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ABSTRACT: Energetics and specificity of interactions between the African swine fever virus polymerase
X and gapped DNA substrates have been studied, using the quantitative fluorescence titration technique.
Stoichiometries of pol X complexes, with the DNA substrates, are higher than suggested by NMR studies.
This can be understood in the context of the functionally heterogeneous organization of the total DNA-
binding site of pol X, which is composed of two DNA-binding subsites. The enzyme forms two different
complexes with the gapped DNAs, differing dramatically in affinities. In the high-affinity complex, pol
X engages the total DNA-binding site, forming the gap complex, while in the low-affinity the enzyme
binds to the dsDNA parts of the gapped DNA, using only one of the DNA-binding subsites. As a result,
the net number of ions released in the gap complex formation is significantly larger than in the binding
of the dsDNA part. In the presence of Mg+2, pol X shows a strong preference for the ssDNA gaps having
one and two nucleotides. Recognition of the short gaps already occurs in the ground state of the enzyme-
DNA complex. Surprisingly, the specific structure necessary to recognize the short gaps is induced by
magnesium binding to the enzyme. In the absence of Mg+2, pol X looses its selectivity for short ssDNA
gaps. Pol X binds gapped DNAs with considerable cooperative interactions, which increase with the
decreasing gap size. The functional implications of these findings for ASFV pol X activities are discussed.

The African swine fever virus (ASFV1) is the subject of
intensive studies as the factor responsible for acute hemor-
rhagic fever, which has a mortality approaching 100%, in
domestic pigs (1-5). Interestingly, the DNA genome of
ASFV virus encodes two DNA polymerases (4-7): a
replicative polymerase which belongs to the eukaryotic
family B enzymes and another polymerase, a member of the
pol X family, referred to as ASFV pol X (4-9). ASFV pol
X shows significant functional similarities to other DNA-
repair polymerases that include distributive DNA synthesis
on template-primer DNA substrates and efficient filling of
single nucleotide gaps (5-7). This spectrum of functional
activities and the fact that the ASFV genome codes for
another strictly replicative DNA polymerase along with
several enzymes that perform most of the base excision repair
(BER) pathway indicate that the ASFV pol X is involved in
the repair processes of the viral DNA, damaged by the host
reaction to the viral infection (8-14).

With a molecular weight of∼20000, ASFV pol X is
currently the smallest known DNA polymerase. NMR studies

of the ASFV pol X show a structure which is very different
from the structures of other known replicative or repair DNA
polymerases (15-17). Pol X is only built of the palm
domain, which includes the first 105 amino acids from the
N-terminus of the protein and the C-terminal domain, built
of the remaining 69 amino acid residues. The NMR structure
of the enzyme is depicted in Figure 1 (15). The active site
of the DNA synthesis resides in the palm domain where the
triad of invariant aspartate residues, typical for DNA
polymerases, is located (15, 16). Moreover, the palm domain
contains a positively charged helix,RC, located at the surface
of the domain. Similarly, the C-terminal domain contains a
highly positively charged helix,RE. These structural features
suggest that both the palm and the C-terminal domain are
engaged in interactions with the DNA (15, 16, 18).

A puzzling problem in the DNA recognition mechanism,
by a DNA repair polymerase, is the fact that the enzyme
must recognize the damaged DNA containing a small ssDNA
gap, in the context of the large excess of the dsDNA (18-
25). Our recent quantitative studies shed light on the complex
interactions of the ASFV pol X with the nucleic acid (18).
The total site-size of the pol X-ssDNA complex is 16( 2
nucleotide residues, surprisingly large for such a small
protein. The total ssDNA-binding site has a complex
heterogeneous structure. It contains the proper ssDNA-
binding site, a structurally and functionally separated area,
characterized by the high nucleic acid affinity, which
encompasses only 7( 1 nucleotides. On the other hand, the

† This work was supported by NIH Grant GM-58675 (to W.B.).
* Send correspondence to this author: Department of Biochemistry

and Molecular Biology, The University of Texas Medical Branch at
Galveston, 301 University Boulevard, Galveston, TX 77555-1053.
Tel: (409)772-5634.Fax: (409)772-1790.E-mail: wbujalow@utmb.edu.

1 Abbreviations: ASFV, African swine fever virus; DTT, dithio-
threitol; ssDNA, single-stranded DNA; dsDNA, double-stranded DNA;
MCT method, macromolecular competition titration method; BER, base
excision repair.

12909Biochemistry2007,46, 12909-12924

10.1021/bi700677j CCC: $37.00 © 2007 American Chemical Society
Published on Web 10/17/2007



enzyme can engage an additional binding area in interactions
with the DNA at a distance of∼7-8 nucleotides from the
proper site. However, in complexes with the longer ssDNA
oligomers, pol X does not form different binding modes
where the enzyme engages only one of its DNA-binding
subsites in interactions with the DNA. Such different binding
modes were observed for the mammalian polâ, which
belongs to the same DNA polymerase family (19-25). This
different behavior indicates that both DNA-binding areas,
within the total DNA-binding site of pol X, are less
autonomous than observed for polâ and/or that the enzyme
cannot adjust its orientation on the ssDNA to enable the
binding of another polymerase molecule (19-26).

Interactions of a DNA polymerase, with the DNA, play a
vital role in the function of the enzyme as one of the major
elements, which determine the degree of fidelity of the DNA
synthesis, as the polymerase complex with the DNA con-
stitutes the binding and recognition site for dNTPs (27-
29). Moreover, in the case of a DNA repair polymerase,
elucidation of the enzyme interactions with the nucleic acid
is of paramount importance for understanding the recognition
mechanism of the damaged DNA (18-26, 30-33). How a
polymerase, with such a simplified structure as the ASFV
pol X, recognizes ssDNA gaps in the damaged DNAs is
unknown. In spite of its paramount importance for under-
standing the DNA recognition process by a DNA repair
polymerase and the ASFV pol X in particular, the direct and
quantitative analyses of pol X interactions with the gapped
DNA have not been addressed. The fundamental aspects of
these interactions, like stoichiometries, intrinsic affinities,
cooperativities, and the role of the size of the ssDNA gap in
the recognition process, are unknown.

MATERIALS AND METHODS

Reagents and Buffers.All chemicals were reagent grade.
All solutions were made with distilled and deionized>18

MΩ (Milli-Q Plus) water. The standard buffer C is 10 mM
sodium cacodylate adjusted to pH 7.0 with HCl and 10%
glycerol.

ASFV Pol X. The plasmid harboring the gene of the ASFV
pol X was a generous gift of Dr. Maria L. Salas (Universidad
Autonoma, Madrid, Spain). Isolation and purification of the
protein was performed, with slight modifications, as de-
scribed (6, 7, 18). The protein was>98% pure as judged by
SDS acrylamide gel electrophoresis with Coomasie Brilliant
Blue staining. The concentration of the protein was spec-
trophotometrically determined using the extinction coef-
ficient, ε280 ) 1.541 × 104 cm-1 M-1, obtained with the
approach based on Edelhoch’s method (34, 35).

Nucleic Acids. All unmodified and modified ssDNA
oligomers were purchased from Midland Certified Reagents
(Midland, TX). The modified ssDNA oligomers contain a
fluorescent label, fluorescein, introduced through phospho-
ramidate chemistry. Thus, the fluorescein residue is placed
as an analogue of an additional base in each modified DNA.
Concentrations of all ssDNA oligomers have been spectro-
photometrically determined (30-33, 36-40).

Fluorescence Measurements.Steady-state fluorescence
titrations were performed using the SLM-AMINCO 8100C
with polarizers were placed in excitation and emission
channels and set at 90° and 55° (magic angle), respectively
(30-33, 36-44). The binding was followed by monitoring
the fluorescence of the nucleic acid (λex ) 495 nm,λem )
520 nm). Computer fits were performed using Mathematica
(Wolfram, IL) and KaleidaGraph (Synergy Software, PA).
The relative fluorescence quenching of the nucleic acid
emission,∆Fobs, upon the ASFV pol X binding is defined
as ∆Fobs ) (F0 - Fi)/F0, whereFi is the emission of the
DNA substrate at a given titration point “i”, and F0 is the
initial value of the emission of the sample (25, 26, 30, 33).

QuantitatiVe Determination of Binding Isotherms and
Stoichiometries of the ASFV Pol X-Gapped DNA Com-
plexes. In this work, we followed the binding of pol X to
the gapped DNA substrates by monitoring the fluorescence
quenching,∆Fobs, of the nucleic acid upon the complex
formation. Quantitative estimates of the total average degree
of binding, ΣΘi, (number of the ASFV pol X molecules
bound per DNA substrate) and the free protein concentration,
PF, have been previously described in detail by us (26, 30-
33, 36-45). Briefly, the experimentally observed∆Fobs has
a contribution from each of the different possible “i”
complexes of pol X with the DNA. Thus, the observed
relative fluorescence quenching is functionally related toΣΘi

by

where∆Fimax is the molecular parameter characterizing the
maximum fluorescence quenching of the nucleic acid with
pol X bound in complex “i”. The same value of∆Fobs,
obtained at two different total nucleic acid concentrations,
NT1 andNT2, indicates the same physical state of the nucleic
acid, i.e., the degree of binding,∑Θi, and the free protein
concentration,PF, must be the same. The values of∑Θi and
PF are then related to the total protein concentrations,PT1

andPT2, and the total nucleic acid concentrations,NT1 and
NT2, at the same value of∆Fobs, by

FIGURE 1: (a) Three-dimensional structure of the ASFV pol X
obtained by NMR studies (15). The first 105 amino acid residues
from the N-terminus of the protein constitute the palm domain,
while the remaining 69 amino acid residues form the C-terminal
domain of the enzyme. The domains are marked in green and
turquoise colors, respectively. Also, the lysine residues, 59, 60, and
63 in the palm domain, and the lysine residues 131, 132, and 133
contained in theRC helix the RE helix of the palm and the
C-terminal domain, respectively, are selected and marked in red
and blue colors, respectively. (b) Schematic representation of the
ASFV pol X domain structure with the total DNA-binding site of
the polymerase engaged in the complex with the ssDNA (18). The
darker areas mark the two presumed DNA-binding subsites. The
small red area indicates the location of active site of the enzyme.

∆Fobs) ∑Θi∆Fimax
(1)
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where x ) 1 or 2 (26, 30-33, 36-45). Quantitative
determinations of binding isotherms for the ASFV pol X
association with unmodified gapped DNA substrates have
been performed using the macromolecular competition
titration (MCT) method (26, 42).

RESULTS

Binding of the ASFV Pol X to the Gapped DNA Substrates
Containing Different Number of Nucleotides in the ssDNA
Gap. Our previous studies have shown that binding of the
ASFV pol X to the etheno-derivatives of the ssDNA is
accompanied by a large nucleic acid fluorescence increase
(18). A similar large fluorescence increase is observed for
the gapped DNA substrates containing etheno-derivatives of
adenosine (see below). However, the fluorescence intensity
of the etheno-adenosine, when embedded into an oligomer,
is significantly diminished (46, 47). As a result, in the case
of high-affinity interactions between the ASFV pol X and
gapped DNA substrates examined in this work, the concen-
tration of the DNA substrate necessary to perform high-
resolution fluorescence titrations makes it very difficult to
address both stoichiometries, as well as the intrinsic affinities
of the enzyme. On the other hand, we have found that binding
of the enzyme to gapped DNAs, containing the fluorescein
residue, in place of one of the bases in the ssDNA gap, is
accompanied by a large fluorescence quenching of the
nucleic acid emission. The high quantum yield of fluorescein
provides the required signal to monitor the enzyme-gapped
DNA complex formation at experimentally adequate DNA
concentrations (24, 25, 30, 33).

The gapped DNA substrates, used to examine interactions
with ASFV pol X, are depicted in Figure 2. All DNA
substrates contain two dsDNA parts each having 10 bps. The
length of the dsDNA parts is dictated by the site-size of the
proper DNA-binding site of the enzyme, which encompasses
7 ( 1 nucleotides (18). The primary structure of the dsDNA
parts is identical in all gapped DNAs. The dsDNA parts are
separated by the ssDNA gap, which has five, four, three,
two, and one nucleotide. The bases of the nucleotide residues
in the ssDNA gap are all adenosines with the exception of
the residue at the 5′ end of the gap that is replaced by
fluorescein. It provides the signal to monitor the interactions.
The size of the ssDNA gap is referred to the size that includes
the analogue.

Fluorescence titrations of the DNA substrate, having a
ssDNA gap with five nucleotides (Figure 2; substrate A),
with the ASFV pol X at two different nucleic acid concen-
trations, in the standard buffer C, containing 198 mM NaCl
and 1 mM MgCl2, are shown in Figure 3a. The relative
quenching of the nucleic acid fluorescence reaches the value
of 0.58 ( 0.03 at saturation. To quantitatively obtain the
total average degree of binding,∑Θi, independent of any
assumption about the relationship between the observed
signal and∑Θi, the titration curves in Figure 3a have been
analyzed, using the approach outlined in Materials and

Methods (26, 30-33, 36-45). Figure 3b shows the depen-
dence of the observed relative fluorescence quenching,∆F,
as a function of the total average degree of binding,∑Θi, of
the ASFV pol X on the considered DNA substrate. The plot
is, within experimental accuracy, linear. We could determined
the total average degree of binding up to∼1.6. Short
extrapolation of∑Θi to the maximum fluorescence quench-
ing, ∆Fmax ) 0.58( 0.03, provides a value of∑Θi ) 2 (
0.2. Thus, at saturation, two ASFV pol X molecules bind to
the gapped DNA substrate containing 5 nucleotides in the
gap.

Such large stoichiometry is very surprising in light of the
fact that the ASFV pol X does not form different binding
modes with the ssDNA (18). Fluorescence titrations of the
DNA substrate, having a ssDNA gap of two nucleotide
residues in length (Figure 2; substrate D), with the ASFV
pol X at two different nucleic acid concentrations are shown
in Figure 3c. The relative quenching of the nucleic acid
fluorescence reaches the value of 0.53( 0.04 at saturation,
which is similar, although not identical, to the value observed
for the substrate with the ssDNA gap containing five
nucleotides. Figure 3d shows the dependence of the observed
relative fluorescence quenching as a function of the total

∑Θi )
PT2

- PT1

NT2
- NT1

(2)

PF ) PTx
- (∑Θi)NTx

(3)

FIGURE 2: A series of gapped DNA substrates that are used to
examine the interactions with the ASFV pol X. Each DNA substrate
has two dsDNA parts at the 5′ end (downstream from the primer)
and at the 3′ end (primer location) of the template strand, which
are identical in all substrates. The dsDNA parts are separated by
the ssDNA gap containing five (A), four (B), three (C), two (D),
and one (E) nucleotide. The template strand contains a fluorescent
label, fluorescein, introduced through phosphoramidate chemistry
at the 5′ end of the ssDNA gap. Thus, the fluorescein residue, which
provides the signal to monitor the interactions with the ASFV pol
X, is placed as an analogue of an additional base in each gapped
DNA substrate.
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average degree of binding,∑Θi, of the ASFV pol X on the
considered DNA substrate. As previously observed (Figure
3b), the plot is, within experimental accuracy, linear. We
could determined the value of the total average degree of
binding up to∑Θi ∼1.9. Very short extrapolation of∑Θi to
the maximum fluorescence quenching,∆Fmax ) 0.53( 0.04,
provides∑Θi ) 2 ( 0.2. Thus, at saturation, two ASFV pol
X molecules bind to the gapped DNA substrate containing
two nucleotides in the ssDNA gap, the same number of
polymerase molecules as observed for the substrate with five
nucleotides in the gap (Figure 3b). Analogous, quantitative
studies have been performed with the entire series of the
gapped DNA substrates, and the obtained maximum sto-
ichiometries are included in Table 1. It is evident that the
maximum stoichiometry of the ASFV pol X-gapped DNA

complex does depend upon the size of the ssDNA gap (see
Discussion).

Statistical Thermodynamic Model of ASFV Pol X-Gapped
DNA Interactions. The data discussed below show that the
binding of the ASFV pol X to the gapped DNA substrates
with the ssDNA gap containing less than four nucleotides is
characterized by a significantly higher affinity than the
binding of the second ASFV pol X molecule (see below).
This indicates that, analogously to the mammalian polâ, at
a lower concentration of the enzyme, the ASFV pol X can
form a high-affinity gap complex (21, 22). Moreover, the
enzyme can also associate with the dsDNA parts of the
nucleic acid with significantly lower affinity than in the gap
complex. At higher protein concentrations, two polymerase
molecules are associated with the DNA substrate, each

FIGURE 3: (a) Fluorescence titrations of a gapped DNA substrate with five nucleotides in the ssDNA gap (Figure 2, substrate A) with the
ASFV pol X in buffer C (pH 7.0, 10°C), containing 198 mM NaCl, and 1 mM MgCl2, at two different concentrations of the nucleic acid,
5 × 10-9 M (9) and 1.2× 10-8 M (0), respectively. The solid lines are the nonlinear least-squares fits of the experimental titration curves
to the model of two distinct cooperative binding sites (eqs 4-6) using a single set of binding and spectroscopic parameters,KG ) 6.5 ×
108 M-1, KD ) 6.5 × 108 M-1, σ ) 1, ∆FG ) 0.29, and∆FD ) 0.29 (see text for details). (b) The dependence of the observed relative
fluorescence quenching,∆F, upon the total average degree of binding,∑Θi, of the ASFV pol X on the DNA substrate with five nucleotide
residues in the ssDNA gap. The values of∑Θi have been obtained using the quantitative approach described in Materials and Methods. The
solid line follows the experimental points and does not have a theoretical basis. The dashed line is an extrapolation of the plot to the
maximum observed fluorescence quenching,∆Fmax, marked by horizontal solid line. (c) Fluorescence titrations of a gapped DNA substrate
with two nucleotides in the ssDNA gap (Figure 2, substrate D) with the ASFV pol X in buffer C (pH 7.0, 10°C), containing 198 mM NaCl
and 1 mM MgCl2, at two different concentrations of the nucleic acid, 5× 10-9 M (9) and 1.2× 10-8 M (0), respectively. The solid lines
are the nonlinear least-squares fits of the experimental titration curves to the model of two distinct cooperative binding sites (eqs 4-6)
using a single set of binding and spectroscopic parameters,KG ) 6 × 1010 M-1, KD ) 6.5 × 108 M-1, σ ) 230,∆FG ) 0.263, and∆FD
) 0.263 (see text for details). (d) The dependence of the observed relative fluorescence quenching,∆F, upon the total average degree of
binding,∑Θi, of the ASFV pol X on the DNA substrate with two nucleotides in the ssDNA gap. The values of∑Θi have been obtained
using the quantitative approach described in Materials and Methods. The solid line follows the experimental points and does not have a
theoretical basis. The dashed line is an extrapolation of the plot to the maximum observed fluorescence quenching,∆Fmax, marked by the
solid horizontal line.
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molecule associated with the dsDNA part of the gapped DNA
substrate (21, 22, 26, 42, 48-50). The simplest partition
function,ZG, of the system, which describes such behavior,
is defined by

whereKG andKD are intrinsic binding constants character-
izing the formation of the high-affinity gap complex and the
weak-affinity complex of the ASFV pol X with the dsDNA
parts of the gapped DNA substrate, respectively. The quantity
σ is the cooperative interactions parameter, which character-
izes possible cooperative interactions between bound ASFV
pol X molecules. The total average degree of binding,∑Θi,
is then defined as

The observed relative fluorescence quenching,∆F, is
described by

where ∆FG, and ∆FD are the relative molar fluorescence
quenchings of the DNA emission characterizing ASFV pol
X binding in the high-affinity gap complex and the weak-
affinity complex with the dsDNA (21, 22, 26).

There are five independent parameters∆FG, ∆FD, KG, KD,
andσ in eqs 4-6. This is a formidable number of parameters.
However, some of them can be independently determined.
Thus, because of the much higher affinity of the gap
complex, the values of∆FG can be obtained from the plots
of ∆F as a function of∑Θi, as depicted in Figures 3b and
3c, ∆FG ) d∆F/d(∑Θi). Moreover, the linear character of
the plots in Figures 3b and 3c indicates that∆FG ) ∆FD for
these particular DNA substrates (Table 1). The value of∆FD

can be determined from the maximum observed fluorescence
quenching as∆Fmax ) 2 × ∆FD. Nevertheless, there are still
three binding parameters,KG, KD, andσ, which remain to
be determined. The strategy of determining them is discussed
below.

Intrinsic Affinities and CooperatiVities of ASFV Pol X
Binding to the Gapped DNA Substrates in the Presence of
Magnesium. The solid lines in Figure 3a are nonlinear least-
squares fits of the experimental titration curves to eqs 4-6
with three fitting parameters, which provideKG ) (6.5 (
1.6) × 108 M-1, KD ) (6.5 ( 1.6) × 108 M-1, andσ ) 1,
for the gapped DNA substrate with 5 nucleotides in the
ssDNA gap. The theoretical curves provide an excellent

description of the experimental titration curves. Thus, the
obtained data indicate that binding of each of the two ASFV
pol X molecules to the DNA substrate containing five
nucleotides in the ssDNA gap is characterized by virtually
the same affinity, independent of the presumed nature of the
formed complexes (see above). The profound meaning of
these data is that they indicate that, with the substrate
containing the ssDNA gap with five nucleotides, the ASFV
pol X is not capable of forming the high-affinity gap complex
to any detectable extent. Moreover, the cooperativity pa-
rameter value isσ ) 1, indicating the lack of any cooperative
interactions between the bound enzyme molecules. In other
words, what is observed for this substrate is the independent
binding of the two ASFV pol X molecules to two dsDNA
parts of the nucleic acid. In addition, these results provide
the intrinsic binding constant,KD, for the independent binding
of the ASFV pol X to the dsDNA parts of the gapped DNA
substrate with the value of (6.5( 1.6) × 108 M-1. Notice,
because the binding process is independent, the value ofKD

must be the same for all examined DNA substrates in the
same solution conditions (see below).

Knowing the value ofKD ) (6.5 ( 1.6) × 108 M-1, we
can address the binding to the gapped DNA substrates with
fewer than five nucleotides in the ssDNA gap. In the case
of the gapped DNA substrate with two nucleotides in the
gap, the linear character of the plot in Figure 3d indicates
that ∆FG ) ∆FD ) 0.26( 0.03. This leaves three binding
parameters,KG, KD, andσ, to be determined. However, unlike
the case of the substrate with five nucleotides in the gap,
the value ofKG cannot be obtained in direct fitting of the
titration curves in Figure 3c. This is because the first∼50%
of the titration curve is nearly stoichiometric, i.e., the
concentration of the free pol X,PF, constitutes an experi-
mentally undetectable fraction of the total protein concentra-
tion, PT, at low total polymerase concentrations (26). On the
other hand, the value ofKG at 198 mM NaCl can be
determined from the salt dependence of the intrinsic affinities
of the enzyme discussed below, which providesKG ) (6.0
( 1.6)× 1010 M-1. The solid lines in Figure 3c are nonlinear
least-squares fits of the experimental isotherm to eqs 4-6,
using the determined values of∆FG, ∆FD, KG, andKD with
a single fitting parameter,σ, which provideσ ) 230( 60.
Analogous analyses have been performed for all examined
gapped DNA substrates, with the obtained spectroscopic and
binding parameters included in Table 1. Moreover, competi-
tion experiments with unmodified gapped DNA substrates,
which contain adenosine in place of the fluorescein moiety,
provide, within experimental accuracy, stoichiometries and
binding parameters undistinguishable from the substrates
containing fluorescein in the gap (data not shown) (26, 42).

Table 1: Thermodynamic and Spectroscopic Parameters for ASFV Pol X Binding to the Gapped-DNA Substrates, Differing in the Number of
the Nucleotides in the ssDNA Gap (Figure 2), in Buffer C (pH 7.0, 10°C) Containing 198 mM NaCl and 1 mM MgCl2

a

ssDNA gap
(N)

maximum
stoichiometry

KG

(M-1)
KD

(M-1) σ ∆FG ∆FD ∆Fmax

1 2.0( 0.2 (6.0( 1.6)× 1010 (6.5( 1.6)× 108 200( 60 0.53( 0.03 0.12( 0.03 0.65( 0.04
2 2.0( 0.2 (6.0( 1.6)× 1010 (6.5( 1.6)× 108 230( 60 0.26( 0.03 0.26( 0.03 0.53( 0.04
3 2.3( 0.2 (2.0( 0.4)× 1010 (6.5( 1.6)× 108 30 ( 10 0.55( 0.05 0.11( 0.03 0.66( 0.04
4 2.3( 0.2 (1.3( 0.3)× 109 (6.5( 1.6)× 108 2.8( 1 0.33( 0.03 0.32( 0.03 0.65( 0.03
5 2.0( 0.2 (6.5( 1.6)× 108 (6.5( 1.6)× 108 1.0( 0.3 0.29( 0.03 0.29( 0.03 0.58( 0.03

a The errors are standard deviations determined using 3-4 independent titration experiments. See text for details.

ZG ) 1 + (KG + KD)PF + σKD
2 PF

2 (4)

∑Θi )
(KG + KD)PF + 2σKD

2 PF
2

ZG
(5)

∆F )
∆FGKGPF + ∆FDKDPF + 2∆FDσKD

2 PF
2

ZG
(6)
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The dependence of the natural logarithm of the intrinsic
binding constants,KG andKD, as a function of the length of
the ssDNA gap (nucleotides) is shown in Figure 4a. Such a
plot reflexes the relative free energy differences between the
formed complexes with the gapped DNA substrate. For the
ssDNA gap containing one and two nucleotide residues, the
obtained value of the intrinsic binding constants,KG,
characterizing the formation of the gap complex, is a factor
of ∼ 200 higher than the intrinsic binding constant,KD, for
the association with the dsDNA, which is the same for all
DNA substrates (see above). For the ssDNA gap containing
three nucleotides, the value ofKG is diminished by a factor
of ∼3, from 6× 1010 M-1 to 2 × 1010 M-1. The dramatic
drop in the value ofKG by a factor of∼50 is observed for
the gap containing four nucleotides. Finally, as pointed out
above, when the ssDNA gap contains 5 nucleotides, pol X
is not capable of forming the gap complex. The enzyme
exclusively binds to two dsDNA, resulting in the same
apparent values ofKG andKD (see Discussion).

These changes in the intrinsic affinities, as a function of
the length of the ssDNA gap, are paralleled by the changes
in the cooperative interactions. Figure 4b shows the depen-
dence of the natural logarithm of the cooperative interaction
parameter,σ, as a function of the length of the gap. The
substrates with the ssDNA gap containing one and two

nucleotides have similar values ofσ, i.e., approximately 200.
For the gap with three and four nucleotides, the value ofσ
diminishes by an order of magnitude for each additional
nucleotide, until it reaches the value of 1 for the substrate
containing five nucleotides in the gap (see Discussion).
Notice, the cooperative interactions were not detectable for
the ASFV pol X binding to the ssDNA (18) (see Discussion).

Salt Effect on ASFV Pol X-Gapped DNA Interactions.
To obtain further insight into the ASFV pol X interactions
with the gapped DNA substrates, we examined the salt effect
on the intrinsic affinities and cooperativity of the ASFV pol
X binding to gapped DNA substrates. The experiments have
been performed with the gapped DNA substrate with the
ssDNA gap containing only two nucleotides (Figure 2,
substrate D) and the gapped DNA substrate with the ssDNA
gap containing five nucleotides (Figure 2, substrate A).
Recall, the ASFV pol X is not capable of forming the gap
complex when the ssDNA gap contains five nucleotides,
while with the gapped DNA substrate having two nucleotides
in the gap the polymerase can form the high-affinity gap
complex (Table 1). Fluorescence titrations of the gapped
DNA substrate, having the ssDNA gap containing five
nucleotides, with the ASFV pol X in standard buffer,
containing 1 mM MgCl2 and different NaCl concentrations,
are shown in Figure 5a. At higher concentrations of NaCl,
the titration curves shift toward higher total protein concen-
trations, indicating a decreasing macroscopic affinity of the
polymerase-nucleic acid complex. Quantitative analysis of
the titration curves shown in Figure 5a, to extract binding
and spectroscopic parameters, has been performed analo-
gously, as described above.

The dependence of the logarithm of the binding constants,
KG andKD, upon the logarithm of [NaCl] (log-log plot) is
shown in Figure 5b (51, 52). There are two important aspects
of these data. First, at any salt concentration, the values of
both binding constants are virtually identical and the value
of the cooperativity parameter,σ, is 1 (Figure 5a). These
results fully support the conclusion that the gap complex is
not formed and independent and exclusive binding of the
ASFV pol X to two dsDNA parts of the DNA substrate is
observed (see above and Discussion). Second, both binding
constants show virtually the same dependence upon the salt
concentration. These data are also in excellent agreement
with the independent and exclusive binding of two ASFV
pol X molecules to two dsDNA parts. In other words, the
same salt effect should be observed for the binding of the
ASFV pol X to the dsDNA parts of any other gapped DNA
substrates where the polymerase can form the gap complex
(see below). The plots are linear in examined salt concentra-
tion ranges with the slope of the plots, (∂ log KG)/(∂ log
[NaCl]) ) (∂ log KD)/(∂ log [NaCl]) ) -1.4( 0.3, indicating
that, in examined solution conditions, association of the
polymerase with each of the dsDNA parts of the gapped
DNA substrate is accompanied by the net release of∼1.4
ions (51, 52).

The situation is very different for the gapped DNA
substrate with the ssDNA gap containing two nucleotides,
where the ASFV pol X forms the high-affinity gap complex.
Fluorescence titrations of the gapped DNA substrate, having
the ssDNA gap containing two nucleotides, with the ASFV
pol X are shown in Figure 5c. Quantitative analysis of the
titration curves, shown in Figure 5c, has been performed

FIGURE 4: (a) The dependence of the intrinsic binding constant,
KG (9) andKD (0), characterizing the formation of the gap complex
and the binding to the dsDNA, respectively, upon the length of the
ssDNA gap (nucleotides), in buffer C (pH 7.0, 10°C), containing
198 mM NaCl and 1 mM MgCl2. (b) The dependence of the
cooperativity parameter,σ, characterizing cooperative interactions
between bound ASFV pol X molecules, upon the length of the
ssDNA gap (nucleotides), in buffer C (pH 7.0, 10°C), containing
198 mM NaCl and 1 mM MgCl2.
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analogously, as described above, with the following differ-
ences. The values ofKD at a given salt concentration, i.e.,
the salt dependence of the intrinsic affinity of the ASFV pol
X for the dsDNA parts of the DNA substrate, have been
taken as the same as observed in the independent binding of
the ASFV pol X to the dsDNA parts of the gapped DNA
substrates containing the ssDNA gap with five nucleotides
(see above). Also, for the titration at the lowest applied salt
concentration (198 mM NaCl), where the initial∼50% of
the titration curve is nearly stoichiometric, the value ofKG

has been determined from the salt dependence ofKG, using
four values of the same parameter obtained at higher salt
concentrations, where the titrations curves are not stoichio-
metric (Figures 5c and 5d).

The dependence of the logarithm of the binding constants,
KG, upon the logarithm of [NaCl] (log-log plot) is shown
in Figure 5d. For comparison, the log-log plot for theKD is
also included in Figure 5d. Unlike the behavior of the gapped
DNA substrate with five nucleotides in the ssDNA gap, both
plots dramatically differ in the values of their slopes. For
the gap complex, the slope is (∂ log KG)/(∂ log [NaCl]) )
-5.5 ( 0.6, indicating that the net release of 5-6 ions
accompanies the formation of the gap complex (51, 52). It
should be stressed that the value ofKG at 198 mM NaCl is
not used in determining the slope, (∂ log KG)/(∂ log [NaCl]),
of the plot in Figure 5d, but it is determined from this plot
(see above). Thus, this value ofKG is not included in the
log-log plot. It is evident that the net number of ions

FIGURE 5: (a) Fluorescence titrations of the gapped DNA substrate with five nucleotides in the ssDNA gap (Figure 2, substrate A) with the
ASFV pol X in buffer C (pH 7.0, 10°C), containing 1 mM MgCl2 and different NaCl concentrations: (9) 198 mM, (0) 296 mM, (b) 394
mM, (O) 443 mM, ([) 493 mM. The solid lines are the nonlinear least-squares fits of the experimental titration curves to the model of two
distinct cooperative binding sites (eqs 4-6), usingKG ) 6.5 × 108 M-1, KD ) 6.5 × 108 M-1, σ ) 1, ∆FG ) 0.29, and∆FD ) 0.29 (9),
KG ) 4.3 × 108 M-1, KD ) 4.3 × 108 M-1, σ ) 1, ∆FG ) 0.26, and∆FD ) 0.26 (0), KG ) 2.8 × 108 M-1, KD ) 2.8 × 108 M-1, σ )
1, ∆FG ) 0.24, and∆FD ) 0.20 (b), KG ) 2.3 × 108 M-1, KD ) 2.3 × 108 M-1, σ ) 1, ∆FG ) 0.20, and∆FD ) 0.15 (O), KG ) 1.8 ×
108 M-1, KD ) 1.8 × 108 M-1, σ ) 1, ∆FG ) 0.18, and∆FD ) 0.11 ([). The concentrations of the DNA substrate are 5× 10-9 M. (b)
The dependence of the logarithm of the intrinsic binding constants,KG (9) andKD (0), upon the logarithm of NaCl concentration, for the
gapped DNA substrate with five nucleotides in the ssDNA gap (Figure 2, substrate A), in buffer C (pH 7.0, 10°C) containing 1 mM
MgCl2. The slopes of the plots are included in the panel. (c) Fluorescence titrations of the gapped DNA substrate with two nucleotides in
the ssDNA gap (Figure 2, substrate D) with the ASFV pol X in buffer C (pH 7.0, 10°C), containing 1 mM MgCl2 and different NaCl
concentrations: (9) 198 mM, (0) 296 mM, (b) 394 mM, (O) 443 mM, ([) 493 mM. The solid lines are the nonlinear least-squares fits
of the experimental titration curves to the model of two distinct cooperative binding sites (eqs 4-6), usingKG ) 6 × 1010 M-1, KD ) 6.5
× 108 M-1, σ ) 230,∆FG ) 0.263, and∆FD ) 0.263 (9), KG ) 6 × 109 M-1, KD ) 4.3 × 108 M-1, σ ) 90, ∆FG ) 0.263, and∆FD )
0.21 (0), KG ) 2 × 109 M-1, KD ) 2.8× 108 M-1, σ ) 45, ∆FG ) 0.263, and∆FD ) 0.17 (b), KG ) 8 × 108 M-1, KD ) 2.3× 108 M-1,
σ ) 30, ∆FG ) 0.263, and∆FD ) 0.135 (O), KG ) 3.3× 108 M-1, KD ) 1.8× 108 M-1, σ ) 23, ∆FG ) 0.11, and∆FD ) 0.11 ([). The
concentrations of the DNA substrate are 5× 10-9 M. (d) The dependence of the logarithm of the intrinsic binding constants,KG (9), KD
(0), and cooperativity parameter,σ ([), upon the logarithm of NaCl concentration, for the gapped DNA substrate with two nucleotides in
the ssDNA gap (Figure 2, substrate D), in buffer C (pH 7.0, 10°C), containing 1 mM MgCl2. The slopes of the plots are included in the
panel.
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released accompanying the formation of the gap complex is
significantly larger than the net number of ions released upon
binding of the polymerase exclusively to the dsDNA [(∂ log
KD)/(∂ log [NaCl]) ) -1.4( 0.3] (see Discussion). The log-
log plot of the cooperativity parameter,σ, is also included
in Figure 5d. The slope is (∂ log σ)/(∂ log [NaCl]) ) -2.5
( 0.5, indicating that the net release of∼2.5 ions ac-
companies the cooperative interactions between the bound
pol X molecules (see Discussion).

Fluorescence titrations of the gapped DNA substrate,
having the ssDNA gap containing five nucleotides, with the
ASFV pol X in the standard buffer, containing 1 mM MgCl2

and different NaBr concentrations, are shown in Figure 6a.
Analogous fluorescence titrations of the gapped DNA

substrate, with the ssDNA gap containing two nucleotides,
are shown in Figure 6c. Quantitative analyses of the titration
curves, shown in Figures 6a and 6c, have been performed
analogously as described above, for titrations performed in
the presence of NaCl. The replacement of chloride anions
for bromide has a dramatic effect on the thermodynamic
behavior of the system. Recall, in the presence of NaCl, the
ASFV pol X is not capable of forming the gap complex when
the ssDNA gap contains five nucleotides at any examined
[NaCl] (Figure 4a). However, at a lower [NaBr], the values
of KG are significantly higher than the values ofKD for both
gapped DNA substrates. Thus, in the presence of NaBr, the
ASFV pol X can form the gap complex with the gapped
DNA, which has the ssDNA gap containing five nucleotides

FIGURE 6: (a) Fluorescence titrations of the gapped DNA substrate with five nucleotides in the ssDNA gap (Figure 2, substrate A) with the
ASFV pol X in buffer C (pH 7.0, 10°C), containing 1 mM MgCl2 and different NaBr concentrations: (9) 198 mM, (0) 296 mM, (b) 394
mM, (O) 443 mM, ([) 493 mM. The solid lines are the nonlinear least-squares fits of the experimental titration curves to the model of two
distinct cooperative binding sites (eqs 4-6) (see text for details), usingKG ) 4 × 1010 M-1, KD ) 4 × 109 M-1, σ ) 1, ∆FG ) 0.41, and
∆FD ) 0.35 (9), KG ) 1.7 × 109 M-1, KD ) 6.5 × 108 M-1, σ ) 1, ∆FG ) 0.33, and∆FD ) 0.30 (0), KG ) 4 × 108 M-1, KD ) 2.5
× 108 M-1, σ ) 1, ∆FG ) 0.26, and∆FD ) 0.23 (b), KG ) 1.5 × 108 M-1, KD ) 1.7 × 108 M-1, σ ) 1, ∆FG ) 0.18, and∆FD ) 0.14
(O), KG ) 8 × 107 M-1, KD ) 1.4 × 108 M-1, σ ) 1, ∆FG ) 0.12, and∆FD ) 0.10 ([). The concentrations of the DNA substrate are
5 × 10-9 M. (b) The dependence of the logarithm of the intrinsic binding constants,KG (9) and KD (0), upon the logarithm of NaBr
concentration, for the gapped DNA substrate with five nucleotides in the ssDNA gap (Figure 2, substrate A), in buffer C (pH 7.0, 10°C)
containing 1 mM MgCl2. The slopes of the plots are included in the panel. (c) Fluorescence titrations of the gapped DNA substrate with
two nucleotides in the ssDNA gap (Figure 2, substrate D) with the ASFV pol X in buffer C (pH 7.0, 10°C), containing 1 mM MgCl2 and
different NaCl concentrations: (9) 198 mM, (0) 296 mM, (b) 394 mM, (O) 443 mM, ([) 493 mM. The solid lines are the nonlinear
least-squares fits of the experimental titration curves to the model of two distinct cooperative binding sites (eqs 4-6), with KG ) 2 × 1010

M-1, KD ) 4 × 109 M-1, σ ) 1, ∆FG ) 0.37, and∆FD ) 0.28 (9), KG ) 7 × 108 M-1, KD ) 6.5 × 108 M-1, σ ) 1, ∆FG ) 0.35, and
∆FD ) 0.25 (0), KG ) 1.5 × 108 M-1, KD ) 2.5 × 108 M-1, σ ) 1, ∆FG ) 0.31, and∆FD ) 0.23 (b), KG ) 7.5 × 107 M-1, KD ) 1.7
× 108 M-1, σ ) 1, ∆FG ) 0.27, and∆FD ) 0.195 (O), KG ) 3.5× 107 M-1, KD ) 1.4× 108 M-1, σ ) 1, ∆FG ) 0.24, and∆FD ) 0.15
([). The concentrations of the DNA substrate are 5× 10-9 M. (d) The dependence of the logarithm of the intrinsic binding constants,KG
(9), andKD (0), upon the logarithm of NaBr concentration, for the gapped DNA substrate with two nucleotides in the ssDNA gap (Figure
2, substrate D), in buffer C (pH 7.0, 10°C), containing 1 mM MgCl2. The slopes of the plots are included in the panel.
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(see Discussion). Nevertheless, the cooperativity parameter
value isσ ) 1, indicating that binding of the enzyme to the
dsDNA parts of the DNA substrates is still independent, as
observed in the presence of NaCl. On the other hand, in the
presence of NaCl or NaBr, the enzyme forms the gap
complex when the ssDNA gap has only two nucleotides
(Figure 6c). Nonetheless, the value ofKG, even at the lowest
examined [NaBr] (198 mM), is only an order of magnitude
larger thanKD, instead of 2 orders of magnitude difference,
obtained at the same NaCl concentration (Figures 4a, 5a).
Moreover, unlike the binding in the presence of NaCl,
binding to the gapped DNA substrate, with the gap containing
two nucleotides, in the presence of NaBr is characterized
by σ ) 1, at any examined [NaBr] (see Discussion).

The dependences of the logarithm of the binding constants,
KG and KD, upon the logarithm of [NaBr] (log-log plot),
for the gapped DNA substrate with five or two nucleotides
in the ssDNA gap, are is shown in Figures 6b and 6d,
respectively. In the case of the substrate with five nucleotides
in the gap, the slopes of the plots are (∂ log KG)/(∂ log
[NaBr]) ) -6.2( 0.8 and (∂ log KD)/(∂ log [NaBr]) ) -3.7
( 0.5 (Figure 6b). For the gapped DNA substrate with two
nucleotides in the gap, (∂ log KG)/(∂ log [NaBr]) ) -6.1 (
0.8 (Figure 6d). First, these data indicate that the gap complex
is indeed formed with the substrate containing five nucleo-
tides in the gap, which has the same thermodynamic re-
sponse, to the increasing [NaBr], as the gap complex formed
with the substrate containing the gap with two nucleotides.
Second, both slopes are larger than the analogous parameters
obtained in the presence of NaCl, indicating that anions
participate in the ion release accompanying the formation
of the gap complex and the ASFV pol X binding to the
dsDNA parts of the gapped DNA substrates (see Discussion).
It is interesting that the cooperativity parameter,σ, is inde-
pendent of the [NaBr] concentration, while it is strongly
dependent upon [NaCl] (Figures 7c and 5d). Such a profound
difference, which depends on the type of anion in solution,
indicates that anions are participating in ion release ac-
companying the cooperative interactions between bound pol
X molecules (see Discussion) (51, 52).

Role of Magnesium in ASFV Pol X-Gapped DNA
Interactions. The experiments described so far have been
performed in the presence of magnesium cations, which play
a key role in the catalytic mechanisms of DNA polymerases
(9, 15, 17, 53). To assess the role of magnesium in the ASFV
pol X interactions with the gapped DNA substrates, we
examined the salt effect on intrinsic affinities and cooper-
ativity of the pol X binding to the gapped DNA substrates
in the absence of magnesium (51, 52). Fluorescence titrations
of the gapped DNA substrate, having the ssDNA gap
containing five nucleotides, with pol X in the standard buffer,
containing 0.1 mM EDTA and different NaCl concentrations,
are shown in Figure 7a. Quantitative analysis of the titration
curves, shown in Figure 7a, has been performed analogously,
as discussed above, using the quantitative approach described
in Materials and Methods (26, 30-33, 36-45). With the
exception of the titration curve recorded at the lowest
examined salt concentration (198 mM NaCl), the solid lines
in Figure 7a are nonlinear least-squares fits with three binding
parametersKG, KD, and σ as fitting parameters. For the
titration performed at 198 mM NaCl, the value ofKG has
been obtained from the salt dependence, based on the four

values ofKG, determined at the remaining salt concentrations.
Subsequently, this titration curve has been fitted with two
binding parameters,KD andσ (Figure 7a).

The results depicted in Figure 7a indicate a dramatic
difference, as compared to the analogous data obtained in
the presence of magnesium, and are analogous to the
behavior observed in the presence of NaBr (see above). Thus,
in the absence of magnesium, instead of independent and
exclusive binding of the enzyme to two dsDNA parts of the
gapped DNA substrate, the formation of the gap complex is
clearly observed (Figure 7a). Although the difference be-
tween the affinities is not as pronounced as that observed in
the presence of magnesium, the value ofKG is significantly
larger, by approximately 1 order of magnitude, thanKD,
particularly at lower salt concentrations, analogous to the
behavior observed in the presence of NaBr (Figure 7a). The
dependence of the logarithm of the intrinsic binding con-
stants,KG andKD, upon the logarithm of [NaCl] (log-log
plot), obtained in the absence of magnesium, is shown in
Figure 7b. For the gap complex, the slope, (∂ log KG)/(∂ log
[NaCl]) ) -5.7( 0.6, indicating that the net release of 5-6
ions accompanies the formation of the gap complex, the same
as observed in the presence of magnesium. On the other hand,
the slope, (∂ log KD)/(∂ log [NaCl]) ) -2.8 ( 0.5, is larger
than that observed in the presence of Mg+2. Nevertheless, it
is approximately a factor of 2 smaller than determined for
the gap complex. However, the cooperativity parameter value
is σ ) 1 at any examined salt concentration and indicates
that the intrinsic binding constant,KD, characterizes the
independent binding of pol X to, exclusively, the dsDNA
parts of the gapped DNA substrate.

Fluorescence titrations of the gapped DNA substrate, with
the ssDNA gap having two nucleotides, with the ASFV pol
X in the standard buffer, containing 0.1 mM EDTA and
different NaCl concentrations, are shown in Figure 7c.
Quantitative analysis of the titration curves, shown in Figure
7c, has been performed analogously as described for the
analysis of titrations performed in the presence of magne-
sium. The dependence of the logarithm of the binding
constants,KG, on the logarithm of [NaCl] (log-log plot) is
shown in Figure 7d (51, 52). For comparison, the log-log
plot for theKD is also included in Figure 7d. In the absence
of magnesium, the main aspects of this log-log plot are
similar to the analogous plot obtained for the gapped DNA
substrate with the ssDNA gap containing five nucleotides
(Figure 7b). The slope, (∂ log KG)/(∂ log [NaCl]) ) -5.1(
0.6, indicates that the net release of∼5 ions accompanies
the formation of the gap complex as compared to net release
of 2.8( 0.5 ions upon the exclusive binding to the dsDNA.

Binding of the ASFV pol X to gapped DNA substrates,
in the absence of magnesium, has been performed for all
examined gapped DNA substrates (Figure 2) (data not
shown). The obtained interactions and spectroscopic param-
eters are included in Table 2. The dependence of the natural
logarithm of the intrinsic binding constants,KG andKD, as
a function of the length of the ssDNA gap is shown in Figure
8a. It is evident that, in the absence of magnesium, the value
of KG depends very little on the number of nucleotides in
the ssDNA gap and remains higher thanKD. Thus, unlike
the behavior of the enzyme in the presence of magnesium
(Figure 4), the ASFV pol X forms the gap complex with the
efficiency independent of the length of the ssDNA gap (see
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Discussion). Figure 8b shows the dependence of the natural
logarithm of the cooperative interaction parameter,σ, as a
function of the length of the gap. The values ofσ are
considerably lower, as compared to the same parameter

observed in the presence of magnesium, indicating strongly
diminished cooperative interactions (Figure 4b). Neverthe-
less, similar to the behavior observed in the presence of
Mg+2, the cooperative interaction parameter,σ, decreases

FIGURE 7: (a) Fluorescence titrations of the gapped DNA substrate with five nucleotides in the ssDNA gap (Figure 2, substrate A) with the
ASFV pol X in buffer C (pH 7.0, 10°C), containing 0.1 mM EDTA and different NaCl concentrations: (9) 198 mM, (0) 296 mM, (b)
394 mM, (O) 443 mM, ([) 493 mM. The solid lines are the nonlinear least-squares fits of the experimental titration curves to the model
of two distinct cooperative binding sites (eqs 4-6), with KG ) 6 × 1010 M-1, KD ) 6.5 × 109 M-1, σ ) 1, ∆FG ) 0.4, and∆FD ) 0.34
(9), KG ) 9 × 109 M-1, KD ) 2.6 × 109 M-1, σ ) 1, ∆FG ) 0.34, and∆FD ) 0.225 (0), KG ) 2.1 × 109 M-1, KD ) 1.3 × 108 M-1,
σ ) 1, ∆FG ) 0.26, and∆FD ) 0.205 (b), KG ) 1.1 × 109 M-1, KD ) 7 × 108 M-1, σ ) 1, ∆FG ) 0.21, and∆FD ) 0.15 (O), KG )
4.5 × 108 M-1, KD ) 4.8 × 108 M-1, σ ) 1, ∆FG ) 0.15, and∆FD ) 0.145 ([). The concentrations of the DNA substrate are 5× 10-9

M. (b) The dependence of the logarithm of the intrinsic binding constants,KG (9) andKD (0), upon the logarithm of NaCl concentration
for the gapped DNA substrate with five nucleotides in the ssDNA gap (Figure 2, substrate A), in buffer C (pH 7.0, 10°C) containing 0.1
mM EDTA. The slopes of the plots are included in the panel. (c) Fluorescence titrations of the gapped DNA substrate with two nucleotides
in the ssDNA gap (Figure 2, substrate D) with the ASFV pol X in buffer C (pH 7.0, 10°C), containing 0.1 mM EDTA and different NaCl
concentrations: (9) 198 mM, (0) 296 mM, (b) 394 mM, (O) 443 mM, ([) 493 mM. The solid lines are the nonlinear least-squares fits
of the experimental titration curves to the model of two distinct cooperative binding sites (eqs 4-6), with KG ) 8 × 1010 M-1, KD ) 6.5
× 109 M-1, σ ) 5, ∆FG ) 0.51, and∆FD ) 0.325 (9), KG ) 8 × 109 M-1, KD ) 2.6 × 109 M-1, σ ) 1, ∆FG ) 0.46, and∆FD ) 0.28
(0), KG ) 2 × 109 M-1, KD ) 1.3 × 109 M-1, σ ) 0.8, ∆FG ) 0.39, and∆FD ) 0.235 (b), KG ) 1 × 109 M-1, KD ) 7 × 108 M-1, σ
) 0.4, ∆FG ) 0.35, and∆FD ) 0.22 (O), KG ) 6 × 108 M-1, KD ) 4.8 × 108 M-1, σ ) 0.33,∆FG ) 0.27, and∆FD ) 0.2 ([). The
concentrations of the DNA substrate are 5× 10-9 M. (d) The dependence of the logarithm of the intrinsic binding constants,KG (9), KD
(0), and cooperativity parameter,σ ([), upon the logarithm of NaCl concentration, for the gapped DNA substrate with two nucleotides in
the ssDNA gap (Figure 2, substrate D), in buffer C (pH 7.0, 10°C), containing 0.1 mM EDTA. The slopes of the plots are included in the
panel.

Table 2: Thermodynamic and Spectroscopic Parameters for ASFV Pol X Binding to the Gapped-DNA Substrates, Which Differ in the Number
of Nucleotide Residues in the ssDNA Gap (Figure 2), in Buffer C (pH 7.0, 10°C) Containing 198 mM NaCl and 0.1 mM EDTAa

ssDNA gap
(N)

maximum
stoichiometry

KG

(M-1)
KD

(M-1) σ ∆FG ∆FD ∆Fmax

1 2.0( 0.2 (8( 2) × 1010 (6.5( 1.6)× 109 15 ( 5 0.48( 0.05 0.28( 0.03 0.56( 0.04
2 2.0( 0.2 (8( 2) × 1010 (6.5( 1.6)× 109 5 ( 1.5 0.51( 0.05 0.30( 0.03 0.60( 0.04
3 2.1( 0.2 (8( 2) × 1010 (6.5( 1.6)× 109 2.4( 0.8 0.35( 0.03 0.32( 0.03 0.64( 0.03
4 2.0( 0.2 (6( 1.4)× 1010 (6.5( 1.6)× 109 1.5( 0.5 0.22( 0.03 0.29( 0.03 0.58( 0.03
5 2.1( 0.2 (6( 2) × 1010 (6.5( 1.6)× 109 1.0( 0.3 0.40( 0.04 0.34( 0.03 0.68( 0.05

a The errors are standard deviations determined using 3-4 independent titration experiments. See text for details.
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as the length of the ssDNA gap increases, reaching the value
of 1 for the substrate containing 5 nucleotide residues (see
Discussion). Also, the absence of magnesium very signifi-
cantly affects the salt effect on the cooperative interactions
between bound ASFV pol X molecules. The log-log plot
of the cooperativity parameter,σ, obtained in the absence
of magnesium, is included in Figure 7d. As the concentration
of NaCl increases,σ strongly decreases, assuming values
lower than 1 at [NaCl]> 300 mM. Thus, cooperative
interactions become negative at a high salt concentration
range (55). Nevertheless, within experimental accuracy, the
plot is linear with the slope, (∂ log σ)/(∂ log [NaCl]) ) -3.0
( 0.9. Thus, in the absence of Mg+2 cations, the net number
of ions released, as a result of cooperative interactions
between bound ASFV pol X molecules, is very similar to
the same parameter obtained in the presence of Mg+2 (see
Discussion).

DISCUSSION

The Stoichiometry of ASFV Pol X-Gapped DNA Substrate
Complexes Is Higher Than Predicted by the NMR Studies
of the Enzyme. In spite of exceptionally simplified structure
and catalytic activities, the recognition process of gapped
DNA substrates by the ASFV pol X is a complex process,

as indicated by the direct thermodynamic studies described
in this work. Similar complex behavior was already evident
in previous studies of the enzyme binding to seemingly
simpler substrate, the ssDNA (18). A completely surprising
feature of the examined interactions between the gapped
DNA substrates and the ASFV pol X is the high maximum
stoichiometry of the formed complexes. Thus, at saturation,
two polymerase molecules are bound to the examined gapped
DNAs (Table 1). Moreover, the observed maximum stoi-
chiometry of two enzyme molecules bound to the gapped
DNA is independent of the number of nucleotides in the
ssDNA gap. This maximum stoichiometry, determined in
equilibrium measurements, in solution, is dramatically dif-
ferent from the exclusively 1:1 maximum stoichiometry,
suggested for the enzyme complexes with analogous gapped
DNA substrates and based on NMR and gel shift studies
(16, 17). On the other hand, the observed maximum
stoichiometry of the ASFV pol X-gapped DNA complex,
as well as the nature of the binding process, can be
understood in the context of the discovered functional
heterogeneity of the total DNA-binding site of the enzyme,
with respect to the interactions with the nucleic acid (18).

ASFV Pol X Forms Two Different Complexes with the
Gapped DNA Substrates Differing Dramatically in Their
Intrinsic Affinities. A peculiar aspect of the ASFV pol X
binding to the examined gapped DNA substrates is the
formation of two very different complexes, particularly, with
the gapped DNA substrates containing the ssDNA gap with
one or two nucleotides. This is unexpected because of the
small size and the proposed rigid structure of the enzyme
(18). Yet, when only a single molecule of the ASFV pol X
is bound to the gapped DNA, the enzyme forms two different
complexes with the nucleic acid. However, these two
complexes differ by∼2 orders of magnitude in their intrinsic
affinities (Table 1). First, such a large disparity in the
affinities indicates that complexes of a very different nature
are observed. Second, as the protein concentration increases,
two ASFV pol X molecules, bound with low intrinsic
affinity, replace the 1:1 complex with the high intrinsic
affinity. This can occur only if the high-affinity complex
has a larger site-size than the low-affinity complex, in other
words, it is engaging a larger fragment of the nucleic acid
than the low-affinity complex (26, 48-50). This behavior
is a consequence of the favorable entropy factor for the
protein-nucleic acid complexes with the lower site-sizes,
as compared to the complexes with larger site-sizes.

Analogous behavior has been previously observed for the
binding of the mammalian polâ to the gapped DNA
substrates and showed that it reflexes the formation of the
catalytically active gap complex, which encompasses the total
DNA-binding site of the enzyme and the binding to the
dsDNA, where polâ uses only the DNA-binding subsite
located on its 8 kDa domain (55). Therefore, on the basis of
the obtained data, we assigned the high-affinity complex of
the ASFV pol X as the gap complex, while the low-affinity
complex reflexes the binding of the enzyme to the dsDNA
parts of the gapped DNA substrates. The corresponding
statistical thermodynamic model provides an excellent
description of the complex binding process. Notice, a very
strong indication of a very different nature of the formed
complexes comes from the salt effect on their intrinsic
affinities (Figures 5c and 5d). In the presence of magnesium,

FIGURE 8: (a) The dependence of the intrinsic binding constant,
KG (9) andKD (0), characterizing the formation of the gap complex
and the binding to the dsDNA, respectively, upon the length of the
ssDNA gap (nucleotides), in buffer C (pH 7.0, 10°C), containing
198 mM NaCl and 1 mM MgCl2. (b) The dependence of the
cooperativity parameter,σ, characterizing cooperative interactions
between bound ASFV pol X molecules, upon the length of the
ssDNA gap (nucleotides), in buffer C (pH 7.0, 10°C), containing
198 mM NaCl and 0.1 mM EDTA.
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the net number of ions released in the formation of the gap
complex is∼5.5 while the analogous parameter for binding
to the dsDNA is only∼1.4. These data strongly indicate
that a significantly larger fragment of the nucleic acid is
involved in the interaction with the protein in the gap
complex, as compared to the binding to only the dsDNA
part of the gapped DNA substrate. In other words, ASFV
pol X is capable of forming a gap complex and engaging
the two dsDNA parts of the gapped DNA substrate, or to
associate with each dsDNA part of the substrate, using only
one of its DNA-binding subsites.

In the Presence of Magnesium, ASFV Pol X Forms the
Gap Complex with Strong Preference for the ssDNA Gaps
with One or Two Nucleotides. Biochemical studies have
clearly shown that the ASFV pol X has a catalytic preference
for the gapped DNA substrates, with the ssDNA gap
containing only one or two nucleotides during the DNA
synthesis, i.e., in the presence of magnesium cations (6, 7).
In the case of the analogous mammalian polâ, the enzyme
becomes processive on the gapped DNA substrates with
fewer than six nucleotides in the gap. However, thermody-
namic studies did not indicate any significant preference of
the mammalian polâ for a particular size of the gap (21,
22, 30, 33). In other words, the very dynamic structure of
the mammalian polâ can adjust to the changing size of the
gap, without an additional energy input. On the other hand,
the preference for the ssDNA gaps containing three or four
nucleotides has been observed for polâ in stopped-flow
kinetic studies and attributed to the equilibria in the internal
steps of the gap complex formation (30). Although the kinetic
mechanism of the ASFV pol X binding to the gapped DNA
substrates is still unknown, the obtained thermodynamic data
already indicate that the behavior of the viral enzyme is
different from the mammalian polâ, as depicted in Figure
4a. The ASFV pol X shows a strong preference for forming
the gap complex, over the binding to the dsDNA. However,
this happens only with gapped DNA substrates, which
contain the ssDNA gap having one or two nucleotides.
Therefore, these data provide direct evidence that the
observed catalytic preference of the ASFV pol X for short
ssDNA gaps during the DNA synthesis results from the
strong energetic preference of the enzyme to form the gap
complex with such DNA substrates (Figure 4a).

Nonetheless, our results indicate that, with the gapped
DNA substrates containing the ssDNA with three nucleotides,
the ASFV pol X will form the gap complex, although with
a lower efficiency, as compared to the ssDNA with one or
two nucleotides (Figure 4a). With four nucleotides in the
gap, the enzyme will still form the gap complex, although
the equilibrium is already strongly shifted toward the
complex in which the polymerase is exclusively bound to
the dsDNA. However, when the size of the ssDNA gap
exceeds four nucleotides, pol X, unlike the mammalian pol
â, loses is ability to form the gap complex. With the gapped
DNA substrate containing the ssDNA gap with five nucle-
otides, the enzyme exclusively binds to the dsDNA parts of
the substrate and the gap complex is undetectable (Figure
4a, Table 1). Moreover, the log-log plots for KG and KD

have identical slopes, clearly indicating that in both com-
plexes the enzyme interacts with a similar fragment of the
nucleic acid, i.e., a single type of complex with the dsDNA
parts of the gapped DNA substrate is formed. Therefore,

unlike the mammalian polâ, the ASFV pol X, in the
presence of magnesium, cannot energetically nor structurally
adjust to the size of the ssDNA gap larger than two or three
nucleotides. The obtained data indicates that the structure
of the ASFV pol X is geared to specifically recognize the
ssDNA gap containing only one or two nucleotides, with
three nucleotides in the gap being the maximal threshold.
Moreover, this specific recognition process already occurs
in the ground state of the enzyme-gapped DNA complex, as
built in the rigid structure of the polymerase, not in the
subsequent steps in the association reaction. In turn, this
specific structure is induced by magnesium and anion binding
to the polymerase (see below).

In the Absence of Magnesium or the Presence of Sodium
Bromide, ASFV Pol X Loses Its SelectiVity for the ssDNA
Gaps with One and Two Nucleotides. Direct Binding of
Magnesium Cations to the Pol X Is a Major Factor in
Inducing the SelectiVity of the Polymerase for the Short
ssDNA Gaps. The unusual aspect of the magnesium effect
on the ASFV pol X interactions with the gapped DNA
substrates is that fact that the removal of MgCl2 from the
solution completely abolishes the strong selectivity of the
polymerase for the ssDNA gap containing one or two
nucleotides (Figure 7a). This cannot be a simple ionic
strength effect because the ionic strength of our solution
conditions (∼0.21) is affected very little by the removal of
1 mM magnesium chloride. This cannot be a simple
competition between the protein and magnesium for the
phosphate groups on the DNA, because such competition
affects both the gap complex and the binding to the dsDNA
parts of the gapped DNA substrate in the same direction,
i.e., removal of magnesium reinforces the affinities of both
complexes, although the effect on the dsDNA affinity is more
pronounced. However, the affinity for the dsDNA is a part
of the high affinity of the gap complex, as the enzyme
interacts in both complexes with the double stranded
conformation of the nucleic acid and removal of competing
magnesium cations would increase, not decrease, the affinity
difference between the gap complex and the dsDNA binding.

Rather, the observed effect indicates that direct and specific
binding of Mg+2 cations to the ASFV pol X induces a
specific conformational state of the enzyme molecule, in
which the enzyme preferentially recognizes the ssDNA gaps
with one or two nucleotides. In light of the data on the ASFV
pol X binding to the ssDNA, previously obtained and the
data discussed here, the binding of magnesium “stiffens” the
conformation of the polymerase, making it well adjusted to
form a high-affinity complex with the short ssDNA gaps with
one and two nucleotides. On the other hand, in the absence
of Mg+2, the ASFV pol X has an increased affinity for the
dsDNA and also a less “stiff” conformation. In such a more
flexible conformational state, the enzyme, bound to one of
the dsDNA parts of the gap substrate, can reach over a larger
ssDNA gap and engage in interactions with the remaining
dsDNA part, forming the gap complex, although with lower
affinity. In other words, the specific structure of the ASFV
pol X, which allows the enzyme to selectively recognize the
ssDNA gaps containing one or two nucleotides, is controlled
by specific magnesium binding to the enzyme. The fact that
magnesium affects the values of the cooperativity parameter,
σ, which characterizes cooperative interactions between the
bound ASFV pol X molecules, by more than an order of
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magnitude further supports the conclusion that Mg+2 cations
bind directly to the enzyme (Figures 5d and 6d).

It should be pointed out that increasing the salt concentra-
tion in solution also weakens the preference of the ASFV
pol X to form the gap complex over binding to the dsDNA,
even for the gapped DNA substrates with two nucleotides.
At [NaCl] approaching 0.5 M, the intrinsic affinity of the
gap complex is virtually the same as the intrinsic affinity
for the dsDNA (Figures 5c, 5d, 6c, and 6d). However, in
this case, the nature of the observed diminishing selectivity
is different from the effect exerted by magnesium. Both the
affinity of the enzyme to form the gap complex and the
affinity for the dsDNA become weaker with the increasing
salt concentration. Because, in the gap complex, the enzyme
engages twice as long a fragment of the dsDNA, in
interactions with both DNA-binding subsites of the total
DNA-binding site, the sensitivity of the gap complex to the
increasing salt concentration in solution is approximately
twice as large as observed for the independent binding to
each of the dsDNA parts of the gapped DNA. Notice, in the
presence of magnesium, in the case of the gapped DNA
substrate with two nucleotides in the gap, the slope of the
log-log plot for the intrinsic affinity of the polymerase in
gap complex is (∂ log KG)/(∂ log [NaCl]) ) -5.5 ( 0.6,
while the slope of the log-log plot for the polymerase
binding exclusively to the dsDNA is (∂ log KD)/(∂ log [NaCl])
) -1.4( 0.3, more than 2-fold lower than obtained for the
gap complex. However, these values were obtained in the
background of competing magnesium and sodium cations
for the nucleic acid (51, 52). In the absence of magnesium,
where this competition is eliminated, (∂ log KG)/(∂ log
[NaCl]) ) -5.1( 0.6 and (∂ log KD)/(∂ log [NaCl]) ) -2.8
( 0.5, which is, within experimental accuracy, significantly
closer to the expected difference by a factor of 2 between
the two parameters. Therefore, what is observed, as a result
of the increasing salt concentration, is not the diminished
selectivity for the formation of the gap complex, over the
affinity for the dsDNA, but vanishing affinities of both types
of the formed complexes by the ASFV pol X with the gapped
DNA substrate, with the affinity of the gap complex
decreasing faster with the increasing salt concentration.

The effect of NaBr indicates additional complexity of the
system. In spite of the presence of magnesium, replacement
of chloride by the bromide anion also eliminates the
selectivity of the enzyme for the ssDNA gaps with one or
two nucleotides. Bromide anions are known to bind signifi-
cantly stronger to anion binding sites of proteins than chloride
(56). However, the observed effect is not a simple competi-
tion between the nucleic acid and the anions, in solution,
for the protein. Thus, although the affinity of the gap complex
is diminished, the affinity of the protein for the dsDNA is,
in fact, increased in the presence of bromide. Moreover, the
presence of bromide anions eliminates the cooperativity
between bound protein molecules. Notice, increasing NaCl
concentration, i.e., increasing saturation of anion binding
sites, strongly decreases the values of the cooperative
interaction parameter,σ, althoughσ does not approach 1 even
at the highest [NaCl] examined, while in the presence of
bromide anions, the cooperative interaction parameter value
is σ ) 1 at any [NaBr]. These data indicate that direct binding
of anions to the protein is observed. Thus, in addition to
magnesium, binding of anions to the ASFV pol X controls

the orientation of the enzyme in the complex with the nucleic
acid, the flexibility of the polymerase structure, and the
ability of the enzyme to adjust to the changing size of the
ssDNA gap. Moreover, the anion effect is opposite to the
effect exerted by magnesium cations.

In the Presence of Magnesium, ASFV Pol X Binds to
Gapped DNA Substrates with Significant PositiVe Coopera-
tiVe Interactions between Bound Enzyme Molecules with the
CooperatiVe Interactions Increasing with the Decreasing Size
of the ssDNA Gap. A puzzling aspect of the ASFV pol X
binding to the gapped DNA substrates, with fewer than four
nucleotides in the ssDNA gap, is the presence of significant
positive cooperative interactions between the ASFV pol X
molecules associated with the dsDNA. The interactions are
strongly increasing with the decreasing number of the
nucleotides in the ssDNA gap, indicating that, to be effective,
cooperative interactions require a close contact between the
enzyme molecules. Moreover, cooperative interactions are
particularly pronounced in the presence of magnesium, while
in the absence of Mg+2, they are diminished by an order of
magnitude. On the other hand, the ASFV pol X binds to the
ssDNA without any significant cooperative interactions (18).
Such a dramatic difference in the nature of the binding
processes of the ASFV pol X to two different conformations
of the nucleic acid indicates that the enzyme must be in a
very different orientation when bound to the dsDNA, as
compared to its orientation in the complex formed with the
ssDNA. Our laboratory is currently addressing this issue.

Significant positive cooperative interactions have been
previously observed for the analogous mammalian polâ, but
only in the pol â binding to the dsDNA and only in the
presence of magnesium (55). This correspondence suggests
a similar role of the positive cooperative interactions in the
functioning of both enzymes, belonging to the same poly-
merase X family. However, the similarity ends here. While
cooperative interactions of polâ strongly increase with the
increase of salt concentration in solution, the cooperative
interactions between the ASFV pol X molecules strongly
decrease with the increasing concentration of NaCl, becom-
ing negative in the absence of magnesium at high [NaCl],
indicating different forces and/or mechanisms involved in
forming the cooperative contacts between pol X and polâ.
While the increased cooperative interactions compensate for
the diminished intrinsic affinity of polâ for the dsDNA at
higher salt concentrations, such compensation is absent in
the ASFV pol X binding to the dsDNA. On the other hand,
the affinity of the ASFV pol X for the dsDNA is∼4 orders
of magnitude higher than the affinity of polâ for the same
nucleic acid conformation in similar solution conditions,
making such a compensation not necessary for the activities
of the ASFV pol X (55).

Model of the ASFV Pol X Binding to Gapped DNA
Substrates. A plausible model of the ASFV pol X binding
to the gapped DNA substrates, based on the results obtained
in this work, is depicted in Figure 9. The total DNA-binding
site of the ASFV pol X has two distinct DNA-binding
subsites, the proper DNA-binding site and the auxiliary
DNA-binding area, which strongly differ in their DNA
affinities (18, 39, 40). The total DNA-binding site occludes
16 ( 2 nucleotides, comparable in length to examined
gapped DNA substrates (Figure 2). At a low protein
concentration, the polymerase can bind the dsDNA part of

ASFV Pol X-Gapped DNA Interactions Biochemistry, Vol. 46, No. 45, 200712921



a gapped DNA substrate, using only its proper DNA-binding
subsite (39, 40). However, the enzyme can also engage both
its DNA-binding subsites, i.e., its total DNA-binding site,
in interactions with both dsDNA parts of the gapped DNA
substrate, as long as the ssDNA gap is only one or two
nucleotides long, leading to the formation of the gap
complex, as depicted in Figure 9. Because both DNA-binding
subsites are bound to the nucleic acid, the complex is
characterized by a much higher affinity (KG ≈ 1010-1011

M-1) as compared to the ASFV pol X binding to the dsDNA
(KD ) 108-109 M-1), using only a single DNA-binding
subsite. However, as the protein concentration increases, the
enzyme, initially bound using the total DNA-binding site, is
forced to bind only to the dsDNA part of the gapped DNA
substrate, presumably using only its proper DNA-binding
subsite, which has a site-size of 7( 1 nucleotides (18). At
a high ASFV pol X concentration, the complex with two
ASFV pol X molecules bound to the gapped DNA substrate
dominates the distribution of the formed complexes.

Additional Functional Implications. The remaining ques-
tion is: what is the possible role of the discovered strong
cooperative interactions in the ASFV pol X-dsDNA as-
sociation in the recognition of the gapped DNA in the context
of overwhelming dsDNA conformation? Previously, we
proposed a model for the role of cooperative binding to the
dsDNA in recognition of a damaged gapped DNA by polâ
(55). The same model seems to apply to the analogous viral
enzyme. The ASFV pol X cooperatively binds to the dsDNA,
exclusively using one of its DNA-binding subsites. Coopera-
tive interactions prevent the enzyme from dissociating from
the nucleic acid. Instead of a single complex, a protein cluster

is formed that allows the enzyme to examine longer patches
of the dsDNA. This takes place only until the damaged DNA,
i.e., the ssDNA gap, is encountered. Due to the high affinity,
the enzyme forms a gap complex and changes its orientation
on the DNA. In other words, the polymerase molecule,
encountering the gap, breaks its ties with the protein cluster
on the dsDNA upon forming the high-affinity gap complex.
The enzyme, now free from interactions with the remaining
ASFV pol X molecules bound to the dsDNA, engages the
total DNA-binding site in interactions with the nucleic acid
in a productive gap complex and may initiate catalytic steps
(55).

Cooperative interactions, magnesium cations, and anions
can also play a role in the selectivity of the ssDNA gap,
which is catalytically active (55). Notice, the affinity of the
gap complex is only significantly higher in the case of the
gaps with one or two nucleotides, only in the presence of
magnesium, and with chloride as the dominant monovalent
anion. Therefore, only with such short gaps will there be
enough of the free energy to break the cooperative contacts
with the polymerase molecules bound to the dsDNA. In the
case of gaps with four nucleotides, the affinity of the gap
complex is much weaker and the cooperative interactions
prevent the enzyme from efficiently forming the gap complex
as discussed above. Changes in the concentration of Mg+2

cations around the DNA, or anions or the type of anion
around the enzyme, provide additional and most probably
entangled controls of the gap selectivity, superimposed on
the cooperative interactions.

Our studies point also to an important caveat. As we have
shown here for the ASFV pol X and previously for rat and
human polâ, the interactions of these enzymes with their
DNA substrates are significantly more complex than a simple
formation of a single type of complex with the ssDNA, or
exclusively a gap complex with the gapped DNA substrates.
If it is assumed that only the activity of a specific complex,
i.e., the gap complex, is observed, then the obtained kinetic
and thermodynamic parameters from such studies are, at best,
some mixture of catalytic activities of different complexes
that overlap with an intricate web of multiple protein-
protein, protein-ion, and protein-DNA interactions. The
assumed reaction mechanisms and obtained kinetic and/or
thermodynamic parameters, without elucidating and taking
into account the entire complexity of the system, have more
of a character of only plausible mechanisms and fitting
constants than true mechanism and true physical constants
that describe the examined system.
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