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ABSTRACT: Interactions between the isolated 8-kDa domain of the rat DNA polymg@rasel DNA have

been studied, using the quantitative fluorescence titration technique. The obtained results show that the
number of nucleotide residues occluded in the native 8-kDa domain complex with the ssDNA (the site
size) is strongly affected by Mg cations. In the absence of Mg the domain occludes 18 0.7 nucleotide
residues, while in the presence of kMghe site size decreases tat90.6 nucleotides. The high affinity

of the magnesium cation binding, as well as the dramatic changes in the monovalent salt effect on the
protein—ssDNA interactions in the presence of Mgindicates that the site size decrease results from the
Mg?2" binding to the domain. The site size of the isolated domasDNA complex is significantly larger

than the 5t 2 site size determined for the (g@)s binding mode formed by an intact polymerase, indicating

that the intact enzyme, but not the isolated domain, has the ability to use only part of the domain DNA-
binding site in its interactions with the nucleic acid. Salt effect on the intrinsic interactions of the domain
with the ssDNA indicates that a net release mfx~ 5 ions accompanies the complex formation.
Independence of the number of ions released upon the type of anion in solution strongly suggests that the
domain forms as many as seven ionic contacts with the ssDNA. Experiments with different ssDNA
oligomers show that the affinity decreases gradually with the decreasing number of nucleotide residues
in the oligomer. The data indicate a continuous, energetically homogeneous structure of the DNA-binding
site of the domain, with crucial, nonspecific contacts between the protein and the DNA evenly distributed
over the entire binding site. The DNA-binding site shows little base specificity. Moreover, the domain
has an intrinsic affinity and site size of its complex with the dsDNA conformation, similar to the affinity
and site size with the ssDNA. The significance of these results for the mechanistic role of the 8-kDa
domain in the functioning of rat pg# is discussed.

Polymerasegs (pol ) plays a very specialized function in  amino acids 18, 19).

the DNA rep‘fiir mgqhiqfary in mammalian celts7). Pol The domain structure of the pglhas been proposed to
B conducts “gap-filling” synthesis on gapped DNA in @ a6 a profound effect on enzyme interactions with the DNA.
processive fashion2( 4—6, 8, 9). The In vitro gap-ﬁllmg Solution studies showed that the 8-kDa domain has a high
reaction .has been pr.o_posed as bgmg c0n5|st¢nt W'th the rOIPaffinity for a single-stranded nucleic acid, leading to the
of pc_JI B in the gap-fllllng syn_theSIS |nv0Ived_ in mismaich suggestion that it is the template-binding domain, while the
repa:jr €5, 7()jand in the dreptz)aw of znonofuncnonal f_i(dd;ms' dsDNA! affinity resides in the 31-kDa catalytic domai@0(
UV damaged DNA, and abasic lesions in DN&—14). : . : .
These specific functions are reflected in the “simplified” %2ICHa?(:VtE\;f;’hzuéiﬁzyr\:'g:;Eger]:s?stg?\&ll()a%%org%'.rﬁlgﬁa”y
activities of the pof5. The enzyme lacks accessory activities, II\/IoIreover o recent e:nal <es of rat and hlljm;rg [ilihl din
such as 3or 5 exonuclease, endonuclease, dNMP turnover, ’ y haing
and pyrophosphorolysi2( 4—7). to the ssDNA have shown very complex patterns in enzyme

Pol 8 is one of several recognized DNA-directed poly- interactions with the nucleic aci@2, 23). The enzymes bind

. . the ssDNA in two binding modes, differing in the number

merases of the eukaryotic nucleds @, 19). Rat polf is a of occluded nucleotide residue® 23). We designated the

single polypeptide of-39 kDa (L6—20). Due to its resem- .
blance to the human hand, the crystal structure of the enzymdi"St complex as the (pg#)is and the second as the (R

revealed a typical polymerase fold consisting of a thumb, Pinding mode. In the (pof).s binding mode, not only the
palm, and fingers18, 19). These structural elements form Small 8-kDa domain but also the large 31-kDa catalytic
the large catalytic 31-kDa domain of the enzyn2é, (21). domain of the enzyme is involved in interactions with the
However, a characteristic feature of the pbktructure is ~ SSDNA. In the (polf)s binding mode, the small 8-kDa
the presence of an extra, small 8-kDa domain that is domain is predominantly engaged in interactions with the
connected with the tip of the fingers through a tether of 14 SSDNA @2, 23). Moreover, the binding modes differ in their

T This work was supported by NIH Grant GM-58565 (to W.B.). 1 Abbreviations: ssDNA, single-stranded DNA; dsDNA, double-
*To whom correspondence should be addressed. Tel: (409) 772- stranded DNA; MCT method, macromolecular competition titration
5634. Fax: (409) 772-1790. E-mail: wbujalow@utmb.edu. method; HhH, helix-hairpin—helix.
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affinities and abilities to induce conformational changes in €50 = 10000, €260 = 8100, andey7o = 7200 Mt cm?!
the ssDNA 22, 23). (nucleotide) 23). The concentrations of the ssDNA oligo-
Preliminary studies with the isolated 8-kDa domain mers were determined using the nearest-neighbor analysis,
indicate that the site size of the domaissDNA complexis ~ as previously describe®?, 23). The dsDNA was formed
significantly larger than the site size of the (g binding by mixing an equal amount of both strands, warming the
mode @2). The lack of significant cooperative interactions Mixture to 95°C for 5 min, and cooling slowly to room
between protein molecules bound in the (4 binding temperature, over a period of-3 h (22, 23).
mode indicates that interactions between the domain and the Fluorescence Measuremen#dl steady-state fluorescence
nucleic acid are the major source of the free energy of titrations were performed using the SLM-AMINCO 8100 and
binding in this mode, despite the limited access of the domain 48000S spectrofluorometers. To avoid possible artifacts, due
to the ssDNA, as compared to the isolated don{am). to the fluorescence anisotropy of the sample, polarizers were

Elucidation of 8-kDa domain interactions with the DNA Placed in excitation and emission channels and set at 90
is of paramount importance for our understanding the role @1d 53 (magic angle), respectively. The binding was
of the domain in the functioning of pd. In this paper, we follqwe.d by monitoring the fluorescence of the etheno
report the quantitative analyses of the interactions of the derivatives fex = 325 nm, Zem = 410 nm). Computer fits
native, isolated 8-kDa domain of rat gdkith both ssDONA ~ Were performed using Mathematica (Wolfram, IL) and
and dsDNA. We provide direct evidence that the site size KaleidaGraph (Synergy Software, PA). The nucleic acid
of the 8-kDa domairssDNA complex depends on the relative fluorescence increasgl, upon binding the 8-kDa
presence of Mg cations. The magnesium effect results from domain is defined a&F = (F;i — Fo)/F, whereF; is the
binding the M@* cations to the domain. The much larger fluorescence of the nucleic acid at a given titration point
site size of the domainssDNA complex than the site size 1> @nd Fo is the initial value of the fluorescence of the
of the (polp)s binding mode indicates that the intact enzyme Nucleic acid sample26—28). o _ o
has the ability to use only a part of the domain DNA-binding Quantitatve Determination of Stoichiometries and Binding
site, when interacting with the ssDNA. The obtained data 'Sotherms of the Rat P¢# 8-kDa Domain-ssDNA Com-
indicate the DNA-binding site has a continuous, energetically Pléxes.n this work, we followed the binding of the rat pol
homogeneous structure with a large number of similar, / 8-kDa domain to the sSDNAs by monitoring the fluores-
nonspecific contacts between the protein and the DNA. C€nce increaseAF, of the nucleic acid etheno derivatives
Moreover, the binding site shows little base specificity and UPOn the complex formation. The method of obtaining

has significant intrinsic affinity for the dsSDNA conformation. figorous estimates of the average binding densiy;
(number of domain molecules bound per nucleotide), and

the free protein concentratiorRs, has been previously
described in detail by u82—36). Briefly, the experimentally
observedAF has a contribution from each of the different
possiblei complexes of the 8-kDa domain with the ssDNA.
Thus, the observed fluorescence increase is functionally
related to v; by

MATERIALS AND METHODS

Reagents and Bufferall chemicals were reagent grade.
All solutions were made with distilled and deionized .8
MQ (Milli-Q Plus) water. Buffer C is 10 mM sodium
cacodylate adjusted to pH 7.0 with HCI, 1 mM MgCand
10% glycerol. Buffer C1 is the same as buffer C but without
MgCl,. The temperatures and concentrations of NaCl in the
buffer are indicated in the text.

Recombinant, Nate Rat Pol f 8-kDa Domain The \yhereAF, is the molecular parameter characterizing the
plasmid harboring the gene of the 8-kDa domain of rat pol yaximum fluorescence increase of the nucleic acid with the
p was a generous gift from Dr. S. H. Wilson (NIEHS). g.xpa domain bound in compleix The same value okF,
However, sequencing the gene revealed that the amino acichptained at two different total nucleic acid concentrations,
residue in location 87, at the C-terminus of the protein, is Nr, andNr,, indicates the same physical state of the nucleic

AF =S vAF; (1)

X

aparagine, not lysine, as indicated by the primary structure 5¢jq j.e.. the degree of bindingv;, and the free domain

of the entire enzyme moleculel). We replaced the

concentrationPg, must be the same. The valuesXf; and

asparagine residue with the original lysine. Moreover, the p_ gre then related to the total protein concentratidhs,

gene of the protein has been placed in plasmid pET30a, undeiy 4 Pr,. and the total nucleic acid concentratioh, and
control of the T7 polymerase system. Isolation and purifica- Nr,, at the same value ofF, by

tion of the protein were performed as previously described

(16, 20, 22—24). The concentration of the protein was

spectrophotometrically determined using the extinction coef-

ficient exg0 = 4.45 x 10° cm™t M1, obtained with the

approach based on Edelhoch’s meth2agd, 23, 25-29).
Nucleic Acids All nucleic acids were purchased from

Midland Certified Reagents (Midland, TX). The etheno

Pr,— P,
Y= —NTZ_ Ny, (2a)
Pe=Pr — (ZVi)NTX (2b)

derivatives of the nucleic acids were obtained by modification wherex = 1 or 2 (32—36).

with chloroacetaldehyde2@, 23, 27, 28, 30—32). This

Analysis of the Binding Isotherms of the 8-kDa Domain

modification goes to completion and provides a fluorescent Poly(dkA) SystemThe simplest statistical thermodynamic

derivative of a nucleic acid. The concentrations of pahi(dl
poly(dA), poly(dT), and poly(dC) were spectrophotometri-
cally determined using extinction coefficients; = 3700,

model that describes the binding of a large ligand that
occludes a number ofnucleotides in the complex (site size)
to an infinite, homogeneous lattice is the McGh®&en
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Hippel model 87). Once the site siza, of the complex is
known, this paradigm model allows one to extract an intrinsic
binding constanK and a parametew, characterizing the

cooperative interactions between bound ligand molecules,
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to two competing nucleic acid lattices is described by two
independent isotherms defined by eq 3. However, any attempt
to simultaneously use two isotherms, of the type given by
eq 3, is hindered by the fact that they are complex,

and takes into account the overlap among potential binding polynomial, implicit functions of the binding density,v;,
sites. Previously, we derived a single, generalized equationand free ligand concentratiory vi[F(>vi,Pe)]. Thus, to

for the McGhee-von Hippel model that can be applied to
both cooperative and noncooperative bindirg@B)( The
binding density v;, is described by the generalized equation

as
20(1 — nZVi) }n_l y
R
{1— N+ 1Y+

2w — 1A - nZvi) + Zvi +

2
R 2
2(1-nS ) } Pe )

K1 - nz”i)[
whereR={[1 — (n+ 1)>v]? + 4w (1 — n3v;)}%5(38).
Quantitatve Determination of Binding Isotherms of Rat
Pol 5 8-kDa Domain Interactions with Unmodified, ssDNA
Homopolymers. Application of the MCT Methdaetermi-
nation of the interaction parameters for the rat p@-kDa
domain-unmodified nucleic acid complexes has been per-
formed using the macromolecular competition titration
(MCT) method 27). In this method, the fluorescent reference
nucleic acid [e.g., poly()] at total concentrationNy,, is
titrated with the protein in the presence of a competing
nonfluorescent nucleic acid [e.g., poly(dT)] of the total
concentrationNr.. The total concentration of the protein,
Pr, at which the same value of the relative fluorescence
increase AF, of the reference nucleic acid is observed in
the absence of the unmodified ssDNRy,, and in the

presence of the unmodified ssDNRy,, is defined asZ7)
Pr.= (Z"i)RNTR + Pe (4a)
Pr.= (zVi)RNTR + (zVi)SNTS + Pe (4b)

where §v)gr, (3 vi)s, andPg are the binding density of the
8-kDa domain on the reference nucleic acid, the binding
density of the protein on the nonfluorescent, competing

nucleic acid, and the free protein concentration, respectively.

Solving eqgs 4a and 4b for)¢;)s and Pr provides the
thermodynamically rigorous binding density of the 8-kDa
domain on an unmodified ssDNA and the free protein
concentration defined ag7)

_ s R
(zVi)s = NTS

(5a)

and

Pe= PTS - (zVi)sNTS - (zvi)RNTR (5b)
Analysis of the Lattice-Competition Binding Isotherms.

Once the site size of the 8-kDa domain on the unmodified

polymer DNA has been determined, fluorescence titration

simulate, or fit, the competition titration isotherms of large
ligand binding to two competing nucleic acid lattices,
complex and cumbersome numerical calculations are required
(27). The general approach that overcomes this problem is
based on the combined application of the generalized
McGhee-von Hippel equation, as defined by eq 3, and the
exact combinatorial theory for large ligand binding to a
linear, homogeneous latticq, 38, 39). In the combinatorial
approach for the cooperative binding of a large ligand, which
coversn nucleotide residues, the partition function of the
ligand—lattice system/Z, is defined by

g k-1

B l;;’PM(k’j )(KSPF)kCUSj (6a)

whereg is the maximum number of ligand molecules which
may bind to the finite nucleic acid lattice (for the nucleic
acid latticeM residues longg = M/n), Ks is the intrinsic
binding constant for the binding to an unmodified, nucleic
acid lattice,ws is the cooperative interaction parameteis
the number of ligand molecules bound, grid the number
of cooperative contacts between thigound ligand molecules
in a particular configuration on the lattice. The combinatorial
factor Py(k,) is the number of distinct ways thé&tligands
bind to a lattice, withj cooperative contacts, and is defined

by

(M — nk+ 1)I(k — 1)!
(M —nk+]j + 1)!(k— (k=] — 1)!

Pu(ki) = (6b)

The binding density, Xvi)s, is then obtained by using the
standard statistical thermodynamic expressign;)e = a
In Z/3 In Pg, as

g k-1

kZ%kPM(k,mKSPF)kw;
(zVi)s= g k1
gO;PM(k,j)(KSPF)kwsJ

Equations 6 and 7 describe the binding of a large ligand
to a finite, linear homogeneous lattice. For a long enough
lattice, the obtained isotherm will be, within experimental
accuracy, indistinguishable from the isotherm generated using
the generalized eq 3 for binding the large ligand to the infinite
lattice. We found that in the case of a protein, like the 8-kDa
domain 6 = 9—13), a lattice which can accommodat&0
protein molecules (600 nucleotides) represents an “infinite”
lattice for any practical purpos@T).

Contrary to the generalized McGheeon Hippel eq 3,
expression 7 is an explicit function of the free ligand
concentration which allows us to directly calculate the

(7)

curves of the fluorescent, reference nucleic acid, in the binding density on the unmodified sSDNA for the kno#n
presence of the unmodified ssSDNA, can be analyzed usingw, n, andPe. Notice, through eq 3 the free ligand concentra-

the approach previously described by 28)( Ligand binding

tion can be explicitly calculated using an infinite lattice
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model. Thus, combining both models offers a simple and
very efficient way of fitting the simultaneous binding of a
large ligand to two (or more) competing, different linear
lattices e.g., a reference fluorescent nucleic acid in the
presence of a competing, nonfluorescent nucleic &2l (
This is accomplished by first applying eq 3 to the reference
fluorescent nucleic acid, calculating the free ligand concen-
tration of Pg for given values of parameteis, w, andn,
with (> v)gr, as a variable. Subsequently, the obtained value
of Pgis introduced into eq 7, which is used to describe the
protein binding to a competing, nonfluorescent nucleic acid,
and the binding density Y(i)s, is calculated for the given Log[8-kDa Domain]
Ks, ws, andns, which characterize the binding of the protein
to the competing lattice. The calculations are repeated for
the entire range ofY(vi)r, generating the required {;)s for

the competing nucleic acid lattice, as a functiorPef The
experimental binding isotherm, which is the observed
fluorescence chang@&F, as a function of the total protein
concentrationPr, is then obtained by calculating the total
protein concentratiorRy, for each value ofAF, by introduc-

ing & v)s, (O vi)r, andPe into eq 4b 27).

RESULTS

Stoichiometry of the Rat P¢@ 8-kDa Domair-ssDNA
Complexes in the Presence and Absence of"MZations _ o
Fluorescence titrations of poly¢d) with the rat pol3 8-kDa ~ FIGURE 1: (@) Fluorescence ftitrationde, = 325 nm, dem = 410

. . f . . . nm) of poly(ctA) with the 8-kDa domain of rat pg# in buffer C1
domain, at two different nucleic acid concentrations, in buffer (pH 7.0, 10 °C), containing 50 mM NaCl, at two different

C1 (pH 7.0, 10°C), containing 50 mM NaCl, are shown in  concentrations of the nucleic acid (nucleotidef) @ x 1075 M;
Figure 1a. The relative increase of the nucleic acid fluores- (O0) 1.93 x 104 M. The solid lines are computer fits of the
cence reaches the value &F . = 1.3 £ 0.1. At higher ﬂuocgelscen%e fi_sotlaebrms uséjng the gen_efa||i26d M?Ghee Hit%p9|

: ; : ; : model, as defined by eq 3, using a single set of parameters:
nuclelc acid cqncentranons, a given flqorescence increase; "y ML n=13.0 = 2.3, ANdAF ey = 1.27 (details in text).
is reached at higher enzyme concentrations, due to the extra rors in determining the parameters, provided in the text, are
nucleic acid in the solution. The selected nucleic acid standard deviations obtained using four to five independent titration
concentrations provide a separation of the isotherms up toexperiments. (b) Dependence of the relative fluorescence change,
the relative fluorescence increase ®F ~ 0.9, i.e.,, up to  AF, upon the binding densitgy; of the 8-kDa domain on poly-

750 oo . (deA) (). The average binding densifyy;, has been quantitatively
75.A) of the binding _curve. N(.)t'C(.a th_at the observed determined using the method described in Materials and Methods
maximum fluorescence increase is significantly lower than (27) The solid, straight line follows the points and does not have

AFmax = 2.1 + 0.1, previously obtained with the 8-kDa atheoretical basis. The dashed line is an extrapolation of the binding
domain with asparagine in location 87 instead of lys2®.( density to the maximum value of the relative fluorescence change,
Such a large difference between the observed valua§qf, ~ AFmax= 1.27, which provide&; = 0.077+ 0.05, corresponding
indicates that the structure of the ssDNA in the complex with o the site size of the domairssDNA complexn = 13 + 0.6.
the native dgmam IS. sygmﬁcantly dlﬁerent than n th? case Table 1: Intrinsic Binding Constank;, Cooperativity Parameteg,
of the domam containing .the.mqtat'_on (see DI$CUSS|On). Site Size,n, and Maximum Fluorescence Increadd;ma, for Rat

To obtain thermodynamic binding isotherms, independent po| 8 8-kba Domain Binding to Poly¢h) in the Absence of
of any assumption about the relationship between the MgCl; [Buffer C1 (pH 7.0, 10°C) Containing 50 mM NacCl] and
observed signal and the binding densify;, the titration the Presence of 1 mM Mgg[Buffer C (pH 7.0, 10°C) Containing
curves in Figure 1a have been analyzed, using the approacﬁo mM NaClp
outlined in Materials and Method82—36). Figure 1b shows MgCl K(M™) w n AFmax
the dependence of the observed relative fluorescence in- o (1£0.3)x 1¢° 22407 13407 1.3+0.1
crease AF, as a function of the average binding density, 1mM  (28+£05)x10° 15+05 9+06 1.4+1
>vi. The plot is linear and shows the existence of a single  aErrors are standard deviations determined using three to four
binding phase. Short extrapolation of the binding density to independent titration experiments.
the maximum fluorescence increase at saturation provides
S>vi = 0.0774 0.005, which shows that, in the absence of experimental isotherms, using eq 3. The theoretical lines
Mg?*, the isolated 8-kDa domain occludas= 13 4+ 0.7 provide an excellent fit to the experimental isotherms with
nucleotide residues in the complex with the sSDNA. BecauseK = (1 + 0.3) x 1® Mt andw = 2.2+ 0.7 (Table 1).
we know the site size of the complex, and the domain binds Notice that the value ofi is significantly larger than the
to the ssDNA in a single phase witkFnx= 1.3+ 0.1, we site sizen = 10+ 0.6, previously obtained for the modified
can use the generalized McGhemn Hippel equation to  8-kDa domain in the presence of 1 mM MgCGR2). To
extract the remaining two interaction parameters, the intrinsic address the effect of magnesium on the stoichiometry of the
binding constant, and the cooperativity parameter,(eq native rat pols 8-kDa domain, we performed fluorescence
3). The solid lines in Figure 1la are computer fits of the titrations of poly(@¢A) with the domain at two different

Relative Fluorescence Increase

-7 -6 -5 -4

Total

Relative Fluorescence Increase

0 0.05 0.1

Degree of Binding Zv,
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15 ' ‘ ‘ ‘ It is evident that the presence of 1 mM MgGQias a
a dramatic effect on the stoichiometry of the 8-kDa domain
ssDNA complex. A further magnesium concentration in-
crease does not lead to a further decrease of the site size of
the complex. We also performed experiments with a modified
8-kDa domain, in the absence of magnesium, and observed
a similar increase of the number of occluded nucleotide
residues by the protein (data not shown). These results
indicate that the presence of the single mutation in the
modified 8-kDa domain does not eliminate the magnesium
effect on the observed stoichiometry of the complex. The
solid lines in Figure 2a are computer fits of the experimental
isotherms, using the generalized eq 3. The theoretical lines
b ‘ RS provide an excellent fit to the experimental isotherms with
T the values oK = (2.8+ 0.5) x 1 Mtandw = 1.5+
1 1 0.5 (Table 1). The corresponding parameters, previously
determined for the modified domain, afe= (2.7 £ 0.5) x
10° Mt andw = 4 £ 1 (22). Thus, the presence of an
0.5, 1 additional, positively charged lysine residue has, within
experimental accuracy, no effect on the intrinsic binding
constant in the examined solution conditions, although
‘ s parametety which characterizes cooperative interactions is

0 0.05 0.1 decreased by a factor 0f2.5 (Table 1).

Degree of Binding Zv, Salt Effect on Intrinsic Affinity of the Rat P@l 8-kDa
FIGURE 2: (a) Fluorescence titrationdek = 325 NM,dem = 410 Domain—-ssDNA Complex-luorescence titrations of poly-

nm) of poly(ckA) with the 8-kDa domain of rat pg8 in buffer C (deA) with the 8-kDa domain of rat pg8, in buffer C1 (pH
(pH 7.0, 10 °C), containing 50 mM NacCl, at two different 7.0, 10°C), containing different NaCl concentrations, are

Relative Fluorescence Increase

-7 -6 -5 -4

Log[8-kDa Domain]_ .

Relative Fluorescence Increase

concentrations of the nucleic acid (nucleotidefl) @ x 107> M; shown in Figure 3a. As the salt concentration increases, the
(0) 1.94 x 10°* M. The solid lines are computer fits of the jsoiharms shift toward higher total protein concentrations
fluorescence isotherms using the generalized McGkea Hippel S . . . .
model, as defined by eq 3, using a single set of parameters: indicating a decreasing macroscopic affinity of the domain

3x 1ML n=09 =15, andAFn= 1.4 (details in text). nucleic acid complex at higher salt concentrations. Also, the
Errors in determining the parameters, provided in the text, are maximum relative fluorescence change accompanying the
standard deviations obtained using four to five independent titration binding decreases with the increase of the salt concentration

experiments. (b) Dependence of the relative fluorescence change, P .
AF, upon the binding densitgy,, of the 8-kDa domain on poly- (Figure 3a). Analogous fluorescence titrations were per

(deA) (M). The average binding densiBy;, has been quantitatively ~ formed in the solutions where NaCl was replaced by NaBr
determined using the method described in Materials and Methods(data not shown).
(27, 34). The solid straight line follows the points and does not  The dependence of the logarithm of the intrinsic binding

have a theoretical basis. The dashed line is an extrapolation of the ;
binding density to the maximum value of the relative fluorescence constant upon the logarithm of [NaCl] and [NaBr] (folpg

change,AFmax = 1.4, which providesSy, = 0.115 + 0.005, plots) is shown in Figure 340—42). Both plots are linear

corresponding to the site size of the domassDNA complexn in the studied salt concentration range. In the presence of
=9+ 0.6. Nacl, the slope of the plot log K/a log [NaCl], is—4.8 +

0.5, which indicates that the release~d ions accompanies
nucleic acid concentrations, in buffer C (pH 7.0, 90), the intrinsic interactions between the domain and the ssDNA.

containing 50 mM NaCl. The titration curves are shown in The slopej log K/d log [NaBr] = —4.5+ 0.5 is very similar
Figure 2a. In the presence of magnesium, the relative increasd© the slope obtained in the presence of NaCl. Also, the
of the nucleic acid fluorescence reaches the valuaf., determined binding constants have very close values in both
= 1.4+ 0.1, which is still significantly lower than th&F salts. Thus, the replacement of "Cby Br— does not

= 2.1+ 0.1 previously obtained with the modified 8-kDa significantly affect the number of ions released in the
domain @2). Figure 2b shows the dependence of the formation of the complex or the values of the intrinsic
observed relative fluorescence increaA€, as a function binding constants. Branions are known to have a higher

- Iy affinity for the protein amine groups than C{43). Inde-
of the average bmdmg densifyy.. In the presence of MZ@’. pendence of the net number of ions released, as well as the
the plot is also linear and shows the existence of a single

S . > ¥~ values of binding constants, upon the type of the anion
binding phase. However, short extrapolation of the binding gnq1y suggests that intrinsic interactions are predominantly

density to the maximum fluorescence increase at Sat”rationaccompanied by the release of cations from the nucleic acid
provides v = 0.115+ 0.005, which shows that in the  (40-42) (see Discussion).

presence of magnesium the native 8-kDa domain occludes  The salt effect on the domain interactions with the sSSDNA
9 =+ 0.6 nucleotide residues in the complex with the sSDNA. s different in the presence of Mg Fluorescence titrations
Thus, in the presence of Mg binding of the native 8-kDa  of poly(deA) with the 8-kDa domain of rat pg#, in buffer
domain to the ssDNA is characterized by different fluores- C (pH 7.0, 10°C), containing different NaCl concentrations,
cence changes and the site size of the complex than observedre shown in Figure 4a. Analogous titrations have been
for the modified domainZ?2). performed in the presence of NaBr (data not shown). The
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1.5

Relative Fluorescence Increase

Relative Fluorescence Increase

Log[8-kDa Domain].. Log[8-kDa Domain]__
b 5 o )
6| ]
5.5[ |
o ¥
[=2]
g 5| 1 8 % 1
4.5 R
4 - ‘ ) ; N 4 | ‘ ) .
1.4 -1.2 -1 -0.8 -0.6 1.2 -1 -0.8
Log[NaX] Log[NaX]
Ficure 3: (a) Fluorescence titrations of poly@) (Aex = 325 nm, Ficure 4: (a) Fluorescence titrations of poly@) (lex = 325 nm,
Jem = 410 nm) with the 8-kDa domain of rat pglin buffer C1 em = 410 nm) with the 8-kDa domain of rat pglin buffer C (pH

(pH 7.0, 10°C) containing different NaCl concentrationss)(50 7.0, 10°C), containing 1 mM MgGCland different NaCl concentra-
mM; (O) 75 mM; (@) 100 mM; ©) 125 mM; (a) 150 mM. The tions: @) 50 mM; @) 75 mM; (@) 100 mM; ©) 125 mM; (a)
solid lines are computer fits of the binding isotherms using the 150 mM. The solid lines are computer fits of the binding isotherms
generalized McGheevon Hippel model, as defined by eq 3. The using the generalized McGhegon Hippel model, as defined by
concentration of poly(@) is 2 x 10> M (nucleotide). (b) eq 3. The concentration of polyd) is 2 x 10> M (nucleotide).
Dependence of the intrinsic binding constards for the binding (b) Dependence of the intrinsic binding constdtfor the binding

of the 8-kDa domain of rat pg to poly(dA) upon NaCl @) and of the 8-kDa domain of rat pg# to poly(ckA) upon NaCl @) and
NaBr () concentrations (loglog plots). The plots are characterized NaBr (O) concentrations (loglog plots). The plots are characterized
by the slopes log K/3 log [NaCl] = —4.8 &+ 0.5, andd log K/a by the slopes log K/d log [NaCl], = —2.9 £+ 0.5 anda log K/a

log [NaBr] = —4.5 + 0.5, respectively. log [NaBr] = —4 + 0.5, respectively.

solid lines are computer fits of the experimental titration slopesd log w/d log [NaCl] are—1 &+ 0.5 and—0.8 & 0.4,
curves using the generalized McGhemn Hippel equation  in the absence and presence of MgChe analogous values
(eq 3). The dependence of the logarithm of the intrinsic of the slopesy log w/d log [NaBr], are—1 + 0.5 and—0.6
binding constant upon the logarithm of [NaCl] and [NaBr] =+ 0.3, respectively (data not shown). These data indicate
is shown in Figure 4b. Within experimental accuracy, the that cooperative interactions are accompanied by a net release
plots are linear in the studied salt concentration range andof ~1 ion that is not, within experimental accuracy, affected
characterized by the slopédog K/d log [NaCl] = —2.9+ by the presence of Mg.
0.5 andod log K/d log [NaBr] = —4 £ 0.5, respectively. Binding of the Rat Poj8 8-kDa Domain to the ssDNA
The values of the binding constants and both slopes areOligomers Haing a Different Number of Nucleotide Resi-
reduced in the presence of kg This results from the fact dues The total site size of a proteiDNA complex
that both the protein and magnesium ions compete for thecorresponds to the DNA fragment that is prevented from
same binding site on the nucleic acid. Moreover, bound binding to other protein molecule87{—39). Such DNA
magnesium cations reduce the thermodynamic degreeof Na fragments may include nucleotide residues directly involved
binding to the DNA which, in consequence, reduces the in interactions with the protein, its DNA-binding site, and
number of sodium ions released upon protein binding and nucleotides not engaged in direct interactio®® (The latter
the absolute values of the slopes of the-tbog plots, as are prevented from interacting with another protein molecule
experimentally observed(—42). However, the slope of the by the protruding protein matrix of the previously bound
log—log plot, in the presence of NaBr, is significantly larger protein molecule over nucleotides adjacent to the binding
than the corresponding slope obtained in the presence ofsite (34).
NaCl (Figure 4b), indicating that the replacement of 6Y A deeper insight into the structure of the 8-kDa domain
Br~ increases the net ion release. Thus, the presence oDNA-binding site can be obtained by examining the interac-
MgCl, dramatically changes the salt effect on the 8-kDa tions of the domain with the ssDNA oligomers that have a
domain-ssDNA interactions (see Discussion). different number of nucleotide residues. We previously
A quantitative determination of the salt effect on the applied a similar strategy in our studies of the ssDNA-binding
cooperativity parametap is more difficult because of the  sites of theEscherichia coliDnaB and PriA helicases34,
small value of the parameter and the inherent large error in 44). Fluorescence titrations of the 12-, 10-, 9-, 8-, 6-, and
its determinations. Nevertheless, the obtained values of the5-mer, dA(peA)11, deA(PeA)g, deA(PeA)s, deA(PeA)7, deA-
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Ficure 5: Fluorescence titrations of the 12-, 10-, 9-, 8-, 6-, and
5-mer, dA(peA)11, deA(PeA)g, deA(pPeA)s, deA(peA)7, deA(pPeA)s,
and dA(peA)s (Aex = 325 Nm,Aem = 410 nm), with the 8-kDa
domain of rat pols in buffer C (pH 8.1, 10°C), containing 50
mM NaCl. Concentrations of all oligomers are 45107 M
(oligomer): @) deA(peA)1y; () deA(peA)s; (@) deA(peA)s; (O)
deA(peA)7; (A)deA(peA)s; (o) deA(peA)s. The solid lines are
computer fits using the single-site binding isothetif, = AFyac
[KnPE/(1 + KnPER)], with binding parameterky andAF . included

in Table 2.

(peA)s, and &¢A(peA)q4, with the 8-kDa domain in buffer C
(pH 7.0, 10°C), containing 50 mM NaCl, are shown in
Figure 5. The solid lines are computer fits of the binding
isotherms to a single binding-site isothetyl; = AFmKnPH

(1 + K\Pg), where AFnax is the maximum fluorescence
increase andKy is the macroscopic binding constant for a
given oligomer. It should be pointed out that in the case of
the short ssDNA oligomers (4- and 5-mer), at saturation with
the DNA, two molecules of the nucleic acid may bind to

Biochemistry, Vol. 40, No. 11, 2008301

als and Methods section, we can quantitatively address the
base specificity in interactions of the rat gb8-kDa domain
with various unmodified polynucleotides, differing by the
type of the baseX7). In these studies we use polyfd) as
a reference, fluorescence nucleic acid. A fluorescence
titration of the poly(@A) [2 x 107> M (nucleotide)] with
the 8-kDa domain in the presence of poly(dT) [3:41L0°
M (nucleotide)] in buffer C (pH 7.0, 10C), containing 50
mM NacCl, is shown in Figure 6a. For comparison, we also
include the titration curve of only polyéd) with the domain,
at the same fluorescent nucleic acid concentration as in the
titration performed in the presence of poly(dT). In the
presence of the competing, nonfluorescent poly(dT), the
binding isotherm is shifted toward higher protein concentra-
tions, due to the simultaneous binding of the protein to the
poly(deA) and the unmodified polynucleotide. On the other
hand, at the same value of the fluorescence increase of poly-
(deA), independently of the presence of the competing poly-
(dT), the physical state of the fluorescent nucleic acid must
be the same, i.e., the values pi#; and the free protein
concentration [8-kDa domaipmust be the same{). The
binding density of the protein on the competing, unmodified
ssDNA, (0 vi)s, is also a sole, unigue function of the [8-kDa
domaink. Therefore, at a given value of fluorescence
increase, the value o} ¢)s must be the same, independent
of the concentration of the unmodified nucleic acid. The
binding density, ¥ v)s, can then be obtained using eq 5a
(27).

The dependence of the fluorescence increase of the
reference poly(@A), as a function of the average binding
density, p vi)s, of the 8-kDa domaifrpoly(dT) complex, is

the domain. The low fluorescence increase, observed for theshown in Figure 6b. The plot is concave up, showing that in
short oligomers, makes the maximum stoichiometry deter- the low concentration range the domain binds predominantly
mination very difficult. However, the low DNA concentra- to poly(dT). In other words, this behavior indicates that the
tions applied here and the reverse titration mode (increasing8-kDa domain has a higher affinity for the competing lattice

protein concentration) of performing the experiments make

such saturation very improbable. Nevertheless, the macro-

than for the reference polyéd) (27). Short extrapolation
to the maximum observed fluorescence change giyesd

scopic binding constants for these two oligomers may contain= 0.11 £+ 0.007, which indicates that the site size of the

a statistical factor no higher than 2. The obtained binding
parameters are included in Table 2.

8-kDa domain complex with poly(dT) is, within experimental
accuracy, the same as that obtained for peljd(Table

There are two characteristic features of the 8-kDa domain 1). The solid line in Figure 6a is the computer fit of the

interactions with different sSDNA oligomers. The maximum
fluorescence increasAFmay dramatically decreases with the
decreasing length of the oligomer. Sudtn.x changes
indicate a changing ssDNA structure in the complex with
the protein 45, 46; see Discussion). However, the macro-
scopic binding constant for the examined oligomers only
gradually decreases with the size of the oligomer (Table 2).

These results contrast the data obtained for the ssDNA-

simultaneous binding of the 8-kDa domain to two competing
nucleic acids, using the procedure for fitting the isotherm of
a large ligand binding to two competing nucleic acid lattices,
as outlined in Materials and Method&7). The binding of
the domain to poly(éA) has been described, using the
generalized McGheevon Hippel equation (eq 3) with the
independently determined = 2.8 x 10® M1, = 1.5,
and n = 9. The binding of the domain to poly(dT) is

binding sites of the DnaB and PriA helicases, where a sharpdescribed by eqgs 6 and 7. There are only two parameters,

drop of both AFy .« and macroscopic affinities occurred,

the intrinsic binding constants, and the cooperativity

when the number of nucleotides was lower than a certain parameterws, remaining to be determined. The best fit of

limit, indicating that below this specific length the DNA was
not able to interact with crucial contacts in the binding site
(34, 44). Very different behavior observed for the 8-kDa
domain strongly suggests that its DNA-binding site has a

continuous, energetically homogeneous structure with mul-

the experimental isotherm is obtained with= (1.6 + 0.5)

x 10° Mt andws =5 + 1.5. The solid line in Figure 6b is
the computer simulation of the observed fluorescence change
of the reference poly¢h), as a function of the degree of
binding of the 8-kDa domain on poly(dT), using the

tiple contacts between the protein and the DNA instead of a determined binding parameters for poly#d and the
small number of key contacts separated by a specific distanceunmodified ssDNA polymer. The parameters for all studied

(see Discussion).
Base Specificity in the Rat PBl8-kDa Domainr-ssDNA
Interactions Using the MCT method outlined in the Materi-

ssDNA polymers are included in Table 3. Although the
8-kDa domain shows some preference for poly(dT) among
studied ssDNA polymers, its affinities for different SSDNAs
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Table 2: Macroscopic Binding Constamty, and Maximum Fluorescence Changdd;max for Rat Pols 8-kDa Domain Binding to ssSDNA
Oligomers with a Different Number of Nucleotide Residues in Buffer C (pH 7.0;@)) Containing 50 mM Nagl

12-mer 10-mer 9-mer 8-mer 6-mer 5-mer
parameter deA(peA) 11 deA(peA)o deA(peA)s deA(peA)7 deA(peA)s deA(peA),
Ky (M) (6.8+£2) x 10¢ (6.8£2) x 10¢ (4.2£15)x 10¢ (29+£1) x 1¢¢ (29+1) x 10¢ (2.8+1) x 10¢
Frmax 1+0.1 0.67+ 0.05 0.6+ 0.05 0.55+ 0.05 0.27+ 0.03 0.14+ 0.02

aErrors are standard deviations determined using three to four independent titration experiments.

that contains 10 bps of random sequence (data not shown).
A single domain molecule binds to the oligomer, indicating
that the site size of the complex with the dsDNA is close to
the site size determined for the sSDNA (Tables 1 and 2). To
further address the site size, intrinsic affinity, and cooper-
ativity in the binding of the 8-kDa domain to the dsDNA,
the experiments were performed with the 20-mer dsDNA
having a random sequence. As in the previous section, we
used poly(dA) as a reference fluorescent nucleic acid.

. Fluorescence titrations of polyd) with the 8-kDa
Log[8-kDa Domain],_,_ domain, in the presence of the dsDNA oligomer [2:56

o 106 M (oligomer)], having 20 bps of random sequence, in
buffer C (pH 7.0, 10C), containing 50 mM NacCl, are shown
in Figure 7a. For comparison, the titration of polky&d alone
is also included. The presence of the dsDNA oligomer
significantly shifts the titration curves toward a higher
domain concentration range, clearly indicating that the
dsDNA oligomer efficiently competes with the polymer
ssDNA for the same DNA-binding site on the protein.
However, we could not reach the maximum possible plateau
of the titration curve because, at a higher protein concentra-
tion, precipitation of the proteinnucleic acid complex

pry
T

o
a
T

(=]

Relative Fluorescence Increase

Relative Fluorescence Increase

0 0.05 0.1

o ) occurs. The isotherm presented in Figure 7a contains all
Binding Density (Zv) points where the precipitation is not present.
FIGURE 6: (@) Fluorescence titrations of poly@) (1ex = 325 nm, The dependence of the relative fluorescence increase, as

’7188 o 5"0100) “g%t";:mntg%g‘rﬁ?ﬂa'\?ggam fﬁepﬁézet?ﬂe&%éw i 2 function of the number of bound domain molecules per
(O). For comparison, the fluorescence titration of only poiy(y 20-mer dsDNA,3 ©;, IS.ShO.W”. In Figure 7t.)' The average
in the same solution conditions, is includdm)( The solid line is degree of 8-kDa domain binding on the oligomer has been
the computer fit of the experimental fluorescence binding isotherms quantitatively determined, using the approach described in
using the lattice competition titration approach described in the Materials and Method<2{, 34). The behavior of the plot is
Materials and Methods section. The binding parameters are includedvery complex. It rises very sharply at low values of the

in Table 3. The concentrations of poly@) and poly(dT) are 2« S . .
105and 3.11x 10-5M (nucleotide)F,) reﬁ@ectiveﬁl' {é) D)ependence degree of binding, then levels off at intermediate values of

of the observed fluorescence increase of palidipon the binding > ©i, and rises once again at higher values@;. As we
density, Ev)s, of the 8-kDa domairpoly(dT) complex @). The discussed before, such behavior of the plot indicates that the
quantitative determination oEf;)s has been performed using the  macroscopic affinity of the 20-mer is higher than the affinity
MCT method described in Materials and Metho@3,(34). The for the polymer ssDNA 7). Moreover, contrary to the

solid line is the computer simulation of the dependencaiipon . A .
(Sm)s, using the determined binding parameters for both nucleic COMplexes with the sSDNA, the binding of the domain to

acid lattices (Table 3). The dashed line is the dependenc¢eFof ~ the dsDNA must be characterized by significant positive
upon Xy; of the protein on poly(@A) in the absence of the  cooperativity 27). The determined maximum value pO;

competing poly(dT). is 1.9 4 0.1. Although extrapolation of the final slope of
are characterized by similar intrinsic binding constants and the plot to the maximum possible value of the fluorescence
cooperativity parameters (Table 3). increase AFmax = 1.4, provides the stoichiometry of 2:5

Binding of the 8-kDa Domain to the dsDNA. Site Size, 0-3, the complex behavior of the plot makes such extrapola-
Intrinsic Affinity, and Cooperatity. Using the MCT method, ~ tion rather inaccurate for the considered ca@).(The
in an analogous way, as described above, we can quantitadetermination of all binding parameters has been ac-
tively examine the interactions of the 8-kDa domain with complished by the simultaneous analysis of both plots in
the dsDNA 7). The persistent length of the dsDNA is much  Figure 7.
larger than the persistent length of the sSDNA. For instance, In the studied binding system, we have a single ligand,
in the presence of Md, we do not expect the site size of the 8-kDa domain, competing for two different nucleic acids,
the domair-dsDNA complex to be larger than the value poly(deA) and the 20-mer dsDNA. Binding to poly¢4) is
determined for the ssDNA, i.en,= 9 + 0.6 base pairs (see described by eq 3, with the independently determikes
above). This conclusion is fully supported by the examination 2.8 x 10° M™%, w = 1.5, andn = 9 (Table 1). Assuming
of the binding of the 8-kDa domain to the dsDNA oligomer that a maximum of two domain molecules bind to the 20-
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Table 3: Intrinsic Binding Constank, Cooperative Interaction Parameter, and Site Sizep, for Rat Pols 8-kDa Domain Binding to ssDNA

Homopolymers in Buffer C (pH 7.0, 18C), Containing 50 mM NaGl

parameter poly(ed) poly(dA) poly(dT) poly(dC)
K(M™ (2.8+£0.5) x 10° (1.4+0.8) x 10° (1.6+0.5)x 16° (21+0.7)x 10°
) 15+05 5+2 5+15 25+1

n 9+ 0.6 9+ 0.6 9+ 0.6 9+ 0.6

aErrors are standard deviations determined using three to four independent titration experiments.

-
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Relative Fluorescence Increase
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Relative Fluorescence Increase

Degree of Binding 20O,

Ficure 7: (a) Fluorescence titrations of poly@) (Aex = 325 nm,

Aem = 410 nm) with the rat pop 8-kDa domain in buffer C (pH
7.0, 10°C), containing 50 mM NacCl, in the presence of the dsDNA
20-mer (3-GCAGGCTCGTTACGTGATGC-33-CGTCCGAG-
CAATGCACTACG-B) (O). For comparison, the fluorescence
titration of only the poly(dA), in the same solution conditions, is
included @). The solid line is the computer fit of the experimental
fluorescence binding isotherm using the lattice competition titration
approach described in Materials and Methods and specifically
defined for this case by eqs—80. The fit is performed using
binding parameters independently determined for peljdTable

3) andKps = 4 x 10° M1, wps = 90. The concentrations of poly-
(deA) and the dsDNA 20-mer are 8 1075 (nucleotide) and 2.56

x 1076 M (oligomer), respectively. (b) Dependence of the observed
fluorescence increase of poly@) upon the average degree of
binding,Z0©;, of the 8-kDa domainrdsDNA 20-mer complexm).

The quantitative determination &®; has been performed using
the MCT method described in Materials and Methdel3; 7, 34).

The solid line is the computer simulation of the dependenasFof
uponZ®; using the determined binding parameters for both nucleic
acids. The dashed line is the dependenc@&BfuponXv; of the
protein on poly(edA) in the absence of the competing dsDNA
oligomer.

mer, and using the same site size of the 8-kDa domain
dsDNA complex as determined for the ssDNA, ire5 9,
the binding of two domain molecules to the dsDNA 20-mer
is described by the partition functio&;o, as

Zo=14 (N—n+ 1)KpePr + KpspsP?  (82)
and the degree of bindin§,®;, of the 8-kDa domain on the
dsDNA 20-mer is

_ (N=n+ 1)KpgPe + 2K PF
ZZO

20 (8b)

whereN is the number of the base pairs in the dsDNA (in
our caseN = 20), Kps is the intrinsic binding constant for
the dsDNA 20-mer,wps is the parameter characterizing
cooperative interactions between the bound 8-kDa domain
molecules, andP is the free concentration of the 8-kDa
domain. The concentration of the bound 8-kDa domain to
both nucleic acids is then

P, = (zVi)NT + (Z®i)N20T

whereNr andN,, are the total concentrations of polyf)
(nucleotide) and the dsDNA 20-mer (oligomer), respectively,
and > v; is defined by eq 3. The concentration of the bound
domain,Py, is related to the total domain concentratién,

by the mass conservation equation

(9)

P =P+ P, (10)
The solid line in Figure 7a is a nonlinear least-squares fit of
the experimental isotherm using egs B), with two fitting
parametersKps andwps. The obtained values akes = (4
+ 1) x 1®* M~! andwps = 90 + 30, respectively. Thus,
with the exception of poly(dT), the intrinsic dsDNA affinity
of the 8-kDa domain is higher than its intrinsic affinities for
the studied ssDNA polymers (Table 3). A similar value of
K = (3£ 0.6) x 10° M~! has been obtained for the dsDNA
10-mer, corresponding to the first half of the studied 20-
mer (Figure 7a), indicating that the possible “end effect” is
negligible in 8-kDa domain interactions with the dsDNA.
On the other hand, the value of the cooperativity parameter,
wps, IS much higher than the values @fdetermined for the
ssDNAs (Table 3).

The solid line in Figure 7b is the computer simulation of
the observed fluorescence change of the reference pély(d
as a function of the degree of binding of the 8-kDa domain
on the dsDNA 20-mer, using the determined binding
parameters for polyeh) and the dsDNA oligomer. The
theoretical line provides an adequate description of the
complex, experimental isotherm indicating correctness of all
binding parameters, including the site size= 9 bps. It is
evident that the complex behavior of the plot results from
the significant cooperative interactions between the 8-kDa
domain molecules bound to the 20-mer, resulting in a sharp
rise of the plot with the binding of the second molecule of
the domain to the 20-mer at a high protein concentration
range.

DISCUSSION

Studies described in this work provide, for the first time,
an insight into the complex energetics of the native rat pol



3304 Biochemistry, Vol. 40, No. 11, 2001 Jezewska et al.

B 8-kDa domain complexes with DNA. The experiments by the mobility and separation of the bases and not by the
were performed with an isolated domain that allowed us to polarity of the environment28, 34, 45, 46). The large
characterize the DNA-binding site of the domain without decrease of\Findicates a much less rigid conformation
any interference from the remaining part of the enzyme of the ssDNA in the complex between the domain and the
molecule. The examination of the interactions was possible 5-mer than in the complex with the 12-mer, despite the
due to the application of the quantitative fluorescence titration similar macroscopic affinities (Table 2). The plausible
technique 82—36). This approach allowed us to determine explanation of this behavior is that the DNA-binding site of
the binding density, or the degree of binding, of a protein  the 8-kDa domain has a continuous, energetically homoge-
DNA complex, over a large protein concentration range, neous structure with similar multiple contacts spread evenly
without any assumption as to the relationship between theover the entire binding site that encompasses+13®.7
observed signal used to monitor the binding and the nucleotide residues. These contacts in the binding site provide
stoichiometry of the studied complexe32(-36). a similar weight to the free energy of binding. Notice, this
The Site Size of the 8-kDa DomaissDNA Complex Is  would suggest that a much higher affinity for, e.g., the 12-
Much Larger Than the Site Size of the (B Binding Mode mer than for the 5-mer should be observed, because a larger
of the Intact Rat Po3. As we mentioned above, the total number of contacts is formed between the protein and the
site size of a proteirDNA complex corresponds to the longer oligomer. However, much more pronounced confor-
number of nucleotide residues, or base pairs, which aremational changes of the 12-mer in the complex with the
prevented from binding to other protein moleculdg-39). protein strongly suggest that part of the free energy of the
This fundamental quantity, characterizing a proteincleic 12-mer binding is used for conformational adjustments of
acid complex, is crucial for any quantitative analysis of the the longer oligomer to the structure of the entire binding
mechanism of the functioning of the proteRi7j. A striking site. The larger base separation and immobilization will
feature of the isolated 8-kDa domaissDNA complex is certainly lead to the much larger value &fFma (1 + 0.1)
the large site sizen, of the complex. In the absence of kg than the correspondingFax observed for the 5-mer (0.14
the value ofnis 13+ 0.7, as compared to the site size= + 0.02) (Table 2; Figure 5). Such conformational changes,
5 + 2, which has been determined for the (B3 binding not induced in the case of shorter oligomers, can result in a
mode. These data clearly show that the ssDNA-binding site significant reduction of macroscopic affinities of the longer
of the domain is much larger than indicated by the site size nucleic acids to a level similar to the shorter ssDNAs, as
of the (polB)s binding mode. However, the total site size experimentally observed.
may include the number of nucleotide residues which engage Strong support for the proposed continuous, energetically
in direct interactions with the actual ssDNA-binding site of homogeneous structure of the 8-kDa domain DNA-binding
the protein, as well as residues that are sterically preventedsite, with a large number of contacts between the protein
from interacting with another protein molecule, simply by and the ssDNA, comes from the salt effect on the observed
the protruding protein matrix of the bound protein. This is intrinsic affinity of the 8-kDa domairrssDNA complex. The
the case for the ssDNA-binding sites of tke coli DnaB data obtained in the absence of magnesium are of particular
and PriA helicases previously examined by &4, (44). importance because complications resulting from the pres-
Although both helicases have the total sSDNA site size of ence of the additional competing Ffgligand are eliminated
20 £+ 3 nucleotide residues, the experiments with a series of (40—42). Formation of the complex is accompanied by the
ssDNA oligomers indicated that the actual ssDNA-binding net release of-5 ions (Figure 3). Changing the pH by an
sites require only & 1 and 8+ 1, respectively, to provide  entire unit (7 to 8.1) does not significantly affect the intrinsic
affinities similar to the intrinsic affinities of the total site ssSDNA affinity of the domain (data not shown). Such
sizes B4, 44). Thus, the affinity of the ssDNA oligomers, independence indicates that proton release and/or uptake does
shorter by 1 or 2 residues than the size of the ssSDNA-binding not contribute to the observed ion release in the examined
site, dropped dramatically to an undetectable le8é| 44). pH range 40, 41); i.e., increasing the salt concentration
In other words, such experiments indicate that crucial predominantly affects only cation and anion exchange.
contacts between the proteins and the sSSDNA, necessary to The slope of the loglog plot for the proteir-nucleic acid
generate the free energy of binding similar to the affinity interactions can then be defined by the linkage relationship,
for the total site size, are separated by a precise, specifica log Ky/o log [NaCl] = —p — g, wherep and q are the
distance 84, 44). average net numbers of cations and anions released upon
The behavior of the DNA-binding site of the 8-kDa the complex formation40—42). Taking into account the
domain, in experiments with different sSDNA oligomers, is thermodynamic degree of cation binding per phosphate group
more complex. The macroscopic affinity between the 12- of the ssDNA,y, the slope of the loglog plot is defined
mer and 5-mer gradually decreases, which would suggestby the linkage relationshig, log K/a log[NaCl] = —my —
that the crucial contacts between the protein and the nucleicg, wherem is the number of ionic interactions between the
acid are not separated by more tharbucleotide residues.  protein and the nucleic acid2, 43). The fact that the number
However, the observed maximum fluorescence increase,of ions released, as well as the values of intrinsic binding
AFmax decreases by a factor of7 from ~1 to ~0.14 constants, is independent of the type of anion in solution
between the 12- and 5-mer, respectively. Such a dramaticindicates that only cations from the ssDNA are being released
AFmax decrease with only a moderate decrease of the upon complex formation; i.e., the expression for the slope
macroscopic affinity has never been observed bef8de (  reduces td log K/d log [NaCl] = —m. Using the value of
44). y = 0.71, determined for the sSDNA, provides the value of
The fluorescence ofA in the etheno derivatives of the m = 6.8+ 0.5 @0, 41). Thus, with the assumption of no
polymer and oligomer nucleic acids is predominantly affected proton release or uptake, the obtained data strongly suggest
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that as many as-7 ionic contacts are formed between the lack of the site size changes in the case of the isolated domain
8-kDa domain and the DNA and these nonspecific, electro- may result from the fact that, in order to bind the polymer
static interactions dominate the free energy of the binding ssDNA, using a smaller site size, the entire domain would
process. have to change its orientation with respect to the nucleic
It is interesting to compare the results of the thermody- acid. Such complexes could induce negative cooperative
namic studies reported in this work, which indicate a interactions between the domain molecules not present in
continuous, energetically homogeneous DNA-binding site of the case of the intact enzyme and which cannot be overcome
the 8-kDa domain with multiple interaction contacts, with by the negative lattice entropy favoring a smaller site size
the known crystal and NMR structures of the domdi— (37—39). As result, the binding mode transition is the
19). The domain contains a hetehairpin—helix motif (HhH) intrinsic property of the intact enzyme and not its isolated
which is proposed to be a nonspecific, ssDNA-binding motif 8-kDa domain, although both share the same DNA-binding
(47, 48). The motif contains twax-helices connected by a  site.
short interhelical loop47). In fact, the pol3 complex with Specific Magnesium Binding to the 8-kDa Domain Affects
the ssDNA is the only currently determined structure of the the Site Size of the DomaiissDNA Complexn the presence
HhH—DNA complex @, 19). In the presence of the ssDNA, of Mg?", the total site size of the 8-kDa domain complex
the loop can make contact with the two nucleic acid with the ssDNA is reduced to & 0.6 (Figures 1 and 2).
phosphate groups via hydrogen bonds. It is clear that the The effect is completely saturated at the Mg€&incentration
motif alone, although a part of the binding site, cannot of ~1 mM, indicating that cation binding sites participating
account for either the site size of 13 or 9 nucleotide residuesin the process are characterized by the binding consthét
or for the~7 ionic interactions between the domain and the M~1. Such high affinity indicates that, in our solution
nucleic acid. conditions, [NaCl]> 0.1 M, the observed decrease of the
The 8-kDa domain contains 17 lysine and arginine residuessite size is induced by magnesium binding to the protein
(6, 9). On both sides of the HhH motif there is a path of and not to the SSDNA4Q).
8—7 lysines and arginines. Each of these patches, together Additional evidence that the magnesium effect results from
with the HhH loop, can form a DNA-binding site that would the cation binding to the protein comes from the observed
account for the determined site size andionic interactions.  changes in the net ion release accompanying the 8-kDa
Some of these residues, including lysines K41, K60, K68, domain-ssDNA complex formation in the presence of
and K72 and arginines R40 and R83, were indeed implicatedMgCl,. As we discussed above, the decrease of the net
in interactions with the ssDNA in excellent and extensive number of ions released is an expected result, because of
NMR studies of the isolated 8-kDa domain complex with the reduced level of Nacondensation of the DNA4Q—
the DNA (17, 48). Notice that the net number of ions released 42). However, there is a clear dependence of the net number
upon complex formation between the modified 8-kDa of ions released on the type of anion in solution. In the
domain, which contains asparagine in location 87, and the presence of Brthe sloped log K/d log[ NaBr], is—4 + 0.5
native domain, which contains lysine in location 87, a9 as compared te-2.9 4+ 0.5 observed in the presence of only
+ 0.5 and—2.9+ 0.5, respectively (Figure 422). Although Cl~ (Figure 2b). Because bromide ions have a significantly
these values were determined in the presence ¢fMbe higher affinity for the protein amine groups than G#4),
much larger value obtained for the unmodified domain these data strongly suggest that, as a result of magnesium
strongly suggests that the lysine residue in location 87 is binding, the protein acquires additional anion binding site-
engaged in interactions with the ssDNA. Lysines 72 and 68 (s). Thus, conformational changes induced by*Mgjnding
and tyrosine 39 were proposed to be part of the active siteto the 8-kDa domain affect the protetnucleic acid inter-
of the domain for the excision of the deoxyribose phosphate face, resulting in an additional release of anions from the
from the B-incised apurinic/apyrimidinic site during base protein upon formation the complex with the nucleic acid.
excision repair §, 14). This does not exclude them from The DNA-Binding Site of the 8-kDa Domain Has Low Base
being a part of the DNA-binding site. On the contrary, it Specificity Quantitative lattice competition studies, using the
indicates that during the excision process theeBminus of MCT method, show that the intrinsic binding constant of
the nucleic acid is placed in the direct vicinity of these the 8-kDa domain for various sSDNA homopolymers differs,
residues. Thus, these data and NMR studies strongly suggesat most, by a factor of-5 (Table 3). These results show
that the DNA-binding site is located at the C-terminal side that the DNA-binding site of the domain has low base
of the HhH motif. specificity; i.e., the bases contribute little to the free energy
In the context of the energetically homogeneous binding of the domain binding to the nucleic acid. As we discussed
site, the remaining question is: why is the site size of the above, both salt dependence and experiments with different
domain not changing when the binding density of the domain ssDNA oligomers strongly suggest that the domasDNA
on the ssDNA increases? In other words, why is the transition recognition process is dominated by electrostatic interactions
between the ssDNA-binding modes observed only for the between the protein and the nucleic acid. In this context,
intact pol? As we mentioned above, binding of the longer low base specificity is in excellent agreement with the
ssDNA oligomers to the 8-kDa domain is characterized by proposed nonspecific nature of interactions between the
the dramatically larger fluorescence changes, as comparedNA-binding site and the DNA.
to the shorter oligomers, indicating strong immobilization ~ The value of the parameter characterizing cooperative
and separation between the bases imposed by the structurteractions is very low and similar for all examined ssDNA
of the entire DNA-binding site (Figure 5). These data indicate polymers (Table 3). Thus, cooperative interactions are
that the imposed orientation of the nucleic acid in the binding independent of the type of sSDNA base. In addition, it should
site is different for the oligomers with different lengths. The be pointed out that the examined ssDNA polymers differ in
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their structures. While poly(dA) and poly@) have sig- separated by a specific distance, but evenly distributed
nificant base stacking, poly(dT) has an unordered structurethroughout the binding site. Such ability to effectively use
with very little stacking interactions between the bagi. only part of the binding site provides the enzyme with a very
The independence ab upon the type of base and the efficient and specific mechanism to recognize small sSDNA
structure of the ssDNA polymer indicates that it characterizes gaps of a damaged DNA, independently of the gap size.
intrinsic, weak proteir-protein interactions between bound Moreover, little dependence of the binding affinity upon the
8-kDa moleculesZ42, 23). type of base and the nonspecific electrostatic character of
The 8-kDa DomairrdsDNA Complex Has a Site Size and binding ensures that every gap is recognized with similar
Intrinsic Affinity Similar to the Site Size and Intrinsic Affinity  efficiency. The dramatic effect of the Mg cations on the
of the ssDNABecause of its high affinity for the sSDNA,  site size of the 8-kDa domain complex with the ssSDNA
the 8-kDa domain was proposed to be a template-recognitionstrongly suggests that the enzyme has the ability to change
domain, i.e., the domain that is exclusively responsible for the topology of its DNA-binding site on the 8-kDa domain
recognition of the ssDNA conformatio2@, 21). However, either through binding or through the release of magnesium
quantitative studies described in this work clearly show that cations. This ability would provide significant flexibility in

the domain has a significant intrinsic affinity for the dsDNA adjusting to different structures of DNA substrates in the
conformation. These results are in excellent agreement withpNA repair processes.

the data previously obtained that indicated binding of the
isolated 8-kDa domain to the dsDNA4, 49). In fact, with

the exception of poly(dT), the intrinsic dsDNA affinity is
even higher than the intrinsic affinities for the studied
ssDNAs (Table 3). Thus, the DNA-binding site of the 8-kDa
domain can accept both the ss and dsDNA conformation of
the nucleic acid with comparable affinities. Such a lack of
the more pronounced discrimination between these two
different DNA conformations can be understood in the
context of the proposed, nonspecific nature of the DNA-
binding site of the 8-kDa domain discussed above.

The quantitative estimate of the site size and intrinsic
dsDNA affinity of the 8-kDa domain, determined in this
work, is of paramount importance. This affinity is still lower
than the estimated affinity of the dsDNA-binding site located
on the large 31-kDa domain of the proteRil{ Jezewska et
al., to be published). Therefore, the enzyme will predomi-
nantly bind the dsDNA using its large domain. However, in
the complex with a gapped DNA having a small ssDNA gap
with, e.g., 12 nucleotide residues, where the enzyme is
bound to the gap with its large 31-kDa domain, only the

The site size of the domain complex with the dsDN®, dsDNA is available for the 8-kDa domain to bind. The
= 9+ 2 bps, is, within experimental accuracy, the same as obtained data suggest that the intact enzyme uses the intrinsic

the site size determined for the complex with the sSDNA. dsDNA affinity of the small 8-kDa domain to anchor itself

Because of the significantly lower flexibility of the dsDNA, &t the gap. However, the site size of the complex with the
we expected a smaller site siz8). The similar value of dSDNA suggests that at least 9 bps, downstream from the
suggests that the domain may assume a different orientatiorPliMer. are required in order to efficiently anchor the enzyme
when bound to the dsDNA, as compared to the complex with at the gap. The fact that the DNA-blndlng_ S|tg of the domain
the more flexible sSDNA. Notice that the parametey = can accept ssDNA and dsDNA also indicates that, for
90 + 30, characterizing cooperative interactions, is much intermediate ssbDNA gaps, the domain can also simulta-
larger than the value ofy ~ 1.5-4 determined for the ~ N€ously engage both the ssDNA and dsDNA of the DNA
ssDNAs (Tables 1 and 3). Such a different valuawofor substrates, downstream from the primer.
the dsDNA conformation reinforces the conclusion that in  In this context, the 8-kDa domain should not be considered
the complex with the dsDNA the domain assumes a different as exclusively a template-binding domain, as initially
orientation leading to significantly stronger interactions proposed on the basis of its affinity for the ssDNA. By the
between the bound protein molecules. Further experimentssame token, our previous results showed that the 31-kDa
are necessary to address this issue. domain does not exclusively bind the dsDNA but can engage
Functional Implications When the availability of the in interactions with the ssDNA in the (p8)1s binding mode
ssDNA is decreased, rat pglforms the (polB)s binding (22, 23). The obtained data and the discussion presented
mode, where the enzyme predominantly engages the smallabove indicate that the DNA-binding site located on the
8-kDa domain in interactions with the ssDNA, with a site  8-kDa domain is an integral part of the total DNA-binding
size of 5+ 2 nucleotide residues2®). Yet, the results  site of the polymerase which includes the part of the binding
described in this work clearly show that the DNA-binding site located on the 31-kDa catalytic domain of the enzyme.
site of the 8-kDa domain encompasses either 9 or 13 Both DNA-binding subsites can engage different DNA
nucleotide residues, depending on the presence of"Mg conformations, depending on the structure of the DNA
cations. The large difference between the actual site size ofsubstrate and not because of their exclusive binding to one
the DNA-binding site and the site size of the (¥ binding of the DNA conformations. Such ability is particularly
mode indicates that the intact enzyme molecule is able tojmportant for the recognition of the gapped DNA in the
use only a part of the domain DNA-binding site. The partial damaged DNA. Our laboratory is currently studying the

use of the binding site can still generate enough free energymechanism of ssDNA gap recognition by rat and human pol
of binding to form a stable complex with the ssDNA, the

(pol pB)s binding mode. This is possible because of the

continuous and energetically homogeneous structure of theACKNOWLEDGMENT
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