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Interactions of the polymerase X from the African Swine Fever Virus with the ssDNA have been studied, using
quantitative fluorescence titration and fluorescence resonance energy transfer techniques. The primary DNA-
binding subsite of the enzyme, independent of the DNA conformation, is located on the C-terminal domain.
Association of the bound DNA with the catalytic N-terminal domain finalizes the engagement of the total
DNA-binding site of the enzyme and induces a large topological change in the structure of the bound ssDNA.
The free energy of binding includes a conformational transition of the protein. Large positive enthalpy changes
accompanying the ASFV pol X-ssDNA association indicate that conformational changes of the complex are
induced by the engagement of the N-terminal domain. The enthalpy changes are offset by large entropy
changes accompanying the DNA binding to the C-terminal domain and the total DNA-binding site,
predominantly resulting from the release of water molecules.
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1. Introduction

The African Swine Fever Virus (ASFV) has been the subject of
intensive studies as the etiological agent responsible for acute
hemorrhagic fever in domestic pigs [1-5]. The ASFV polymerase X is
one of the proteins coded by the virus genome, which shows
significant functional similarities to DNA-repair polymerases that
include distributive DNA synthesis on template-primer DNA sub-
strates and efficient filling of single nucleotide gaps [4-6]. These
functional activities and the fact that the ASFV genome codes for the
replicative polymerase and several enzymes involved in the base
excision repair (BER) pathway, indicate that the major role of the
ASFV pol X is to repair the viral DNA damaged by the host reaction to
the viral infection [4,5].

The ASFV pol X is currently the smallest known DNA polymerase
with a molecular weight of ~20,000, whose structure has been
determined by the NMR method [7,8]. The enzyme is built of two
domains, the N-terminal domain, which includes the first 105 amino
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acids from the N-terminus of the protein and the C-terminal domain,
comprising the remaining 69 amino acid residues, as depicted in
Fig. 1a. The active site of the DNA synthesis with the triad of invariant
aspartate residues is located in the N-terminal domain (Fig. 1b).
Moreover, the N-terminal domain contains a positively charged helix,
oC. Similarly, the C-terminal domain contains a highly positively
charged helix, oE (Fig. 1a) [7,8]. Both helices were implicated in the
enzyme interactions with the DNA[7,8,11]. The simplified structure of
the ASFV pol X makes the enzyme an excellent model system for the
examination of the properties of a DNA repair polymerase.

Quantitative thermodynamic studies provided the first indication of
the intricate interactions of the ASFV pol X with the ssDNA, in spite of the
simplified structure of the protein [9-11]. The total site-size of the
enzyme-ssDNA complex, ie., the maximum number of nucleotides
occluded by the polymerase, is 1641 nucleotides. The total DNA-
binding site has a heterogeneous structure, containing the strong
ssDNA-binding subsite, which encompasses only 741 nucleotides.
Moreover, the subsite shows a significant preference for the dsDNA
conformation over the ssDNA [10]. Fluorescence resonance energy
transfer (FRET) data showed that the dsDNA binds to the C-terminal
domain of the enzyme, a strong indication that the strong ssDNA-
binding subsite is located on the domain (Fig. 1a and b) [10]. The
enzyme engages the weak DNA-binding subsite in interactions only
with the longer ssDNA oligomers. However, the efficiency of this
engagement depends on the length of the ssDNA [9].

Although significant progress has been achieved in elucidating the
ASFV pol X - DNA interactions, the nature of these interactions is still
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Fig. 1. a. Three-dimensional structure of the ASFV pol X obtained by NMR analyses [7,8]. The first 105 amino acid residues from the N-terminus of the protein (green) constitute the
palm domain of the enzyme, while the remaining 69 amino acid residues (red) form the C-terminal domain. The lysine residues, 59, 60, and 63 contained in the aC helix of the palm
domain and the lysine residues 131, 132, and 133 in the «E helix in the C-terminal domain, are marked in red and blue colors, respectively. b. Schematic representation of the ASFV
pol X with the marked the strong DNA-binding subsite on the C-terminal and the weak DNA-binding subsite on the N-terminal domain, respectively. Both subsites form the total
DNA-binding site of the enzyme [9,10]. The dark oval represents the location of the active site of the polymerase.

not completely understood. For instance, both the N-terminal and the
C-terminal domains contain similar positively charged helices
(Fig. 1a). Yet, the affinity of the strong DNA-binding subsite on the
C-terminal domain is orders of magnitude higher than the affinity of
the weak subsite [9-11]. Moreover, the reason for the significantly
higher dsDNA-affinity of the strong subsite, as compared to its sSDNA-
affinity, is unknown [10]. The NMR structure of the enzyme does not
provide any clue about these different functional behaviors. While the
release of only ~ 1 ion accompanies the exclusive ssDNA binding to the
strong subsite, the release of ~6 ions occurs upon the engagement of
the total DNA-binding site. These data would suggest that ionic
interactions dominate the association with the weak subsite, but not
the binding to the strong subsite on the C-terminal domain, though
both subsites have the same number of exposed lysine residues in the
presumed binding areas [7,8]. Furthermore, the structure of the DNA,
exclusively bound to the strong subsite on the C-terminal domain, is
characterized by a significantly larger separation and immobilization
of the bound DNA bases than the structure of the bound longer DNAs,
which encompass the total DNA-binding site of the polymerase.

Interactions of a DNA polymerase with the nucleic acid play a
fundamental role in the functioning of the enzyme, including fidelity of
the DNA synthesis, as the polymerase complex with the DNA constitutes
the binding and recognition site for dNTPs [12-14]. Moreover, in the
case of a DNA repair polymerase, elucidation of the enzyme - DNA
interactions is of paramount importance for understanding the
recognition mechanism of the damaged DNA [7-14]. In this communi-
cation, we examine the energetics of interactions of the total DNA-
binding site and the strong DNA-binding subsite of the ASFV pol X with
the ssDNA. The intrinsic affinity of the total site is not a simple sum of
contributions from the strong and weak DNA-binding subsites. The
protein-ssDNA complex undergoes a conformational transition induced
by the nucleic acid interactions with the N-terminal domain. The
intrinsic affinities of the strong subsite and the total DNA-binding site
are predominantly driven by large entropy changes resulting from the
release of water molecules from both the strong and weak DNA-binding
subsites of the protein.

2. Materials and methods
2.1. Reagents and buffers

All chemicals were reagent grade. All solutions were made with
distilled and deionized >18 MQ (Milli-Q Plus) water. Standard buffer
C is 10 mM sodium cacodylate adjusted to pH 7.0 with HCl, 50 mM
NacCl, 1 mM MgCl,, 1 mM DTT, and 10% glycerol (w/v).

2.2. The 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 described [8-11]. The concentration of the protein
was spectrophotometrically determined using the extinction coeffi-
cient €550 =1.656x10° cm~ ! M~ !, obtained with the approach based
on Edelhoch's method [15,16].

2.3. Nucleic acids

All unmodified and modified ssDNA oligomers were purchased
from Midland Certified Reagents (Midland, Texas). The labeled ssDNA
oligomer, dT(pT)ye, contains a fluorescent marker, fluorescein (Fl),
attached at the 5’ end through phosphoramidate chemistry, and/or the
coumarin derivative (CP), attached through the 6-carbon linker at the
3’ end. The labeled ssDNA oligomers are referred to as: 5’-FI-dT(pT)9,
dT(pT),9-CP-3’, and 5’-FI-dT(pT);9-CP-3’. The etheno-derivatives of
homo-adenosine oligomers were obtained by modification with
chloroacetaldehyde as previously described by us [17-23]. Concen-
trations of all ssDNA oligomers and the degree of labeling with the
fluorescent markers, vy, have been spectrophotometrically determined
[17-21,24]. The labeling with coumarin and fluorescein markers was
complete in all examined oligomers and characterized by y=1+0.03.
The dsDNA 10-mer has been built of the oligomer, ACGAGCCTGC, and
the complementary strand. The integrity of the dsDNA oligomers has
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been checked by UV melting and analytical ultracentrifugation
techniques. In the studied solution conditions, the melting tempera-
ture of the examined dsDNA oligomer is ~54 °C (data not shown).

2.4. Fluorescence measurements

Steady-state fluorescence titrations were performed using the
SLM-AMINCO 8100 C spectrofluorometer, as previously described by
us [9-11,25-27]. The ASFV pol X binding was followed by monitoring
the fluorescence of the etheno-derivatives of the nucleic acid
(Nex =325 nm, Aery =410 nm). Computer fits were performed using
Mathematica (Wolfram, IL) and KaleidaGraph (Synergy Software, PA).
The nucleic acid relative fluorescence increase, AF,,, upon the
polymerase association is defined as AF,,s= (F;—F,)/F,, where F; is
the fluorescence of the DNA at a given titration point “i”, and F, is the
initial fluorescence of the sample [9-11,26,27].

2.5. Quantitative determination of binding isotherms and stoichiometries
of the ASFV pol X-ssDNA complexes

In the case of ssDNA oligomers, which accommodate more than
one ASFV pol X molecule, quantitative estimates of the total average
degree of binding, 20;, (number of ASFV pol X molecules bound per
oligomer) and the free protein concentration, P, has been previously
described, in detail, by us [28-32].

2.6. Quantitative determination of binding isotherms for the ASFV pol X
association with unmodified ssDNAs using the MCT method

Determination of the interaction parameters for the pol X-unmodified
nucleic acid complex has been performed using the Macromolecular
Competition Titration (MCT) Method [32,33].

2.7. Fluorescence energy transfer measurements

The Forster efficiency of the fluorescence energy transfer, E, from
the coumarin donor, located at the 3’ end of the ssDNA oligomer, dT
(pT)1, to the acceptor, fluorescein moiety, located at the 5’ end of the
same oligomer, has been determined using two apparent fluorescence
energy transfer efficiencies. The energy transfer efficiency, Ep,
obtained from the quenching of the donor fluorescence is defined as
[34,35]

o ()0

where Fp and Fp, are the fluorescence of the donor in the absence and
presence of the acceptor, respectively, vp is the fraction of the donor in
the complex with the acceptor [36]. In the case of the complex with
the ASFV pol X, Fp and Fpa include the protein effect on the donor
emission.

The apparent fluorescence transfer efficiency, E4, has been deter-
mined, using the sensitized acceptor fluorescence, by measuring the
fluorescence intensity of the acceptor (fluorescein at the 5’ end of the
ssDNA oligomer), excited at a wavelength where a donor (coumarin at
the 3’ end of the ssDNA oligomer) predominantly absorbs, in the
absence and presence of the donor. The fluorescence intensities of the
acceptor in the absence, Fa, and presence, Fap, of the donor are defined
as [34,35]

Fp = IogACATd)? (2a)
and

A A
Fap = (1—vp)Fa + LieavaCardp + 1,epCorvpdpEs (2b)

where I, is the intensity of incident light, Car and Cpr are the total
concentrations of the acceptor and the donor, v, is the fraction of
acceptors in the complex with donors, €4 and gp are the molar
absorption coefficients of the acceptor and the donor at the excitation
wavelength, respectively, ¢2 and ¢4 are the quantum yields of the free
acceptor and the acceptor in the presence of the donor. All quantities
in Egs. (2a) and (2b) can be experimentally determined. In the case of
the complex with the ASFV pol X, the values of, ¢# and ¢4 have been
obtained by exciting the acceptor in its absorption band where there
is no donor absorption to determine any protein effect on the
observed ratio of the acceptor quantum yield. Dividing Egs. (2a) by
(2b) and rearranging provides E,, as

_VA} 3)
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The Forster energy transfer efficiency, E, is related to Ep and Ea, by
[27,34,35]

E
E=_ A 4
(1—Ep + Ep) “)

The fluorescence energy transfer efficiency between the donor and
the acceptor dipoles, E, is related to the average distance, R, separating
the dipoles by [24-37]

R =R, [@] 5)

where, R,=9790(k?>n"%$g])"/®, is the so called Forster critical
distance (in angstroms), the distance at which the transfer efficiency
is 50%, k2 is the orientation factor, ¢q is the donor quantum yield in the
absence of the acceptor, and n is the refractive index of the medium
(n=1.4), the overlap integral, ], characterizes the resonance between
the donor and acceptor dipoles. The Forster critical distance,
R,=52 A, for fluorescein and coumarin, attached to the 5’ and 3’
end of dT(pT)19, respectively, has been previously determined by us
[34-36].

3. Results

3.1. The DNA-binding subsites within the total DNA-binding site of the
ASFV pol X-ssDNA complexes

As mentioned above, the difference between the numbers of ions
released exclusively from the strong ssDNA-binding subsite, as
compared to the total DNA-binding site of the ASFV pol X, upon
binding to the ssDNA, indicates that at [NaCl] lower than ~100 mM
the heterogeneity of the total DNA-binding subsite should be strongly
diminished, or cease to exist [9]. In other words, if the ion releases are
events localized at a particular subsite within the total site and the
subsites are independent, at lower salt concentrations, both subsites
should have a similar capability of engaging the ssDNA [9]. In such
case, the observed transition from the exclusive engagement of the
strong subsite of the enzyme in interactions with the nucleic acid to
the engagement of the total binding site in interactions with the DNA
and reflected in the nonlinear dependence of the macroscopic binding
constant as a function of the ssDNA length, would not be observed [9].
Therefore, to address the issue of the engagement of the different
DNA-binding subsites of the ASFV pol X, in interactions with the
ssDNA, we examined binding of the enzyme to the ssDNA oligomers,
differing in the numbers of nucleotides [9,10,31].

Fluorescence titrations of the selected set of ssDNA oligomers, 8-, 10-,
16-, 18-, and 20-mer, deA(peA);, deA(peA)o, deA(peA)s, deA(peA)q7,
and deA(peA)qq, with the ASFV pol X in buffer C, are shown in Fig. 2a. A
single ASFV pol X molecule binds to all examined oligomers [9]. Binding
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of the enzyme to the etheno-derivatives of the ssDNA induces a strong
increase of the nucleic acid fluorescence, indicating a significant change
in the structure of the bound DNA [9]. Moreover, the midpoint of the
titration curves shifts toward the lower [ASFV pol X] for the longer
nucleic acids, indicating an increased macroscopic affinity of the
polymerase for the longer oligomers [9]. The titration curves in Fig. 2a
have been analyzed using the single site-binding isotherm defined as

Ky P
AF = Afmax {1 +NK,: PJ

(6)
where Ky is the macroscopic binding constant characterizing the
affinity for a given ssDNA oligomer, containing N nucleotides. The
solid lines in Fig. 2a are nonlinear least-squares fits of the
experimental titration curves to Eq. (6) with Ky and AF,. as fitting
parameters.

The dependence of the macroscopic binding constant, Ky, for the
ASFV pol X binding to all examined ssDNA oligomers, upon the length
of the ssDNA oligomer, is shown in Fig. 2b. In spite of the fact that at
the examined salt concentration, the affinity difference between the
strong and the weak DNA-binding subsite should be minimal, if any
(see above), the plot shows an unusual nonlinear behavior [9]. It is
built of two linear parts separated by an intermediate region as

Relative Fluorescence Increase O

Log [ASFV pol X]roa
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Fig. 2. a. Fluorescence titrations of 8-, 10-, 16-, 18-, and 20-mer, deA(peA)7, deA(peA)o,
deA(peA)ss, deA(peA)q7, and deA(peA) 19 (Nex =325 nm, Nepy, = 410 nm) with the ASFV
pol X, in buffer C (pH 7.0, 10°C), containing 50 mM NaCl and 1 mM MgCl,.
Concentrations of all ssDNA oligomers are 1x10"°M. (O) K=3.0x10°M~1,
AF;0x=0.8; (M) K=58x10° M, AF;,.x=0.8; (@) K=1.8x10°M~"!, AF,.x=0.9;
(@) K=3.0x10°M~", AF.x=0.73; (A) K=4.3x10°M~", AF;,.x=0.85. The solid
lines are nonlinear least-squares fits using the single-site binding isotherm (Eq. (6)). b.
The dependence of the macroscopic binding constant Ky, upon the length of the ssDNA.
The solid line for the part of the plot corresponding to oligomers from 8 to 12
nucleotides is a linear least-squares fit to Eq. (8). Extrapolation of the line to Ky=0
intercepts the DNA length axis at N, = 6.0+ 1.0. The solid line for the part of the plot
corresponding to oligomers from 18 to 20 nucleotides is a linear least-squares fit to
Eq. (10). Extrapolation of the line intercepts the DNA length axis at Nq=14.0+1.0
(details in text).

observed in conditions where the affinities between the strong DNA-
binding subsite and the total DNA-binding site were significant [9].
The simplest explanation of the linear part of the Ky plot as a function
of the length of the ssDNA oligomers, for the oligomers from 8 to 12
nucleotides in length, is that there is a small, discrete binding region
within the total DNA-binding site of the ASFV pol X, characterized by
the strong nucleic acid affinity, that experiences the presence of
several potential binding sites on the ssDNA oligomers [9,38-41]. This
strong DNA-binding subsite engages in interactions a number, p, of
nucleotides. Therefore, the values of Ky contain a statistical factor that
can be analytically defined in terms of, p, and the intrinsic binding
constant, K, as [9,38-42]

Ky = (N—p + 1)K, (7)
and
Ky = NK,—(p + 1) K, (8)

Extrapolation of the initial linear part of the plot in Fig. 2b, for the
oligomers from 8 to 12 nucleotides, to the zero value of the
macroscopic equilibrium constant, Ky, intercepts the abscissa at the
DNA length, Np, corresponding to the length of the ssDNA oligomer,
which is too short to form a complex with the strong DNA-binding
subsite of the enzyme. Introducing Ky =0 into Eq. (8) provides the
value of N as

N, =p—1 9

The plot in Fig. 2b gives N, =6+ 1. Therefore, in the examined
solution conditions, the strong DNA-binding subsite preserves its
dominance in the intrinsic affinity of the enzyme and engages in
interactions, p=741 nucleotides of the ssDNA [9,38-41]. The
intrinsic binding constant, K, is determined by the slope of the linear
region in Fig. 2b (Eq. (8)), which provides the value of (1.44+
0.4)x10°> M~ (see Discussion).

For the ssDNA oligomers exceeding 12 nucleotides in length, the plot
in Fig. 2b becomes nonlinear and passes through an intermediate region,
for the oligomers containing 14 and 16 nucleotides, into the second
linear part for the oligomers with the length exceeding ~16 nucleotides
[9,31]. The transition between two linear regions of the plot of the
macroscopic binding constant as a function of the length of the sSDNA
oligomers indicates that an additional DNA-binding subsite, character-
ized by a different intrinsic affinity, becomes involved in interactions
with the nucleic acid. Thus, the enzyme engages its total DNA-binding
site, built of a minimum two different DNA-binding subsites, in
interactions with the longer ssDNA oligomers [9,31]. The second linear
part of the plot in Fig. 2b can be described by expressions analogous to
Egs. (7) and (8), as

Ky = NK;—(q + DK, (10)
and
N, =q—1 (11)

The quantity, q, is the length of the ssDNA oligomer that directly
interacts with the total DNA-binding site of the polymerase and Kg is
the intrinsic binding constant for the total DNA-binding site.
Extrapolation of this region to the Ky=0 provides Nq=14.1+1.0
and q =15.1 £ 1.0. Thus, the total DNA-binding site of the ASFV pol X
engages in direct interactions with the DNA ~15 nucleotides. Notice,
this value is lower than the site-size of the total DNA-binding site of
the enzyme, which is n=16 + 1 nucleotides and remains unaffected
by the lower salt concentration (data not shown) [9,31]. The slope of
the linear region, for the ssDNA oligomers with the length between 18
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and 20 nucleotides, provides K,=(7.5+2.1)x10°M~ "' (see
Discussion).

3.2. Location of the strong-ssDNA-binding subsite on the ASFV pol X.
Macromolecular Competition Titrations Method (MCT)

Previous FRET data showed that the dsDNA 10-mer binds to the
C-terminal domain, indicating that the strong DNA-binding subsite is
located on the C-terminal domain (Fig. 1a and b) [10]. To
unequivocally determine that the same strong DNA-binding subsite
is functional in the case of the ssDNA, we performed direct
competition studies between the dsDNA 10-mer and the ssDNA
10-mer, using the MCT method (Materials and Methods) [32,33].
Fluorescence titrations of the ssDNA 10-mer, deA(peA)s, with the
ASFV pol X, in the presence of the unmodified dsDNA 10-mer, is
shown in Fig. 3. For comparison, the titration of deA(peA)g alone is
also included. A large shift of the titration curve in the presence of
the dsDNA indicates very efficient competition between the ssDNA
and the dsDNA for the same, ie., the strong-DNA-binding subsite of
the enzyme. In other words, the strong DNA-binding subsite on the
C-terminal domain is functional in both the ss and the dsDNA-
binding processes.

The interacting system is composed of two short ssDNA lattices
competing for the ASFV pol X. The partition functions, Zs1o and Zp1o,
for the ssDNA and dsDNA 10-mer, respectively, are

Zsip =1 + Ky Pr (12)
and
Zpig =1 + KpyoPr (13)

where Ksq¢ and Kpqo, are the macroscopic binding constants for the
ASFV pol X binding to the ssDNA and the dsDNA 10-mer, respectively.
The concentration of the bound protein, Py, is then

_ KS]O PF KD]0 PF
Py = {1 T+ KeoPr) N T Ky P (14)
or
P, = (20)s N + (20;)p Nps (15)

Relative Fluorescence Increase

Log [ASFV pol X]total

Fig. 3. Fluorescence titrations (Nex =325 nm, Nem, =410 nm) of the ssDNA 10-mer, deA
(peA)o, with ASFV pol X in buffer C (pH 7.0, 10 °C), containing 50 mM NaCl and 1 mM
MgCl,, in the absence (M) and presence (Q) of the dsSDNA 10-mer. The concentrations of
the nucleic acids are 1.0x10~°M and 3.0x 10~ ® M, respectively. The solid lines are
nonlinear least-squares fits of the fluorescence titration curves, using Eqs. (12)-(16)
with the binding constant for deA(peA)s, K15 =5.8x10° M~ ! and AF,,= 0.8, and the
intrinsic binding constant Kyjos=3x10*M~! for the unmodified dsDNA 10-mer
(details in text).

and
P; = P;-P, (16)

where Pris the total concentration of the ASFV pol X, (26;)s and (20;)p,
are the total average degrees of binding of the ASFV pol X on the ss and
the dsDNA oligomer, respectively, Ntg and Nrs are the total concentra-
tions of the fluorescent ssDNA and the unmodified dsDNA 10-mer,
respectively. The solid lines in Fig. 3 are nonlinear least-squares fits of
the experimental titration curves, with a single fitting parameter, Kp1o,
using Eqs. (12)-(16) and Ks;0=5.8x10°M~!, and AF.x=0.8,
independently determined for deA(peA)s. The obtained binding
constant for the dsDNA 10-mer is, Kpjo=(3.0+£09)x10*M~', in
excellent agreement with the previously determined value, in analogous
solution conditions [10].

3.3. Engagement of the DNA-binding subsite on the N-terminal domain
of the ASFV Pol X in interactions with the ssDNA

Once the strong ssDNA-binding subsite on the C-terminal domain
has associated with the nucleic acid, the engagement of the DNA-
binding subsite on the N-terminal domain, in complexes with the
ssDNAs, encompassing the total DNA-binding site, would require
strong bending of the nucleic acid, due to structural constraints of the
small enzyme molecule (Fig. 1a and b). Such DNA bending is then
direct and strong evidence that an efficient engagement of the DNA-
binding subsite on the N-terminal domain does occur and can be
detected using the fluorescence resonance energy transfer (FRET)
method [34,35,43-47]. To address the topology of the ASFV pol X-
ssDNA complex, we performed FRET measurements of the enzyme
complex with the ssDNA 20-mer [34,35].

The applied ssDNA oligomer, dT(pT)19, has fluorescein (Fl) at its
5’ end, and the coumarin derivative (CP) at the 3’ end which serve as
the fluorescence energy transfer acceptor, and the donor, respec-
tively (Materials and methods) [34,35]. The enzyme affinity for the
labeled oligomer is indistinguishable from the affinity determined
for the unmodified DNA (data not shown) [9]. The CP moiety has an
emission maximum at ~475nm, which strongly overlaps the
fluorescein absorption spectrum, a condition for the FRET to occur
[34,35]. Moreover, the values of the limiting anisotropy for the free
ssDNA oligomer and its complexes with the enzyme do not exceed
~0.21 (data not shown). This is an indication that the orientation
factor, k2, does not significantly affect the FRET measurements
[35,36].

Fluorescence emission spectra (Nex =425 nm) of the ssDNA 20-
mer, dT(pT),9-CP-3’, containing only the donor, 5-FI-dT(pT);9,
containing only the acceptor, and 5’-FI-dT(pT)9-CP-3’, containing
both the donor and the acceptor, in the absence of the enzyme, are
shown in Fig. 4a. The presence of the acceptor induces large
quenching of the donor fluorescence, accompanied by an increase of
the acceptor fluorescence emission in the presence of the donor. Both
features, the donor emission quenching and the sensitized acceptor
emission, indicate that an efficient fluorescence energy transfer
process occurs [34,35,43,44]. The emission spectrum of the CP
donor, in the complex with the Fl acceptor, has been obtained by
normalizing the peak of the donor emission spectrum recorded in the
absence of the acceptor to the intensity of the donor recorded in the
presence of the acceptor. Subsequently, the emission spectrum of the
acceptor, in the complex with the donor, has been obtained by
subtracting the normalized spectrum of the donor from the spectrum
of 5'-FI-dT(pT),9-CP-3’, containing both the donor and the acceptor.
The normalized emission spectrum of the CP donor in the presence of
the acceptor and the emission spectrum of the acceptor in the
presence of the donor are included in Fig. 4a.

Corresponding fluorescence emission spectra of the ssDNA 20-
mer, dT(pT);9-CP-3’, containing only the donor, 5-FI-dT(pT);o,
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Fig. 4. a. Fluorescence emission spectrum (Nex =425 nm) of dT(pT)9-CP-3’ (green),
5/-FI-dT(pT)19 (blue), and 5’-FI-dT(pT);9-CP-3’ (red) in buffer C (10 °C) (Materials
and methods); the normalized emission spectrum of dT(pT);o-CP-3’ to the maximum
of CP emission in 5'-FI-dT(pT)9-CP-3’ (black), the sensitized emission spectrum of
5'-FI-dT(pT),9-CP-3’ (magenta). b. Fluorescence emission spectrum, recorded in the
presence of the ASFV pol X (Aex =425 nm), of dT(pT);9-CP-3’ (green), 5'-FI-dT(pT)q9
(blue), and 5’-FI-dT(pT)9-CP-3’ (red) in buffer C (10 °C); the normalized emission
spectrum of dT(pT);9-CP-3’ to the maximum of CP emission in 5/-FI-dT(pT)9-CP-3’
(black), the sensitized emission spectrum of 5’-FI-dT(pT);9-CP-3’ (magenta).
Concentrations of the ssDNA oligomers and the ASFV pol X are: 5x107%M
(oligomer) and 5x 10~ % M.

containing only the acceptor, and 5’-FI-dT(pT),9-CP-3’, containing
both the donor and the acceptor, saturated with the ASFV pol X, are
shown in Fig. 4b. Both the quenching of the donor fluorescence and
the increase of the acceptor fluorescence emission are significantly
more pronounced in the presence of the enzyme, than observed for
the ssDNA oligomer alone, indicating a strong increase of the
fluorescence energy transfer efficiency in the examined ASFV pol X-
ssDNA 20-mer system. Analysis of the spectra has been performed as
described above (Fig. 4a). The normalized emission spectrum of the
donor in the presence of the acceptor and the emission spectrum of
the acceptor in the presence of the donor, in the 20-mer-ASFV pol X
complex is included in Fig. 4b.

The apparent fluorescence energy transfer efficiencies, Ep and Ea,
Forster fluorescence energy transfer efficiency, E, and the average
distance between the donor and acceptor, R, have then been
calculated using Eqgs. (8)-(12)[34,35]. In the absence of the enzyme,
Ep=0.28 +0.03 and E, =0.48 +-0.05, E=0.40 4- 0.05, and R=55.6 +
3 A. The value of R is shorter than the distance (~70 A) between the
5’ and 3’ end of the nucleic acid in the dsDNA B structure, indicating
that dT(pT), is folded in solution, reflecting the low persistence
length of the oligomer. On the other hand, in the presence of the
polymerase, Ep =0.62 +£0.03 and E,=1.00+0.05, E=0.76 £ 0.05,
and R=42.9 + 3 A. These much larger values of the FRET efficiencies
and the value of the distance between the acceptor at the 5’ end of
the oligomer and the donor, at the 3’ end of the nucleic acid, which is
~13 A shorter than that determined for the free ssDNA oligomer,
strongly indicate that the nucleic acid is profoundly bent in the
complex with the ASFV pol X (see Discussion).

3.4. Temperature effect on the ssDNA binding to the strong DNA-binding
subsite and to the total DNA-binding site of the ASFV Pol X

The energetics of the ssDNA binding to the strong DNA-binding
subsite and the total DNA-binding site of the ASFV pol X have been
further addressed by examining the temperature effect on the enzyme
binding to the ssDNA oligomers, which exclusively associates with the
strong DNA-subsite, or encompass the total DNA-binding site. Fluores-
cence titrations of deA(peA)y with the ASFV pol X, performed at
different temperatures, are shown in Fig. 5a. Titrations of the 18-mer,
deA(peA),7, which encompasses the total DNA-binding site of the
enzyme, are shown in Fig. 5b. In both cases, as the temperature
increases, the titration curves shift toward lower protein concentrations,
indicating an increased macroscopic affinity. Moreover, the values of
AF .« are also increased at higher temperatures, indicating a change in
the structure of the bound DNAs. The solid lines in Fig. 5a and b are
nonlinear least-squares fits of the titration curves (Eq. (6)), with Ky and
AF.x as fitting parameters.

Fig. 5c shows the dependence of the natural logarithm of the
binding constant, Ky, upon the reciprocal of the temperature (Kelvin)
(van't Hoff plot) for the selected set of ssSDNA oligomers [48]. Within
experimental accuracy, the plots are linear. The characteristic features
of the plots are that the absolute values of the negative slopes increase
with the length of the ssDNA. The slopes of the plots are related to the
apparent enthalpy of the binding process by

dLnKy _ AHY

1 R
(r)

The obtained values of the apparent enthalpy, AHR, for the entire
series of the examined ssDNA oligomers are included in Table 1. Using
the standard thermodynamic formulas, AG} = —RTLnKy and AS} =
(—AG{+ AHR) /T, one obtains the values of the apparent entropy,
ASR, of the binding process, which are also included in Table 1. It is
evident that the interactions of the ASFV pol X with the ssDNA are
characterized by the apparent positive enthalpy changes. Thus, the
interactions of the enzyme, exclusively within the strong DNA-
binding subsite, as well as within the total DNA-binding site, are
completely driven by the apparent positive entropy changes, ASY (see
Discussion).

The dependence of AHR upon the length of the ssDNA oligomers is
shown in Fig. 6a. The analogous plot for ASY is shown in Fig. 6b. Both
plots have three phases, which are parallel to the three phases of the
corresponding macroscopic affinity plot in Fig. 2b. For the oligomers
containing 8 to 12 nucleotides, where the enzyme exclusively uses the
strong DNA-binding subsite and engages ~7 nucleotides, the values of
AHY and ASY are, within experimental accuracy, the same ~3.1 kcal/
mol and ~33 cal/mol deg, respectively. Binding of the oligomers
containing 14 and 16 nucleotides, which are in the intermediate
plateau region in the affinity plot (Fig. 2b) is characterized by a
significantly higher apparent enthalpy and entropy changes with
AHR = 8.8 kcal/mol and ASR ~ 59 cal/mol deg. Finally, binding of 18-,
19-, and 20-mers, which efficiently encompass the total DNA-binding
site and engage ~15 nucleotides in direct interactions with the
enzyme, is characterized by AHR = 14.5 kcal/mol and AS{~79 cal/
mol deg, independent of the length of the oligomer (see Discussion).

(17)

3.5. Association of the ASFV pol X with the ssDNA 24-mer

In order to assess as to what extent the observed thermodynamic
characteristics for the ASFV pol X interactions with the ssSDNA oligomers,
which bind only a single pol X molecule, is reflected in the association
with the oligomer that can bind more than one enzyme molecule, we
examined the enzyme association with the 24-mer, deA(peA),3, which
can accommodate two ASFV pol X molecules [9]. In a broader sense,
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Fig. 5. a. Fluorescence titrations of the ssDNA 10-mer, deA(peA)o, with the ASFV pol X
(Nex =325 nm, Nem =410 nm) in buffer C (pH 7.0, 10 °C), containing 50 mM NaCl and
1 mM MgCl,, at different temperatures: (H) 10 °C, (Q) 15 °C, (@), 20 °C (D) 25 °C. The
concentration of the ssDNA 10-mer is 1x 10~ ¢ M. The solid line is the nonlinear least-
squares fits of the titration curves, using the single-site binding isotherm defined by
Eq. (6). b. Fluorescence titrations of the ssSDNA 18-mer, deA(peA);7, with the ASFV pol X
(Nex =325 nm, N\e;; =410 nm) in buffer C (pH 7.0, 10 °C), containing 50 mM NaCl and
1 mM MgCl,, at different temperatures: (l) 10 °C, (Q) 15 °C, (@), 20 °C, (O) 25 °C. The
concentration of the ssSDNA 18-mer is 1x 10~ M. The solid line is the nonlinear least-
squares fits of the titration curves, using the single-site binding isotherm defined by
eq. (6). c. The dependence of the natural logarithm of the macroscopic binding
constants, Ky, upon the reciprocal of the temperature (Kelvin) (van't Hoff plot) for the
series of the ssDNA oligomers, differing by the number of the nucleotides. (W) 10-mer
deA(peA)o, (Q) 12-mer deA(peA)qq, (®) 16-mer deA(peA)qs, and (D) 20-mer deA
(peA)19. The apparent enthalpies and entropies of the examined binding processes are
included in Table 1.

these experiments provide information as to what extent the
thermodynamic characteristics, observed in complexes with oligomers
that accommodate only a single pol X molecule, are reflected in intrinsic
binding accompanied by cooperative interactions between bound
enzyme molecules on longer nucleic acids. Fluorescence titrations of
deA(peA),3 with the polymerase at two different nucleic acid
concentrations, are shown in Fig. 7a. The quantitative determination
of the total average degree of binding, 20;, has been performed using the

method outlined in Materials and Methods[9,31-33]. The dependence
of AF,ps as a function of 20; of the ASFV pol X on the 24-mer is shown in
Fig. 7b. The value of 30; could be determined up to ~1.3. Nevertheless, in
the examined solution conditions, the plot indicates the presence of two
binding phases in the enzyme association with the 24-mer [9].

The simplest statistical thermodynamic model must take into
account the fact that the single bound ASFV pol X molecule, associated
with the 24-mer, can form two types of complexes engaging p="7 or
q =15 nucleotides, i.e., it can form a complex engaging only the strong
DNA-binding subsite or the total DNA-binding site (see above). These
two complexes are characterized by different intrinsic binding
constants, Ky and Kp, respectively. In the case of the 24-mer, the
second bound pol X molecule can only engage its strong DNA-binding
subsite, i.e., it occludes only 7 nucleotides [9]. The partition function
for the system, Z,y, is

Zys =1+ [(N—q + 1)K, + (N—p + DK JP;
+ [0.5(N—n—p + 1)(N—n—p + 2)—(N—n—p + 1)]KK,P?

+ (N=n—p + 1)]K K, 0P
(18)

where o is the parameter that characterizes possible cooperative
interactions between bound ASFV molecules. The total average degree
of binding, 30;, is then obtained by the standard statistical
thermodynamic expression, 30; = 0lnZy/0InPg, as

[(N—q + 1)K, + (N—p + 1)K,]P
+ [(N—=n—p + 1)(N—n—p + 2)—2(N—n—p + 1)]K K P}
+ [2(N—n—p + 1)K K P}
Z24

30, =
(19)

The observed relative fluorescence increase of the 24-mer, AF, is
then

(N—q + 1)K, + (N—p + 1)K ]P
ZZ4
[0.5(N—n—p + 1)(N—n—p + 2)—(N—n—p + 1)]K,K P}

AF = AF,

+ [(N—=n—p + 1)]K K 0Pf

+ AF Z

(20)

where AF; and AF..x are the relative fluorescence increases
accompanying the binding of one and two ASFV pol X molecules to
the nucleic acid. The value of AF; can be determined as the slope of the
initial part of the plot in Fig. 7b, AF; = 0AF/0(26;), leaving K}, K, and
o as fitting parameters. The solid lines in Fig. 7a are nonlinear least-
squares fits of the titration curves, using Eqs. (18)-(20). The value of
o~ 3.5 indicates the presence of very weak cooperative interactions
between the ASFV pol X molecules associated with the ssDNA [9]. The
obtained values of the intrinsic binding constants, K,~7.0x 10° M~
and Kq~5.5x10° M~ ", are higher by a factor of ~5 - 6 than those
obtained with oligomers that can accommodate only a single
polymerase molecule, most probably, reflecting a more efficient
contact between the protein and the DNA, when the binding sites are
embedded within the longer DNA structure [9]. The solid line in
Fig. 7b is the computer simulation of AF dependence upon 30;, using
the obtained binding parameters, which provide an excellent
description of the observed binding process.
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Fig. 7c shows the dependence of the natural logarithm of the
intrinsic binding constants, K, and Kg, upon the reciprocal of
temperature (Kelvin) (van't Hoff plot) [45]. Within experimental
accuracy, the plots are linear. The obtained values of the apparent
enthalpy, AHp, and AHg, are 3.8 4 0.9 kcal/mol and 11.0 £ 2.1 kcal/
mol, respectively. The corresponding apparent entropy changes,ASp,
and ASg, are ~40 cal/mol ° and ~70 cal/mol °, respectively. Thus, these
values are very similar to AHR = 3.1 kcal/mol, and ASR ~ 33 cal/mol °,
for the ssDNA oligomers that bind a single enzyme molecule and can
only engage the strong DNA-binding subsite, and to AHR ~ 14.5 kcal/
mol, and ASR~ 79 cal/mol °, for the oligomers that engage the total
DNA-binding site of the polymerase (see above) (Table 1).

3.6. Solvent effect on the ssDNA binding to the strong DNA-binding
subsite and to the total DNA-binding site of the ASFV pol X

To obtain further insight into the ASFV pol X interactions with the
ssDNA within the strong DNA-binding subsite and the total DNA-
binding site, we examined the solvent effect on the enzyme binding to
the ssDNA 10-mer, deA(peA)o, and 18-mer, deA(peA),7, respectively.
Fluorescence titrations of deA(peA)o with the ASFV pol X in buffer
C (pH 7.0, 10 °C), containing different concentrations of the neutral
solute, glycerol (w/v %), are shown in Fig. 8a. Corresponding
fluorescence titrations of the 18-mer, deA(peA),7, with the polymer-
ase are shown in Fig. 8b. In both cases, at higher [glycerol], the
titration curves significantly shift toward lower total protein
concentrations, indicating a strong increase of the macroscopic
affinity of the protein-nucleic acid complexes. Moreover, the values
of AFmax accompanying the binding greatly increase as the glycerol
concentration increases, indicating a significant change of the nucleic
acid structure in the complex (see Discussion). To address the
question as to what extent the observed dramatic effect of glycerol
could be specific for the applied solute, analogous titrations have been
performed in the presence of another neutral solute, glucose (data not
shown). Similar to the [glycerol] effect, at higher [glucose], the
macroscopic affinity of the ASFV pol X - DNA complexes (see
Discussion). Analogous behavior was observed in the presence of
DMSO, although examined at lower solute concentration (see below).
The solid lines in Fig. 8a, and b are nonlinear least-squares fits of the
experimental titration curves to Eq. (6) with Ky and AF,a as fitting
parameters.

Though the effect of the “neutral” solute on the macromolecular
interactions can be complicated by the presence of preferential in-
teractions, the very similar effect of three different solutes on the same
binding process strongly suggests that the preferential interactions do
not affect the examined interactions (see below) [49,50]. The simplest
thermodynamic model of the observed solute effect is that the
association is affected by the changes of the water concentration in the
sample [49,50]. The observed equilibrium reaction is then described by a
general linkage equation, ASFV pol X+ DNA<—>complex+n H-O.

Table 1
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Fig. 6. a. The dependence of the apparent enthalpy, AH®, of the ASFV pol X binding to
the ssDNA oligomers upon the length of the nucleic acids. b. The dependence of the
apparent entropy, AS°, of the ASFV pol X binding to the ssDNA oligomers upon the
length of the nucleic acids (details in text).

Notice, in the maximum concentration of the applied solutes (e.g., 20%
(w/v) glycerol or glucose), the water activity coefficient is practically ~1
[51,52], justifying the use of the water concentration instead of its activity
in our studies. In the case of DMSO, at 10% (w/v) concentration of the
solute, the water activity coefficient is ~0.97 [53]. The linkage analysis
was performed at DMSO concentrations not exceeding 10% (w/v).
Moreover, very small effects are completely absorbed by the error in the
binding constant determination, which is 15-20% and is included in
errors of the determined slopes.

The dependence of the logarithm of the macroscopic binding
constants, Ko and K;g upon the logarithm of [H,O] (log-log plot),
determined in the presence of glycerol, is shown in Fig. 8c [54-58].
Corresponding log-log plots for the enzyme association with the 10-
and 18-mer, obtained for the solution containing glucose, are shown
in Fig. 8d. The plots are linear in examined solute concentration
ranges. In the presence of glycerol, the slopes of the plots are dlogK;o/
0log[H,0]=—11.1+£2.1 and 0logK;s/0log[H,0]= —19.0+ 2.5, re-
spectively. The values of the slopes of the log-log plots, obtained in the

Thermodynamic parameters of the binding of the ASFV pol X to the ssDNA oligomers, encompassing the strong DNA-binding subsite and the total DNA-binding site, in buffer

C (pH 7.0, 10 °C), containing 1 mM MgCl, (details in text)?.

ssDNA Oligomer Stoichiometry Site-size bdLogKy/dlog[H,0] “dLogKy/dlog[H,0] ddLogKy/dlog[H,0] AH’kcal/mol €AS° cal/mol deg
deA(peA); 1 7 - - 28+0.7 30+6
deA(peA)o 1 7 —11.1+£21 —1094+2.1 —994+138 27406 33+7
deA(peA)1s 1 7 - - 38409 3748
deA(peA) 3 1 - - - 89+1.6 60+15
deA(peA) s 1 16 - - 84+16 58+15
deA(peA )17 1 16 —19.04+£25 —173+23 —183423 141427 77+£19
deA(peA) o 1 16 - - 147 +£2.7 79+20

a
b

Errors are standard deviations determined using 3-4 independent experiments.
Determined in the presence of glycerol.

Determined in the presence of glucose.

Determined in the presence of DMSO.

Calculated using the intrinsic binding constant obtained at 10 °C.

c
d

e
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presence of glucose, are dlogK;o/0log[H,0] = — 9.9 + 1.8 and dlogK;g/
dlog[H,0] = —18.3 + 2.3, respectively (Table 1). Similarly, the values
of the slopes of the log-log plots, obtained in the presence of DMSO,
are 0logK;o/0log[H,0]=—10.9 + 2.1 and 0dlogK;g/dlog[H,0]=
—17.34+2.3, respectively (Table 1). First, the values of the slopes of
the log-log plots, obtained for three different solutes, are, within
experimental accuracy, very similar, indicating that indeed the water
concentration is the dominant factor in the observed solute effects.
Second, the data indicate that association of the ssDNA oligomer that
engages only the strong subsite is accompanied by the net release of
~11 water molecules, while association of the polymerase with the
ssDNA, which can engage the total DNA-binding site is accompanied
by the net release of ~17-19 water molecules (see Discussion).

4. Discussion

4.1. The two dna-binding subsites of the ASFV Pol X engage sequentially
in interactions with the ssDNA

The intricate dependence of the macroscopic binding constant, Ky,
upon the length of the ssDNA (Fig. 2b), for the ssDNA oligomers can only
occur if the enzyme possesses at least two different intrinsic affinities for
the ssDNA [9]. Moreover, these two intrinsic affinities must be
generated by at least two interacting areas, which are spatially
separated on the enzyme molecule, i.e., two different sSDNA-binding
subsites. NMR structure shows the presence of two highly positively
charged helices, aC on the N-terminal domain and «E on the C-terminal
domain (Fig. 1a and b). The presence of the ssDNA-binding subsite on
the N-terminal domain is rather obvious, as it contains the catalytic site
of the polymerase [7,8]. However, this is not the subsite with which the
polymerase initiates the contact with the nucleic acid [9]. Direct
competition experiments using ds and ssDNA 10-mers, described in this
work, show that the primary DNA-binding subsite of the ASFV pol X,
independent of the DNA conformation, is located on the C-terminal
domain [10]. Moreover, FRET data indicate that once the C-terminal
domain makes contact with the ssDNA, the enzyme engages the weak
DNA-binding subsite on the catalytic N-terminal domain, leading to the
strongly bent structure of the bound nucleic acid, as required by the
spatial orientation of the DNA-binding subsites (Figs. 1a, b, and 4).
The kinetic studies described in the accompanying paper indicate that
the engagement of the N-terminal domain is very fast and occurs in a
time interval below ~1 ms.

4.2. The intrinsic affinity of the total DNA-binding site is not a simple
sum of contributions from the strong and the weak DNA-binding subsites

Although the total site-size of the ASFV pol X - ssDNA complex is 16 +
1 nucleotides, the enzyme binds only a single molecule of the ssDNA
oligomers from 8 to 10 nucleotides in length, even in solution conditions
where the intrinsic affinity is strongly amplified by the presence of
neutral solutes (see above). These data indicate that the affinity of the
weak DNA-binding subsite on the N-terminal domain must be at least ~2
orders of magnitude lower than the affinity of the strong DNA-binding
subsite on the C-terminal domain. Otherwise, binding of the second 8- or
10-mer to the enzyme would occur, which is not experimentally
observed [9,10]. Surprisingly, the intrinsic binding constants,
K,~14x10°M~ "' and K,~7.5x10° M~ ", differ only by a factor of
~5. Thus, the weak DNA-binding subsite on the N-terminal domain does
make a favorable contribution to the intrinsic affinity of the total DNA-
binding site, although not as much as it would be expected from the
subsite containing the catalytic site of the polymerase and, which
contains the same number of positively charged lysine residues as the
strong subsite [9,10].

The data strongly suggest that the ASFV pol X undergoes a significant
global conformational change induced by the engagement of the nucleic
acid in interactions with the N-terminal domain, accompanied by an
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Fig. 7. a. Fluorescence titrations of the ssDNA 24-mer, deA(peA),s, with the ASFV pol X
(Nex =325 nm, \¢;, =410 nm) in buffer C (pH 7.0, 10 °C), containing 50 mM NacCl and
1 mM MgCl,, at two different concentration of the nucleic acid, (Q) 1x10~5M and (m)
5.25x 1076 M, respectively. The solid lines are nonlinear least-squares fits of the
titration curves, using the combinatorial statistical thermodynamic model, described by
Egs. (18)-(20) with Kq=5.5x10° M, K,=7.0x10° M, ng=16, n,=7, o =1,
AF;=0.58, and AF,.,x=0.9 [9]. b. The dependence of the relative fluorescence
increase, AF,ps, upon the total average degree of binding, 20;, of pol X on the 24-mer.
The values of 20; have been quantitatively determined using the method described in
Materials and methods[31-33]. The solid line is the theoretical dependence of AF,s as a
function of 30;, obtained using eqs. 18-20 and obtained binding parameters. c. The
dependence of the natural logarithm of the binding constants, K, (M) and K, (Q), upon
the reciprocal of the temperature (Kelvin) (details in text).

unfavorable free energy change, which contributes to the observed large
difference in the intrinsic affinities between the two DNA-binding
subsites. This conclusion is further supported by the apparent enthalpy
changes and previously examined salt effect on the polymerase - sSDNA
interactions [9]. While binding of the ssDNA 10-mer is accompanied by a
release of ~1.3 ions, interactions of the nucleic acid with the total DNA-
binding site lead to the release of ~6 ions. As we pointed out above, this
would suggest that the N-terminal domain makes more ionic contacts
with the nucleic acid than the C-terminal domain, although both
domains contain the same number of three exposed lysine residues [7,8].
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Fig. 8. a. Fluorescence titrations of the ssDNA 10-mer, deA(peA)q, with the ASFV pol X (Nex =325 nm, Nemy =410 nm) in buffer C (pH 7.0, 10 °C), containing 50 mM NaCl, 1 mM NgCl,,
and different glycerol concentrations (w/v): 10% (M); 15% (Q); 17.5% (@); 20% (0O). b. Analogous fluorescence titrations of the ssDNA 18-mer, deA(peA)17, with the ASFV pol X. The
concentration of the ssDNA 10- and the 18-mer is 1 x 10~ 6 M. The solid lines are nonlinear least-squares fits of the titration curves, using the single-site binding isotherm defined by
Eq. (6). b. The dependence of the logarithm of the binding constants, K10 (Q) and K18 (M), upon the logarithm of water concentration. The solid lines are linear least-squares fits,
which provide the slopes, dLogK10/0Log[H20] = — 11.1 4+ 2.1 and 0LogK19/0Log[H20] = — 194 2.5, for the 10- and 18-mer, respectively (details in text). d. The dependence of the
logarithm of the binding constants, K10 (Q) and K18 (M), upon the logarithm of water concentration determined in the presence of glucose. The solid lines are the linear least-
squares fits, which provides the slopes, dLogK10/dLog[H20] = —10.9 4 2.1 and dLogK19/dLog[H20] = — 17.3 £ 2.3, for the 10- and 18-mer, respectively (details in text).

It also indicates that binding of the nucleic acid to the strong subsite is
not dominated by the electrostatic interactions. Notice, the number of ~6
ions released is exactly equal to the number of the lysine residues in the
total DNA-binding site, suggesting that, in the final equilibrium complex,
all 6 available lysine residues may make contact with the DNA. The
observed “asymmetric” ion release strongly suggests that the enzyme
adjusts its structure to the nucleic acid associated with the total DNA-
binding site, which leads to the engagement of all lysine residues on the
C-terminal domain in interactions with the DNA (see below).

4.3. Large positive enthalpy changes accompanying the ASFV pol X-ssDNA
interactions indicate that specific conformational changes of complex are
induced by the engagement of the DNA-binding subsite on the N-terminal
domain of the protein

A striking feature of the ASFV pol X-ssDNA interactions are large
and unfavorable enthalpy changes. Moreover the values of the
enthalpy changes are dependent upon the length of the associated
nucleic acid, i.e., they are very different for the strong DNA-binding
subsite, as compared to the total DNA-binding site. Thus, the apparent
enthalpy change is ~3-4 kcal/mol for the exclusive association of the
strong subsite with the nucleic acid, while interactions of the total
DNA-binding site with the DNA is accompanied by AH{~~14-
15 kcal/mol (Table 1). These thermodynamic characteristics are
preserved in the enzyme complexes with 24-mer indicating that
cooperative interactions between bound pol X molecules do not affect
the intrinsic interactions with the DNA. Notice, the value of AHR, could
even be larger because the complex, where the total DNA-binding site

is associated with the nucleic acid, is in internal equilibrium with the
complex where only the strong subsite is engaged in interaction with
the DNA [9]. The large difference between the enthalpy changes
provides a strong indication that a specific structural transformation
of the formed complex does indeed occur upon engagement of the
weak DNA-binding subsite (see above).

There are several factors, which could contribute to the observed
thermodynamic characteristics. At the excitation wavelength applied
(Nex =325 nm), the fluorescence increase of etheno-derivatives of the
ssDNA predominantly results from an increase of the quantum yield of
the nucleic acid in the complex with the ASFV pol X. Fluorescence of
€A is not very sensitive to the polarity of the environment, but is
principally affected by the structure of the nucleic acid and reflects the
increased separation, i.e., breaking stacking interactions and restricted
mobility of the nucleic acid bases [22,23]. The large increase of
etheno-derivative fluorescence upon complex formation with the
enzyme indicates breaking the stacking interactions and increasing
base separation, which must contribute to the observed positive
enthalpy change. However, the strong DNA-binding subsite directly
engages ~7 nucleotides while the total DNA-binding site directly
interacts with ~15 nucleotides. If unstacking of the bases was a
predominant cause for the observed positive enthalpy for the
engagement of the total binding site, then AHR would only be
approximately twice as large as that obtained for the strong subsite,
i.e., ~6 - 8 kcal/mol, not ~14-15 kcal/mol, as experimentally observed.
DNA bending may add to the positive enthalpy change, but the small
persistence length of the ssDNA oligomers makes such a contribution,
amounting to additional ~7-9 kcal/mol, unlikely.
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Notice, binding of the 14- and 16-mer, which make albeit inefficient
contact with the N-terminal domain, is characterized by an average
value of AHR ~ 8.7 kcal/mol, while an extra two bases, in the case of the
18-mer and full contact with the weak DNA-binding subsite on the N-
terminal domain, brings the apparent enthalpy change to the value of
~14 kcal/mol. Moreover, in the case of the 20-mer, a further increase of
the oligomer length by two bases, does not significantly affect this value
of the apparent enthalpy change (Table 1). The data indicate that the
engagement of the N-terminal domain by the bound DNA, which
encompasses the total DNA-binding site and the induced global
conformational transition of the complex is the major factor responsible
for the large positive enthalpy change in the polymerase binding to the
ssDNA. In this context, positive but much more modest changes of the
apparent enthalpy accompanying the binding of the DNA to the strong
DNA-binding subsite on the C-terminal domain could indeed be
dominated by the conformational transition of the bound nucleic acid,
i.e., breaking of the stacking interactions between bases.

4.4. The intrinsic affinities of the strong DNA-binding subsite and the total
DNA-binding site are predominantly driven by large entropy changes
resulting from the release of water molecules from both the N-terminal and
the C-terminal domain of the enzyme

Unlike the apparent enthalpy changes, the large apparent entropy
changes accompanying the DNA binding to the C-terminal or the N-
terminal domain correlate well with the length of the associated DNA
(Table 1). Thus, direct contact with ~7 nucleotides in the strong DNA-
binding site on the C-terminal domain is accompanied by AS} =~ ~30-
40 cal/mol °, while for the engagement of ~15 nucleotides within the
total DNA-binding site, is accompanied by AS} ~ ~80 cal/mol °. Such a
“proportional” behavior indicates that both the strong and the weak
DNA-binding subsite contribute equally to the observed positive
entropy changes. In other words, the apparent entropy changes
originate locally at each of the two DNA-binding subsites, without the
intervening conformational change of the entire complex. The insight
into the nature of the observed apparent entropy change comes from
the examination of the solvent effect on the examined intrinsic
affinities (Fig. 8c and d, Table 1). Formation of the complex,
exclusively at the strong DNA-binding subsite, is accompanied by
the release of ~11 water molecules, while binding of the ssDNA
oligomer, which encompasses the total DNA-binding site, induces the
release of ~19 water molecules, i.e., ~twice as many as the association
at the C-terminal domain and resulting in approximately twice as
large an entropy change.

The conformational changes of the DNA occurring in the complex,
as indicated by the observed fluorescence changes, cannot contribute
to the observed positive entropy changes. Strong immobilization of
the bases should lead to negative rather than positive entropy
changes. Thus, the released water molecules must predominantly
originate from the DNA-binding subsites of the polymerase. Interest-
ingly, high glycerol concentrations in solution strongly increase the
fluorescence changes accompanying the DNA binding to the enzyme
(Fig. 8a). This is in spite of the fact that the solute does not
significantly affect the free nucleic acid fluorescence (data not
shown). Rather, the increased dehydration of the complex induces
further separation and immobilization of the bases of the DNA
associated with the enzyme.

The role of the strong DNA-binding subsite on the C-terminal
domain emerges as the subsite with high intrinsic affinity that makes
primary initial contact with the DNA. Although the physiological role
of the weak DNA-binding subsite on the N-terminal domain is defined
by the presence of the active site of the polymerase, the role of a very
low intrinsic affinity of the weak subsite, resulting from unfavorable
enthalpy changes of the formed complex with the nucleic acid, is less
clear. It is possible that the low affinity and increased entropy of the
weak subsite-DNA complex provide a necessary flexibility of the

system for efficient catalysis and required by the constantly changing
structure of the associated DNA molecule.

Engagement of the total DNA-binding site is absolutely necessary
for catalysis. The large positive apparent enthalpy change character-
izing the total DNA-binding site-DNA interactions and the dominant
role of water molecules in affecting the intrinsic affinity of the
complex indicate that the enzyme can dramatically increase its
affinity for the total DNA-binding site at higher temperatures and,
particularly, in conditions that mimic the diminished solvent
concentration, e.g., by molecular crowding in the cell. Our laboratory
is currently addressing these issues.
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