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Abstract—The binding of human DNA polymerase 3 (pol §) to DNA template—primer duplex and single-stranded DNA in
the absence or presence of pol 3 inhibitors has been studied using a surface plasmon resonance biosensor. Two fatty acids,
linoleic acid and nervonic acid, were used as potent pol § inhibitors. In the interaction between pol 3 and DNA, pol 3 could
bind to ssDNA in a single binding mode, but bound to DNA template—primer duplexes in a parallel mode. Both pol 3
inhibitors prevented the binding of pol 3 to the single strand overhang and changed the binding from parallel to single mode.
The affinities of pol 3 to the template—primer duplex region in the presence of nervonic acid or linoleic acid were decreased
by 20 and 5 times, respectively. The significant inhibitory effect of nervonic acid on the pol B—duplex interaction was due to
both a 2-fold decrease in the association rate and a 9-fold increase in the dissociation rate. In the presence of linoleic acid,
no significant change of association rate was observed, and the decrease in binding affinity of pol f to DNA was mainly due

to 7-fold increase in the dissociation rate.
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There are at least five types of DNA polymerases (o,
B, v, 8, and €) in mammalian and yeast cells. Polymerase
B (pol PB) is the smallest, and it plays an important role in
gap-filling synthesis during base excision repair [1-6]. It is
known to catalyze DNA synthesis, and in a distributive
model this requires that the enzyme dissociates from and
rebinds to the template during each ANMP incorporation
cycle [6, 7]. Commonly, pol B is expressed at low levels,
similar to a number of other so-called constitutive
“housekeeping” enzymes. Human pol (3 is a single-chain
polypeptide of 335 amino acids [8-10], consisting of a
31-kDa C-terminal (C) domain that includes a poly-
merase active site [11, 12] and an 8-kDa N-terminal (N)

Abbreviations: LA, linoleic acid; NA, nervonic acid; pol f,
DNA polymerase 3; SPR, surface plasmon resonance.
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domain that participates in binding to DNA and exhibits
5'-3" deoxyribose phosphodiesterase (lyase) activity [13].

Previous biophysical studies [12, 14, 15] have pro-
vided comprehensive knowledge on the interaction
between DNA and pol . For example, both single-
stranded (ss) and double-stranded (ds) nucleic acids can
bind with intact pol f. The N domain has a high affinity
for ssDNA, whereas the C domain binds dsDNA weakly
and shows the catalytic activity. In addition, fluorescence
studies indicate that human pol 3 forms a complex with a
ssSDNA in which 16 nucleotides are occluded by the
enzyme, and this complex is designated as (pol )¢ [16].
In the (pol B),c binding mode, the C catalytic domain of
the enzyme is also involved in the interactions with
ssDNA (Fig. la). For pol [ binding to DNA
template—primer duplex, it involved the protein binding
to the single-stranded template and the C domain binding
to the duplex in the vicinity of the 3’-end of the primer,
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and the intact pol 3 binding to the DNA template over-
hang region in which 16 nucleotides are occluded by the
protein (Fig. 1b).

Linoleic acid (LA) and nervonic acid (NA) are two
potent pol B inhibitors (Fig. 2a). These two fatty acids
have several common characteristics: an unsaturated
hydrocarbon chain containing 18 or more carbons, a free
carboxyl group, and cis-configuration [17, 18]. NMR
studies have examined the structural interaction of these
fatty acids with the N domain and have shown that it is
bound as a 1 : 1 complex to LA or NA with dissociation
constant (Kp) of 1.02 or 2.64 mM, respectively [17].
These fatty acids were also found to suppress the binding
of the N domain to ssDNA and the template—primer
DNA duplex. LA and NA, when acting as pol f
inhibitors, are unsaturated cis-configuration long-chain
fatty acids, with carbon atom numbers of 18 and 24,
respectively. It is well known that long-chain fatty acids
can inhibit mammalian DNA polymerases. However, it is
unclear whether the inhibitory effect of the fatty acids is
due to their ability to affect pol B binding with DNA.
Furthermore, the effects of these inhibitors on DNA
binding kinetics, affinities, and the binding sites of pol 3
have not been determined.

The surface plasmon resonance (SPR) biosensor
technique is a useful method to obtain quantitative kinet-
ic and affinity information on biomolecular interactions
[19, 20]. An SPR biosensor can translate a biospecific
interaction between a ligand in solution and a binding
partner immobilized on the surface into a detectable sig-
nal directly proportional to the extent of the interaction.
The study of the binding process using the SPR biosensor
technique has contributed significantly to the under-
standing of the molecular basis of DNA—protein interac-
tions [21, 22]. The interaction of a series of DNA sub-

a NH,

Template

COOH

Primer
Template

COOH

COOH

Fig. 1. Simplified models showing proteolytic domains of DNA
polymerase 3 interacting with (a) a ssDNA in which 16 nucleotides
are occluded by the enzyme to form a (pol ), mode and (b) a
template—primer duplex in which the 31- and 8-kDa domains are
shown bound in the vicinity of the 3’ end of the primer and a sin-
gle-stranded segment of the template.
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3'-CGTCGGCAGGTTCCC GTCAGAACCATAGTCAGCGATTGCACGCAACTACG -5'B
5'-GCAGCCGTCCAAGGG

Fig. 2. a) Structures of linoleic (/) and nervonic (2) fatty acids are
shown, which act as pol § inhibitors. b) DNA substrates used for
polymerase binding. Single-stranded 5'-biotin-labeled DNA acts
as the template. The primer (15-mer) is fully complementary to
the template strand and forms the fully matched DNA tem-
plate—primer duplex.

strates with human pol 3 has been studied in real time
using the SPR biosensor technique, as well as a detailed
kinetic study on the various proposed binding modes
between pol B with different DNA targets [23]. In this
paper, the SPR biosensor technique was used to compare
the binding of pol B to ssDNA and template—primer
duplex DNA substrates in the presence or absence the
fatty acid inhibitors, LA and NA.

MATERIALS AND METHODS

Materials and equipment. The SPR biosensor instru-
ment (BIAcore X) and sensor chips (SAS5 research grade)
were acquired from Pharmacia Biosensor (Sweden). All
the experiments with pol 3 were carried out in TSB buffer
containing 50 mM Tris-HCI, pH 7.4, and 100 mM NaCl.
Purified pol B (20-100 nM) in TSB was used for the
DNA—polymerase binding experiments. LA and NA
fatty acids were purchased from Sigma (USA) and dis-
solved in 100% methanol or water, respectively. Tris,
Hepes, NaCl, and MgCl, were from Sigma. HSM buffer
(10 mM Hepes, pH 7.4, 150 mM NacCl, and 10 mM
MgCl,) was used for DNA immobilization, and TSB
buffer at pH 7.4 was used as the running buffer in all the
experiments.

Immobilization of DNA substrate. 5'-Biotin-labeled
50-mer single-stranded oligonucleotide (template) and
unlabeled 15-mer oligonucleotide (primer) were synthe-
sized by Biosune Company (China) and purified by
HPLC. The primer was complementary to the unlabeled
end of the template strand, forming a fully matched DNA
duplex. The sequences of these oligonucleotides are
shown in Fig. 2b. To facilitate annealing of these oligonu-
cleotides to form duplexes, equimolar amount of
oligonucleotides were mixed together in HSM buffer. The
mixture was incubated at 100°C for 5 min and allowed to
slowly cool to room temperature. The primer formed a
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fully matched DNA duplex with the template. The strep-
tavidin-modified (SAS5) sensor surface was first equili-
brated with the HSM buffer before DNA immobilization.
When a stable baseline was reached, a 35 pl solution of a
DNA substrate (2 uM in HSM buffer) was injected onto
the sensor chip for 7 min. After the injection, the DNA-
modified surface was washed with HSM buffer to remove
the unbound biotin-labeled DNA molecules until a stable
baseline was obtained. The immobilization procedure
was carried out at 25°C and at a constant flow rate of
5 ul/min. Biotinylated DNA template—primer duplexes
bound rapidly to the immobilized streptavidin molecules
on the SA chip and could not be washed away by HSM
buffer. A significant increase in the response was observed
(ARU = 2738) under these experimental conditions. On
the basis of the molecular weight of the DNA tem-
plate—primer duplex (~20 kDa) and the calibration that
ARU = 1000 corresponds to 1 ng of macromolecules per
mm? change in surface density [24], the amount of DNA
duplex bound to the streptavidin-modified surface was
estimated to be 7.1-10" molecules per mm?>.

Biosensor measurement of pol B—DNA interactions.
All binding experiments were carried out at 25°C with a
constant flow rate of 5 pl/min in TSB buffer. The optimal
experimental concentration of LA and NA was deter-
mined by examining the inhibitory effects of various con-
centrations of fatty acids on the binding responses
obtained from the DNA—pol 3 interactions. The optimal
experimental concentration was found to be 5 uM and
was used in the subsequent experiments. A 15-ul solution
comprised of different concentrations of pol B (20-
100 nM) and 5 uM fatty acid (LA or NA) in TSB buffer
was injected onto the DNA-modified sensor surface for
3 min, followed by washing with TSB buffer for 5 min.
The DNA-modified surfaces were regenerated by inject-
ing 10 ul 1 M NaCl solution for 2 min. The sensor surface
without DNA coating was used as the control and run
simultaneously for each binding experiment. The sensor-
grams for all DNA—polymerase binding interactions
were recorded in real time and were analyzed after sub-
tracting the sensorgram data from the controlled channel
data.

Data analysis. The binding and dissociation data
were modeled and analyzed using BIAevaluation
Software. A simple 1 : 1 (Langmuir) model and a hetero-
geneous ligand 1 : 2 (parallel binding) model were used to
fit the data according to the numerical integration
method. A mass transfer rate constant (k) was included
in the models to account for the diffusion of the analyte
molecules (pol ) from the solution to the biosensor
interface according to Fick’s law [25, 26]. The data were
analyzed by fitting both the association and dissociation
phases for several concentrations. The degree of random-
ness of the residual plot and the reduced chi square (?)
value were used to assess the appropriateness of the vari-
ous models for analyzing the sensor data.
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Effect of fatty acid concentration on DNA—pol B
interaction. The SPR sensor surface was modified with
the fully-matched DNA template—primer duplexes con-
taining a 50-mer template hybridized with a 15-mer
primer. Different concentrations of fatty acids, 0-100 uM
for LA and 0-10 uM for NA, mixed with the same con-
centration of pol 3 (80 nM) were injected over the DNA-
modified sensor surface. As described previously [17, 18],
the longer fatty acid chains have a stronger inhibitory
effect compared to short chains. NA has a longer carbon
atom chain (C24) than LA (C18) and is expected to be
more effective in inhibiting polymerase activity than LA.
Therefore, different ranges of concentration were used for
the two fatty acids. Note that 100 mM Na™ was present in
the TSB buffer in order to facilitate pol  binding [27],
and no dNTP or Mg?* was present in the solution to pre-
vent the elongation of the terminal bases of the primer by
the polymerase. The relationship between the relative sur-
face binding density and various concentrations of fatty
acids plotted in Fig. 3 clearly shows the inhibitory effect
of fatty acids on the binding of pol 3 to the DNA-modi-
fied surface. The relative surface binding density
decreased while the concentration LA or NA was
increased, indicating that a decreasing amount of pol 3
was bound to the immobilized DNA. A 100% inhibition
of pol B binding to the DNA duplex was observed with
100 uM LA or 10 uM NA. To compare the inhibitory
effect of the two fatty acids on the binding affinity, the
same concentration (5 uM) was used for both inhibitors
in the subsequent experiments.

Effect of fatty acids on the binding of pol B to ssDNA.
Biotinylated ssDNA substrate (50-mer) was immobilized
on the sensor chip surface using the biotin—streptavidin
technique. Different concentrations of pol B in the pres-
ence of 5 UM of LA or NA were injected onto the ssDNA-
modified surface, and then the binding of these various
concentrations of pol B to ssDNA was monitored by the
SPR biosensor. The results showed that the binding
response of pol  to ssDNA was extremely small com-
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Fig. 3. Dependence of the relative surface binding density on the
concentration of linoleic (/) or nervonic acid (2).
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Fig. 4. Binding of pol 3 to ssDNA with and without fatty acids.

pared with the binding in the absence of fatty acids (Fig.
4). This indicated that LA and NA significantly sup-
pressed the binding of intact pol B to ssDNA.

Circular dichroism and fluorescence studies of
human pol B indicated that the N domain has a high
affinity for ssDNA [14]. Furthermore, others [17, 18]
have shown that long-chain fatty acids bind to the N-ter-
minal 8-kDa domain of pol (. Based on the previous
findings, it is reasonable to expect that the pol B
inhibitors, LA and NA, would prevent the binding of the
polymerase N domain to ssDNA. Although it has been
shown that the 31-kDa catalytic domain of pol f is also
involved in the pol f—ssDNA interaction in which 16
nucleotides were occluded by the enzyme at low protein
concentration [16], the C domain seemed unaffected by
the inhibitors at low concentration; an extremely small
response was observed in our experiment when the fatty
acid was added to the protein mixture (Fig. 4). Therefore,
it can be concluded that the 31-kDa domain alone cannot
bind to ssDNA. The binding mechanism of intact pol 3
towards ssSDNA may involve a two-step process whereby
the N domain initially binds to ssDNA, and the C domain
then encloses the DNA target in the absence of a fatty
acid.

Effect of fatty acids on pol B binding to DNA tem-
plate—primer duplex. Previous studies have revealed the
mechanism of pol § binding to DNA template—primer
duplex [12, 15, 23]. The model involves the C and N
domains binding to the single-stranded segment of the
template and in the vicinity of the 3’-end of the primer.
The template overhang (35-mer) was present in this DNA
template—primer duplex substrate; this overhang region
provides sufficient space for pol B to bind. Based on the
above mechanism, a parallel model offered the best fits to
the sensorgrams of pol B binding to the fully-matched
DNA duplex. The sensorgrams of pol 3 binding to DNA
duplex were obtained in the presence of the potent pol 3
inhibitors—LA or NA (Fig. 5). The sensorgrams were fit-
ted to both the parallel binding model and the simple 1 :
1 Langmuir model. As shown in Fig. 5, the simple
Langmuir model showed a more reasonable fit to both
sensorgrams compared with the parallel model. Thus, it
can be concluded that the presence of the fatty acids
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changed the binding characteristics of pol B to the DNA
duplex. Because the binding between pol f and ssDNA
was completely inhibited by the fatty acids (Fig. 4), pol B
can only bind to the 3'-end of the primer of the duplex
region. As a result, an equimolecular binding interaction
seems to be involved.

The effects of the LA and NA were studied and com-
pared with the results obtained previously. In the absence
of an inhibitor, the affinity constants (K,) of the two bind-
ing modes showed similar magnitudes, that is,
2.20-108 M~ in the vicinity of the 3’-end of the primer
and 1.70-10° M~ for the single-stranded template over-
hang. However, in the presence of the inhibitors, the
polymerase showed a single binding mode on the DNA
substrate. The K, for LA and NA were 4.12-10" and
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Fig. 5. Binding of pol B to DNA template—primer duplexes in the
presence of fatty acids. Different concentrations (20-100 nM) of
pol B were injected over the sensor surface modified with fully-
matched DNA template—primer duplex in the presence of 5 uM
linoleic acid (a) or nervonic acid (b) at 25°C. The residual plots fit-
ting the interaction between pol 3 and fully-matched DNA duplex
to the Langmuir binding and parallel models are also shown. The
simple 1 : 1 model was proved to be a good model for curve fitting
based on the low values (5.40 for linoleic acid, 4.50 for nervonic
acid) and the random distributions of the residual plots.
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Binding kinetics and affinities of human pol 3 to fully matched DNA template—primer duplexes in the absence or

presence of two fatty acids

Fatty acid kop x 105, M~sec™! kog x 1072, sec™! K, x 107, M™! 1
— 9.47 £ 0.06 0.43 £ 0.01 22.0£0.53 0.886
Linoleic acid 12.5 £ 1.01 3.03 £0.25 4.12+0.48 5.400
Nervonic acid 4.35+0.22 4.06 = 0.07 1.07 £0.06 4.500

Note: The data were locally fitted simultaneously with a simple 1 : 1 binding model with a mass transfer effect.

1.07-107 M™!, respectively (table). The binding affinities
were decreased by 5 to 20 times compared with the situa-
tion when no fatty acid was added. The significant
decrease can be explained by the difference in the binding
mode of pol 3 to the DNA primer 3’-end. Based on the
observation that fatty acids suppressed the binding of N
domain to ssSDNA, we also assumed that the N domain
was not involved in ssDNA template binding when the
intact polymerase bound to the primer 3’-end (Fig. 1).
Only the C domain was involved in the ssDNA binding,
and its binding affinity was lower than that of intact pro-
tein to the template—primer duplex region. Both LA and
NA have an inhibitory effect on DNA—pol §3 interactions.
The reduction of pol B binding affinity to the DNA tem-
plate—primer duplex region by LA was mainly due to an
increase in the dissociation rate (k.g) of pol B from DNA.
On the other hand, the significant inhibitory effect of NA
on the DNA—pol f interaction was due to both a 2-fold
decrease in the association rate (k,,) and a 9-fold increase
in the dissociation rate (k).

Because the presence of the fatty acids suppressed
the binding of intact pol 3 to the single-stranded template
overhang, the net response observed in Fig. 5 was entirely
due to the binding of the 31-kDa domain of pol (3 to the
vicinity of 3'-end primer. However, the overall sensor
responses decreased as the concentration of fatty acid
increased, indicating a decreasing amount of 31-kDa
domain of pol B was bound to the immobilized DNA
duplex region (Fig. 3). At high concentrations of pol 3
inhibitors (100 uM for LA and 10 uM for NA), even the
binding of the 31-kDa domain to the template—primer
region was totally inhibited.

In summary, we have used the surface plasmon reso-
nance biosensor technique to characterize and obtain
quantitative information on the kinetics of binding inter-
actions between human pol 3 and DNA substrates includ-
ing DNA template—primer duplex and ssDNA in the
presence or absence of the pol § inhibitors LA and NA.
The fatty acids suppressed the binding of pol 3 to the
ssDNA because the inhibitor binds to the N domain of
the protein and blocks this ssDNA binding domain. In
addition, the inhibitors changed the binding of the poly-
merase to the DNA duplex in a way that suggested a
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change from a parallel reaction model to a single binding
mode due to the suppression of the protein binding to the
ssDNA template. The overall binding affinities of pol f3 to
the template—primer duplex region decreased in the pres-
ence of the fatty acids and can be explained by the differ-
ent binding orientations of the protein on the fully
matched DNA target when the pol B inhibitor is present,
in which only the C domain is involved in the interaction
with DNA. When the concentration of the pol 3 inhibitor
was increased, the binding of the C domain to the vicini-
ty of primer 3’-end was also suppressed. This indicates
that LA and NA have an inhibitory effect on the
DNA—pol B interaction through inhibiting both the N
and C domains, although with a much reduced extent for
the latter.
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