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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 Ny 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 of3vgpl 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 (ASFY is the subject of  of the ASFV pol X show a structure which is very different
intensive studies as the factor responsible for acute hemor-from the structures of other known replicative or repair DNA
rhagic fever, which has a mortality approaching 100%, in polymerases 16—17). Pol X is only built of the palm
domestic pigs 1—5). Interestingly, the DNA genome of domain, which includes the first 105 amino acids from the
ASFV virus encodes two DNA polymerased—(7): a N-terminus of the protein and the C-terminal domain, built
replicative polymerase which belongs to the eukaryotic of the remaining 69 amino acid residues. The NMR structure
family B enzymes and another polymerase, a member of theof the enzyme is depicted in Figure 15]. The active site
pol X family, referred to as ASFV pol X4=9). ASFV pol of the DNA synthesis resides in the palm domain where the
X shows significant functional similarities to other DNA- triad of invariant aspartate residues, typical for DNA
repair polymerases that include distributive DNA synthesis polymerases, is located3, 16). Moreover, the palm domain
on template-primer DNA substrates and efficient filling of contains a positively charged helxC, located at the surface
single nucleotide gap${-7). This spectrum of functional  of the domain. Similarly, the C-terminal domain contains a
activities and the fact that the ASFV genome codes for highly positively charged helixqE. These structural features
another strictly replicative DNA polymerase along with suggest that both the palm and the C-terminal domain are
several enzymes that perform most of the base excision repaiengaged in interactions with the DNAY, 16, 18).

(BER) pathway indicate that the ASFV pol X is involved in A puzzling problem in the DNA recognition mechanism,
the repair processes of the viral DNA, damaged by the hostby a DNA repair polymerase, is the fact that the enzyme
reaction to the viral infection8—214). must recognize the damaged DNA containing a small sSDNA

With a molecular weight of~20000, ASFV pol X is  gap, in the context of the large excess of the dsDNB—
currently the smallest known DNA polymerase. NMR studies 25). Our recent quantitative studies shed light on the complex
interactions of the ASFV pol X with the nucleic acidlg).

e en oo o Bepanacot o oy ThE (01l site-sze of the pol XSsDNA complex is 16 2
and Molecular Bﬁology, The University of TeF;as Medical Branch aty nUde_Ot'de residues, Surp“s',“g'_y Iarge for such a small
Galveston, 301 University Boulevard, Galveston, TX 77555-1053. protein. The total ssDNA-binding site has a complex
Tel: (409) 772-5634. Fax: (409) 772-1790. E-mail: wbujalow@utmb.edu. heterogeneous structure. It contains the proper ssDNA-

1 Abbreviations: ASFV, African swine fever virus; DTT, dithio- s ; ;
threitol; ssSDNA, single-stranded DNA; dsDNA, double-stranded DNA; binding site, a structurally and functionally separated area,

MCT method, macromolecular competition titration method; BER, base characterized by the high n_UC|eiC acid affinity, which
excision repair. encompasses only# 1 nucleotides. On the other hand, the
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A B MQ (Milli-Q Plus) water. The standard buffer C is 10 mM
sodium cacodylate adjusted to pH 7.0 with HCI 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, €250 = 1.541 x 10* cm™* M1, obtained with the
approach based on Edelhoch’s methad, 35).

Ficure 1: (@) Three-dimensional structure of the ASFV pol X Nucleic Acids All unmodified and modified ssDNA
?rgtrﬁ":ﬁg bNyt’;'r'\rfq'i?nS;”gifefﬁg)-pIg‘t‘;iEritoﬁggtit’Qi?ﬁeaggnzezigr‘:%?n oligomers were purchased from Midland Certified Reagents
while the remaining 69 amino acid residues form the C-terminall (Midland, TX). The mOd'f'e_d S_SDNA oligomers contain a
domain of the enzyme. The domains are marked in green andfluorescent label, fluorescein, introduced through phospho-
turquoise colors, respectively. Also, the lysine residues, 59, 60, andramidate chemistry. Thus, the fluorescein residue is placed
63 in the palm domain, and the lysine residues 131, 132, and 1333s an analogue of an additional base in each modified DNA.

contained in theaC helix the aE helix of the palm and the  concentrations of all ssSDNA oligomers have been spectro-
C-terminal domain, respectively, are selected and marked in red

and blue colors, respectively. (b) Schematic representation of the photometrically determined3(—33, 36—40).

ASFV pol X domain structure with the total DNA-binding site of Fluorescence MeasurementSteady-state fluorescence

the polymerase engaged in the complex with the ssDNB) (The titrations were performed using the SLM-AMINCO 8100C

darker areas mark the two presumed DNA-binding subsites. Thewith polarizers were placed in excitation and emission

small red area indicates the location of active site of the enzyme. channels and set at 9and 53 (magic angle), respectively

enzyme can engage an additional binding area in interactions(3o_33’ 36-44). The binding was followed by monitoring

with the DNA at a distance of-7—8 nucleotides from the e fluorescence of the nucleic acith(= 495 nm,dem =
proper site. However, in complexes with the longer ssDNA 520 nm). Computer fits were performed using Mathematica

oligomers, pol X does not form different binding modes (Wolfram,_ IL) and KaleidaGraph (S_ynergy Software_, PA).‘
where the enzyme engages only one of its DNA-binding The relative fluorescence quenching of the nucleic acid
subsites in interactions with the DNA. Such different binding emission.AFas UpoN the ASFV ppl X bmdu_’lg 1S defined
modes were observed for the mammalian Bolwhich 85 AFobs = (Fo — Fi)/Fo, whereF; is the emission of the
belongs to the same DNA polymerase famil@{25). This DNA substrate at a given titration point”> and Fy is the
different behavior indicates that both DNA-binding areas, Mtial value of the emission of the sampl2X 26, 30, 33).
within the total DNA-binding site of pol X, are less Q_ua_nutatwg Determination of Binding Isotherms and
autonomous than observed for gband/or that the enzyme ~ Stoichiometries of the ASFV Pol-Gapped DNA Com-
cannot adjust its orientation on the ssDNA to enable the Plexes In this work, we followed the binding of pol X to
binding of another polymerase moleculd¢26). the gap_ped DNA substrates by monitoring the fluorescence
Interactions of a DNA polymerase, with the DNA, play a dueénching,AFqs of the nucleic acid upon the complex
vital role in the function of the enzyme as one of the major formatpn. Quantitative estimates of the total average degree
elements, which determine the degree of fidelity of the DNA Of binding, =@;, (number of the ASFV pol X molecules
synthesis, as the polymerase complex with the DNA con- bound per DNA substrate) and the free protein concentration,
stitutes the binding and recognition site for ANTRS+ Pr, have been previously described in detail by 26& 80—
29). Moreover, in the case of a DNA repair polymerase, 33 36—45). Briefly, the experimentally observesios has
elucidation of the enzyme interactions with the nucleic acid & contribution from each of the different possible
is of paramount importance for understanding the recognition c0mplexes of pol X with the DNA. Thus, the observed
mechanism of the damaged DNA&-26, 30—33). How a relative fluorescence quenching is functionally relateE@
polymerase, with such a simplified structure as the ASFV by
pol X, recognizes ssDNA gaps in the damaged DNAs is
unknown. In spite of its paramount importance for under- AF = ZQiAFimx (1)
standing the DNA recognition process by a DNA repair

polymerase and the ASFV pol X in particular, the directand \yhere AF, _ is the molecular parameter characterizing the
quantitative analyses of pol X interactions with the gapped maximum fluorescence quenching of the nucleic acid with
DNA have not been addressed. The fundamental aspects ohg| x pound in complex . The same value 0fAFops

these interactions, like stoichiometries, intrinsic affinities, optained at two different total nucleic acid concentrations,
cooperativities, and the role of the size of the sSSDNA gap in n. andNy,, indicates the same physical state of the nucleic
the recognition process, are unknown. acid, i.e., the degree of binding,®;, and the free protein
concentrationPg, must be the same. The valuesyd®; and
MATERIALS AND METHODS Pr are then related to the total protein concentratidhs,
Reagents and Bufferall chemicals were reagent grade. andPr,, and the total nucleic acid concentratioh, and
All solutions were made with distilled and deionized .8 Nr,, at the same value atFq,s by
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CGCACGTCAG-(Fu)-AAAA-GCAGGCTCGT
Pe= PTX - (z@)i)NTx ) 5' @ 3
where x = 1 or 2 6, 30—-33, 36—45. Quantitative B 3 5 3 5
determinations of binding isotherms for the ASFV pol X GCGTGCAGTC CGTCCGAGCA
association with unmodified gapped DNA substrates have BERERENEE LLLLLLT T
. - CGCACGTCAG-(u)-AAA-GCAGGCTCGT
been performed using the macromolecular competition 5 3
titration (MCT) method 26, 42).
C
RESULTS 3 5 . 5
GCGTGCAGTC CGTCCGAGCA
Binding of the ASFV Pol X to the Gapped DNA Substrates [T [T
Containing Different Number of Nucleotides in the ssDNA cGCACGTCAG-@-AA-GCAGGCTCGT

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 increaseD
(18). A similar large fluorescence increase is observed for GeC
the gapped DNA substrates containing etheno-derivatives of [
adenosine (see below). However, the fluorescence intensity ce
of the etheno-adenosine, when embedded into an oligomer,
is significantly diminished46, 47). As a result, in the case E
of high-affinity interactions between the ASFV pol X and 3 5 3 5
gapped DNA substrates examined in this work, the concen- GGG TCCG
tration of the DNA substrate necessary to perform high- L(L(L @ ‘L ‘lz
resolution fluorescence titrations makes it very difficult to 5 3
address both stoichiometries, as well as the intrinsic affinities Figure 2: A series of gapped DNA substrates that are used to
of the enzyme. On the other hand, we have found that bindingexamine the interactions with the ASFV pol X. Each DNA substrate
of the enzyme to gapped DNAs, containing the fluorescein has two dsDNA parts at the Bnd (downstream from the primer)
residue, in place of one of the bases in the ssDNA gap, is and at the 3end (primer location) of the template strand, which

. . are identical in all substrates. The dsDNA parts are separated by
accompanled t_)y a large f_Iuorescence quenCh'ng of t_hethe ssDNA gap containing five (A), four (B), three (C), two (D),
nucleic acid emission. The high quantum yield of fluorescein and one (E) nucleotide. The template strand contains a fluorescent
provides the required signal to monitor the enzyme-gapped label, fluorescein, introduced through phosphoramidate chemistry

DNA Comp|ex formation at experimenta”y adequate DNA at the 5 end of the ssDNA gap. Thus, the fluorescein residue, which
concentrations24, 25, 30, 33) provides the signal to monitor the interactions with the ASFV pol

o _ X, is placed as an analogue of an additional base in each gapped
The gapped DNA substrates, used to examine interactionsDNA substrate.

with ASFV pol X, are depicted in Figure 2. All DNA

substrates contain two dsDNA parts each having 10 bps. TheMethods 26, 30—33, 36—45). Figure 3b shows the depen-
length of the dsDNA parts is dictated by the site-size of the dence of the observed relative fluorescence quenchiig,
proper DNA-binding site of the enzyme, which encompasses as a function of the total average degree of bindpn@;, of

7 £ 1 nucleotidesX8). The primary structure of the dsDNA  the ASFV pol X on the considered DNA substrate. The plot
parts is identical in all gapped DNAs. The dsDNA parts are is, within experimental accuracy, linear. We could determined
separated by the ssDNA gap, which has five, four, three, the total average degree of binding up tdl.6. Short
two, and one nucleotide. The bases of the nucleotide residuesxtrapolation ofy ®; to the maximum fluorescence quench-
in the ssDNA gap are all adenosines with the exception of ing, AFmax = 0.58=+ 0.03, provides a value gi®; = 2 +

the residue at the'%end of the gap that is replaced by 0.2. Thus, at saturation, two ASFV pol X molecules bind to
fluorescein. It provides the signal to monitor the interactions. the gapped DNA substrate containing 5 nucleotides in the
The size of the ssDNA gap is referred to the size that includesgap.

the analogue. Such large stoichiometry is very surprising in light of the
Fluorescence titrations of the DNA substrate, having a fact that the ASFV pol X does not form different binding
ssDNA gap with five nucleotides (Figure 2; substrate A), modes with the ssDNA1@). Fluorescence titrations of the
with the ASFV pol X at two different nucleic acid concen- DNA substrate, having a ssDNA gap of two nucleotide
trations, in the standard buffer C, containing 198 mM NaCl residues in length (Figure 2; substrate D), with the ASFV
and 1 mM MgC}, are shown in Figure 3a. The relative pol X at two different nucleic acid concentrations are shown
guenching of the nucleic acid fluorescence reaches the valuan Figure 3c. The relative quenching of the nucleic acid
of 0.58 + 0.03 at saturation. To quantitatively obtain the fluorescence reaches the value of 0458.04 at saturation,
total average degree of bindin§®;, independent of any  which is similar, although not identical, to the value observed
assumption about the relationship between the observedfor the substrate with the ssDNA gap containing five
signal and) ©;, the titration curves in Figure 3a have been nucleotides. Figure 3d shows the dependence of the observed
analyzed, using the approach outlined in Materials and relative fluorescence quenching as a function of the total

©
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Ficure 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, 10C), containing 198 mM NacCl, and 1 mM Mgg£lat two different concentrations of the nucleic acid,

5x 10°M (m) and 1.2x 10°8 M (O), respectively. The solid lines are the nonlinear least-squares fits of the experimental titration curves
to the model of two distinct cooperative binding sites (eg€f3using a single set of binding and spectroscopic paraméfers; 6.5 x

1ML Kp=65x 1ML, 0 =1, AFg = 0.29, andAFp = 0.29 (see text for details). (b) The dependence of the observed relative
fluorescence quenchingyF, upon the total average degree of bindiii@);, of the ASFV pol X on the DNA substrate with five nucleotide
residues in the ssDNA gap. The valuess@; 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 quenchiiBa, 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@)1@ontaining 198 mM NacCl

and 1 mM MgC}, at two different concentrations of the nucleic acid«3.07° M (H) and 1.2x 10-8 M (O), respectively. The solid lines

are the nonlinear least-squares fits of the experimental titration curves to the model of two distinct cooperative binding site8) (eqs 4
using a single set of binding and spectroscopic paramefers; 6 x 10°° M1, Kp = 6.5 x 18 M~1, 0 = 230, AFg = 0.263, andAFp

= 0.263 (see text for details). (d) The dependence of the observed relative fluorescence queichimmn the total average degree of
binding, 3 ©;, of the ASFV pol X on the DNA substrate with two nucleotides in the ssDNA gap. The valug®phave 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 quaRghingarked by the

solid horizontal line.

average degree of bindin§,®;, of the ASFV pol X on the complex does depend upon the size of the ssDNA gap (see
considered DNA substrate. As previously observed (Figure Discussion).

3b), the plot is, within experimental accuracy, linear. We  gtatistical Thermodynamic Model of ASFV Pet&apped
could determined the value of the total average degree of pNA Interactions The data discussed below show that the
binding up to3 ©; ~1.9. Very short extrapolation gf©; to binding of the ASFV pol X to the gapped DNA substrates
the maximum fluorescence quenchifgmax = 0.53=+ 0.04, with the ssDNA gap containing less than four nucleotides is
providesy ®; = 24+ 0.2. Thus, at saturation, two ASFV pol  characterized by a significantly higher affinity than the
X molecules bind to the gapped DNA substrate containing binding of the second ASFV pol X molecule (see below).
two nucleotides in the ssDNA gap, the same number of This indicates that, analogously to the mammalian/ait
polymerase molecules as observed for the substrate with fivea lower concentration of the enzyme, the ASFV pol X can
nucleotides in the gap (Figure 3b). Analogous, quantitative form a high-affinity gap complex2l, 22). Moreover, the
studies have been performed with the entire series of theenzyme can also associate with the dsDNA parts of the
gapped DNA substrates, and the obtained maximum sto-nucleic acid with significantly lower affinity than in the gap
ichiometries are included in Table 1. It is evident that the complex. At higher protein concentrations, two polymerase
maximum stoichiometry of the ASFV pol-Xgapped DNA molecules are associated with the DNA substrate, each
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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,°C)

Containing 198 mM NaCl and 1 mM Mggl

ssDNA gap maximum Ke Kb
(N) stoichiometry (MY (M) o AFg AFp AFmax
1 2.0+ 0.2 (6.0+ 1.6) x 10t° (6.5+1.6) x 10 200+ 60 0.53+0.03 0.12+ 0.03 0.65+ 0.04
2 2.04+£0.2 (6.0+ 1.6) x 10% 6.5+ 1.6)x 10° 230+ 60 0.26+ 0.03 0.26+ 0.03 0.53+ 0.04
3 2.3+0.2 (2.0+£ 0.4) x 10t° (6.5+1.6) x 10 30+ 10 0.55+ 0.05 0.11+ 0.03 0.66+ 0.04
4 2.34+0.2 (1.3+0.3)x 1 6.5+ 1.6) x 10° 28+1 0.33+0.03 0.32+ 0.03 0.65+ 0.03
5 2.0+0.2 (6.5+ 1.6) x 1¢° (6.5+1.6) x 10 1.0+0.3 0.29+ 0.03 0.29+ 0.03 0.58+ 0.03

2 The errors are standard deviations determined usirg iBdependent

titration experiments. See text for details.

molecule associated with the dsDNA part of the gapped DNA
substrate 1, 22, 26, 42, 48—50). The simplest partition
function, Zg, of the system, which describes such behavior,
is defined by

Zo =1+ (Kg + Kp)Pe + 0Kp? P2 (4)
whereKg andKp 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

o is the cooperative interactions parameter, which character-
izes possible cooperative interactions between bound ASFV

pol X molecules. The total average degree of bindn@,

is then defined as
S6 - (K + Kp)Pg + 20K,2 P2
| Zs

The observed relative fluorescence quenchiAds, is
described by

(5)

o AFKPe + AFpKpPe + 2AF 0K P
B Zs

where AFg, and AFp 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 %1, 22, 26).

There are five independent paramet&Fss, AFp, Kg, Kp,
ando in egs 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 ohFg can be obtained from the plots
of AF as a function ofy ©;, as depicted in Figures 3b and
3c, AFc = dAF/d(3 ©®;). Moreover, the linear character of
the plots in Figures 3b and 3c indicates th#ds = AFp for
these particular DNA substrates (Table 1). The valuafe$

(6)

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 ig = 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 constankp, for the independent binding

of the ASFV pol X to the dsDNA parts of the gapped DNA
substrate with the value of (6% 1.6) x 10° M. Notice,
because the binding process is independent, the vallig of
must be the same for all examined DNA substrates in the
same solution conditions (see below).

Knowing the value oKp = (6.5+ 1.6) x 10® M1, 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 AFc = AFp = 0.26 £ 0.03. This leaves three binding
parametersg, Kp, ando, 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 fir§0%
of the titration curve is nearly stoichiometric, i.e., the
concentration of the free pol Xk, constitutes an experi-
mentally undetectable fraction of the total protein concentra-
tion, Pr, at low total polymerase concentratior2§). On the
other hand, the value oKg at 198 mM NaCl can be
determined from the salt dependence of the intrinsic affinities

can be determined from the maximum observed fluorescenceof the enzyme discussed below, which provities= (6.0

quenching a&\Fmax= 2 x AFp. Nevertheless, there are still
three binding parameterkg, Kp, ando, which remain to

+ 1.6) x 10 M. The solid lines in Figure 3c are nonlinear
least-squares fits of the experimental isotherm to eg8,4

be determined. The strategy of determining them is discussedusing the determined values &fFg, AFp, K, andKp with

below.
Intrinsic Affinities and Cooperatities of ASFV Pol X

a single fitting parameter;, which provides = 230 4 60.
Analogous analyses have been performed for all examined

Binding to the Gapped DNA Substrates in the Presence ofgapped DNA substrates, with the obtained spectroscopic and

MagnesiumThe solid lines in Figure 3a are nonlinear least-
squares fits of the experimental titration curves to eg$ 4
with three fitting parameters, which provida = (6.5 £
1.6)x 1M1, Kp = (6.5+ 1.6) x 18 ML, ando = 1,

for the gapped DNA substrate with 5 nucleotides in the
ssDNA gap. The theoretical curves provide an excellent

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 showa§, @2).
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26 , . r . T nucleotides have similar values @fi.e., approximately 200.
a For the gap with three and four nucleotides, the value of
[ u diminishes by an order of magnitude for each additional
24 | i 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
2| | the ASFV pol X binding to the ssDNALQ) (see Discussion).
Salt Effect on ASFV Pol XGapped DNA Interactions
To obtain further insight into the ASFV pol X interactions
A 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 Length (Nucleotides) ssDNA gap containing only two nucleotides (Figure 2,
' ' : ' ' substrate D) and the gapped DNA substrate with the ssDNA
b gap containing five nucleotides (Figure 2, substrate A).
i i Recall, the ASFV pol X is not capable of forming the gap
2 i 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,
or L containing 1 mM MgC] and different NaCl concentrations,
are shown in Figure 5a. At higher concentrations of NaCl,
_ . . . . the titration curves shift toward higher total protein concen-
0 1 2 3 4 5 trations, indicating a decreasing macroscopic affinity of the
ssDNA Gap Length (Nucleotides) polyr_nerz_:\senucleic acid co_mplgx. Quantitative analy_sis_of
Ficure 4: (a) The dependence of the intrinsic binding constant, the titration curvgs shown in Figure 5a, to exiract binding
K (M) andKp (O), characterizing the formation of the gap complex and spectroscopic parameters, has been performed analo-

and the binding to the dsDNA, respectively, upon the length of the gously, as described above.
ssDNA gap (nucleotides), in buffer C (pH 7.0, 10), containing The dependence of the logarithm of the binding constants,
198 mM NaCl and 1 mM MgGl (b) The dependence of the K¢ andKp, upon the logarithm of [NaCl] (loglog plot) is
cooperauvny parametea, characterlzmg cooperatlve Interactions shown in Figure 5b31 52)_ There are two important aspects
between bound ASFV pol X molecules, upon the length of the ; ’ !
ssDNA gap (nucleotides), in buffer C (pH 7.0, 10), containing of these data. First, at any salt concentration, the values of
198 mM NaCl and 1 mM MgGl both binding constants are virtually identical and the value
of the cooperativity parameteo, is 1 (Figure 5a). These
The dependence of the natural logarithm of the intrinsic results fully support the conclusion that the gap complex is
binding constant¥s andKp, as a function of the length of  not formed and independent and exclusive binding of the
the ssDNA gap (nucleotides) is shown in Figure 4a. Such a ASFV pol X to two dsDNA parts of the DNA substrate is
plot reflexes the relative free energy differences between theobserved (see above and Discussion). Second, both binding
formed complexes with the gapped DNA substrate. For the constants show virtually the same dependence upon the salt
ssDNA gap containing one and two nucleotide residues, theconcentration. These data are also in excellent agreement

Ln K

H ik

0 1 2 3 4 5

Lno

obtained value of the intrinsic binding constantsg, with the independent and exclusive binding of two ASFV
characterizing the formation of the gap complex, is a factor pol X molecules to two dsDNA parts. In other words, the
of ~ 200 higher than the intrinsic binding constalds, for same salt effect should be observed for the binding of the

the association with the dsDNA, which is the same for all ASFV pol X to the dsDNA parts of any other gapped DNA
DNA substrates (see above). For the ssDNA gap containingsubstrates where the polymerase can form the gap complex
three nucleotides, the value K is diminished by a factor ~ (see below). The plots are linear in examined salt concentra-
of ~3, from 6 x 101°M~1to 2 x 101° M1, The dramatic  tion ranges with the slope of the plots) lpg Kg)/(d log
drop in the value oKg by a factor of~50 is observed for  [NaCl]) = (d log Kp)/(d log [NaCl]) = —1.4+ 0.3, indicating
the gap containing four nucleotides. Finally, as pointed out that, in examined solution conditions, association of the
above, when the ssDNA gap contains 5 nucleotides, pol X polymerase with each of the dsDNA parts of the gapped
is not capable of forming the gap complex. The enzyme DNA substrate is accompanied by the net release b#
exclusively binds to two dsDNA, resulting in the same ions G1, 52).
apparent values dfs andKp (see Discussion). The situation is very different for the gapped DNA
These changes in the intrinsic affinities, as a function of substrate with the sSDNA gap containing two nucleotides,
the length of the ssDNA gap, are paralleled by the changeswhere the ASFV pol X forms the high-affinity gap complex.
in the cooperative interactions. Figure 4b shows the depen-Fluorescence titrations of the gapped DNA substrate, having
dence of the natural logarithm of the cooperative interaction the ssDNA gap containing two nucleotides, with the ASFV
parameterg, as a function of the length of the gap. The pol X are shown in Figure 5c. Quantitative analysis of the
substrates with the ssDNA gap containing one and two titration curves, shown in Figure 5c, has been performed
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Ficure 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, 10C), containing 1 mM MgGl and different NaCl concentrationsl) 198 mM, (0) 296 mM, @) 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 @), usingKe = 6.5 x 1 M~1, Kp = 6.5 x 18 M1, 0 = 1, AFg = 0.29, andAFp = 0.29 @),
Ke=43x 1ML Kp=43x 1ML, 0 =1, AFg = 0.26, andAFp = 0.26 0), Kc = 2.8 x I ML, Kp =28 x 1B M, o =

1, AFG = 0.24, andAFD =0.20 p), Ke = 2.3x 108 Mil, Kp = 2.3x 108 Mil, o=1, AFG =0.20, andAFD =0.15 p), Kg = 1.8 x

1ML Kp=18x 1ML, 0 =1, AFg = 0.18, andAFp = 0.11 (@®). The concentrations of the DNA substrate arg 20-° M. (b)

The dependence of the logarithm of the intrinsic binding const&zi¢M) andKp (O), 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@©) &0ntaining 1 mM

MgCl,. 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 7.07@) containing 1 mM MgGl and different NaCl
concentrations: i) 198 mM, ) 296 mM, @) 394 mM, ©) 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{€&)subingkes = 6 x 101° M1, Kp = 6.5

x 108 M1, 0 = 230,AFg = 0.263, andAFp = 0.263 @), K =6 x 1 M1, Kp = 4.3 x 1B M1, 0 = 90, AFg = 0.263, andAFp =

021 O),Ke=2x 1°M L, Kp =2.8x 18 ML, 0 = 45, AFc = 0.263, andAFp = 0.17 @), Kc = 8 x 1 M}, Kp = 2.3 x 18 M},

0 =30,AFg = 0.263, andAFp = 0.135 0), K = 3.3 x 1M, Kp = 1.8 x 18 M1, 0 = 23,AFg = 0.11, andAFp = 0.11 (#). The
concentrations of the DNA substrate are<510-° M. (d) The dependence of the logarithm of the intrinsic binding const#&ei$m), Kp

(O), and cooperativity parameter,(®), 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 7.07@ containing 1 mM MgGl The slopes of the plots are included in the
panel.

analogously, as described above, with the following differ-  The dependence of the logarithm of the binding constants,
ences. The values & at a given salt concentration, i.e., Kg, upon the logarithm of [NaCl] (loglog plot) is shown
the salt dependence of the intrinsic affinity of the ASFV pol in Figure 5d. For comparison, the le¢pg plot for theKp is

X for the dsDNA parts of the DNA substrate, have been also included in Figure 5d. Unlike the behavior of the gapped
taken as the same as observed in the independent binding oDNA substrate with five nucleotides in the ssDNA gap, both
the ASFV pol X to the dsDNA parts of the gapped DNA plots dramatically differ in the values of their slopes. For
substrates containing the ssDNA gap with five nucleotides the gap complex, the slope i8 [og Kg)/(d log [NaCl]) =
(see above). Also, for the titration at the lowest applied salt —5.5 + 0.6, indicating that the net release of-6 ions
concentration (198 mM NacCl), where the initiad50% of accompanies the formation of the gap complgk 62). It

the titration curve is nearly stoichiometric, the valuekef should be stressed that the valuekgfat 198 mM NaCl is
has been determined from the salt dependend¢&spfising not used in determining the slop@,l6g Kg)/(d log [NaCl]),
four values of the same parameter obtained at higher saltof the plot in Figure 5d, but it is determined from this plot
concentrations, where the titrations curves are not stoichio- (see above). Thus, this value K is not included in the
metric (Figures 5c¢ and 5d). log—log plot. It is evident that the net number of ions
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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, 10C), containing 1 mM MgGCland different NaBr concentrationsl) 198 mM, ) 296 mM, @) 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-@) (see text for details), usings = 4 x 100°M-1, Kp =4 x 10° M1, 0 = 1, AFg = 0.41, and

AFp =035 @), Kc=17x 1I®M 1L, Kp =65x 18 M1, 0 =1, AFs = 0.33, andAFp, = 0.30 O), K =4 x 1 M1, Kp = 2.5

x 1B M™%, 0 =1, AFg = 0.26, andAFp = 0.23 @), K = 1.5x 18 M7, Kp = 1.7 x 1 M1, 0 = 1, AFg = 0.18, andAFp = 0.14
(©0),Kc=8x 10 M1, Kp =14 x 18 M1, 0 =1, AFg = 0.12, andAFp = 0.10 @®). The concentrations of the DNA substrate are

5 x 107° M. (b) The dependence of the logarithm of the intrinsic binding const&yM) and Ky (O), 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@).0, 10
containing 1 mM MgCJ. 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 7.3Z)1@ontaining 1 mM MgGland
different NaCl concentrations:m) 198 mM, @) 296 mM, @) 394 mM, ©) 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 sitesGeqgith K = 2 x 10t°

ML Kp=4x 1® M™%, 0 = 1, AFg = 0.37, andAFp, = 0.28 @), Kc =7 x 1B M™L, Kp = 6.5 x 1B M™%, 0 = 1, AFg = 0.35, and
AFp=025Q0),Kc=15x 1M, Kpb=25x 1ML, 0 =1, AFg = 0.31, andAFp, = 0.23 @), Kc = 7.5 x 100 M™%, Kp = 1.7

x 18 M1, 0 =1, AFg = 0.27, andAFp = 0.195 ©O), Kg = 3.5 x 10 M}, Kp = 1.4 x 1 M™%, 0 = 1, AFg = 0.24, andAFp = 0.15

(®). The concentrations of the DNA substrate arg 20-° M. (d) The dependence of the logarithm of the intrinsic binding constiats,

(m), andKp (O), 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, £€), containing 1 mM MgGClL The slopes of the plots are included in the panel.

released accompanying the formation of the gap complex issubstrate, with the ssDNA gap containing two nucleotides,
significantly larger than the net number of ions released upon are shown in Figure 6¢. Quantitative analyses of the titration
binding of the polymerase exclusively to the dsDNA Igg curves, shown in Figures 6a and 6c¢, have been performed
Kp)/(d log [NaCl]) = —1.4+ 0.3] (see Discussion). The leg analogously as described above, for titrations performed in
log plot of the cooperativity paramete, is also included the presence of NaCl. The replacement of chloride anions
in Figure 5d. The slope i9(og 0)/(d log [NaCl]) = —2.5 for bromide has a dramatic effect on the thermodynamic

+ 0.5, indicating that the net release of2.5 ions ac- behavior of the system. Recall, in the presence of NaCl, the
companies the cooperative interactions between the boundASFV pol X is not capable of forming the gap complex when
pol X molecules (see Discussion). the ssDNA gap contains five nucleotides at any examined

Fluorescence titrations of the gapped DNA substrate, [NaCl] (Figure 4a). However, at a lower [NaBr], the values
having the ssDNA gap containing five nucleotides, with the of K¢ are significantly higher than the valuesk for both
ASFV pol X in the standard buffer, containing 1 mM MgCl  gapped DNA substrates. Thus, in the presence of NaBr, the
and different NaBr concentrations, are shown in Figure 6a. ASFV pol X can form the gap complex with the gapped
Analogous fluorescence titrations of the gapped DNA DNA, which has the ssDNA gap containing five nucleotides
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(see Discussion). Nevertheless, the cooperativity parametewalues ofKg, determined at the remaining salt concentrations.
value iso = 1, indicating that binding of the enzyme to the Subsequently, this titration curve has been fitted with two
dsDNA parts of the DNA substrates is still independent, as binding parameter¥p ando (Figure 7a).

observed in the presence of NaCl. On the other hand, in the The results depicted in Figure 7a indicate a dramatic
presence of NaCl or NaBr, the enzyme forms the gap difference, as compared to the analogous data obtained in
complex when the ssDNA gap has only two nucleotides the presence of magnesium, and are analogous to the
(Figure 6¢). Nonetheless, the valuelaf, even at the lowest  behavior observed in the presence of NaBr (see above). Thus,
examined [NaBr] (198 mM), is only an order of magnitude in the absence of magnesium, instead of independent and
larger tharKp, instead of 2 orders of magnitude difference, exclusive binding of the enzyme to two dsDNA parts of the
obtained at the same NaCl concentration (Figures 4a, 5a).gapped DNA substrate, the formation of the gap complex is
Moreover, unlike the binding in the presence of NaCl, clearly observed (Figure 7a). Although the difference be-
binding to the gapped DNA substrate, with the gap containing tween the affinities is not as pronounced as that observed in
two nucleotides, in the presence of NaBr is characterized the presence of magnesium, the valudgfis significantly

by o0 = 1, at any examined [NaBr] (see Discussion). larger, by approximately 1 order of magnitude, thég,

The dependences of the logarithm of the binding constants,particularly at lower salt concentrations, analogous to the
Ks and Kp, upon the logarithm of [NaBr] (loglog plot), behavior observed in the presence of NaBr (Figure 7a). The
for the gapped DNA substrate with five or two nucleotides dependence of the logarithm of the intrinsic binding con-
in the ssDNA gap, are is shown in Figures 6b and 6d, stants,Ks andKp, upon the logarithm of [NaCl] (loglog
respectively. In the case of the substrate with five nucleotides plot), obtained in the absence of magnesium, is shown in
in the gap, the slopes of the plots ai®l6g Kg)/(d log Figure 7b. For the gap complex, the sloplag Kg)/(d log
[NaBr]) = —6.2+ 0.8 and § log Kp)/(d log [NaBr]) = —3.7 [NaCl]) = —5.7+ 0.6, indicating that the net release of6
=+ 0.5 (Figure 6b). For the gapped DNA substrate with two ions accompanies the formation of the gap complex, the same
nucleotides in the gapg(og Kg)/(0 log [NaBr]) = —6.1+ as observed in the presence of magnesium. On the other hand,
0.8 (Figure 6d). First, these data indicate that the gap complexthe slope, § log Kp)/(d log [NaCl]) = —2.8+ 0.5, is larger
is indeed formed with the substrate containing five nucleo- than that observed in the presence of‘¥dNevertheless, it
tides in the gap, which has the same thermodynamic re-is approximately a factor of 2 smaller than determined for
sponse, to the increasing [NaBr], as the gap complex formedthe gap complex. However, the cooperativity parameter value
with the substrate containing the gap with two nucleotides. is ¢ = 1 at any examined salt concentration and indicates
Second, both slopes are larger than the analogous parametetdat the intrinsic binding constanKp, characterizes the
obtained in the presence of NaCl, indicating that anions independent binding of pol X to, exclusively, the dsDNA
participate in the ion release accompanying the formation parts of the gapped DNA substrate.
of the gap complex and the ASFV pol X binding to the Fluorescence titrations of the gapped DNA substrate, with
dsDNA parts of the gapped DNA substrates (see Discussion).the ssDNA gap having two nucleotides, with the ASFV pol
It is interesting that the cooperativity parameterjs inde- X in the standard buffer, containing 0.1 mM EDTA and
pendent of the [NaBr] concentration, while it is strongly different NaCl concentrations, are shown in Figure 7c.
dependent upon [NaCl] (Figures 7c and 5d). Such a profoundQuantitative analysis of the titration curves, shown in Figure
difference, which depends on the type of anion in solution, 7c, has been performed analogously as described for the
indicates that anions are participating in ion release ac- analysis of titrations performed in the presence of magne-
companying the cooperative interactions between bound polsium. The dependence of the logarithm of the binding
X molecules (see Discussior§, 52). constantsKg, on the logarithm of [NaCl] (log-log plot) is

Role of Magnesium in ASFV Pol->Gapped DNA shown in Figure 7dg1, 52). For comparison, the leglog
Interactions The experiments described so far have been plot for theKp is also included in Figure 7d. In the absence
performed in the presence of magnesium cations, which playof magnesium, the main aspects of this+4dgg plot are
a key role in the catalytic mechanisms of DNA polymerases similar to the analogous plot obtained for the gapped DNA
(9, 15, 17, 53). To assess the role of magnesium in the ASFV substrate with the ssDNA gap containing five nucleotides
pol X interactions with the gapped DNA substrates, we (Figure 7b). The slopeg(og Kg)/(d log [NaCl]) = —5.1+
examined the salt effect on intrinsic affinities and cooper- 0.6, indicates that the net release~e% ions accompanies
ativity of the pol X binding to the gapped DNA substrates the formation of the gap complex as compared to net release
in the absence of magnesiubil(52). Fluorescence titrations  of 2.8 + 0.5 ions upon the exclusive binding to the dsDNA.
of the gapped DNA substrate, having the ssDNA gap Binding of the ASFV pol X to gapped DNA substrates,
containing five nucleotides, with pol X in the standard buffer, in the absence of magnesium, has been performed for all
containing 0.1 mM EDTA and different NaCl concentrations, examined gapped DNA substrates (Figure 2) (data not
are shown in Figure 7a. Quantitative analysis of the titration shown). The obtained interactions and spectroscopic param-
curves, shown in Figure 7a, has been performed analogouslygters are included in Table 2. The dependence of the natural
as discussed above, using the quantitative approach describekbgarithm of the intrinsic binding constantsg andKp, as
in Materials and Methods26, 30—33, 36—45). With the a function of the length of the sSDNA gap is shown in Figure
exception of the titration curve recorded at the lowest 8a. Itis evident that, in the absence of magnesium, the value
examined salt concentration (198 mM NacCl), the solid lines of Kg depends very little on the number of nucleotides in
in Figure 7a are nonlinear least-squares fits with three bindingthe ssDNA gap and remains higher thidg. Thus, unlike
parameters, Kp, and o as fitting parameters. For the the behavior of the enzyme in the presence of magnesium
titration performed at 198 mM NaCl, the value K& has (Figure 4), the ASFV pol X forms the gap complex with the
been obtained from the salt dependence, based on the fouefficiency independent of the length of the sSDNA gap (see
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Ficure 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, 10C), containing 0.1 mM EDTA and different NaCl concentrationi) {98 mM, @) 296 mM, @)

394 mM, ©) 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 @), with K = 6 x 10°°M~1, Kp = 6.5 x 10° M1, 0 = 1, AFg = 0.4, andAFp = 0.34

M), Ke=9x 1°M L Kp=26x 1°® M2, 6 =1, AFg = 0.34, andAFp = 0.225 (), K¢ = 2.1 x 1® M}, Kp = 1.3 x 1B M1,
0=1,AFg = 0.26, andAFp = 0.205 @), Kc = 1.1 x 1® ML, Kp =7 x 18 ML, 0 = 1, AFg = 0.21, andAFp = 0.15 O), Kg =

45x 1M1, Kp =4.8x 1M1, 0 =1, AFg = 0.15, andAFp = 0.145 @®). The concentrations of the DNA substrate arg 307°

M. (b) The dependence of the logarithm of the intrinsic binding const&ri¢M) andKp (O), 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 “Q),cbitaining 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 7.6;Q)Q containing 0.1 mM EDTA and different NaCl
concentrations: ) 198 mM, (0) 296 mM, @) 394 mM, ©) 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{&jswith Ks = 8 x 101°M~1, Kp = 6.5

x 1® M1, 0 =5,AFg = 0.51, andAFp = 0.325 @), K =8 x 1® M™%, Kp = 2.6 x 1® ML, 0 = 1, AFg = 0.46, andAFp = 0.28

(@), Ke=2x 1PM L Kp=13x 1°®° ML, 6 = 0.8, AFg = 0.39, andAF, = 0.235 @), Ko =1 x 1° ML, Kp =7 x 1ML, ¢

= 0.4, AFg = 0.35, andAFp = 0.22 O), Kc = 6 x 18 M1, Kp = 4.8 x 10® M™%, 0 = 0.33,AFg = 0.27, andAFp = 0.2 (#). The
concentrations of the DNA substrate are<5L0-° M. (d) The dependence of the logarithm of the intrinsic binding consté&ki$m), Kp

(O), and cooperativity parameter,(®), 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 7.07@} 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 7.05Q)0Containing 198 mM NaCl and 0.1 mM EDFA

ssDNA gap maximum Ke Kb
(N) stoichiometry (MY M~ o AFg AFp AFmax
1 2.0+0.2 (8+2) x 10t° (6.5+ 1.6) x 10° 15+5 0.48+ 0.05 0.28+ 0.03 0.56+ 0.04
2 2.0+ 0.2 (8+£2) x 1010 6.5+ 1.6) x 10° 5+15 0.51+ 0.05 0.30+ 0.03 0.60+ 0.04
3 21+02 (8+2) x 10° (6.5+ 1.6) x 10° 2.4+0.8 0.35+ 0.03 0.32+0.03 0.64+ 0.03
4 2.0+ 0.2 (6+1.4)x 10w 6.5+ 1.6) x 10° 15+0.5 0.22+ 0.03 0.29+ 0.03 0.58+ 0.03
5 21402 (64 2) x 101° (6.5+ 1.6) x 10° 1.0+ 0.3 0.40+ 0.04 0.344+0.03 0.68+ 0.05

@ The errors are standard deviations determined usirdy iBdependent titration experiments. See text for details.

Discussion). Figure 8b shows the dependence of the naturabbserved in the presence of magnesium, indicating strongly
diminished cooperative interactions (Figure 4b). Neverthe-
less, similar to the behavior observed in the presence of

logarithm of the cooperative interaction parameteras a
function of the length of the gap. The values ofare

considerably lower, as compared to the same parameteMg*?, the cooperative interaction parametey,decreases
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Ficure 8: (a) The dependence of the intrinsic binding constant,
Kc (W) andKp (O), 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), containing
198 mM NaCl and 1 mM MgGl (b) The dependence of the
cooperativity parametes, characterizing cooperative interactions
between bound ASFV pol X molecules, upon the length of the
ssDNA gap (nucleotides), in buffer C (pH 7.0, 10), containing
198 mM NaCl and 0.1 mM EDTA.

:

as the length of the ssDNA gap increases, reaching the valu
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 tagg plot

of the cooperativity parametews, obtained in the absence
of magnesium, is included in Figure 7d. As the concentration
of NaCl increasesyg strongly decreases, assuming values
lower than 1 at [NaCl]> 300 mM. Thus, cooperative
interactions become negative at a high salt concentration
range b5). Nevertheless, within experimental accuracy, the
plot is linear with the slope(log 0)/(d log [NaCl]) = —3.0

+ 0.9. Thus, in the absence of Mcations, 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’N&ee
Discussion).

DISCUSSION

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

€
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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&). 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 Xgapped 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 aci@®)(
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 complex46, 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 poB 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 pols uses only the DNA-binding subsite
located on its 8 kDa domaib§). 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,
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the net number of ions released in the formation of the gap unlike the mammalian pop, the ASFV pol X, in the
complex is~5.5 while the analogous parameter for binding presence of magnesium, cannot energetically nor structurally
to the dsDNA is only~1.4. These data strongly indicate adjust to the size of the ssDNA gap larger than two or three
that a significantly larger fragment of the nucleic acid is nucleotides. The obtained data indicates that the structure
involved in the interaction with the protein in the gap of the ASFV pol X is geared to specifically recognize the
complex, as compared to the binding to only the dsDNA ssDNA gap containing only one or two nucleotides, with
part of the gapped DNA substrate. In other words, ASFV three nucleotides in the gap being the maximal threshold.
pol X is capable of forming a gap complex and engaging Moreover, this specific recognition process already occurs
the two dsDNA parts of the gapped DNA substrate, or to in the ground state of the enzyme-gapped DNA complex, as
associate with each dsDNA part of the substrate, using onlybuilt in the rigid structure of the polymerase, not in the
one of its DNA-binding subsites. subsequent steps in the association reaction. In turn, this
In the Presence of Magnesium, ASFV Pol X Forms the specific structure is induced by magnesium and anion binding
Gap Complex with Strong Preference for the ssDNA Gaps to the polymerase (see below).
with One or Two NucleotidesBiochemical studies have In the Absence of Magnesium or the Presence of Sodium
clearly shown that the ASFV pol X has a catalytic preference Bromide, ASFV Pol X Loses Its Seleitti for the sSDNA
for the gapped DNA substrates, with the ssDNA gap Gaps with One and Two NucleotideSirect Binding of
containing only one or two nucleotides during the DNA Magnesium Cations to the Pol X Is a Major Factor in
synthesis, i.e., in the presence of magnesium cations)( Inducing the Selectity of the Polymerase for the Short
In the case of the analogous mammalian pathe enzyme  ssDNA GapsThe unusual aspect of the magnesium effect
becomes processive on the gapped DNA substrates withon the ASFV pol X interactions with the gapped DNA
fewer than six nucleotides in the gap. However, thermody- substrates is that fact that the removal of MgEbm the
namic studies did not indicate any significant preference of solution completely abolishes the strong selectivity of the
the mammalian pop for a particular size of the ga{, polymerase for the ssDNA gap containing one or two
22, 30, 33). In other words, the very dynamic structure of nucleotides (Figure 7a). This cannot be a simple ionic
the mammalian pgP can adjust to the changing size of the strength effect because the ionic strength of our solution
gap, without an additional energy input. On the other hand, conditions (-0.21) is affected very little by the removal of
the preference for the ssDNA gaps containing three or four 1 mM magnesium chloride. This cannot be a simple
nucleotides has been observed for poin stopped-flow competition between the protein and magnesium for the
kinetic studies and attributed to the equilibria in the internal phosphate groups on the DNA, because such competition
steps of the gap complex formatio30j. Although the kinetic affects both the gap complex and the binding to the dsDNA
mechanism of the ASFV pol X binding to the gapped DNA parts of the gapped DNA substrate in the same direction,
substrates is still unknown, the obtained thermodynamic datai.e., removal of magnesium reinforces the affinities of both
already indicate that the behavior of the viral enzyme is complexes, although the effect on the dsDNA affinity is more
different from the mammalian pgl, as depicted in Figure  pronounced. However, the affinity for the dsDNA is a part
4a. The ASFV pol X shows a strong preference for forming of the high affinity of the gap complex, as the enzyme
the gap complex, over the binding to the dsDNA. However, interacts in both complexes with the double stranded
this happens only with gapped DNA substrates, which conformation of the nucleic acid and removal of competing
contain the ssDNA gap having one or two nucleotides. magnesium cations would increase, not decrease, the affinity
Therefore, these data provide direct evidence that thedifference between the gap complex and the dsDNA binding.
observed catalytic preference of the ASFV pol X for short  Rather, the observed effect indicates that direct and specific
ssDNA gaps during the DNA synthesis results from the binding of Mg™ cations to the ASFV pol X induces a
strong energetic preference of the enzyme to form the gapspecific conformational state of the enzyme molecule, in
complex with such DNA substrates (Figure 4a). which the enzyme preferentially recognizes the ssDNA gaps
Nonetheless, our results indicate that, with the gapped with one or two nucleotides. In light of the data on the ASFV
DNA substrates containing the ssDNA with three nucleotides, pol X binding to the ssDNA, previously obtained and the
the ASFV pol X will form the gap complex, although with  data discussed here, the binding of magnesium “stiffens” the
a lower efficiency, as compared to the ssDNA with one or conformation of the polymerase, making it well adjusted to
two nucleotides (Figure 4a). With four nucleotides in the form a high-affinity complex with the short ssDNA gaps with
gap, the enzyme will still form the gap complex, although one and two nucleotides. On the other hand, in the absence
the equilibrium is already strongly shifted toward the of Mg*?, the ASFV pol X has an increased affinity for the
complex in which the polymerase is exclusively bound to dsDNA and also a less “stiff” conformation. In such a more
the dsDNA. However, when the size of the ssDNA gap flexible conformational state, the enzyme, bound to one of
exceeds four nucleotides, pol X, unlike the mammalian pol the dsDNA parts of the gap substrate, can reach over a larger
S, loses is ability to form the gap complex. With the gapped ssDNA gap and engage in interactions with the remaining
DNA substrate containing the ssDNA gap with five nucle- dsDNA part, forming the gap complex, although with lower
otides, the enzyme exclusively binds to the dsDNA parts of affinity. In other words, the specific structure of the ASFV
the substrate and the gap complex is undetectable (Figurepol X, which allows the enzyme to selectively recognize the
4a, Table 1). Moreover, the legog plots for K and Kp ssDNA gaps containing one or two nucleotides, is controlled
have identical slopes, clearly indicating that in both com- by specific magnesium binding to the enzyme. The fact that
plexes the enzyme interacts with a similar fragment of the magnesium affects the values of the cooperativity parameter,
nucleic acid, i.e., a single type of complex with the dsDNA ¢, which characterizes cooperative interactions between the
parts of the gapped DNA substrate is formed. Therefore, bound ASFV pol X molecules, by more than an order of
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magnitude further supports the conclusion that'fications the orientation of the enzyme in the complex with the nucleic
bind directly to the enzyme (Figures 5d and 6d). acid, the flexibility of the polymerase structure, and the
It should be pointed out that increasing the salt concentra-ability of the enzyme to adjust to the changing size of the
tion in solution also weakens the preference of the ASFV ssDNA gap. Moreover, the anion effect is opposite to the
pol X to form the gap complex over binding to the dsDNA, effect exerted by magnesium cations.
even for the gapped DNA substrates with two nucleotides. In the Presence of Magnesium, ASFV Pol X Binds to
At [NaCl] approaching 0.5 M, the intrinsic affinity of the = Gapped DNA Substrates with Significant PegtCoopera-
gap complex is virtually the same as the intrinsic affinity tive Interactions between Bound Enzyme Molecules with the
for the dsDNA (Figures 5c, 5d, 6¢, and 6d). However, in Cooperatie Interactions Increasing with the Decreasing Size
this case, the nature of the observed diminishing selectivity of the sSDNA GapA puzzling aspect of the ASFV pol X
is different from the effect exerted by magnesium. Both the binding to the gapped DNA substrates, with fewer than four
affinity of the enzyme to form the gap complex and the nucleotides in the sSDNA gap, is the presence of significant
affinity for the dsDNA become weaker with the increasing positive cooperative interactions between the ASFV pol X
salt concentration. Because, in the gap complex, the enzymenolecules associated with the dsDNA. The interactions are
engages twice as long a fragment of the dsDNA, in strongly increasing with the decreasing number of the
interactions with both DNA-binding subsites of the total nucleotides in the ssDNA gap, indicating that, to be effective,
DNA-binding site, the sensitivity of the gap complex to the cooperative interactions require a close contact between the
increasing salt concentration in solution is approximately enzyme molecules. Moreover, cooperative interactions are
twice as large as observed for the independent binding to particularly pronounced in the presence of magnesium, while
each of the dsDNA parts of the gapped DNA. Notice, in the in the absence of Md, they are diminished by an order of
presence of magnesium, in the case of the gapped DNAmagnitude. On the other hand, the ASFV pol X binds to the
substrate with two nucleotides in the gap, the slope of the ssDNA without any significant cooperative interactioh8)(
log—log plot for the intrinsic affinity of the polymerase in  Such a dramatic difference in the nature of the binding
gap complex is d log Kg)/(d log [NaCl]) = —5.5 + 0.6, processes of the ASFV pol X to two different conformations
while the slope of the loglog plot for the polymerase of the nucleic acid indicates that the enzyme must be in a
binding exclusively to the dsDNA is)(og Kp)/(d log [NaCl]) very different orientation when bound to the dsDNA, as
= —1.4+ 0.3, more than 2-fold lower than obtained for the compared to its orientation in the complex formed with the
gap complex. However, these values were obtained in thessDNA. Our laboratory is currently addressing this issue.
background of competing magnesium and sodium cations Significant positive cooperative interactions have been
for the nucleic acidg1, 52). In the absence of magnesium, previously observed for the analogous mammaliarfpolut
where this competition is eliminatedy (og Kg)/(d log only in the polp binding to the dsDNA and only in the
[NaCl]) = —5.1+ 0.6 and § log Kp)/(d log [NaCl]) = —2.8 presence of magnesiurB). This correspondence suggests
+ 0.5, which is, within experimental accuracy, significantly a similar role of the positive cooperative interactions in the
closer to the expected difference by a factor of 2 between functioning of both enzymes, belonging to the same poly-
the two parameters. Therefore, what is observed, as a resulmerase X family. However, the similarity ends here. While
of the increasing salt concentration, is not the diminished cooperative interactions of pgl strongly increase with the
selectivity for the formation of the gap complex, over the increase of salt concentration in solution, the cooperative
affinity for the dsDNA, but vanishing affinities of both types interactions between the ASFV pol X molecules strongly
of the formed complexes by the ASFV pol X with the gapped decrease with the increasing concentration of NaCl, becom-
DNA substrate, with the affinity of the gap complex ing negative in the absence of magnesium at high [NacCl],
decreasing faster with the increasing salt concentration. indicating different forces and/or mechanisms involved in
The effect of NaBr indicates additional complexity of the forming the cooperative contacts between pol X and/ol
system. In spite of the presence of magnesium, replacement/Vhile the increased cooperative interactions compensate for
of chloride by the bromide anion also eliminates the the diminished intrinsic affinity of pop for the dsDNA at
selectivity of the enzyme for the ssDNA gaps with one or higher salt concentrations, such compensation is absent in
two nucleotides. Bromide anions are known to bind signifi- the ASFV pol X binding to the dsDNA. On the other hand,
cantly stronger to anion binding sites of proteins than chloride the affinity of the ASFV pol X for the dsDNA is-4 orders
(56). However, the observed effect is not a simple competi- of magnitude higher than the affinity of pglfor the same
tion between the nucleic acid and the anions, in solution, nucleic acid conformation in similar solution conditions,
for the protein. Thus, although the affinity of the gap complex making such a compensation not necessary for the activities
is diminished, the affinity of the protein for the dsDNA is, of the ASFV pol X £5).
in fact, increased in the presence of bromide. Moreover, the Model of the ASFV Pol X Binding to Gapped DNA
presence of bromide anions eliminates the cooperativity SubstratesA plausible model of the ASFV pol X binding
between bound protein molecules. Notice, increasing NaCl to the gapped DNA substrates, based on the results obtained
concentration, i.e., increasing saturation of anion binding in this work, is depicted in Figure 9. The total DNA-binding
sites, strongly decreases the values of the cooperativesite of the ASFV pol X has two distinct DNA-binding
interaction parametew, althougho does not approach 1 even subsites, the proper DNA-binding site and the auxiliary
at the highest [NaCl] examined, while in the presence of DNA-binding area, which strongly differ in their DNA
bromide anions, the cooperative interaction parameter valueaffinities (18, 39, 40). The total DNA-binding site occludes
iso = 1 at any [NaBr]. These data indicate that direct binding 16 + 2 nucleotides, comparable in length to examined
of anions to the protein is observed. Thus, in addition to gapped DNA substrates (Figure 2). At a low protein
magnesium, binding of anions to the ASFV pol X controls concentration, the polymerase can bind the dsDNA part of
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ASFV pol X molecules bound to the dsDNA, engages the

—> —>
+ <+— <+—
total DNA-binding site in interactions with the nucleic acid

W in a productive gap complex and may initiate catalytic steps
(59).
Cooperative interactions, magnesium cations, and anions
can also play a role in the selectivity of the ssDNA gap,

FicUre 9: Model of the ASFV pol X binding to the gapped DNA  \which is catalytically activeq5). Notice, the affinity of the

substrate containing fewer than one or two nucleotides in the sSDNA . P . .
gap, as a function of the enzyme concentration, based on the result§P complex is only significantly higher in the case of the

obtained in this work. The total DNA-binding site of the ASFV ~9aps with one or two nucleotides, only in the presence of
pol X has two distinct DNA-binding subsites, the proper DNA- magnesium, and with chloride as the dominant monovalent

binding site and the auxiliary DNA-binding area, which strongly anion. Therefore, only with such short gaps will there be
differ in their DNA affinities. At low protein concentration, the enough of the free energy to break the cooperative contacts

polymerase can bind the dsDNA of a gapped DNA substrate, using .
only one of its DNA-binding subsites. However, it can also engage with the polymerase molecules bound to the dsDNA. In the

both its DNA-binding areas, i.e., its total DNA-binding site, in case of gaps with four nucleotides, the affinity of the gap
interactions with both dsDNA parts of the gapped DNA substrate, complex is much weaker and the cooperative interactions
forming the gap complex. However, as the protein concentration prevent the enzyme from efficiently forming the gap complex
increases, the enzyme, bound using the total DNA-binding site, is as discussed above. Changes in the concentration of Mg

forced to bind only to the dsDNA part of the gapped DNA substrate, . . .
which has a lower site-size. This transition is additionally reinforced Cations around the DNA, or anions or the type of anion

by the strong positive cooperative interactions between bound ASFv around the enzyme, provide additional and most probably
pol X molecules. At a high ASFV pol X concentration, the complex entangled controls of the gap selectivity, superimposed on
with two pol X molecules bound to the gapped DNA substrate the cooperative interactions.

dominates the distribution of the formed complexes.

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

Our studies point also to an important caveat. As we have
) ) _ .. shown here for the ASFV pol X and previously for rat and
a gapped DNA substrate, using only its proper DNA-binding h man polg, the interactions of these enzymes with their
subsite 89, 40). However, the enzyme can also engage both p\a substrates are significantly more complex than a simple
!ts_DNA-b!ndlng _subsnes, i.e., its total DNA-binding site, ¢qrmation of a single type of complex with the ssDNA, or
in interactions with both dsDNA parts of_ the gapped DNA exclusively a gap complex with the gapped DNA substrates.
substrate, as long as the sSDNA gap is only one or two ¢t s assumed that only the activity of a specific complex,
nucleotides long, leading to the formation of the gap e the gap complex, is observed, then the obtained kinetic
complex, as depicted in Figure 9. Because both DNA-binding 54 thermodynamic parameters from such studies are, at best,
subsites are bound to the nucleic acid, the %ompllex IS some mixture of catalytic activities of different complexes
chiracterlzed by @ much higher affinititd ~ 10°-10 that overlap with an intricate web of multiple protein
M™) as compared tf the ASFV pol X binding to the dSDNA - qt6in proteirrion, and proteirr DNA interactions. The
(Ko = 10°—10° M™), using only a single DNA-binding 555 ,med reaction mechanisms and obtained kinetic and/or
subsite. However, as the protein concentration increases, thefhermodynamic parameters, without elucidating and taking
enzyme, initially bound using the total DNA-binding site, iS i account the entire complexity of the system, have more
forced to bind only to the dsDNA part of the gapped DNA ¢ 5 character of only plausible mechanisms and fitting

substrate, presumably using only its proper DNA-binding onstants than true mechanism and true physical constants
subsite, which has a site-size oft71 nucleotides18). At that describe the examined system.

a high ASFV pol X concentration, the complex with two
ASFV pol X molecules bound to the gapped DNA substrate ACKNOWLEDGMENT
dominates the distribution of the formed complexes.
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