KpPriB binding to purine and
pyrimidine, we used dT30 (Fig. 2C), dC30 (Fig. 2]), and dA30
(Fig. 2K) to bind to KpPriB. Like EcPriB [18], KpPriB shows a higher
preference for dT30 than for dA30. In addition, this study revealed
that the binding preference of KpPriB follows the given order:
dT >dC > dA, i.e., KpPriB preferentially binds to pyrimidine than
to purine. However, the in vitro base preference of PriB, as well
as other SSBs [30], is still unknown.

3.5. RNA binding activity of KpPriB

It has been previously reported that EcPriB binds ssRNA (U35)
with an affinity that is comparable to its affinity for ssDNA dT35
[18]. In order to assess whether the ability of PriB to bind to RNA
is conserved, we assessed the binding of rU30 (Fig. 2L) and dT30
(Fig. 2C) to KpPriB. Unexpectedly, KpPriB did not bind to rU30 with
the same affinity as it did for dT30. Thus, the RNA-binding activity
of PriB among different species is not conserved and therefore is
likely to be unnecessary in the K. pneumoniae primosome
assembly.

3.6. Cooperative binding of KpPriB to sSDNA

The ssDNA binding ability of KpPriB was studied via a filter-
binding assay using dT15. Since dT20 or longer homopolymers give
high background noise on binding to nitrocellulose filters, they
were excluded from the assays. The titration curves for KpPriB
are shown in Fig. 3, and the estimated apparent Ky values are sum-
marized in Table 1. The binding affinity of KpPriB for dT15 (filled
circle) increased significantly within a narrow range of protein
concentrations, indicating that the formation of the KpPriB-dT15
complex is a positive cooperative process. The Hill coefficient (h)
for KpPriB-dT15 binding was determined to be 3.41 + 0.56, which
is significantly higher than that for EcPriB-dT15 (1.5 +0.1) [21].
The strong cooperative binding of KpPriB to ssDNA has important
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Fig. 3. Filter-binding assay. Titration curves of increasing amounts of KpPriB and
the mutant K33A assayed in the absence or presence of 200 mM NaCl, respectively.

Table 1
ssDNA-binding parameters of KpPriB.
[NaCl] (mM) Apparent Ky (nM) h
KpPriB wt 0 140+ 20 3.41+0.56
KpPriB K33A 0 380+20 1.26 £0.08
KpPriB wt 200 580+ 50 1.33+0.12
KpPriB K33A 200 2600 + 400 1.28+0.19

The errors are standard deviations determined using 2-4 independent titration
experiments.

implications for the nature of the protein-protein interactions
within the complex and the position of the ssDNA-binding sites
on KpPriB. This is especially important considering that KpPriB
lacks several important residues for ssDNA binding, as compared
with EcPriB [9,17,18,21].

3.7. Salt effect on ssDNA binding of KpPriB

The ssDNA-binding surface of EcPriB is highly electropositive
and interacts directly with both the bases and the phosphate back-
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bone of ssDNA [21]. Although KpPriB lacks the N-terminal 1-49 aa
region seen in EcPriB, the most important residues for ssDNA bind-
ing, K33, K35, and K40, corresponding to positions K82, K84, and
K89, respectively, in EcPriB, are conserved [21]. To investigate
whether the electrostatic interactions play a role in ssDNA binding,
we examined the binding of KpPriB to dT15 at high salt concentra-
tions (200 mM Nacl). As expected, the binding affinity of KpPriB for
dT15 is salt dependent, and is approximately 4-fold lower than
that measured in the absence of salt (Table 1). Furthermore, the
Hill coefficient (h) is reduced to 1.26 + 0.08, indicating lower coop-
erativity in these conditions.

3.8. Role of K33 in KpPriB-ssDNA binding

To investigate the contribution of K33 in KpPriB-ssDNA binding,
a mutant was created with an alanine substitution at the position
corresponding to K82 in loop Lys of EcPriB. Binding was assessed in
the absence (open circle) and presence of 200 mM NacCl (open tri-
angle) (Fig. 3). As shown in Table 1, the K33A mutant has a K, value
(380 +20 nM) that is 2.7-fold higher than that of the wild-type
KpPriB (140 + 20 nM) in the absence of additional NaCl. In the pres-
ence of 200 mM NaCl, the K33A mutant has a Ky value
(2600 * 400 nM) that is ~19-fold higher than that of the wild-type
KpPriB assayed without additional salt. The Hill coefficient of the
K33A mutant is 1.26 £ 0.08 and 1.28 £ 0.19, when in the absence
and presence of 200 mM NacCl, respectively. These data indicate
that KpPriB binds to ssDNA mainly through electrostatic interac-
tions, especially within the positive charge region. Hence, the
K33 position in KpPriB appears to be involved not only in ssDNA
binding, but also in the intra- or/and inter-molecular cooperative
binding to other residue(s) of KpPriB.

3.9. Comparison with EcPriB

The homodimeric arrangement of OB folds in EcPriB (Fig. 4A) is
roughly conserved among known PriB homologs. In this study, we
reported a novel PriB from K. pneumoniae that is shorter and mono-
meric compared with the known PriBs, which are polymeric. It has
been previously reported that the monomeric interactions found in
the EcPriB dimer are tightly packed by hydrophobic interactions
[16-18] involving the residues Leu5, Leu7, Met50, and Ile78. Two
of these residues, Met1 and Ile29, exist in the shorter KpPriB homo-
log (Fig. 1A). The lack of the 2 Leu residues results in the failure to
homodimerize (Figs. 1C and 4B), but the remaining residues are
sufficient for mediating ssDNA binding (Figs. 2-4).

A ,ay\l R B

Fig. 4. (A) Crystal structure of EcPriB complexed with ssDNA (derived from PDB
code 2CCZ) [21]. A ribbon diagram reveals individual monomers (in gold and red)
and ssDNA (cyan). (B) The residues of EcPriB present in KpPriB are shown. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Previous investigations of EcPriB demonstrated that aromatic
stacking, mediated by residues Phe42 and Trp47, plays an impor-
tant role in ssDNA binding and in stimulating PriA helicase [10].
These residues, however, do not exist in KpPriB. Therefore, the
mechanisms and the binding modes of KpPriB, as well as other K.
pneumoniae primosomal proteins, to sSDNA remain to be explored.
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Abstract Single-stranded DNA-binding protein (SSB)
plays an important role in DNA metabolism, such as in
DNA replication, repair, and recombination, and is essen-
tial for cell survival. We characterized the single-stranded
DNA (ssDNA)-binding properties of Pseudomonas aeru-
ginosa PAO1 SSB (PaSSB) by using fluorescence
quenching measurements and electrophoretic mobility shift
analysis (EMSA). Analysis of purified PaSSB by gel fil-
tration chromatography revealed a stable tetramer in
solution. In fluorescence titrations, PaSSB bound 22-32
nucleotides (nt) per tetramer depending on salt concentra-
tion. Using EMSA, we characterized the stoichiometry of
PaSSB complexed with a series of ssDNA homopolymers,
and the size of the binding site was determined to be
29 £ 1 nt. Furthermore, EMSA results indicated that the
dissociation constants of PaSSB for the first tetramer were
less than those for the second tetramer. On the basis of
these biophysical analyses, the ssDNA binding mode of
PaSSB is expected to be noncooperative.

Keywords SSB - DNA replication - EMSA - ssDNA
binding mode
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ssDNA Single-stranded DNA

SSB Single-stranded DNA-binding protein

SDS-PAGE  Sodium dodecyl sulphate—polyacrylamide
gel electrophoresis

EDTA Ethylenediamine tetraacetic acid

EMSA Electrophoretic mobility shift analysis

nt Nucleotides

Ky The apparent dissociation constant

1 Introduction

Single-stranded DNA-binding protein (SSB), which is
conserved throughout all kingdoms of life, plays an
important role in DNA replication, repair, and homologous
genetic recombination, and is essential for cell survival
[33]. During these reactions, SSB binds to and protects
susceptible single-stranded DNA (ssDNA) from nucleo-
lytic digestion and prevents secondary structure formation
[22]. The majority of bacterial SSBs and human mito-
chondrial SSB function as homotetramers [26, 42], in
which 4 oligonucleotide/oligosaccharide-binding folds
(OB-folds) form a DNA-binding domain [23]. Exceptions
to this arrangement exist. For example, SSBs from the
bacterial phylum Deinococcus-Thermus function as a
homodimer in which each monomer contains 2 OB-folds
linked by a conserved spacer sequence [6, 8, 13, 40]. SSB
from Sulfolobus solfataricus is a monomer that includes 1
OB-fold and likely functions as a tetramer when in the
presence of DNA [10, 15, 35].
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Bacterial SSBs consist of 2 domains, an N-terminal
ssDNA-binding/oligomerization domain and a flexible
C-terminal protein—protein interaction domain [33]. Gen-
erally, the N-terminal domain is separated from the highly
conserved and acidic tail of the last 10 C-terminal amino
acids of SSB by a long glycine-rich hinge. The C-terminal
domain of SSB interacts with other auxiliary proteins that
are essential for cell survival [4]. The binding of SSB to
ssDNA results in a conformational change in the protein,
which makes the glycine-rich region more easily accessible
to other proteins such as proteases and DNA polymerase 111
[3, 39]; however, the C-terminal domain of SSB is disor-
dered, even when bound to DNA [31].

The most thoroughly studied SSB is that of Escherichia
coli (EcSSB), which binds cooperatively to ssDNA [19]. In
fluorescence titrations with poly(dT), the estimated size of
the binding sites of SSBs are dependent on salt concen-
tration [19]. EcSSB mainly binds to 35- and 65-nucleotide
(nt)-long ssDNA, using the (SSB);5- and (SSB)gs-binding
modes, respectively. In the (SSB);s-binding mode, 2 sub-
units of the EcSSB tetramer interact with ssDNA, whereas
in the (SSB)gs-binding mode, all 4 subunits participate in
ssDNA binding. These different binding modes of SSB
may be required during different stages of DNA metabo-
lism [27, 28].

In the present study, we examined the electrophoretic
mobility shift patterns of Pseudomonas aeruginosa PAO1
SSB (PaSSB) bound to different length ssDNA. In elec-
trophoretic mobility shift analysis (EMSA), it is expected
that, once the nucleotides are of sufficient length to bind
to two or more SSB molecules, the electrophoretic
mobility of the higher SSB oligomeric tetramers will be
lower than that of the smaller SSB oligomeric tetramers.
Furthermore, we also studied the binding properties of
PaSSB by using fluorescence quenching measurements.
The binding-mode transition suggested for EcSSB was
not observed for PaSSB when changing the ionic
environment from low salt (20 mM NaCl) to high salt
(300 mM NaCl).

2 Materials and Methods
2.1 Materials

All restriction enzymes and DNA-modifying enzymes were
purchased from New England Biolabs (Ipswich, MA, USA)
unless explicitly stated otherwise. All chemicals were pur-
chased 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.

2.2 Cloning, expression and purification

The gene PA4232 encoding the PaSSB was PCR-amplified
from P. aeruginosa genomic DNA [9, 37]. The forward (5'-
TTGCTCATATGGCCCGTGGGGTTAACA-3') and the
reverse (5-TTGCACTCGAGGAACGGAATGTCGTCG-
3") primers were designed to introduce unique Ndel and
Xhol restriction sites (underlined) into PaSSB, permitting
the insertion of the amplified gene into the pET21b vec-
tor (Novagen Inc., Madison, WI, USA) for the protein
expression in E. coli. E. coli cells were transformed
with the expression vector and grown to ODggy of 0.9 at
37 °C in Lysogeny Broth medium containing 250 pg/mL
ampicillin [36]. Overexpression of PaSSB 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-HCI, 5 mM imidazole, 0.5 M
NaCl; pH 7.9) and disrupted by sonication with ice cooling
between pulses. The PaSSB protein was then purified from
the soluble supernatant by Ni*T-affinity chromatography
(HiTrap HP; GE Healthcare Bio-Sciences, Piscataway, NJ,
USA). Protein purity remained greater than 95% as deter-
mined by Coomassie-stained SDS—-PAGE.

2.3 Gel-Filtration Chromatography

Gel-filtration chromatography was carried out by the same
protocol as previously described for DnaD using an
AKTA-FPLC system [11]. Briefly, purified PaSSB in
buffer (0.1 M NaCl and 20 mM Tris—HCI at pH 8.0) were
applied to a Superdex 200 HR 10/30 column (GE Health-
care Bio-Sciences, Piscataway, NJ, USA) equilibrated
with the same buffer. The column was operated at a flow
rate of 0.5 mL/min, and 0.5-mL fractions were collected.
The proteins were detected by measuring absorbance at
280 nm. The column was calibrated with proteins of
known molecular masses: p-globulin (158 kDa), albu-
min (67 kDa), ovalbumin (43 kDa), chymotrypsinogen A
(25 kDa), and ribonuclease A (13.7 kDa).

2.4 Fluorescence Measurement

Fluorescence titrations were carried out in a spectrofluo-
rimeter (Hitachi F-2700; Hitachi High-Technologies,
Tokyo, Japan) as described previously [2, 5, 25]. The
excitation and emission of tryptophan fluorescence were
detected at 295 and 348 nm, respectively. The PaSSB
solution (0.4 uM; tetramer) in 2 mL Tris—=HCI] buffer
(20 mM Tris—HCI, and pH 8.0) containing 20 mM or
300 mM NaCl was titrated with rising quantities of dT50
oligonucleotide. After the addition of the ssDNA, the
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complex solution was equilibrated for 300 s until no fluo-
rescence change could be observed. The tryptophan fluo-
rescence 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 and Watanabe [32].

2.5 Gel Shifts

Various lengths of ssDNA oligonucleotides were custom
synthesized by MdBio, Inc., Frederick, MD. Radiolabeling
was carried out with [VBZP]ATP (6000 Ci/mmol; Perkin-
Elmer Life Sciences) and T4 polynucleotide kinase (Pro-
mega, Madison, WI, USA). PaSSB (0, 19, 37, 77, 155, 310,
630, 1,250, 2,500, and 5,000 nM) was incubated for
30 min at 25 °C with 1.7 nM DNA substrates (dT15-95) in
a total volume of 10 pL in 20 mM Tris—HCI pH 8.0 and
100 mM NaCl. Aliquots (5 pL) were removed from each
reaction solution and added to 2 pL of gel-loading solution
(0.25% bromophenol blue and 40% sucrose). The resulting
samples were resolved on a native 8% polyacrylamide gel
at 4 °C in TBE buffer (89 mM Tris borate and 1 mM
EDTA) for 1 h at 100 V and visualized by autoradiogra-
phy. Complexed and free DNA bands were scanned and
quantified. The binding dissociation constants for the
PaSSB-ssDNA tetramer 1 (Ky;) were estimated from the
protein concentration that binds 50% of the input DNA [7,
12, 18, 21]; the binding dissociation constants for the
PaSSB-ssDNA tetramer 2 (Ky,) were estimated from the
protein concentration that forms 50% of the tetramer 2. In
this report, each Ky is calculated as the average of at least
three measurements £ S.D.

3 Results
3.1 Sequence Analysis

The gene PA4232, encoding P. aeruginosa PAO1 SSB,
was initially found using a database search through the
National Center for Biotechnology Information. Based on
the known nucleotide sequence, the predicted PaSSB
monomer protein has 165 amino acid residues and a
molecular mass of 19 kDa. Analysis of the primary struc-
ture of PaSSB by RPS-BLAST [20] revealed 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 P. aeruginosa PAOI1, E. coli [26], Myco-
bacterium tuberculosis [29], Mycobacterium smegmatis
[30], and Helicobacter pylori SSBs [2]. In the EcSSB-
ssDNA complex [26], 4 essential aromatic residues, Trp40,
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DDIPF 165
DDIPF 178
DEFPF 164
DEFPF 165
EEIPF 179

Fig. 1 Multiple amino acid sequence alignment of SSB proteins.
Sequence alignment of PaSSB, with other SSB proteins from E. coli
(EcSSB), Mycobacterium tuberculosis (MtSSB), Mycobacterium
smegmatis (MsSSB), and Helicobacter pylori (HpSSB), was gener-
ated by CLUSTALW?2 online [17]. Amino acid residues displaying
100% identity are highlighted in bold black, and those displaying
similarity are highlighted in black

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 resi-
dues in PaSSB are Trp39, Trp53, Phe59, and Trp87. The
C-terminal tail of SSBs containing several acidic residues,
such as “DDDIPF” in EcSSB, is also conserved in PaSSB.
In contrast to those motifs, the glycine-rich hinge in PaSSB
is not as obvious as that of EcSSB. Eight glycine residues
in this motif that are found in EcSSB are not found in
PaSSB.

3.2 Oligomerization of PaSSB in Solution

Analysis of purified protein by gel filtration chromatography
revealed a single peak (Fig. 2). Assuming that PaSSB has a
shape and partial specific volume similar to the standard
proteins, the native molecular mass of PaSSB was estimated
to be ~ 72 kDa. The native molecular mass for PaSSB is
approximately 3.8 times the molecular mass of a PaSSB
monomer (19 kDa). Thus, we concluded that PaSSB in
solution is a stable tetramer, similar to EcSSB.

3.3 DNA Binding Monitored by Quenching of Intrinsic
Tryptophan Fluorescence

It is well established that the fluorescence quench and the
estimated size of the binding sites of SSBs depend on the
salt concentration of the SSB solution [19]. PaSSB has 3



Single-Stranded DNA-Binding Protein

23

67 kDa
80 |
158 kDa\L 43 kDa

€ 60
=
(=]
[+n]
o
> 40 4
B
c
[1}]
=)
g 20 -
a
o F——\—’J

U 4

0 20 40 60 80 100 120
Elution volume (ml)

Fig. 2 Gel-filtration chromatographic analysis of PaSSB. The sizes
of the molecular mass markers (in kDa) are indicated at the top. The
corresponding peak shows the eluted PaSSB. Coomassie Blue-stained
SDS-PAGE (12%) of the purified PaSSB and molecular mass
standards are also shown. The sizes of the standard proteins, from the
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15 kDa. The purified PaSSB migrated between the 25 and 15 kDa
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Fig. 3 Fluorescence titration of PaSSB with ssDNA dT50. Trypto-
phan fluorescence quenching of PaSSB in the presence of 20 mM
(filled circle) or 300 mM NaCl (filled triangle), is shown

tryptophan residues (Trp39, TrpS3, and Trp87) 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 wave-
length of 348 nm when excited at 295 nm, consistent with
tryptophan fluorescence (data not shown). As dT50 was
titrated into the PaSSB solution, the intrinsic fluorescence
of the protein was progressively quenched. On addition of a
saturating quantity of ssDNA in the presence of 20 mM
NaCl, the intrinsic fluorescence at 348 nm was quenched

by 63%. The estimated binding-site sizes of PaSSB in 20
and 300 mM NaCl were about of 24 + 2 nt and 30 & 2 nt,
respectively. The ssDNA shows bilinear binding to PaSSB
in 20 mM NaCl; ssDNA binding of PaSSB in the presence
of 300 mM NaCl, however, follows a hyperbolic curve.
This may suggest that ssDNA has higher binding affinity
binding for PaSSB under low-salt conditions.

3.4 PaSSB Binding to dT25-55 Forms a Single
Complex

To investigate the length of nucleotides sufficient for the
formation of the PaSSB—ssDNA complex and the ssDNA-
binding ability of PaSSB, we studied the binding of PaSSB
to dT15 (Fig. 4a), dT20 (Fig. 4b), dT25 (Fig. 4c), dT30
(Fig. 4d), dT35 (Fig. 4e), dT40 (Fig. 4f), dT45 (Fig. 4g),
dT50 (Fig. 4h), and dT55 (Fig. 4i) with different protein
concentrations using EMSA. As shown in Fig. 4a, b, no
significant band shift was observed when PaSSB was
incubated with dT15 or dT20, indicating that PaSSB could
not form a stable complex with these homopolymers.
Because some smears were observed, it appears that
PaSSB interacts with dT15 or dT20, but the ssDNA may be
too short to be fully wrapped by PaSSB. In contrast to
dT15 or dT20, > 98% of the longer dT homopolymers
bind to PaSSB, forming a single complex (Fig. 4c—i).
Thus, the EMSA results suggest that the length of ssDNA
required for PaSSB binding is approximately 25 nt.

3.5 Two Different Complexes are Formed
when PaSSB Binds to dT60-80

To examine the minimum nucleotide length necessary for
the binding of a second PaSSB tetramer to ssDNA pre-
bound to PaSSB, we studied the binding of PaSSB to
longer dT homopolymers, from 60 to 80 nt (Fig. 5).
Although dT60 is only 5 nt longer than dT5S, it produced a
very different pattern of PaSSB-ssDNA complexes
observed using EMSA. At lower protein concentrations
(<100 nM), PaSSB forms a single complex with dT60
(Fig. 5a), similar to that observed with dT55 (Fig. 4i);
however, when the PaSSB concentration is increased
slightly, another slower-migrating complex appears. The
appearance of the second complex results from the
increasing PaSSB concentration, which suggests that it
may contain at least 2 PaSSB tetramers per oligonucleo-
tide. As the minimal size of the ssDNA binding site for
PaSSB is approximately 25 nt (see above), the presence of
an extra 5 nt in dT60, as compared with dT55, provides
enough interaction space for the binding of a second
PaSSB tetramer, which occupies around 30 nt ssDNA. In
addition, the stoichiometry of the 2 PaSSB molecules
bound per ssDNA did not change when the length of the dT
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Fig. 4 Binding of PaSSB to
dT15-55. The reaction solutions
contained 1.7 nM of (a) dT15,
(b) dT20, (¢) dT25, (d) dT30,
(e) dT35, (f) dT40, (g) dT45,
(h) dT50, or (i) dT55 and
PaSSB (0-5.0 pM)
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Fig. 5 Binding of PaSSB to A
dT60-80. The reaction solutions o
contained 1.7 nM of (a) dT60,

(b) dT65, (¢) dT70, (d) dT75, or

(e) dT80 and PaSSB
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homopolymers was further increased to 80 nt (Fig. Se).
These results suggest that the length of ssDNA required for
efficient binding of PaSSB is 29 £ 1 nt (Fig. 6).

3.6 The Binding Constants of the PaSSB—ssDNA
Complexes

The binding constants of the PaSSB—ssDNA complexes (Ky4
values) are summarized in Table 1. The formation of
PaSSB—ssDNA complex 1 (Cl) is nearly ssDNA-length
independent, suggesting that the protein—-DNA contact is
similar for each C1 (Fig. 7). In contrast, the ability of a
second PaSSB tetramer (the Ky, value) to bind to ssDNA
already bound by a PaSSB tetramer was length dependent
(Fig. 7). Indeed, increases in ssDNA length were associated
with higher binding ability (lower Ky, value), indicating that
the second PaSSB tetramer prefers to bind to long ssDNA
segments to which a PaSSB tetramer is already bound.
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4 Discussion

In this study, we describe the cloning, expression, purifi-
cation, and characterization of SSB from P. aeruginosa
PAOI1, the most common opportunistic pathogen [43].
The sequence analysis (Fig. 1) indicates that the PaSSB
monomer possesses an OB-fold domain at its N-terminus
and a flexible tail at its C-terminus, as in EcSSB, although
the glycine-rich hinge observed in EcSSB is not evident.
Analysis of PaSSB by using gel filtration chromatography
showed that the protein forms a tetramer in solution.

We showed that the binding of PaSSB to dT50 results in
tryptophan fluorescence quenching (Fig. 3). In the presence
of 20 and 300 mM NaCl, the binding site sizes of PaSSB
was 24 + 2 nt and 30 &+ 2 nt per homotetramer, respec-
tively; no distinct differences could be observed between
low- and high-salt conditions. For HpSSB, the stoichiom-
etry was 25 & 2 nt per homotetramer [2]. Two different
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Fig. 6 Complex number of PaSSB as a function of the length of the
ssDNA determined using EMSA

Table 1 ssDNA-binding parameters of PaSSB

PaSSB

K41 (nM) Ky (nM)
dT25 470 £+ 40
dT30 427 + 34
dT35 255 £ 15
dT40 281 + 32
dT45 432 £ 50
dT50 419 + 48
dT55 254 £ 42
dT60 267 £ 18 3,170 £ 320
dTe65 236 £+ 20 1,100 £ 108
dT70 312 £+ 36 683 £+ 90
dT75 333 £ 16 320 £+ 38
dT80 453 + 40 444 + 66

Each Kj is calculated as the average of at least three measurements +
S.D

DNA-binding modes have been identified for EcSSB [19].
Under high-salt conditions, 65 nt ssDNA binds per EcSSB
tetramer with almost 90% fluorescence quench; under
low-salt conditions, 35 nt DNA produces a 53% fluores-
cence quench. Human replication protein A, a eukaryotic
SSB, binds DNA noncooperatively and has a binding site
of 20-30 nt per heterotrimer under most conditions [14, 16,
24, 41]. The constant binding stoichiometry of PaSSB that
was determined using fluorescence quench at high and low
salt concentrations also has been reported in SSBs from the
Thermus/Deinococcus group. Unlike EcSSB [31], the
C-terminal flexible region of Deinococcus SSB is clearly
evident from its crystal structure, suggesting that this
region of the Deinococcus SSB has lower dynamic. The
OB-fold domain and the C-terminal tail of PaSSB are
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Fig. 7 Apparent K, values of PaSSB as a function of the length of
the ssDNA. Ky, Ky for the formation of the first complex (C1); Ky,
K4 for the formation of the second complex (C2)

similar to that of EcSSB, with the exception of the flexible
glycine-rich hinge in EcSSB. Taken together, these data
suggest that multiple binding modes (SSB)ss and (SSB)gs
could not be identified with certainty in PaSSB, possibly
because of its low flexibility and/or lower number of gly-
cine residues. However, this speculation needs to be con-
firmed by further biochemical experiments.

Many SSB proteins bind to ssDNA with some degree of
positive cooperativity. Cooperativity can result from direct
protein—protein interactions between the nearest neighbors,
such as the LAST motif in the T4 gene-32 protein [1], and
the arginine-mediated interaction motif in Thermus SSB [8,
38]. Cooperativity can also result from the protein-induced
distortion of adjacent DNA as demonstrated by Sulfolobus
SSB, PriB, and FOXK1a proteins [12, 15, 34]. The EMSA
results indicate that PaSSB binds to short ssSDNAs (dT25-
dT55) to form a complex in which a single tetramer is
bound to the ssDNA (Fig. 4), and that 2 tetramers could
bind to dT60-dT80 (Fig. 5). Thus, the apparent binding-
site size of PaSSB is 29 + 1 nt (Fig. 6). For PaSSB,
binding appears to be noncooperative because, for several
of the DNAs, essentially all of the DNA shifts into C1
before the appearance of the second complex (C2). In
addition, the apparent K, values are of the first and second
complex also as expected for noncooperative binding
(Table 1 and Fig. 7); for positively cooperative binding,
K4, should be less than Ky;. Increasing the length of C2
causes its Ky value to match that of C1, suggesting that the
length dependence reflects the minimal amount of spacing
that is optimal for steric considerations.
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Abstract Single-stranded DNA-binding protein (SSB)
plays an important role in DNA metabolism, such as DNA
replication, repair, and recombination, and is essential for
cell survival. We characterized the single-stranded DNA
(ssDNA)-binding properties of Salmonella enterica serovar
Typhimurium LT2 SSB (StSSB) by using fluorescence
quenching measurements and electrophoretic mobility shift
analysis (EMSA). Analysis of purified StSSB by gel filtration
chromatography showed a stable tetramer in solution. In
fluorescence titrations, StSSB bound to 21-38 nucleotides
(nt) per tetramer depending on the salt concentration. Using
EMSA, we characterized the stoichiometry of StSSB com-
plexed with a series of ssDNA homopolymers, and the size of
the binding site was determined to be 22 + 1 nt. Further-
more, EMSA results indicated that the dissociation constants
of StSSB for the first tetramer were less than that for the
second tetramer. On the basis of these biophysical analyses,
the ssDNA binding-mode of StSSB is expected to be
noncooperative.
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Abbreviations

Ec Escherichia coli

St Salmonella enterica serovar Typhimurium
LT2

Pa Pseudomonas aeruginosa PAO1

Mt Mycobacterium tuberculosis

Ms Mycobacterium smegmatis

Hp Helicobacter pylori

ssDNA Single-stranded DNA

SSB Single-stranded DNA-binding protein

SDS-PAGE  Sodium dodecyl sulphate—polyacrylamide
gel electrophoresis

EDTA Ethylenediamine tetraacetic acid

EMSA Electrophoretic mobility shift analysis

nt Nucleotides

Ky The apparent dissociation constant

1 Introduction

Single-stranded DNA-binding protein (SSB) plays an
important role in DNA replication, repair, and recombi-
nation [27, 29, 34]. During these reactions, SSB binds to
and protects the susceptible single-stranded state of DNA
(ssDNA) from nucleolytic digestion and prevents the sec-
ondary structure formation. Most bacterial SSBs are active
as homotetramers where 4 oligonucleotide/oligosacchar-
ide-binding folds (OB-folds) form a DNA-binding domain
[1, 21, 26]. However, SSBs from the bacterial phylum
Deinococcus-Thermus function as a homodimer in which
each monomer contains 2 OB-folds linked by a conserved
spacer sequence [5, 7, 39, 41]. SSB from Sulfolobus sol-
fataricus is a monomer that includes 1 OB-fold and likely
functions as a tetramer when in the presence of DNA
[8, 13, 37].
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Bacterial SSBs consist of two domains, an N-terminal
ssDNA-binding/oligomerization domain and a flexible
C-terminal protein—protein interaction domain [34]. The
N-terminal domain is separated from the highly conserved
and acidic tail of the last 10 C-terminal amino acids of SSB
by a long either proline- [24] or glycine-rich hinge [16].
The C-terminal domain of SSB interacts with other auxil-
iary proteins that are essential for cell survival [3]. The
binding of SSB to ssDNA makes the glycine-rich region
more easily accessible to other proteins such as proteases
and DNA polymerase III [3, 22, 40].

The most thoroughly studied SSB is that of Escherichia
coli (EcSSB), which binds cooperatively to ssDNA [16]. The
estimated size of the binding sites of SSBs are dependent on
the salt concentration in fluorescence titrations with poly(dT).
EcSSB mainly binds to 35- and 65-nucleotide (nt)-long
ssDNA, using the (SSB)3s- and (SSB)gs-binding modes,
respectively. In the (SSB);s-binding mode, 2 subunits of the
EcSSB tetramer interact with ssDNA, whereas in the
(SSB)gs-binding mode, all 4 subunits participate in ssDNA
binding. These different binding modes of SSB may be
required during different stages of DNA metabolism [28, 29].

In the present study, we examined the electrophoretic
mobility shift patterns of Salmonella enterica serovar
Typhimurium LT2 SSB (SzSSB) bound to different length
ssDNA. The expectation of EMSA is that, once the length
of the nucleotides is sufficient for the binding of two or
more SSB tetramers, the electrophoretic mobility of the
higher SSB oligomeric tetramers will be lower than that of
the smaller SSB oligomeric tetramers. Furthermore, we
also studied the binding properties of StSSB between low-
and high-salt conditions by using fluorescence quenching
measurements. On the basis of these biophysical analyses,
the ssDNA binding-mode of StSSB is discussed.

2 Materials and Methods
2.1 Materials

All restriction enzymes and DNA-modifying enzymes were
purchased from New England Biolabs (Ipswich, MA,
USA) unless explicitly stated otherwise. All chemicals
were purchased from Sigma—Aldrich (St. Louis, MO, USA)
unless explicitly stated otherwise. The E. coli strains
TOPI0OF'  (Invitrogen, USA) and BL21(DE3)pLysS
(Novagen, UK) were used for genetic construction and
protein expression, respectively.

2.2 Cloning, Expression and Purification

The gene STM4256 encoding the StSSB was PCR-ampli-
fied from S. typhimurium genomic DNA [19]. The forward

(5'-CTGAACATATGGCCAGCAGAGGCGTAA-3') and
the reverse (5-TGGAACTCGAGGAACGGAATGTCG
TCG-3’) primers were designed to introduce unique Ndel
and Xhol restriction sites (underlined) into SzSSB, per-
mitting the insertion of the amplified gene into the pET21b
vector (Novagen Inc., Madison, WI, USA) for the protein
expression in E. coli. E. coli cells were transformed with
the expression vector and grown to ODgg of 0.9 at 37 °C
in Luria—Bertani medium containing 250 pg/ml ampicillin
[12, 38]. Overexpression of StSSB 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—HCI, 5 mM imidazole, 0.5 M NaCl; pH 7.9)
and disrupted by sonication with ice cooling between
pulses. The StSSB protein was then purified from the sol-
uble supernatant by Ni*"-affinity chromatography (HiTrap
HP; GE Healthcare Bio-Sciences, Piscataway, NJ, USA).
Protein purity remained greater than 95% as determined by
Coomassie-stained SDS-PAGE.

2.3 Gel-Filtration Chromatography

Gel-filtration chromatography was carried out by the same
protocol as previously described for DnaD using an
AKTA-FPLC system [10]. Briefly, purified S#fSSB in buffer
(0.1 M NaCl and 20 mM Tris—HCI at pH 8.0) was applied
to a Superdex 200 HR 10/30 column (GE Healthcare
Bio-Sciences, Piscataway, NJ, USA) equilibrated with the
same buffer. The column was operated at a flow rate of
0.5 mL/min, and 0.5-mL fractions were collected. The pro-
teins were detected by measuring absorbance at 280 nm. The
column was calibrated with proteins of known molecular
masses: y-globulin (158 kDa), albumin (67 kDa), ovalbu-
min (43 kDa), chymotrypsinogen A (25 kDa), and ribonu-
clease A (13.7 kDa).

2.4 Fluorescence Measurement

Fluorescence titrations were carried out in a spectrofluo-
rimeter (Hitachi F-2700; Hitachi High-Technologies,
Tokyo, Japan) as described previously [2, 4, 12, 25]. The
excitation and emission of tryptophan fluorescence were
detected at 295 and 348 nm, respectively. The StSSB
solution (0.1 uM; tetramer) in 2 mL Tris—=HCI] buffer
(20 mM Tris—HCI, and pH 8.0) containing 20 mM 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 fluo-
rescence change could be observed. The tryptophan
fluorescence quenching is used to measure the diminu-
tion of fluorescence between the ssDNA-free and the
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ssDNA-bound proteins. The ssDNA-binding site size
(n) was analyzed by the ssDNA-binding curve using the
model of Schwarz and Watanabe [33].

2.5 Gel Shifts

Various lengths of ssDNA oligonucleotides were custom
synthesized by MdBio, Inc., Frederick, MD. Radiolabeling
was carried out with [y**P]ATP (6,000 Ci/mmol; Perkin-
Elmer Life Sciences) and T4 polynucleotide kinase (Pro-
mega, Madison, WI, USA). StSSB (0, 19, 37, 77, 155, 310,
630, 1,250, 2,500, and 5,000 nM) was incubated for 30 min
at 25 °C with 1.7 nM DNA substrates (dT15-75) in a total
volume of 10 pL in 20 mM Tris—HCI pH 8.0 and 100 mM
NaCl. Aliquots (5 pL) were removed from each reaction
solution and added to 2 pL of gel-loading solution (0.25%
bromophenol blue and 40% sucrose). The resulting sam-
ples 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 quan-
tified. The binding dissociation constants for the StSSB-
ssDNA complex 1 (Ky4;) were estimated from the protein
concentration that binds 50% of the input DNA [6, 9, 11,
12, 15, 18]; the binding dissociation constants for the
StSSB-ssDNA complex 2 (Ky,) were estimated from the
protein concentration that forms 50% of the complex 2;
the binding dissociation constants for the StSSB-ssDNA
complex 3 (K43) were estimated from the protein concen-
tration that forms 50% of the complex 3. In this report,
each Ky is calculated as the average of at least three
measurements +S.D.

SISSB /NEVILVGNLGODPEVRYEPSGG
EcSSB /NEVILVGNLGQDPEVRYNPNGG
M{SSB  -- ITTITIVGNLTADPELRFTPSG
MsSSB --MAGDTTITVVGNLTADPELRFTPSG
Hop SSB MFNKEVINVGRLTRNVELKYLPSGS
PaSSB  -MARGVNKVILVGNVGGDPETRYMPNGN
SISSE GELAEVAGEYLREKGSQVYIEGQLRTREW
EcSSB GKLAEVASEYLREGSQVYIEGOLRTREW
M{SSB REAAENVAESLTRGARVIVSGRLEQRSF
MsSSE REAAENVAESLTRGSRVIVTGRLEQRSF
HoSSB GRTAEIANQYLSKGSSVLIEGRLTYESW
PaSSB GRLAEIAGEYLREGSOVYVEGSLRTREW
SISSB  AG------

EcSSB  AGGN

MISSB  SGG FG

MsSSB 566 GGG

HpSSE DSIMHENS DPFNQAY2
PaSSE 56 RPQQAF

Fig. 1 Multiple amino acid sequence alignment of SSB proteins.
Sequence alignment of StSSB, with other SSB proteins from E. coli
(EcSSB), Mycobacterium tuberculosis (MtSSB), Mycobacterium
smegmatis (MsSSB), Helicobacter pylori (HpSSB), and Pseudomonas
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3 Results
3.1 Sequence Analysis

The gene STM4256, encoding S. typhimurium SSB, was
initially found using a database search through the National
Center for Biotechnology Information (NCBI). Based on the
known nucleotide sequence, the predicted StfSSB monomer
protein has a length of 176 amino acid residues and a
molecular mass of 19 kDa. Analysis of the primary structure
of StSSB by RPS-BLAST [17] revealed 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
S. typhimurium, E. coli [32], Mycobacterium tuberculosis
[30], Mycobacterium smegmatis [31], Helicobacter pylori
[1], and Pseudomonas aeruginosa PAO1 SSBs [12]. In the
EcSSB-ssDNA complex [26], 4 essential aromatic residues,
Trp40, Trp54, Phe60, and Trp88, participate in ssDNA
binding via stacking interactions. These residues are con-
served in most SSB families as Phe/Tyr/Trp, and the cor-
responding residues in StSSB are Trp41, Trp55, Phe61, and
Trp89. The C-terminal tail of SSBs containing several acidic
residues, such as “DDDIPF” in EcSSB, is also conserved in
StSSB. In contrast to those motifs, 3 glycine residues in the
glycine-rich hinge of EcSSB (Gly125, Gly128, and Gly129)
are not found in StSSB.

3.2 Oligomerization of StSSB in Solution
Analysis of purified protein by gel filtration chromatogra-

phy revealed a single peak (Fig. 2). Assuming that StSSB
has a shape and partial specific volume similar to the

AVANLTLATSES KQTGENEE-QTEWHRVV 61
AVANITLATSES KATGENEE-QTEWHRVYV 61
AAVANFTVASTPRIYDRQTGEWKDGEALFLRCHN 6C
AAVANFTVASTFRNFDROSGEWKDGEALFLR 6C
AAATIGLATSRREFE-KEQDGTLGE-EVCFID 5€
AVINITLATSES EQTGURQE-RTEW 6C
TDQSGQERYTTEINVPQIGGVMQNLG 123
TDQEGQDRYTTEV-VVNVGGTUQMLGG 122
ETREGEERTV YEVDEIGPSLRYA 122
ETREGEERTV YEVDEIGP RY A 122
NDQTGEENSRHTITADSLOQFNDKE 118
QGQDGQDRYTTEI-VVDING QLLGGR-----FP 11¢
~-FDDDIPF 17€

~-FDDDIPF 17¢

;GDDEPPF 164

LDDEPPF 165

AKEL IDEEEIPF 17¢

(an] QOSRPAF ‘DSFDDDIPF 165

aeruginosa PAO1 (PaSSB), was generated by CLUSTALW?2 [14].
Amino acid residues displaying 100% identity are highlighted in bold
black, and those displaying similarity are highlighted in black
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Fig. 2 Gel-filtration chromatographic analysis of StSSB. Purified
StSSB protein in buffer (0.1 M NaCl and 20 mM Tris—HCI 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 column was calibrated with proteins of known
molecular masses: y-globulin (158 kDa), albumin (67 kDa), ovalbu-
min (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 fop. The corresponding peak shows the eluted StSSB.
Coomassie Blue-stained SDS-PAGE (12%) of the purified StSSB 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 StSSB migrated between the 25 and
15 kDa standards on the SDS-PAGE

standard proteins, the native molecular mass of StSSB was
estimated to be ~ 80 kDa. The native molecular mass for
StSSB is approximately 4.1 times the molecular mass of a
StSSB monomer (19 kDa). Thus, we concluded that StfSSB
in solution is a stable tetramer, similar to EcSSB.

3.3 DNA Binding Monitored by Quenching of Intrinsic
Tryptophan Fluorescence

It is well established that the fluorescence quench and the
estimated size of the binding sites of SSBs depend on the
salt concentration of the SSB solution [16]. StSSB has 3
tryptophan 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 wave-
length of 348 nm when excited at 295 nm, consistent with
tryptophan fluorescence (data not shown). As dT50 was
titrated into the StSSB solution, 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 NacCl, the intrinsic fluorescence at 348 nm was
quenched by 66 and 90%, respectively. The estimated
binding-site sizes of StSSB in 20 and 300 mM NaCl were
about of 23 + 2 nt and 36 £ 2 nt, respectively.

1.0
—e— 20 mM NaCl
® og. —v— 300 mM NaCl
(8]} .
c
Q
?
o 061
o
2
2 041
s
[J]
X 02
0.0 . . .
0 20 40 60 80

[dTYV[StSSB]

Fig. 3 Fluorescence titration of StSSB with ssDNA dT50. The
excitation and emission of tryptophan fluorescence were detected at
295 and 348 nm, respectively. The StSSB solution (0.1 uM; tetramer)
in 2 mL Tris—HCI buffer (20 mM Tris—HCI, 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. Tryptophan fluorescence quenching of StSSB in the
presence of 20 mM (filled circle) or 300 mM NaCl (open triangle), is
shown

3.4 StSSB Binding to dT20-40 Forms a Single
Complex

To investigate the length of nucleotides sufficient for the
formation of the StSSB-ssDNA complex and the ssDNA-
binding ability of StSSB, we studied the binding of StSSB
to dT15 (Fig. 4a), dT20 (Fig. 4b), dT25 (Fig. 4c), dT30
(Fig. 4d), dT35 (Fig. 4e), and dT40 (Fig. 4f) with different
protein concentrations using EMSA. As shown in Fig. 4a, a
band shift was observed when StSSB was incubated with
dT15. Because some significant smears were observed, it
appears that SrSSB interacts with dT15, but it could not
form a very stable complex with dT15 during electropho-
resis. It is considered that dT15 is too short to form a stable
complex with StSSB. In contrast to dT15, longer dT ho-
mopolymers, dT20—40, bind to StSSB and form a single
complex (Fig. 4b—f). Thus, the EMSA results suggest that
the length of ssDNA required for StSSB binding ranges
between 15 to 20 nt.

3.5 Two Different Complexes are Formed When
StSSB Binds to dT45-60

To examine the minimal nucleotide length necessary for
the binding of a second S:SSB tetramer to ssDNA pre-
bound to StSSB, we studied the binding of StSSB to longer
dT homopolymers of 45-60 nt (Fig. 5). Although dT45 is
only 5 nt longer than dT40, the pattern of the SrSSB-
ssDNA complexes observed using EMSA is very different.
At lower protein concentrations, StSSB forms a single
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-dT15 e -dT20 N . -dT25
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Fig. 4 Binding of SrSSB to dT15-40. StSSB (0, 19, 37, 77, 155, 310,
630, 1,250, 2,500, and 5,000 nM) was incubated for 30 min at 25 °C
with 1.7 nM of a dT15, b dT20, ¢ dT25, d dT30, e dT35, or f dT40 in
a total volume of 10 pL in 20 mM Tris—HCI pH 8.0 and 100 mM
NaCl. Aliquots (5 pL) were removed from each reaction solution and
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| -C2 et -c2
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- s -dT60
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Fig. 5 Binding of SrSSB to dT45-60. StSSB (0, 19, 37, 77, 155, 310,
630, 1,250, 2,500, and 5,000 nM) was incubated for 30 min at 25 °C
with 1.7 nM of a dT45, b dT50, ¢ dT55, or d dT60 in a total volume
of 10 pL in 20 mM Tris—HCI pH 8.0 and 100 mM NaCl. Aliquots
(5 pL) were removed from each reaction solution and added to 2 pL
of gel-loading solution (0.25% bromophenol blue and 40% sucrose).
The resulting samples were resolved on a native 8% polyacrylamide
gel at 4 °C in TBE buffer (89 mM Tris borate and 1 mM EDTA) for
1 h at 100 V and visualized by autoradiography

complex with dT45 (Fig. 5a), similar to that observed with
dT40 (Fig. 4f); however, when the StfSSB concentration is
increased, another slower-migrating complex appears. The
appearance of the second complex results from the
increasing StSSB concentration, which suggests that it may
contain at least 2 StSSB tetramers per oligonucleotide. As
the minimal length of ssDNA required for StSSB binding
ranges between 15 to 20 nt (see above), the presence of an
extra 5 nt in dT45, as compared with dT40, provides
enough interaction space for the binding of a second StSSB
tetramer, which occupies around 22 nt ssDNA. Further-
more, the stoichiometry of the 2 StSSB tetramers bound per
ssDNA did not change when the length of the dT homo-
polymers was further increased to 60 nt (Fig. 5d).

@ Springer

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

3.6 StSSB Binding to dT65-75 Forms Three Distinct
Complexes

To examine the minimal nucleotide length necessary for the
binding of a third StSSB tetramer to ssDNA already bound
by 2 StSSB tetramers, we studied the binding of StSSB to
dT65-75 (Fig. 6). Although dT65 is only 5 nt longer than
dT60, StSSB binding to dT65 forms 3 distinct complexes
(Fig. 6a), unlike the binding of StSSB to dT60 which only
forms 2 complexes (Fig. 5d). Taken together with these
results from EMSA, the length of ssDNA required for effi-
cient binding of StSSB is 22 + 1 nt (Fig. 7).

3.7 The Binding Constants of the StSSB-ssDNA
Complexes

The binding constants of the StSSB-ssDNA complexes (Kgy
values) are summarized in Table 1. The formation of the
StSSB-ssDNA complex 1 (C1) is ssDNA-length indepen-
dent (Fig. 7a), suggesting that the protein-DNA contact for
each C1 is similar. In contrast, the ability of a second (the
K4, value) or a third (the K43 value) StSSB tetramer to bind
to ssDNA already bound by SrSSB tetramer(s) was length-
dependent (Fig. 7a). In fact, increases in ssDNA length
were associated with higher binding ability (lower Ky,
value), indicating that the second StSSB or the third StSSB
prefers to bind to long ssDNA segments to which StSSB
tetramer(s) is already bound.

4 Discussion

In this study, we described the cloning, expression, puri-
fication, and characterization of SSB from Salmonella
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Fig. 6 Binding of SrSSB to dT65-75. StSSB (0, 19, 37, 77, 155, 310,
630, 1,250, 2,500, and 5,000 nM) was incubated for 30 min at 25 °C
with 1.7 nM of a dT65, b dT70, or ¢ dT75 in a total volume of 10 pL.
in 20 mM Tris—HCI pH 8.0 and 100 mM NaCl. Aliquots (5 pL) were
removed from each reaction solution and added to 2 pL of gel-
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Fig. 7 a Apparent K, values of StfSSB as a function of the length of
the ssDNA; Ky, Ky for the formation of the first complex (C1); Ky,
K, for the formation of the second complex (C2). Ky3, K4 for the
formation of the third complex (C3). b Complex number of StSSB as
a function of the length of the ssDNA determined using EMSA

enterica serovar Typhimurium LT2, which is the leading
cause of human gastroenteritis and is used in generating a
mouse model of human typhoid fever [19, 20, 35, 36].
Sequence analysis (Fig. 1) indicates that the StSSB
monomer possesses an OB-fold domain at its N-terminus
and a flexible tail at its C-terminus, as in EcSSB. Analysis
of StSSB by using gel filtration chromatography showed
that the protein forms a tetramer in solution (Fig. 2).

We showed that the binding of StSSB to dT50 results in
tryptophan fluorescence quenching (Fig. 3). In the presence
of 20 and 300 mM NaCl, the binding site sizes of StSSB
were 23 £ 2 nt and 36 £ 2 nt per tetramer, respectively; 2

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

Table 1 ssDNA-binding parameters of StSSB

StSSB
K41 (nM) K4 (nM) K43 (nM) Complex
number
dT15 0
dT20 520 + 40 1
dT25 480 £ 30 1
dT30 400 £ 30 1
dT35 330 £ 30 1
dT40 420 £+ 50 1
dT45 370 £ 50 10,000 =+ 2,500 2
dT50 310 £ 40 600 £ 50 2
dT5s5 320 £ 40 510 £ 30 2
dT60 390 £ 50 490 + 40 2
dT65 320 £ 70 330 £ 40 940 £ 60 3
dT70 330 £ 40 340 £ 30 430 £ 30 3
dT75 330 £ 30 390 £ 50 400 £ 30 3

Each Kj is calculated as the average of at least three measurements
+SD

distinct binding modes could be observed between low-
and high-salt conditions, as observed in EcSSB. In the case
of EcSSB, under high-salt conditions, a 65-nt ssDNA binds
to each EcSSB tetramer with almost 90% fluorescence
quench; under low-salt conditions, a 35-nt ssDNA exhibits
53% fluorescence quench. In the case of HpSSB, the
stoichiometry was 25 & 2 nt per homotetramer [1], but the
salt effect on its ssDNA-binding mode(s) remains unclear.
Human replication protein A, a eukaryotic SSB, binds to
DNA noncooperatively and has a binding site of 20-30 nt
per heterotrimer under most conditions [23, 42]. The con-
stant binding mode (or “salt-independent” binding mode)
of SSB determined using fluorescence quench at high- and
low-salt concentrations has also been reported in SSBs
from the Thermus/Deinococcus group [41], Thermotoga
maritima [24], Thermotoga neapolitana [24], Thermo-
anaerobacter tengcongensis [25], and Pseudomonas aeru-
ginosa PAOI [12], possibly because of its low flexibility
and/or low number of glycine residues [12, 24]. In fact, 8
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glycine residues in the glycine-rich hinge that are found in
EcSSB are not found in PaSSB (Fig. 1). The amino acid
sequences of StSSB and EcSSB share >80% identity,
suggesting the presence of multiple binding modes, even
though 3 glycine residues in the glycine-rich hinge of
EcSSB (Glyl25, Gly128, and Gly129) are not found in
StSSB. However, this speculation must be confirmed by
further biochemical experiments.

Many SSBs bind to ssDNA with some degree of positive
cooperativity. The EMSA approach used here allowed us to
observe the formation of distinct complexes and to deter-
mine the ssDNA binding mode of StSSB. The EMSA
results indicate that StSSB binds to short ssDNAs
(dT20-40) to form a complex in which a single tetramer is
bound to the ssDNA (Fig. 4), 2 tetramers are bound to
dT45-60 (Fig. 5), and 3 tetramers are bound to dT65-75
(Fig. 6). Thus, the apparent binding-site size of StSSB is
22 £ 1 nt (Fig. 7). In the case of StSSB, binding appears to
be noncooperative, for several DNAs, because essentially
all the DNA shifts into the fist complex (C1) before the
appearance of the second (C2) or third complex (C3). In
addition, the apparent K, values are of the first, second, and
third complex, as expected for noncooperative binding
(Table 1; Fig. 7); for positive cooperative binding, K3
and/or K4, should be less than Ky;. Increasing the length of
C3 or C2 causes its K4 value to match that of C1 (Fig. 7a),
suggesting that length dependence reflects the minimal
amount of spacing that is optimal for steric considerations.
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Abstract Klebsiella pneumoniae is a ubiquitous opportu-
nistic pathogen that colonizes at the mucosal surfaces in
humans and causes severe diseases. Many clinical strains of
K. pneumoniae are highly resistant to antibiotics. Here, we
used fluorescence quenching to show that the flavonols
galangin, myricetin, quercetin, and kaempferol, bearing
different numbers of hydroxyl substituent on the aromatic
rings, may inhibit ANTP binding of the primary replicative
DnaB helicase of K. pneumoniae (KpDnaB), an essential
component of the cellular replication machinery critical
for bacterial survival. The binding affinity of KpDnaB to
dNTPs varies in the following order: dCTP ~ dGTP >
dTTP > dATP. Addition of 10 pM galangin significantly
decreased the binding ability of KpDnaB to dATP, whereas
the binding affinity of KpDnaB to dGTP that was almost
unaffected. Our analyses suggest that these flavonol com-
pounds may be used in the development of new antibiotics
that target K. pneumoniae and other bacteria.

Keywords Flavonol - Galangin - DnaB helicase -
Klebsiella pneumoniae
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1 Introduction

DNA helicases are motor proteins essential for DNA rep-
lication, repair, and recombination [8, 15, 16, 18]. During
DNA replication, the leading strand is directly synthesized
by DNA polymerase. On the lagging strand, the primase
interacts with the hexameric helicase to synthesize short
RNA primers. These primers are used to generate the
Okazaki fragments necessary for progression of the repli-
cation fork. The most widely studied replicative helicase is
Escherichia coli DnaB helicase (EcDnaB) [1, 21]. EcDnaB
is a multifunctional ATPase that catalyzes the unwinding
of double-stranded DNA (dsDNA) into single-stranded
DNA (ssDNA) intermediates at the replication fork to
provide ssDNA templates for DNA polymerases [21].
Recently, we resolved the three-dimensional structures of
the Geobacillus kaustophilus DnaB-family protein both in
the apo state and complexed it with ssDNA and the non-
hydrolysable NTP ATPys, and showed that ATP hydrolysis
may drive the movement of the helicase toward the 3’ end
of the lagging strand [13].

Klebsiella pneumoniae (Kp) is a ubiquitous opportunistic
pathogen that colonizes at the mucosal surfaces in humans
and causes severe diseases such as septicemia, pneumonia,
urinary tract infections, and soft tissue infections [17].
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Despite advances in treatment and prevention, K. pneumo-
niae still poses a major threat to public health worldwide.
Although K. pneumoniae strains are generally susceptible to
some antibiotics, such as cephalosporins, many clinical
strains of K. pneumoniae are highly resistant to antibiotics.
Currently, few therapies are effective against these exten-
ded-spectrum f-lactamase (ESBL)-producing K. pneumo-
niae strains [7, 30]. Discovering virulence factors and
identifying novel targets for drug development and new
therapies against K. pneumonia are critical for public health
[4, 27, 29]. Since DnaB is required for DNA replication,
blocking the activity of DnaB would be detrimental to
bacterial survival [22]. Because of the distinct differences
between eukaryotic and prokaryotic DnaB-like helicases
[21, 22], the K. pneumoniae DnaB helicase may be a
promising target in developing antibiotics.

Flavonoids are the most common group of plant poly-
phenols, and are responsible for much of the flavor and
color of fruits and vegetables [19]. To date, over 5,000
different flavonoids have been described; many of these
compounds display structure-dependent biological and
pharmacological activities [19, 23, 26]. The 6 major sub-
classes of flavonoids are: flavonols, flavones, flavanones,
catechins (flavanols), anthocyanidins, and isoflavones [19].
Flavonols are polyphenol compounds with in vitro anti-
oxidant and anti-radical activity [3, 26], as well as anti-
bacterial activity [5]. A flavonol is composed of 2 aromatic
rings linked by a heterocyclic pyran-4-one ring.

In this study, we have cloned, expressed, and purified
KpDnaB, and found that the 4 flavonols (Fig. 1) myricetin
(Myr), quercetin (Que), kaempferol (Kae), and galangin
(Gal) can interact with KpDnaB and prevent dNTP binding.
These flavonols may be potential leads in anti-Kp drug
development.

2 Materials and Methods

2.1 Materials

All restriction enzymes and DNA-modifying enzymes were
purchased from New England Biolabs (Ipswich, MA, USA)

unless explicitly stated otherwise. All custom oligonucleo-
tide primers were obtained from Invitrogen Corporation

Fig. 1 Molecular structure
of Gal, Kae, Que and Myr

Galangin
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Kaempferol

(Carlsbad, CA, USA). All chemicals were purchased from
Sigma—Aldrich (St. Louis, MO, USA) unless explicitly sta-
ted otherwise.

2.2 Construction of the KpDnaB Expression Plasmid

KPN04439, the gene encoding the putative KpDnaB, was
amplified by PCR using genomic DNA of K. pneumoniae
subsp. pneumoniae MGH 78578 as the template. The for-
ward (5-GGGGAATTCACAGCACAATCCCAGGTAT
TGAAA-3') and the reverse (5-GGGAAGCTTCTCAT
CATCATACTGAGGACCGGC-3') primers were designed
to introduce unique EcoRI and Hindlll restriction sites
(underlined) into KpDnaB, permitting the insertion of the
amplified gene into the pET21e vector. The pET21e vector
was engineered from the pET21b vector (Novagen Inc.,
Madison, WI, USA), to avoid having the N-terminal T7 tag
fused with the gene product [24]. Briefly, the region con-
taining the Nhel site of the pET21b vector (CATAT
GGCTAGC) was mutated to introduce a new EcoRI site
(CATATGGAATTC) by using the primers El1 (5'-AAG
GAGATATACATATGGAATTCATGACTGGTGGACA
G-3’) and E1’ (5-TGCTGTCCACCAGTCATGAATTC-
CATATGTATATCTCCT-3'). The resultant plasmid was
digested with EcoRI to remove the DNA fragment span-
ning from the original Nhel site to the EcoRI site, and
then religated onto itself at the EcoRI site to generate the
expression vector pET21e. The KpDnaB DNA fragment
was then inserted into pET21le to produce the plasmid
pET21e-KpDnaB for KpDnaB expression. Therefore, the
expected gene product expressed by pET2le-KpDnaB
will have 2 additional artificial residues, EF, introduced
by the EcoRI site located at the N-terminus, and a
C-terminal His tag (KLAAALEHHHHHH), useful for
purifying the recombinant protein.

2.3 Protein Expression and Purification

Recombinant KpDnaB protein was expressed and purified
using the same protocol as described previously for the
protein PriB [10], with a minor modification. Briefly,
E. coli BL21(DE3) cells were transformed with the wild-
type pET21e-KpDnaB plasmid and grown to 0.9 ODg at
37 °C in Luria-Bertani medium containing 250 pg/mL

Quercetin Myricetin
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ampicillin with rapid shaking. Overexpression of the
KpDnaB construct was induced by incubating with 1 mM
isopropyl thiogalactoside (IPTG) for 3 h at 37 °C. The
cells overexpressing the protein were chilled on ice, har-
vested by centrifugation, resuspended in Buffer A (20 mM
Tris—=HCI, 5 mM imidazole, 0.5 M NaCl; pH 7.9) and
disrupted by sonication with ice cooling between pulses.
The KpDnaB was purified from the soluble supernatant by
Ni**-affinity chromatography (HiTrap HP; GE Healthcare
Bio-Sciences, Piscataway, NJ, USA). Protein purity
remained greater than 95% as determined by Coomassie-
stained SDS-PAGE.

2.4 Dissociation Constant of ANTPS and KpDnaB
Determined by Fluorescence Spectrophotometer

An aliquot amount of nucleotides was added into the solution
containing KpDnaB (1 pM), 50 mM HEPES atpH 7.0 with a
final volume of 2 mL in a quartz cuvettes of 1 cm square
cross-section. The decrease in intrinsic fluorescence of pro-
tein was measured at 330 nm upon excitation at 280 nm and
25 °C with a spectrofluorimeter (Hitachi F-2700; Hitachi
High-Technologies, Tokyo, Japan). Each data point was
duplicated, and the difference was within 10%. An aliquot
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Fig. 2 The fluorescence quenching of KpDnaB by a dATP, b dTTP,
¢ dCTP or d dGTP. dNTP, from the top down, are as follows: 0, 1079,
107%,1077,107%, 107>, 107, and 10™> M. An aliquot amount of the
nucleotide was added into the solution containing KpDnaB (1 uM),

amount of nucleotides was added with or without 10 pM
flavonol to a predetermined concentration of KpDnaB to
obtain at least 7 data points for each dissociation constant
(Kq). The K4 was obtained by the equation: AF = AF,,,—
Ky(AF/[nucleotide]) (Enzyme Kinetics module of Sigma-
Plot; Systat Software, Chicago, IL, USA).

3 Results

The purpose of this study was to identify some naturally
occurring compounds that can inhibit the activity of bac-
terial replicative helicase(s). The results presented here
show that 4 flavonol compounds may be useful in devel-
oping anti-K. pneumoniae antibiotics.

3.1 Fluorescence Quenching of KpDnaB by dATP,
dTTP, dCTP, or dGTP

The fluorescence emission spectra of KpDnaB quenched
with dATP, dTTP, dCTP, and dGTP are shown in Fig. 2a—
d. Fluorescence intensity of KpDnaB decreased remarkably
with increasing concentrations of dNTP (0-107> M).
At 107* M, dCTP (Fig. 2¢) and dGTP (Fig. 2d) quenched
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50 mM HEPES at pH 7.0 and 25 °C. After the addition of the
nucleotide, the reaction solution was equilibrated for 10 min until no
fluorescence change could be observed
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Fig. 3 The fluorescence quenching of KpDnaB plotted as relative
fraction of (Fy—F)/F, against the concentrations of the dNTP

the fluorescence intensity of KpDnaB almost completely,
whereas dATP (Fig. 2a) only quenches approximately 80%
of the KpDnaB fluorescence intensity. Adding dNTPs
resulted in a significant blue shift (~ 10 nm) of the emis-
sion wavelength (4.,,) of KpDnaB, indicating an interac-
tion between dNTP and KpDnaB and suggesting formation
of a dNTP-KpDnaB complex. The dissociation constant
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300 330 360 390 420 450
Wavelength (nm)

0
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Fig. 4 The fluorescence quenching of KpDnaB by a Gal, b Kae,
¢ Que or d Myr. Flavonol, from the fop down, are as follows: 0, 1, 2,
3,4,5,6,7,8,9, and 10 uM. An aliquot amount of the flavonol was
added into the solution containing KpDnaB (1 pM), 50 mM HEPES

@ Springer

(Ky4) values of KpDnaB bound to dATP, dTTP, dCTP, and
dGTP determined from the titration curves (Fig. 3) were
159.8 £ 60, 106.0 & 30, 60.3 &+ 13, and 63.2 & 16 uM,
respectively, meaning that KpDnaB exhibited the strongest
binding activity towards dCTP.

3.2 Fluorescence Quenching of KpDnaB by Flavonols

The fluorescence emission spectra of KpDnaB quenched by
Gal, Kae, Que, and Myr are shown in Fig. 4a—d. Due to the
compounds’ solubility, 10 uM of each flavonol was used.
KpDnaB fluorescence intensity decreased significantly with
increasing concentrations of flavonols (0-10 pM). The
maximum A, of these flavonols alone in response to
excitation at 280 nm was approximately 520 nm (data not
shown). In addition, these 4 flavonols resulted in a slight
blue shift (~ 1 nm) of the maximum /., of KpDnaB. Thus,
the quenching of KpDnaB fluorescence mainly depended
on the formation of a complex between the flavonol and
KpDnaB (Fig. 4). The titration curves shown in Fig. 5
suggest that KpDnaB binds most strongly to Myr, and, in
the order of decreasing affinity, to the other flavonols as
follows: Myr > Kae > Gal > Que.
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at pH 7.0 and 25 °C. After the addition of the flavonol, the reaction
solution was equilibrated for 10 min until no fluorescence change
could be observed
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Fig. 5 The fluorescence quenching of KpDnaB plotted as relative
fraction of (Fy—F)/F, against the concentrations of the flavonol

3.3 Fluorescence Quenching of KpDnaB by dATP,
dTTP, dCTP and dGTP in the Presence of Myr,
Kae, Gal, or Que

To investigate whether the flavonols can inhibit the binding
of KpDnaB to dNTP, we analyzed KpDnaB fluorescence
quenching by dATP in the presence of Myr, Kae, Gal, or
Que (Fig. 6a). The interaction of KpDnaB with dATP was
much more sensitive to Gal than to Que. Fluorescence
quenching of KpDnaB was not obvious until the concen-
tration of dATP increased to 10~ M, indicating that the

binding affinity between KpDnaB and dATP was decreased
by the presence of Gal, Kae, Que, or Myr in the reaction
solution.

To test whether the flavonols inhibit the binding of
KpDnaB to other dNTPs, we also analyzed KpDnaB fluo-
rescence quenching by dTTP (Fig. 6b), dCTP (Fig. 6c),
and dGTP (Fig. 6d) in the presence of Myr, Kae, Gal, or
Que. However, the results of these experiments were quite
different from those of the experiment with dATP. dTTP,
dCTP, and dGTP quenched KpDnaB fluorescence by
almost 50% even at 10~ M of the flavonols, suggesting
that Myr, Kae, Gal, and Que specifically disrupt the
KpDnaB-dATP interaction (Fig. 6).

3.4 Inhibition of KpDnaB-dNTP Interaction by Gal
was the Strongest

Figure 7 shows the effects of flavonol on the interaction
between KpDnaB and dATP, dTTP, dCTP, or dGTP.
KpDnaB-dATP binding was inhibited by flavonoids as
follows, in the order of decreasing efficiency: Gal >
Myr > Kae > Que (Fig. 7a). None of the 4 flavonols dis-
rupted dGTP binding to KpDnaB (Fig. 7d). Among the
flavonols, Gal inhibited KpDnaB-dNTP interaction most
strongly, although Myr showed the strongest binding to
KpDnaB (Fig. 5). Thus, the ability of flavonols to inhibit
KpDnaB action in general may be dNTP-dependent.

Fig. 6 The fluorescence A B
quenching of KpDnaB in the 101 [ o= Gal 1.0 [—o— Gal
presence of 10 uM flavonol —w— Kae —w— Kae
plotted as relative fraction of 0.81 | =& Que 0.81 | =& Que
(Fo—F)/F, against the —— Myr —— Myr
concentrations of a dATP, L\|_° 0.6 1 u\c_’ 0.6 1
b dTTP, ¢ dCTP or d dGTP. [ L
The reaction solution (1 pM L 0.4 L 04
KpDnaB, 50 mM HEPES at pH
7.0) was pre-incubated with 0.2 1 0.2 1
10 uM flavonol for 10 min, and
then an aliquot amount of the 0.0 4 0.0 1
nucleotide was added to the _é -I8 _'7 _6 _5 _'4 _'g _'g _‘7 _é -;5 -I4
KpDnaB solution. After the
addition of the nucleotide, the Log[dATP] (M) Log[dTTP] (M)
reaction solution was C D
equilibrated for further 10 min 1.01| —o— cal 1.0 1| —o0— Gal
until no fluorescence change —¥— Kae —¥— Kae
could be observed 0.81| —&— Que 08 1| —&— Que
—— Myr —— Myr
£ 061 2 0.6
L n
L 041 L 041
0.2 1 0.2 1
001{® * 00 ¢
9 -8 7 6 5 4 9 -8 7 6 5 4

Log[dCTP] (M)
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Fig. 7 The quantitative A B
analysis of fluorescence 100 - 100
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3.5 The Flavonoids Inhibited Growth of K.
Pneumoniae

To test whether these flavonoids can inhibit growth of
K. pneumoniae, K. pneumoniae cells were grown to
0.5 ODggo at 37 °C, and then added 10 uM of Gal, Kae,
Que, or Myr into the medium. Figure 8 shows that these 4
flavonoids inhibited growth of K. pneumoniae; Gal had a
greater inhibitory effect than the others.

4 Discussion

DNA replication is one of the most basic biological func-
tions and should be a prime target in antibiotic develop-
ment. In fact, it is the target of the bactericidal
fluoroquinolone class of antibiotics that interferes with
DNA gyrase [9] and topoisomerase [2]. Since DNA heli-
cases are important components of the cellular replication
machinery in all organisms, inhibition of helicase activity
would be detrimental to bacterial survival as well [1, 6, 20,
21, 28]. In this study, we used fluorescence quenching
to analyze the interaction of KpDnaB with 4 flavonols,
Gal, Kae, Que, and Myr (Fig. 1), which contain different
numbers of hydroxyl substituent on the aromatic rings. Our
results demonstrated that these flavonols were capable of
inhibiting the interaction of KpDnaB with dNTPs. The
extent of KpDnaB fluorescence quenching induced by
dATP in the presence of a flavonol was much smaller than

@ Springer

that of dATP alone, indicating inhibition of KpDnaB-dATP
binding by the flavonol (Figs. 3, 6). In addition, the inhi-
bition depended not only on the flavonol (with Gal dis-
playing the strongest inhibition), but also on the dNTP used
(the inhibition was most specific to dATP binding).

Binding and hydrolysis of NTP cofactors by the DnaB
helicase before association with ssDNA are essential pro-
cesses that induce and modulate a high affinity conforma-
tion of the enzyme that can bind to ssDNA [14, 21, 25].
Although the primary replicative helicase can hydrolyze all
NTPs [20], our studies indicate that KpDnaB has a pref-
erence for dCTP over other nucleotides (Fig. 3). Thus,
other compounds similar to dCTP may be useful in
inhibiting KpDnaB.

Other studies have shown that Myr non-competitively
inhibits E. coli DnaB helicase [6] and RSF1010 RepA
helicase [28], with ICs, of approximately 10 and 50 uM,
respectively. In this study, we found that 10 uM of Gal,
Kae, Que, or Myr can inhibit dNTP binding to KpDnaB.
Although it is well established that flavonoids have several
hydroxyl groups and thus have marked potentials to bind
(any) proteins, the strength of the inhibition in dNTP
binding of KpDnaB was not correlated with the number of
hydroxyl substituent on the aromatic rings of the flavonols
(Fig. 7).

Although Myr binds to KpDnaB with the highest affinity
among the flavonols (Fig. 5), it did not display the highest
inhibition of dNTP-KpDnaB binding (Fig. 7). Based on
these results, we propose that these flavonols may inhibit
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Fig. 8 Growth of K. pneumoniae cells in Luria—Bertani medium
supplemented with 10 uM of the flavonoids (Myr, Que, Kae, or Gal)

dNTP binding to KpDnaB in 2 possible ways. First, these 4
flavonols may not bind to the active site of KpDnaB, or
only partially occupy the active site. Second, since DnaB
helicase binding to dNTP causes a large conformational
change [11, 12, 20], these flavonols may inhibit the con-
formational change itself, thereby causing varying degree
of inhibition. The inhibition of KpDnaB by these flavonols
appeared to be dNTP-dependent, and, thus, neither of these
possibilities can be dismissed.

Our crystal structure of Geobacillus kaustophilus heli-
case in complex with ssDNA and the non-hydrolysable
NTP analogue ATPys [13] revealed that ATP hydrolysis
may drive the movement of the helicase toward the 3’ end
of the lagging strand. 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. From these results, we
speculate here that 1 flavonol molecule is enough to bind to
the empty active sites of 6 KpDnaB subunits to shut down
and lock the enzyme in the dNTP-unbound state. We have
prepared a crystal of KpDnaB in complex with Gal to
further investigate this hypothesis, and the resulting
information may be useful in designing compounds that fit
more precisely into helicase active sites.
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These results may provide deeper knowledge of the KP replication restart primosome,
whereby to advance our understanding as to how DNA replication restart of KP can

be blocked. These finding may be also used for drug developments for bacterial
infection disease.
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