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Interactions of the 8-kDa domain of the rat pol β and the intact enzyme with the ssDNA have been studied,
using the quantitative fluorescence titration technique. The 8-kDa domain induces large topological changes
in the bound DNA structure and engagesmuch larger fragments of the DNA thanwhen embedded in the intact
enzyme. The DNA affinity of the domain is predominantly driven by entropy changes, dominated by the water
release from the protein. The thermodynamic characteristics dramatically change when the domain is
embedded in the intact polymerase, indicating the presence of significant communication between the 8-kDa
domain and the catalytic 31-kDa domain. The diminished water release from the 31-kDa domain strongly
contributes to its dramatically lower DNA affinity, as compared to the 8-kDa domain. Unlike the 8-kDa
domain, the DNA binding of the intact pol β is driven by entropy changes, originating from the structural
changes of the formed complexes.
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1. Introduction

Polymerase β is one of several recognized DNA-directed poly-
merases of the eukaryotic nucleus [1–8]. The enzyme plays a very
specialized function in the DNA repair machinery in mammalian cells
conducting “gap fillings” synthesis on gapped DNA. The protein is a
single polypeptide of ~39 kDa whose crystal structure revealed a
typical polymerase fold consisting of a thumb, palm, and fingers
[9,10]. However, a characteristic feature of the pol β structure is the
presence of an extra, small 8-kDa domain that is connected with the
tip of the fingers through a tether of 14 amino acids, as depicted in
Fig. 1a [9,10].

A fundamental feature of the pol β activities is that the enzyme
must recognize a specific structure of the damaged DNA and the
recognition process must precede the chemical step of the DNA
synthesis. The complexity of the recognition process is reflected in the
functional intricacy of the total DNA-binding site of the enzyme. It is
built of two functionally different DNA-binding subsites located on
the 8-kDa and the catalytic 31-kDa domains, respectively [11–18]. As
a result, the enzyme binds the ssDNA in two binding modes which
differ in the number of occluded nucleotides, the (pol β)16 and
(pol β)5 binding modes [11–18]. In the (pol β)16 binding mode, both
the 8-kDa and 31-kDa domains are involved in interactions with the
ssDNA. In the (pol β)5 binding mode, only the 8-kDa domain is
engaged in interactions with the nucleic acid.

Although both the 8-kDa and 31-kDa domains have DNA-binding
capability, the DNA-affinity of the subsite on the 8-kDa domain is at
least ~2 orders of magnitude higher than the affinity of the subsite on
the 31-kDa domain [11,12,15]. The subsite on the 8-kDa domain is the
primary DNA-binding area of the enzyme, which anchors the enzyme
on the gapped DNA substrate [17,18]. The complex is initiated
through the fast association of the 8-kDa domain with the DNA
[17,18]. The 8-kDa domain recognizes the ss and/or dsDNA part of the
substrate downstream from the primer. Association of the 31-kDa
catalytic domain with the opposite dsDNA part of the substrate, which
contains the primer, follows the initial recognition step.

Previous studies indicated very intricate characteristics of the
isolated 8-kDa domain–ssDNA interactions [15]. In complexes with
polymer ssDNAs, the domain seems to occlude 13±0.7 and 9±0.6
nucleotides, in the absence and presence of Mg2+, respectively [15].
The stoichiometries of the isolated domain–polymer ssDNA com-
plexes are significantly larger than the site-size of ~5 nucleotides of
the (pol β)5 bindingmode, indicating that the intact enzyme uses only
part of the DNA-binding subsite of the domain in its interactions with
the nucleic acid. The DNA-binding subsite of the domain has an
energetically homogeneous structure, with crucial contacts for the
DNA evenly distributed over the binding area.

http://dx.doi.org/10.1016/j.bpc.2011.01.006
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Fig. 1. a. Three-dimensional structure of the rat pol β based on crystallographic data [10]. The structure has been generated using data from Brookhaven Protein Data Bank, under the
code 1BPD, using PyMOL (DeLAno Scientific, San Carlos, CA). The 8-kDa domain is located at the tip of the finger domain and marked in red. Also, the location of the DNA-binding
motif, HhH, is marked (yellow) in the structure. b. Schematic representation of the pol βmolecule, which indicates the location of the DNA binding subsites on the 8-kDa and 31-kDa
domain and their engagement in interactions with the ssDNA.
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Elucidation of the 8-kDa domain interactions with the ssDNA is
one of the fundamental steps toward understanding the specificity of
the molecular mechanism of the DNA recognition by pol β. Such
analysis will also provide essential insights about the recognition
mechanisms of DNA substrates by other DNA repair polymerases.
Several puzzling questions are still unanswered. What is the major
cause of such a large difference in the affinities between both DNA-
binding subsites? To what extent are the interactions of the 8-kDa
domain with the DNA independent from the interactions of the 31-
kDa domain with the nucleic acid, i.e., is the 31-kDa domain imposing
a specific orientation of the domain, which affects the site-size of the
complex with the nucleic acid? In other words, what are the
thermodynamic characteristics of these interactions, which would
also indicate possible controls of their mechanisms?

In this communication, we examine the energetics of the
interactions of the 8-kDa domain and the intact enzyme with the
ssDNA. The 8-kDa domain engages much large fragments of the DNA
than when the domain is embedded in the intact enzyme. The
intrinsic affinity of the 8-kDa domain is predominantly driven by large
entropy changes, generated by the water release from the domain.
There is significant communication between the 8-kDa domain and
the catalytic 31-kDa domain in the intact pol β, mediated through the
14 amino acid tether connecting the domains. Dramatically lower
DNA affinity of the 31-kDa catalytic domain, as compared to the 8-kDa
domain, results from the diminished release of water molecules from
the catalytic subsite.

2. Materials and methods

2.1. Reagents and buffers

All chemicals were of reagent grade. All solutions were made with
distilled and deionized N18 MΩ (Milli-Q Plus) water. Buffer C is
10 mM sodium cacodylate adjusted to pH 7.0 with HCl, 100 mM NaCl,
and 10% glycerol. The temperature and concentration of MgCl2 in the
buffer are indicated in the text.

2.2. Intact rat pol β and the rat pol β 8-kDa domain

Purification of the intact rat pol β and the 8-kDa domain was
performed as previously described [11–18]. The concentrations of the
enzyme and the domain were spectrophotometrically determined
using extinction coefficients ε280=2.1×104 cm−1 M−1, and ε280=
4.45×103 cm−1 M−1, respectively, obtained with the approach based
on Edelhoch's method [11–20].
2.3. Nucleic acids

All nucleic acids were purchased from Midland Certified Reagents
(Midland, TX). The etheno-derivatives of the nucleic acids were
obtained by modification with chloroacetaldehyde [11–15,21,22].
This modification goes to completion and provides a fluorescent
derivative of the nucleic acid. The concentrations of the DNAs were
spectrophotometrically determined using the extinction coefficient
ε257=3700 M−1 cm−1 (Nucleotide) [11–15,21,22]. The labeled
ssDNA oligomer, dT(pT)19, contains a fluorescent marker, fluorescein
(Fl), attached at the 5′ end through phosphoramidate chemistry, and/
or coumarin derivative (CP), attached through the 6-carbon linker
at the 3′ end. The labeled ssDNA oligomers are referred to as: 5′-Fl-
dT(pT)19, dT(pT)19-CP-3′, and 5′-Fl-dT(pT)19-CP-3′.

2.4. Fluorescence measurements

All steady-state fluorescence titrations were performed using the
SLM-AMINCO 8100 °C spectrofluorometer. In order to avoid possible
artifacts, due to the fluorescence anisotropy of the sample, polarizers
were placed in excitation and emission channels and set at 90° and
55° (magic angle), respectively. The binding was followed by
monitoring the fluorescence of the etheno-derivatives (λex=
325 nm, λem=410 nm). Computer fits were performed using Math-
ematica (Wolfram, IL) and KaleidaGraph (Synergy Software, PA).
The nucleic acid relative fluorescence increase, ΔF, upon binding the
8-kDa domain or the intact enzyme is defined as, ΔF=(Fi−Fo)/Fo,
where Fi is the fluorescence of the DNA at a given titration point “i”,
and Fo is the initial fluorescence value of the sample [11–15].

2.5. Quantitative determination of stoichiometries and binding isotherms
of the rat pol β and the 8-kDa domain–ssDNA complexes

In this work, we followed the binding of the rat pol β and the 8-kDa
domain to the ssDNAs by monitoring the fluorescence increase, ΔF, of
the nucleic acid etheno-derivatives upon the complex formation. The
method of obtaining rigorous estimates of the total average degree of
binding, ΣΘi, (number of domain molecules bound per oligomer) and
the free protein concentration, PF, has been previously described in
detail by us [23–25]. Briefly, the experimentally observed ΔF has a
contribution from each of the different possible “i” complexes of the
protein with the ssDNA. Thus, the observed fluorescence increase is
functionally related to ΣΘi by

ΔF = ∑ΘiΔFi ð1Þ
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where Qi and ΔFimax are partial degree of binding and the molecular
parameter characterizing the maximum fluorescence increase of the
nucleic acid with the protein bound in complex “i”, respectively. The
same value of ΔF, obtained at two different total nucleic acid
concentrations, NT1 and NT2, indicates the same physical state of the
nucleic acid, i.e., the total average degree of binding, ΣΘi, and the free
protein concentration, PF, must be the same. The values of ΣΘi and PF
are then related to the total protein concentrations, PT1 and PT2, and
the total nucleic acid concentrations, NT1 and NT2, at the same value of
ΔF, by

∑Θi =
PT1−PT2
NT2−NT1

ð2Þ

PF = PTx−ð∑ΘiÞNTx ð3Þ

where x=1 or 2 [23–25].

2.6. Fluorescence energy transfer measurements

The Förster efficiency of the fluorescence energy transfer, E, from
the coumarin donor, located at the 3′ end of the ssDNA oligomer, dT
(pT)19, to the acceptor, fluorescein moiety, located at the 5′ end of the
same oligomer, has been determined using two apparent fluorescence
energy transfer efficiencies [26–29]. The energy transfer efficiency, ED,
obtained from the quenching of the donor fluorescence is defined as
[16,29]

ED =
1
νD

� �
FD−FDA

FD

� �
ð4Þ

where FD and FDA are the fluorescence of the donor in the absence and
presence of the acceptor, respectively, νD is the fraction of the donor in
the complex with the acceptor [16,29].

The apparent fluorescence transfer efficiency, EA, has been
determined 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 value of EA is defined as [16,29]

EA =
1
νD

� �
εACAT

εDCDT

� �
ϕA
F

ϕA
B

 !
FAD
FA

� �
+ νA−1

� �
−νA

( )
ð5Þ

where the FA, and FAD, are fluorescence intensities of the acceptor in
the absence and presence of the donor, CAT and CDT are the total
concentrations of the acceptor and the donor, νA is the fraction of
acceptors in the complex with donors, εA and εD are the molar
absorption coefficients of the acceptor and the donor at the excitation
wavelength, respectively, ϕF

A and ϕB
A are the quantum yields of the free

acceptor and the acceptor in the presence of the donor. All quantities
in Eq. (5) can be experimentally determined. The Förster energy
transfer efficiency, E, is related to ED and EA, by [30,31]

E =
EA

1−ED + EAð Þ : ð6Þ

The fluorescence energy transfer efficiency between the donor and
the acceptor dipoles, E, is related to the average distance, R, separating
the absorption and emission dipoles by [26–31]

R = Ro
1−Eð Þ
E

� �1
6 ð7Þ

where, Ro=9790(κ2n−4ϕd J)1/6, is the so called Förster critical
distance (in angstroms), the distance at which the transfer efficiency
is 50%, κ2 is the orientation factor,ϕd 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, J, characterizes the resonance between
the donor and acceptor dipoles. The Förster critical distance,
Ro=52 Å, for fluorescein and coumarin, attached to the 5′ and 3′
end of dT(pT)19, respectively, has been previously determined by us
[29].

3. Results

3.1. The site-sizes of the pol β 8-kDa domain–ssDNA complexes in the
presence and absence of magnesium

Studies with the polymer ssDNA indicated that the isolated rat pol
β 8-kDa domain changes its site-size in the complex with the nucleic
acid, depending on the presence of the magnesium cations in solution
(see above) [15]. However, the presence of positive cooperative
interactions, characterizing the binding process has made these
analyses rather difficult [15]. To quantitatively and systematically
address the issue of the site-size of the domain–ssDNA complex, we
examined interactions of the isolated 8-kDa domain with the ssDNA
oligomers, differing in the number of nucleotides in the presence and
absence of Mg2+, using a series of ssDNA oligomers, containing
different numbers of nucleotides. Moreover, the selected oligomers
accommodate only a single molecule of the domain, as tested by the
quantitative method outlined in Materials and methods [23–25]. We
applied an analogous strategy in our previous studies of various
protein–DNA systems, including E. coli DnaB and PriA helicases, PriB
protein, plasmid 1010 RepA helicase, and African Swine Fever virus
polymerase X [32–38].

Fluorescence titrations of the 10-, 12-, 14-, 16-mers, dεA(pεA)9,
dεA(pεA)11, dεA(pεA)13, and dεA(pεA)15, with the rat pol β 8-kDa
domain in buffer C, containing 1 mM MgCl2, are shown in Fig. 2a. The
midpoint of the titration curves shifts toward the lower concentra-
tions of the domain as the length of the ssDNA increases, indicating an
increased macroscopic affinity of the domain [23–25]. Also, binding of
the domain induces a strong increase of the nucleic acid fluorescence,
indicating a significant change in the structure of the bound etheno-
derivatives of the ssDNAs [22,23,32,33]. The solid lines in Fig. 2a are
the nonlinear least-squares fits of the experimental titration curves to
the single site-binding isotherm, defined by Eq. (8)

ΔF = ΔFmax
KNPF

1 + KNPF

� �
ð8Þ

where KN is the macroscopic binding constant characterizing the
affinity for a given ssDNA oligomer, containing N nucleotides and
ΔFmax is the maximum induced fluorescence increase of the nucleic
acid. The analysis includes both KN and ΔFmax as fitting parameters.

The dependence of KN, upon the length of the ssDNA oligomer, is
shown in Fig. 2b. Within experimental accuracy, the plot is linear. The
simplest explanation of the linear character of the plot is that the
DNA-binding subsite of the 8-kDa domain, which occludes the p
number of nucleotides and binds with the intrinsic binding constant,
Kp, experiences the presence of several potential binding sites on the
ssDNA oligomers [39–41]. Therefore, the value of KN contains a
statistical factor that can analytically be defined in terms of p and Kp,
as

KN = N−p + 1ð ÞKp ð9Þ

and

KN = N Kp− p + 1ð ÞKp: ð10Þ

Extrapolation of the plot in Fig. 2b to the zero value of KN intercepts
the abscissa at the DNA length, Np=p−1, corresponding to the
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Fig. 2. a. The rat pol β 8-kDa domain–ssDNA site-size in the presence of magnesium. Fluorescence titrations of the 10-, 12-, 14-, and 16-mer, dεA(pεA)9, dεA(pεA)11, dεA(pεA)13,
and dεA(pεA)15 (λex=325 nm, λem=410 nm) with the rat pol β 8-kDa domain, in buffer C (pH 7.0, 10 °C), containing 1 mM MgCl2. Concentrations of all ssDNA oligomers are
1×10−6 M; (■), K=6.8×105 M−1, ΔFmax=0.38; (❑), K=1.6×105 M−1, ΔFmax=0.38; (●), K=2.5×105 M−1, ΔFmax=0.40; and (❍), K=3.5×105 M−1, ΔFmax=0.48. The solid
lines are nonlinear least-squares fits using the single-site binding isotherm (Eq. (8)). b. The dependence of the macroscopic binding constant KN, upon the length of the ssDNA.
The solid line is a linear least-squares fit to Eq. (10). Extrapolation of the line to KN=0 intercepts the DNA length axis at Np=8.6±0.7. c. Fluorescence titrations of the 14-, 16-,
18-, and 20-mer, dεA(pεA)13, dεA(pεA)15, dεA(pεA)17, and dεA(pεA)19 (λex=325 nm, λem=410 nm) with the rat pol β 8-kDa domain, in buffer C (pH 7.0, 10 °C).
Concentrations of all ssDNA oligomers are 1×10−6 M; (■) K=4.0×105 M−1, ΔFmax=0.37; (❑), K=8.4×105 M−1, ΔFmax=0.44; (●), K=1.3×106 M−1, ΔFmax=0.47; and (❍),
K=1.8×106 M−1, ΔFmax=0.51. The solid lines are nonlinear least-squares fits using the single-site binding isotherm (Eq. (8)). d. The dependence of the macroscopic binding
constant KN, upon the length of the ssDNA. The solid line is a linear least square fit to Eq. (10). Extrapolation of the line to KN=0 intercepts the DNA length axis at Np=12.5±0.8
(details in text).
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length of the ssDNA oligomer, which is too short to form a complex
with the domain. The plot in Fig. 2b gives p=9.6±0.7, which is in
excellent agreement with the value of 9±0.6, previously obtained
using the polymer ssDNA [15]. The intrinsic binding constant, Kp, is
determined by the slope of the linear region in Fig. 2b (Eq. (10)),
which provides the value of (4.7±0.8)×104 M−1 (see Discussion).

Analogous fluorescence titrations of the 14-, 16-, 18-, 20-mers,
dεA(pεA)13, dεA(pεA)15, dεA(pεA)17, and dεA(pεA)19, with the rat
pol β 8-kDa domain in buffer C, in the absence of MgCl2, are shown
in Fig. 2c. The solid lines in Fig. 2c are the nonlinear least-squaresfits of
the experimental titration curves to the single site-binding isotherm,
defined by Eq. (8). The dependence of the macroscopic binding
constant, KN, upon the length of the ssDNA oligomer, is shown in
Fig. 2d. As observed for the solutions containing magnesium (Fig. 2b),
the plot is linear, indicating that the DNA-binding subsite of the 8-kDa
domain experiences the presence of several potential binding sites on
the ssDNAoligomers [39–41]. The values of KN, in termsof p andKp, are
defined by Eqs. (9) and (10). Extrapolation of the plot in Fig. 2d to the
zero value of KN intercepts the abscissa at the DNA length, Np=p−1,
which is clearly larger than that observed for the samples containing
Mg2+ (Fig. 2b). The plot in Fig. 2d gives p=13.5±0.8, as compared
to 13±0.7 obtained for the polymer ssDNA [15]. The slope of the
plot in Fig. 2d provides the intrinsic binding constant, Kp=(2.3±
0.6)×105 M−1 (Eq. (10)) (see Discussion).
3.2. Topology of the ssDNA associated with the rat pol β 8-kDa domain

The large site-size of the 8-kDa domain–ssDNA, particularly in the
absence of magnesium, indicates that the domain engages an
additional binding area in interactions with the nucleic acid, as
compared to the (pol β)5 binding mode, where the intact enzyme also
engages only the 8-kDa domain in interactions with the DNA [11–14].
The candidates for such binding areas are two patches containing
lysine and arginine residues on both sides of the HhH DNA-binding
motif in the domain (Fig. 1b) (see Discussion). Because of the small
size of the domain and the locations of the two positively charged
patches, such an engagement would require significant bending of the
nucleic acid, which can be detected using the fluorescence resonance
energy transfer (FRET) method [26–29]. To address the topology of
the 8-kDa domain–ssDNA complex, we performed FRET measure-
ments of the protein complex with the ssDNA 20-mer, 5′-Fl-dT(pT)19-
CP-3′, in the absence of magnesium (Materials and methods). The
fluorescein (Fl) at the 5′ end, and coumarin derivative (CP) at the 3′
end of the oligomer serve as the fluorescence energy transfer
acceptor, and donor, respectively [29]. With a site-size of ~13
nucleotides, only a single domain molecule associates with the
nucleic acid and the affinity for the labeled oligomer is indistinguish-
able from the affinity determined for the unmodified DNA (data not
shown). The values of the limiting anisotropy for the free ssDNA
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Fig. 3. a. Topology of the ssDNA bound to the rat pol β 8-kDa domain. Fluorescence
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(details in text).
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oligomer and its complexes with the enzyme do not exceed ~0.19
(data not shown), an indication that the orientation factor, κ2, does
not significantly affect the FRET measurements [29,30].

Fluorescence emission spectra (lex=425 nm) of the ssDNA 20-mer,
dT(pT)19-CP-3′, containing only the donor, 5′-Fl-dT(pT)19, containing
only the acceptor, and 5′-Fl-dT(pT)19-CP-3′, containing both the donor
and the acceptor, in the absence of the 8-kDa domain, are shown in
Fig. 3a. There is significant quenching of the donor fluorescence,
accompanied by an increase of the acceptor fluorescence emission in
the presence of the donor, indicating that an efficient fluorescence
energy transfer process occurs in the system [26–30]. 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 emission 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′-Fl-dT(pT)19-CP-3′. 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. 3a.

Corresponding fluorescence emission spectra of the ssDNA 20-
mer, dT(pT)19-CP-3′, containing only the donor, 5′-Fl-dT(pT)19,
containing only the acceptor, and 5′-Fl-dT(pT)19-CP-3′, containing
both the donor and the acceptor, saturated with the 8-kDa domain,
are shown in Fig. 3b. Both the quenching of the donor fluorescence
and the increase of the acceptor fluorescence emission are signifi-
cantly more pronounced in the presence of the protein, than observed
for the ssDNA oligomer alone, indicating a considerable increase of the
fluorescence energy transfer efficiency in the 8-kDa domain–ssDNA
20-mer complex. Analysis of the spectra has been performed as
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described above (Fig. 3a). 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 8-kDa domain-20-
mer complex, are included in Fig. 3b.

The apparent fluorescence energy transfer efficiencies, ED and EA,
Förster fluorescence energy transfer efficiency, E, and the average
distance between the donor and acceptor, R, have been calculated
using Eqs. (4)–(7) [26–30]. In the absence of the domain, ED=0.23±
0.03, EA=0.46±0.05, E=0.37±0.05, and R=56.7±3 Å. The value
of R is shorter than the distance (~70 Å) between the 5′ and 3′ ends of
the nucleic acid in the dsDNA B structure, indicating that dT(pT)19 is
folded in solution, due to the low persistent length of the oligomer
[42]. In the presence of the domain, ED=0.57±0.03, EA=0.99±0.03,
E=0.70±0.03, and R=45.2±3 Å. These much larger values of the
FRET efficiencies and the value of the distance between the acceptor
and the donor, which is ~11.5 Å shorter than determined for the free
oligomer, strongly indicate that the nucleic acid is profoundly bent in
the complex with the 8-kDa domain. Analogous FRET studies of the 8-
kDa domain-20-mer complex with the 1:1 stoichiometry, in the
presence of magnesium, provide, ED=0.46±0.03, EA=0.76±0.03,
E=0.59±0.03, and R=49.1±3 Å, for the 8-kDa domain-20-mer
complex (data not shown). The values of all the FRET efficiencies are
lower than in the absence of Mg2+ cations and the value of the
distance between the acceptor and the donor is ~7.6 Å shorter than
determined for the free oligomer. The data indicate that, in the
presence of magnesium, the bending of the nucleic acid in the com-
plex is less pronounced than that when Mg2+ cations are present in
solution (see Discussion).

3.3. Temperature effect on the rat pol β and the rat pol β 8-kDa domain
interactions with the ssDNA in the presence and absence of magnesium

The thermodynamic characteristics of the 8-kDa domain interac-
tions with the ssDNA have been addressed by examining the
temperature effect on the protein binding to the ssDNA oligomers,
in the presence and absence of magnesium. Fluorescence titrations of
10-mer dεA(pεA)9 with the 8-kDa domain, performed in buffer C
containing 1 mM MgCl2 and at different temperatures, are shown in
Fig. 4a. Analogous titrations of the 16-mer, dεA(pεA)15, are shown in
Fig. 4b. The solid lines in Fig. 4a and b are nonlinear least-squares fits
of the titration curves to a single-site isotherm (Eq. (8)), with KN and
ΔFmax as fitting parameters. Although the increase of the temperature
affects the observe fluorescence change, it has no effect on the
macroscopic affinity of the protein-10-mer complex. In the case of the
16-mer, the value of KN slightly increases with the temperature.

Fig. 4c shows the dependence of the natural logarithm of the
binding constant, KN, upon the reciprocal of the temperature (Kelvin)
(van't Hoff plot) for the 10- and 16-mer [43]. Within experimental
accuracy, the plots are linear. The slopes of the plots are related to the
apparent enthalpy of the corresponding binding process by

dLnKN

d
1
T

� � = −ΔH∘
R

: ð11Þ
Table 1
Thermodynamic parameters of the binding of the rat pol β 8-kDa domain to the ssDNA oligom
of 1 mM MgCl2 (details in text).a

ssDNA oligomer MgCl2 Stoichiometry Site-size b∂LogKN/∂L

dεA(pεA)9 – 1 13±1 −14.9±2.
1 mM 1 9±1 −19.1±2.

dεA(pεA)15 – 1 13±1 −15.9±2.
1 mM 1 9±1 −19.4±2.

a Errors are standard deviations determined using 3–4 independent experiments.
b Determined in the presence of glycerol.
c Determined in the presence of DMSO.
d Calculated using the intrinsic binding constant obtained at 10 °C.
The obtained values of the apparent enthalpy, ΔH°, for both ssDNA
oligomers are included in Table 1. Using the standard thermodynamic
formulas, ΔG°=−RTLnKN, and ΔS°=(−ΔG°+ΔH°)/T, one calcu-
lates the values of the apparent entropy, ΔS°, which are also included
in Table 1. The data indicate that interactions of the isolated 8-kDa
domain with the ssDNA are characterized by the apparent enthalpy
changes of ~0, or slightly positive, in the case of the 10- and 16-mer,
respectively. Nevertheless, interactions of the domainwith the ssDNA,
in the presence of Mg2+, are completely driven by the apparent
entropy changes, ΔS° (see Discussion).

Fluorescence titrations of the same 10- and 16-mer with the 8-kDa
domain, performed in buffer C, in the absence of magnesium and at
different temperatures, are shown in Fig. 5a and b, respectively. The
solid lines in Fig. 5a and b are nonlinear least-squares fits of the titration
curves to a single-site isotherm (Eq. (8)), with KN and ΔFmax as
fitting parameters. The dependence of the natural logarithm of the
binding constant, KN, upon the reciprocal of the temperature (Kelvin)
(van't Hoff plot) for the 10- and 16-mer is shown in Fig. 5c [43]. Within
experimental accuracy, the plots are linear. The obtained values of the
apparent enthalpy, ΔH° and ΔS°, for both ssDNA oligomers are included
in Table 1. Unlike the data obtained in the presence of magnesium
(Fig. 4a, b, and c), there is a significant difference in thermodynamic
parameters characterizing thebindingof the10- and16-mer. The10-mer
binds with the apparent negative enthalpy changes of ~−2.8 kcal/mol,
whileΔH°~13 kcal/mol is strongly positive for the 16-mer. Nevertheless,
the interactions in the absence of magnesium are still dominated by
the apparent positive entropy changes, ΔS° (see Discussion).

Analogous thermodynamic analyses have been performed for the
binding of the intact rat pol β to the ssDNA 14-mer and 20-mer, which
exclusively engage the 8-kDa domain, forming the (pol β)5 binding
mode and the total DNA-binding site, forming the (pol β)16 binding
mode, respectively (data not shown). The obtained apparent enthal-
pies and entropies, ΔH° and ΔS°, are included in Table 2. In general, in
the presence and absence of magnesium, binding of the intact enzyme
to the 14- and the 20-mer is characterized by apparent positive
enthalpy changes.With the exception of the formation of the (pol β)16
binding mode in the absence of magnesium (Table 2), the values of
ΔH° are significantly more positive than observed for the isolated 8-
kDa domain (Table 1). Nonetheless, association of the intact enzyme is
predominantly driven by large entropy changes (see Discussion).
3.4. Solvent effect on interactions of the rat pol β 8-kDa domain and
the intact rat pol β with the ssDNA, in the presence and absence
of magnesium

The nature of interactions of the isolated 8-kDa domain and the
intact pol β with the ssDNA has been further analyzed by examining
the solvent effect on the protein binding to selected ssDNA oligomers.
Fluorescence titrations of the 10-mer, dεA(pεA)9, and 16-mer,
dεA(pεA)15, with the 8-kDa domain in buffer C, containing 1 mMMgCl2
and different concentrations of the neutral solute, glycerol (w/v%), are
shown in Fig. 6a and b, respectively. The effect of glycerol on the
domain–ssDNA interactions is striking. The titration curves are
ers dεA(pεA)9 and dεA(pεA)15, in buffer C (pH 7.0, 10 °C), in the absence and presence

og[H2O] c∂LogKN/∂Log[H2O] ΔH° kcal/mol dΔS° cal/(mol deg)

3 −14.2±2.3 −2.8±0.9 15±5.0
5 −18.3±2.5 0.0±0.8 22.0±7.0
3 −15.4±2.3 13. 1±2.8 73.0±21.0
5 −16.2±2.5 3.3±1.1 33.0±9.0
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Fig. 5. a. Temperature effect on the 8-kDa domain–ssDNA interactions in the absence of
magnesium. Fluorescence titrations of the ssDNA 10-mer, dεA(pεA)9, with the rat pol β
8-kDa domain (λex=325 nm, λem=410 nm) in buffer C (pH 7.0) at different
temperatures: (■) 5 °C, (❑) 10 °C, (●), 20 °C, and (❍) 25 °C. The concentration of
the ssDNA 10-mer is 1×10−6 M. The solid line is the nonlinear least-squares fits
of the titration curves, using the single-site binding isotherm defined by Eq. (8).
b. Fluorescence titrations of the ssDNA 16-mer, dεA(pεA)15, with the rat pol β 8-kDa
domain (λex=325 nm, λem=410 nm) in buffer C (pH 7.0) at different temperatures:
(■) 5 °C, (❑) 10 °C, (●), 15 °C, and (❍) 20 °C. The concentration of the ssDNA 10-mer is
1×10−6 M. The solid line is the nonlinear least-squares fits of the titration curves, using
the single-site binding isotherm defined by Eq. (8). c. The dependence of the natural
logarithm of the macroscopic binding constants, K10 (❑) and K16 (■), upon the
reciprocal of the temperature (Kelvin) (van't Hoff plot). The apparent enthalpies and
entropies of the examined binding processes are included in Table 1.

121M.J. Jezewska et al. / Biophysical Chemistry 156 (2011) 115–127
significantly shifted toward lower total protein concentrations, in-
dicating a strong increase of the macroscopic affinity of the protein–
nucleic acid associations, for both the 10- and the 16-mer. Moreover, in
both cases, the values of ΔFmax accompanying the binding are greatly
increased at higher glycerol concentrations, indicating a profound
change of the nucleic acid structure in the complex [11,15,21,22].

Parallel titrations have been performed in the presence of another
neutral solute, DMSO, in order to address the question, as to what
extent the dramatic glycerol effect could be specific for the solute.
Fluorescence titrations of the ssDNA 10-mer and the 16-mer with the
8-kDa domain at different concentrations of DMSO (w/v%) are shown
in Fig. 6c and d. Similar to the effect of glycerol, the presence of DMSO
dramatically increases themacroscopic affinity of the examined 8-kDa
domain–DNA complexes. Nevertheless, although considerable, the
accompanying increases of ΔFmax are less pronounced than in the
presence of glycerol. The solid lines in Fig. 6a, b, c, and d are nonlinear
least-squares fits of the experimental titration curves to Eq. (8) with
KN and ΔFmax as fitting parameters.

The simplest thermodynamic model of the observed effect of both
solutes is that water molecules participate in the association and the
process is affected by the changes of the water activity in sample [44–
46]. It should be pointed out that the effect of the “neutral” solute on
the macromolecular interactions could be an intricate process,
involving the presence of preferential interactions [44]. However,
the very similar effect of two different solutes on the same binding
process strongly suggests that the preferential interactions do not
dominate the observed effects [44–46]. The dependences of the
logarithm of the macroscopic binding constants, K10 and K16 upon the
logarithm of [H2O] (log–log plot), determined in the presence of
glycerol, or DMSO, are shown in Fig. 7a and b, respectively [47–50].
The plots are linear in examined solute concentration ranges. In the
presence of glycerol, the slopes of the plots are ∂logK10/∂log[H2O]=
−19.1±2.5 and ∂logK16/∂log[H2O]=−19.4±2.5, respectively.
The values of the slopes of the log–log plots, obtained in the
presence of DMSO, are ∂logK10/∂log[H2O]=−18.3±2.5 and
∂logK16/∂log[H2O]=−16.2±2.5, respectively (Table 1). The slopes
of the log–log plots, obtained for two different solutes, are, within
experimental accuracy, very similar, indicating that the water activity
is indeed the dominant factor in the observed solute effects. The data
indicate that association of the isolated 8-kDa domainwith the ssDNA,
in the presence of Mg2+, is accompanied by a net release of ~18 water
molecules [47–50] (see Discussion).

Corresponding fluorescence titrations of dεA(pεA)9 and dεA(pεA)15
with the 8-kDa domain in buffer C, containing different concentrations
of glycerol, in the absence of magnesium, are shown in Fig. 8a and b.
Both the macroscopic affinities of the protein–ssDNA oligomer associa-
tions and the values of ΔFmax accompanying the binding are clearly
increased at higher glycerol concentrations, as indicated by the strong
shift of the titration curves toward lower total protein concentrations
and large observed fluorescence changes. The solid lines in Fig. 8a and b
are nonlinear least-squares fits of the experimental titration curves to
Eq. (8)with KN andΔFmax asfitting parameters. The dependences of the
logarithm of the macroscopic binding constants, K10 and K16 upon the
logarithmof [H2O] (log–log plot), determined in thepresenceof glycerol
(see above), are shown in Fig. 8c [47–50]. The plots are linear in
examined solute concentration ranges. The slopes of the plots are
∂logK10/∂log[H2O]=−14.9±2.3 and ∂logK16/∂log[H2O]=−15.9±
2.5, respectively. Similar values of the slopes were obtained in the
presence of DMSO (data not shown) (Table 1). The data indicate that
association of the 8-kDa domain with the ssDNA, in the absence of
magnesium, is accompanied by an average net release of ~15 water
molecules, which is slightly less than determined for the solution
containing MgCl2 (see above) (see Discussion).

Fluorescence titrations the ssDNA 14-mer, which exclusively
engage the 8-kDa domain, forming the (pol β)5 binding mode, and
the ssDNA 20-mer, which forms the (pol β)16 binding mode,
respectively, with the intact rat pol β, are shown in Fig. 9a and b.
The behavior of the intact enzyme is different from the corresponding
data obtained for the 8-kDa domain (Fig. 8a and b). The macroscopic
affinities of the pol β–ssDNA oligomer associations only moderately
increase at higher glycerol concentrations, as indicated by the shift of
the titration curves toward the lower total protein concentrations.
Strikingly different are the values of the ΔFmax in the complex, which
are very modestly affected by the presence of glycerol. The solid lines



Table 2
Thermodynamic parameters of the binding of the rat pol β to the ssDNA oligomers dεA(pεA)13 and dεA(pεA)19, in buffer C (pH 7.0, 10 °C), in the absence and presence of 1 mM
MgCl2 (details in text).a

ssDNA oligomer MgCl2 Stoichiometry Site-size b∂LogKN/∂Log[H2O] c∂LogKN/∂Log[H2O] ΔH° kcal/mol dΔS° cal/mol deg

dεA(pεA)13 – 1 5±1 −7.8±1.5 −8.5±1.7 2 .5±8.9 31±10
1 mM 1 5±1 −6.7±1.3 −7.3±1.5 14.4±2.8 73±21

dεA(pεA)19 – 1 16±1 −5.4±1.1 −5.9±1.2 1.7±0.5 32±10
1 mM 1 16±1 −9.8±1.9 −9.3±1.8 9.9±2.1 56±16

a Errors are standard deviations determined using 3–4 independent experiments.
b Determined in the presence of glycerol.
c Determined in the presence of DMSO.
d Calculated using the intrinsic binding constant obtained at 10 °C.
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in Fig. 9a and b are nonlinear least-squares fits of the experimental
titration curves to Eq. (8) with KN and ΔFmax as fitting parameters.

The dependences of the logarithm of the macroscopic binding
constants, K14 and K20 upon the logarithm of [H2O] (log–log plot), are
shown in Fig. 9c. The plots are linear in examined solute concentration
ranges. The slopes of the plots are ∂logK14/∂log[H2O]=−6.7±1.3 and
∂logK20/∂log[H2O]=−9.8±1.9, respectively. Corresponding values
of the slope in the absence of magnesium, are ∂logK14/∂log[H2O]=
−8.4±1.7 and ∂logK20/∂log[H2O]=−5.9±1.2, respectively (Table 2).
As observed for the isolated 8-kDa domain, very similar values of the
slopes for both ssDNA oligomers, were obtained in the presence of
DMSO (data not shown) (Table 2). Thus, the data indicate that
association of intact pol βwith the ssDNA, in the presence and absence
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Fig. 6. a. Glycerol and DMSO effects on the 8-kDa domain–ssDNA interactions in the presence
β 8-kDa domain (λex=325 nm, λem=410 nm) in buffer C (pH 7.0, 10 °C), containing 1 mM
20% (❍). b. Fluorescence titrations of the ssDNA 16-mer, dεA(pεA)15, with the rat pol β 8-kD
(w/v): 10% (■), 15% (❑), 17.5% (●), and 20% (❍). The concentration of the ssDNA 10- and t
curves, using the single-site binding isotherm defined by Eq. (8). c. Fluorescence titration
λem=410 nm) in buffer C (pH 7.0, 10 °C), containing 1 mM MgCl2, and different DMSO co
fluorescence titrations of the ssDNA 16-mer, dεA(pεA)15, with the rat pol β 8-kDa domain in t
The solid lines are nonlinear-least squares fits of the titration curves, using the single-site b
of Mg2+, is accompanied by a significantly smaller net release of
water molecules than observed for the isolated 8-kDa domain (Tables 1
and 2) (see Discussion).

4. Discussion

4.1. The rat pol β 8-kDa domain has the potential to engage much large
fragments of the DNA than when it is embedded in the intact enzyme

Studies described in this work provide an insight into the complex
energetics of the primary DNA-binding subsite of the rat pol β, located
on 8-kDa domain of the enzyme. The site-sizes of the isolated rat pol β
8-kDa domain DNA-binding site, determined using a series of ssDNA
0

0.2

0.4

0.6

-7 -6 -5 -4

0

0.3

0.6

-8 -7 -6 -5 -4

R
el

at
iv

e 
F

lu
o

re
sc

en
ce

 In
cr

ea
se

Log [Rat pol β 8-kDa Domain]Total  

R
el

at
iv

e 
F

lu
o

re
sc

en
ce

 In
cr

ea
se

Log [Rat pol β 8-kDa Domain]Total  

of magnesium. Fluorescence titrations of the ssDNA 10-mer, dεA(pεA)9, with the rat pol
MgCl2, and different glycerol concentrations (w/v): 10% (■); 15% (❑); 17.5% (●); and
a domain in buffer C (pH 7.0, 10 °C), 1 mMMgCl2, and different glycerol concentrations
he 16-mer is 1×10−6 M. The solid lines are nonlinear least-squares fits of the titration
s of the ssDNA 10-mer, dεA(pεA)9, with the rat pol β 8-kDa domain (λex=325 nm,
ncentrations (w/v): 10% (■), 15% (❑), 17.5% (●), 20% (❍), and 25% (♦). d. Analogous
he presence of DMSO. The concentration of the ssDNA 10- and the 16-mer is 1×10−6 M.
inding isotherm defined by Eq. (8).
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Fig. 7. a. Log–log plots of the net release of water molecules from the 8-kDa domain–
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dependence of the logarithm of the binding constants, K10 (■) and K16 (❑), upon the
logarithm of water concentration, in buffer C (pH 7.0, 10 °C), containing 1 mMMgCl2, in
the presence of glycerol. The solid lines are the linear least-squares fits, which provides
the slopes, ∂LogK10/∂Log[H2O]=−19.1±2.5 and ∂LogK16/∂Log[H2O]=−19.4±2.5,
for the 10- and 16-mer, respectively (details in text). b. The dependence of the
logarithm of the binding constants, K10 (■) and K16 (❑), upon the logarithm of water
concentration, in buffer C (pH 7.0, 10 °C), containing 1 mM MgCl2, in the presence of
DMSO. The solid lines are the linear-least squares fits, which provides the slopes,
∂LogK10/∂Log[H2O]=−16.2±2.5 and ∂LogK16/∂Log[H2O]=−18.3±2.5, for the 10-
and 16-mer, respectively (details in text).
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Fig. 8. a. Log–log plots of the net release of water molecules from the 8-kDa domain–
ssDNA complexes in the presence of glycerol or DMSO and in the absence of
magnesium. Fluorescence titrations of the ssDNA 10-mer, dεA(pεA)9, with the rat pol β
8-kDa domain (λex=325 nm, λem=410 nm) in buffer C (pH 7.0, 10 °C), containing
different glycerol concentrations (w/v): 5% (♦); 10% (■); 15% (❑); 17.5% (●); and 20%
(❍). b. Fluorescence titrations of the ssDNA 16-mer, dεA(pεA)15, with the rat pol β 8-
kDa domain in buffer C (pH 7.0, 10 °C), containing 100 mM NaCl and different glycerol
concentrations (w/v): 10% (■); 15% (❑); 17.5% (●); and 20% (❍). The concentration of
the ssDNA 10- and the 16-mer is 1×10−6 M. The solid lines are nonlinear least-squares
fits of the titration curves, using the single-site binding isotherm defined by Eq. (8).
c. The dependence of the logarithm of the binding constants, K10 (■) and K16 (❑), upon
the logarithm of water concentration, in buffer C (pH 7.0, 10 °C), containing 100 mM
NaCl, in the presence of glycerol. The solid lines are the linear least-squares fits, which
provides the slopes, ∂LogK10/∂Log[H2O]=−14.9±2.3 and ∂LogK16/∂Log[H2O]=
−15.9±2.3, for the 10- and 16-mer, respectively (details in text).
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oligomers, are ~9 and ~13 in the presence or absence of Mg2+,
respectively. This is a much larger site-size than the interacting area in
the (pol β)5 binding mode, where the enzyme exclusively interacts
with the DNA using the 8-kDa domain and engages only ~5
nucleotides, independent of the presence of magnesium cations
[11–15]. Recall, the (pol β)5 binding mode is an equilibrium complex.
Kinetic data would be necessary to assess the presence of inter-
mediates, differing in the site-sizes in the 8-kDa domain complexwith
the DNA. Nevertheless, the fact that the 8-kDa domain is able to
engage a significantly larger fragment of the nucleic acid than in the
(pol β)5 binding mode, strongly suggests that such intermediates are
present in the initial recognition process. The much smaller site-size
of the (pol β)5 binding mode seems to be a result of internal equilibria
in the formed complex between the intact enzyme of the DNA, leading
to the optimal engagement and orientation of the intact enzyme in
interactions with the nucleic acid (see below).

Crystallographic and NMR studies indicate that the 8-kDa domain
contains a helix–hairpin–helix motif (HhH) which is proposed to be a
nonspecific, ssDNA-binding motif [9,10]. The motif contains two α-
helices connected by a short interhelical loop (Fig. 1a and b). The loop
can make contact with the two nucleic acid phosphate groups via
hydrogen bonds. It is clear that the motif alone, although a part of the
binding site, cannot account for either the site-size of ~9 or ~13
nucleotides in the complexwith thenucleic acid. However, on both sides
of the HhH motif, there are patches of 8–7 lysine and arginine residues.
Both patches, together with the HhH loop, can form a DNA-binding site
of the domain that would account for the determined site-sizes.

As we discussed above, to efficiently engage both positively-
charged patches, binding of the nucleic acid to the 8-kDa domain
would require a significant bending of the bound ssDNA, particularly,
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Fig. 9. a. Glycerol effect on the rat pol β–ssDNA interactions in the presence of
magnesium. Fluorescence titrations of the ssDNA 14-mer, dεA(pεA)13, with the intact rat
pol β (λex=325 nm, λem=410 nm) in buffer C (pH 7.0, 10 °C), containing 1 mM MgCl2
and different glycerol concentrations (w/v): 10% (■); 15% (❑); 17.5% (●); and 20% (❍).
b. Analogous fluorescence titrations of the ssDNA 20-mer, dεA(pεA)19, with the intact pol
β. The concentration of the ssDNA 14- and the 20-mer is 1×10−6 M. The solid lines are
nonlinear least-squares fits of the titration curves, using the single-site binding isotherm
defined by Eq. (8). c. The dependence of the logarithm of the binding constants, K14 (❑)
and K20 (■), upon the logarithm of water concentration. The solid lines are the linear
least-squares fits, which provide the slopes, ∂LogK13/∂Log[H2O]=−6.7±1.3 and
∂LogK20/∂Log[H2O]= −9.8±1.9, for the 14- and 20-mer, respectively (details in text).
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in the absence of magnesium. Such a profound bending of the nucleic
acid is clearly seen in FRET measurements (Fig. 3b). In the presence of
Mg2+, the bending is weak and strongly suggesting that one of the
patches partially releases the nucleic acid, leading to the observed
lower site-size of the complex, in these solution conditions (see
above). Notice, the domain can also engage the lysine residue 87 in
interactions with the ssDNA, which is located in the tether connecting
the domain with the rest of the polymerase molecule. This is
particularly true for the complex with the 16-mer and in the absence
of Mg2+. Large differences between enthalpies of binding of the 8-kDa
domain to the 10- and to the 16-mer, in the presence and, particularly,
in the absence of magnesium, indicate that the 16-mer involves
additional interactions, possibly with the lysine 87 (Table 1).

Previous data also indicated that the magnesium effect on the site-
size of the 8-kDa domain–ssDNA complex results from the specific
binding of Mg2+ to the domain, which induces conformational
changes in the protein [15]. The findings that magnesium significantly
affects the apparent enthalpy and numbers of the released water
molecules in the association reaction of the domain with the ssDNA
corroborate this conclusion (see below) (Table 1). The conformational
changes, leading to the decreased site-size of the complex, may
originate from a reorientation of the HhH motif, which could partially
hinder the access of the nucleic acid to one of the positive charged
patches on both sides of themotif and/or to the lysine residue 87 for the
longer DNA (Fig. 1). In this capacity, magnesium binding to the domain
seems to be a part of the more intricate mechanism of optimally
orienting the domain, with respect to the rest of the enzyme molecule,
from the initial engagement of the nucleic acid, leading to the formation
of the final, equilibrium (pol β)5 binding mode (see below).

4.2. The intrinsic affinity of the DNA-binding subsite of the rat pol β
8-kDa domain is driven by large entropy changes resulting from
the release of water molecules from the domain

A characteristic feature of the 8-kDa domain interactions with the
ssDNA is zero or positive apparent enthalpy changes accompanying
the binding (Table 1). In other words, the interactions are mainly
driven by the apparent entropy changes. The insight into the nature of
the observed entropy change comes from the examination of the
solvent effect on the intrinsic affinities (Fig. 6a, b, c, and d). In the
absence of magnesium, formation of the complexes with the 10- and
16-mer is accompanied by the release of ~15–16 water molecules,
while in the presence of Mg+2, binding of the ssDNA oligomers
induces the release of ~19watermolecules. Such large numbers of the
released water molecules substantially contribute to the observed
apparent entropy changes. The fact that oligomers, differing by 60% in
length, induce the release of the same number of the water molecules
strongly suggests that the water release mostly originates from the
binding subsite of the domain and not from the nucleic acid.

The increase of the fluorescence of the ssDNA etheno-derivatives
reflects the conformation of the nucleic acid (strong separation and
immobilization of the bases) and much less the polarity of the
environment [11–15,21,22]. 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, as indicated by the large increase
of the etheno-derivative fluorescence, should lead to negative rather
than positive entropy changes. The larger number of released water
molecules in the presence of magnesium than in the absence of Mg2+,
may be surprising, as the site-size of the complex is diminished from
~13 to ~9 nucleotides. First, it additionally indicates that the number
of the released water molecules is independent of the length of the
interacting nucleic acid, which corroborates the conclusion that the
water release originates from the DNA-binding site of the domain.
Second, it indicates that the conformation of the binding site is
different in the presence of Mg2+, leading to the different thermo-
dynamic responses upon association with the DNA (see above).

4.3. Different enthalpy changes and numbers of released water molecules
in the formation of the (pol β)5 bindingmode, as compared to the isolated
8-kDa domain–ssDNA complexes, indicate a significant communication
between the 8-kDa domain and the catalytic 31-kDa domain of the intact
pol β

Both the 8-kDa domain and the (pol β)5 binding mode, where the
enzyme exclusively engages the 8-kDa domain in interactions with
the nucleic acid, have similar intrinsic affinities for the ssDNA, in the
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range of ~8×104 M−1 to ~2×105 M−1 (see above). Thus, the intrinsic
affinities alonewouldnot provide any indications as to the existence of a
mutual interdependence of the 8-kDa domain and the catalytic 31-kDa
domain in the intact enzyme. Moreover, the very fact that the enzyme
forms different binding modes, where it engages different domains,
would indicate a pronounced autonomy of the domains [11–15]. On the
other hand, the apparent enthalpy changes accompanying the forma-
tion of the (pol β)5 binding mode and the isolated 8-kDa domain
associationwith the DNA are very significantly different (Table 1).With
the exception of the 16-mer binding to the 8-kDa domain in the absence
of magnesium, binding of the nucleic acid to the domain, embedded in
the intact enzyme structure, is accompanied by much more positive
enthalpy changes than determined for the isolated domain. The differ-
ences are particularly strong in the presence of magnesium (Table 1).

Furthermore, the number of water molecules released upon
complex formation is approximately twice as low for the (pol β)5
binding mode than that determined for the isolated domain (Tables 1
and 2). These data indicate that transition for the initial complex
formed by the enzyme with the ssDNA to the (pol β)5 binding mode
(see above), where, in both cases, only the 8-kDa domain enters into
interactions with the DNA, is accompanied by the net uptake of water
molecules [17,18]. Because the transition involves dramatic change of
the protein–DNA site-size, from ~9 or ~13 to ~5 nucleotides, the
water uptake most probably results from the release of the part of the
potential binding site of the domain from interactions with the DNA.

These results also indicate the existence of a considerable
communication between the catalytic 31-kDa domain and the 8-kDa
domain of the intact enzyme, which imposes the reorientation of the 8-
kDa domain and change of the domain–ssDNA site-size, in spite of the
apparent autonomous behavior reflected in the formation of different
bindingmodeswith the ssDNA [11–15]. Such a communicationmust be
accomplished through the 14-amino acid tether connecting the
domains and controlled by binding of the Mg2+ cations. So far, the
tether was thought to be a flexible region without a clear functional
role. The obtained data strongly suggest that the tether plays a much
more active role in the functioning of the pol β than previously thought,
as a conduit of communication signals. The different behaviors of the
16-mer, in the absence ofmagnesium, in terms of the enthalpy changes,
may result from the fact that the oligomer is long enough to engage in
interactions the lysine residue 87 located in the tether (see above).
Second, the large values of the unfavorable positive enthalpy changes
and smaller number of watermolecules in the formation of the (pol β)5
binding mode by the intact enzyme indicate that, unlike in the case of
the isolated 8-kDa domain, the favorable entropy changes originate
from the structural changes of the entire enzyme molecule and less
from the solute exchange reactions (see below).

4.4. The low affinity of the DNA-binding subsite on the 31-kDa domain, as
compared to the DNA-binding subsite on the 8-kDa domain, results from
the diminished number of the released water molecules from the subsite

Recall, formation of the (pol β)16 binding mode includes besides
the 8-kDa domain, an additional engagement of the DNA-binding
5'

3'

5'

3'

+
ΔH ≥ 0 ΔH 

Fig. 10. Schematic model of the pol β–ssDNA complex formation. In the initial complex, the
large number, ~16–19, water molecules and characterized by zero or a small positive ΔH°. T
with thenucleic acid. Transition to the (polβ)5 bindingmode includes reorientation of the 8-kDa
of ~10 water molecules by the 8-kDa domain and a large positive ΔH° The final engagement o
of the DNA-binding subsite on the 31-kDa domain in interactions with the nucleic acid, witho
subsite located on the catalytic 31-kDa domain of the intact pol β [11–
15]. Nevertheless, the affinity of the DNA-binding subsite on the
catalytic domain is at least ~2 orders of magnitude lower than the
affinity of the DNA-binding subsite on the 8-kDa domain [11–15].
Moreover, the intrinsic binding constants for the (pol β)16 and (pol
β)5 binding modes, K16≈1.8×105 M−1 and K5≈7.5×104 M−1, differ
only by a factor of ~2.5, in the presence of magnesium (Fig. 9c). The
DNA-binding subsite on the 31-kDa domain makes only a weak
favorable contribution to the intrinsic affinity of the total DNA-
binding site. The data obtained in this work indicate that formation of
the (pol β)16 binding mode is accompanied by slightly lower positive
enthalpy changes, as compared to the formation of the (pol β)5 binding
mode, both in the presence and absence of magnesium (Table 2). The
simplest explanation of this behavior is that the additional engagement
of the subsite on the 31-kDa domain in the (pol β)16 binding mode is
accompanied by a modest negative enthalpy change, which partly
compensates the large positive enthalpy change of the 8-kDa domain–
ssDNA interactions in the same complex (Table 2).

However, the most striking feature is the very modest number of
water molecules released upon the formation of the (pol β)16 binding
mode. Thus, engagement of the 8-kDa domain in the (pol β)5 binding
mode is accompanied by the release of ~8.4 and ~6.7 watermolecules,
while the additional engagement of the 31-kDa domain in the
(pol β)16 binding mode leads to the release of ~5.9 and ~9.8 water
molecules, in the absence and presence of Mg2+, respectively
(Table 2). Within experimental accuracy, these values are the same
for both binding modes and indicate that engagement of the subsite
on 31-kDa domain is not accompanied by a release of additional water
molecules. As a result, the entropy changes remain almost unaffected,
as compared to the formation of the (pol β)5 bindingmode and do not
contribute to an increase of the free energy of binding of the intact
enzyme. In other words, the small favorable contribution of the 31-
kDa domain to the affinity of the (pol β)16 binding mode results from
the modest negative enthalpy change accompanying the engagement
of its subsite in interactions with the DNA. As we discussed above, the
entropy changes accompanying the (pol β)5 binding mode formation
originate from structural changes of the entire pol β and less from the
solute exchange reactions (see below). Small numbers of the released
water molecules upon formation of the (pol β)16 binding mode
indicate that these structural changes are preserved in this mode
(Table 2).

Schematic representation of the observed behavior of the pol β–
ssDNA system, based on the data obtained in this work, is shown in
Fig. 10. The enzyme engages in the initial complex the 8-kDa domain
in a process accompanied by the release of a large number (~16–19)
water molecules and characterized by the zero or small positive ΔH°.
The entire DNA binding subsite of the 8-kDa domain interacts with the
nucleic acid. Transition to the (pol β)5 binding mode includes
reorientation of the 8-kDa domain with respect to the 31-kDa
domain, the release of the part of the 8-kDa domain binding subsite
from the interactions with the DNA. The process is accompanied by
the net uptake of ~10 water molecules by the domain, most probably
by the part of its binding subsite freed from the nucleic acid, and a
5'

3'

5'

3'
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enzyme engages only the 8-kDa domain in a process accompanied by the release of the
he entire potential DNA binding subsite of the 8-kDa domain is involved in interactions
domainwith respect to the 31-kDadomain. The process is accompanied by the net uptake
f the total DNA-binding site in forming the (pol β)16 binding mode, involves engagement
ut additional water release and accompanied by a small negative ΔH° (details in text).
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large positive DH°. The final engagement of the total DNA-binding site
in forming the (pol β)16 binding mode involves association of the
DNA-binding subsite on the 31-kDa domain with the nucleic acid,
which occurs without additional water release and is accompanied by
a small negative ΔH°.

The difference in the sign of the thermodynamic function, not only
in its value, but also between the two DNA-binding subsites of pol β,
characterizing the association with the nucleic acid, indicates a
profound difference in the nature of interactions of both subsites with
the DNA. The high intrinsic affinity of the DNA-binding subsite on the
8-kDa domain is necessary to make the primary initial contact with
the DNA. It is a recognition–initiation subsite with flexible adjustment
of its site-size, allowing the enzyme to change its orientations on the
nucleic acid. The binding is predominantly entropy-driven, resulting
mostly from the release of the water molecules. The established
contact does not have to dramatically change during the catalysis on
small ssDNA gaps. The dominant role of water molecules in affecting
its intrinsic affinity indicates that the 8-kDa domain can considerably
increase its affinity for the DNA in conditions that mimic the
diminished solvent activity, e.g., by molecular crowding in the cell.

On the other hand, the DNA-binding subsite on the 31-kDa domain
contains the active site of the polymerase. It changes its engagements
with the nucleic acid with every synthesized base pair. The low
intrinsic affinity of the subsite on the 31-kDa domain should facilitate
these transitions. Moreover, structural changes that increase the
entropy of the complex of the intact enzyme with the nucleic acid,
initiated in the reorientation of the enzymemolecule in the formation
of the (pol β)5 binding mode and preserved in the (pol β)16 binding
mode, indicate the presence of a very dynamic and flexible structure
of the complex, which should facilitate the catalysis [51,52].
Nevertheless, small negative enthalpy changes of the engagement of
the subsite on the 31-kDa domain in interactions with the DNA,
strongly suggest that the subsite undergoes conformational changes
necessary to adjust to the changing structure of its DNA counterpart.
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