Biochemistry2003,42, 5955-5970 5955
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Domain. Stoichiometries, Intrinsic Affinities, and Cooperativities
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ABSTRACT. Analyses of the interactions of rat polymergkg@at pol3) with a double-stranded DNA have

been performed using the quantitative fluorescence titration and fluorescence energy transfer techniques.
The obtained results show that rat gbbinds to dsDNA oligomers with the site-size of the enzyme
dsDNA complexn = 5 + 1 base pairs. The small site-size of the complex is a consequence of engagement
of only the 8-kDa domain in intrinsic interactions with the dsDNA. This conclusion is directly supported

by the fluorescence energy transfer between the single tryptophan residue on the 31-kDa domain and
fluorescence acceptor located on the DNA. The dsDNA oligomer is bound at a distance of at least 55 A
from the tryptophan, excluding the 31-kDa domain from any closed contact with the DNA. Moreover, in
the complex with the dsDNA, the enzyme is bound in “open” conformational state. The intrinsic interactions
are accompanied by a net release of about four to five ions. The net ion release is dominated by cations
as a result of the exclusive engagement of the 8-kDa domain in interactions. Magnesium affects the net
ion release through direct binding of Kfgcations to the protein. Surprisingly, binding of rat yoio the

dsDNA is characterized by strong positive cooperative interactions, a very different behavior from that
previously observed for pgl complexes with the ssDNA and gapped DNAs. Contrary to intrinsic affinities,
cooperative interactions are accompanied by a net uptake of about three to five ions. Anions have a large
contribution to the net ion uptake, indicating that cooperative interactions characterize ppotggin
interactions. The significance of these results for the fpdlinctioning in damaged-DNA recognition
processes is discussed.

Polymerasé (pol ) plays a very specialized function in Quantitative thermodynamic analyses have shown a very
the mammalian cell DNA-repair machinery, which includes complex DNA-binding mechanism of both human and rat
gap-filling synthesis in mismatch repair, repair of mono- pol . The enzymes bind the ssDNA in two binding modes
functional adducts, UV-damaged DNA, and abasic lesions that differ in the number of occluded nucleotide residues:
in DNA (1-7). A fundamental feature of the pgB the (pol )16 and (pol 5)s binding modes 12—15). The
functioning is that the enzyme must recognize a specific existence of the two binding modes is a result of spatial
structure of the damaged DNA and the recognition processseparation of the two DNA-binding subsites of the poly-
must precede the chemical step of the DNA synthesis. Themerase, located on two structurally different domains, with
complexity of the recognition process is reflected in the very different DNA binding capabilities7( 12—15). In the
complexity of the total DNA-binding site of the polymerase. (pol 8)16 binding mode, both the 8- and the 31-kDa domains
The enzyme possesses two structural domains: a large 31lare involved in interactions with the ssDNA; i.e., the total
kDa catalytic domain and a small 8-kDa domaifi Similar DNA-binding site of the enzyme is engaged in the complex.
structural arrangement has been indicated for several othein the (pol 8)s binding mode, only the 8-kDa domain is
DNA polymerases engaged in DNA repair, although their engaged in interactions with the SSDNA2(-15).

DNA binding properties have not yet been quantitatively  the apility of the 8-kDa domain to interact with the ss

examined §—11). Both the 8- and 31-kDa domains have 5,4 gsDNA is crucial for anchoring the enzyme to gapped-
DNA-binding capability; thus, the total DNA-binding site  pya substratesy4—16). The 8-kD domain binds to the ss
is built of two DNA-binding subsites12—15). However,  anq/0r dsDNA part of the substrate downstream from the
only the DNA-binding subsite on the 8-kDa domain has been pimer The association of the 31-kDa domain of the enzyme
found to have similar and significant affinity for both ssand | i the dsDNA part of the gapped DNA substrate, contain-
dsDNA (16, 17). Moreoygr, the binding of M@L capons to ing the primer, follows this process. Kinetic studies of human
the 8-kDa domain specifically controls the site-size and the and rat polg interactions with the ssSDNA, in the (p@):c

nucleic acid affinity of its DNA-binding subsite. and (polB)s binding modes, show that in both binding modes
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pol 5 clearly indicate that the binding is also initiated through has been checked by UV melting and analytical ultracen-
the 8-kDa domainZ0). trifugation techniques2@3—25).

One of the most puzzling questions for understanding the Fluorescence MeasurementSteady-state fluorescence
damaged DNA recognition by pqﬂ is the f0||owing_ How titrations were performed using a SLM-AMINCO 8100
does the enzyme recognize the Specific structure of thespectrofluorometer. To avoid possible artifacts due to the
damaged DNA in the context of the overwhelming presence fluorescence anisotropy of the sample, polarizers were placed
of the dsDNA? In other words, elucidation of the pdl in excitation and emission channels and set &t&td 55
interactions with the dsDNA is one of the fundamental steps (Mmagic angle), respectively2¢, 27). Formation of the
toward understanding the molecular mechanism of the DNA complex was followed by monitoring the fluorescence of
recognition by the polymerase. Such analysis may alsothe CP-labeled DNA Aex = 435 nm; Aem = 480 nm).
provide important insights about the recognition mechanisms Computer fits were performed using KaleidaGraph software
of DNA substrates by other DNA repair polymerases. Despite (Synergy Software, PA) and Mathematica (Wolfram Re-
its paramount importance for understanding the DNA search, IL). The relative fluorescence increase of the nucleic
recognition process, the direct analysis of fohteractions ~ acid, AF, upon binding the polymerase is defined/sis =
with the dsDNA has not yet been quantitatively addressed. (Fi — Fo)/Fo, whereF; is the fluorescence of the nucleic acid

In this communication, we report thermodynamic analyses solution at a given titration pointi* and Fo is the initial
of rat pol 8 interactions with the dsDNA. We provide direct fluorescence of the sample.
evidence that the site-size of the enzynasDNA complex Quantum Yield DeterminationFluorescence quantum
is 5+ 1 bases and the binding process is characterized byY/€!ds of the rat pop tryptophan and the fluorescent marker
salt-controlled cooperative interactions. The enzyme binds ©PM attached to the dsDNA were determined by the
the dsDNA exclusively through the 8-kDa domain in an open comparative method of Parker and Reese, using quinine
conformation. The 31-kDa domain is not engaged in interac- Pisulfate in 0.1 N HSQ, as a reference (absolute quantum

tions with the nucleic acid. The combined intrinsic and Y1€ld dr ~ 0'.7) (28-30).
cooperative interactions result in affinity for the dsDNA that  Determination of the Zerage Fluorescence Energy Trans-

is significantly higher than the affinity for the ssDNA, fer Efficiency from the Donor, Tryptophan Residue on the
excluding the possibility that the ssDNA plays a significant S1-kDa Domain, to an Acceptor, CPM, Located on the
role in the initial stages of the gapped DNA recognition dsDNA. The true Faster efficiency of t_he fluorescence
process. A plausible model for the role of strong cooperative €N€rgy transferk, from the donor, a single tryptophan

interactions in the DNA substrate recognition by gols residue located on the_31—kDa domain of rat oko the
discussed. acceptor, the CPM residue located at the@b3 end of a

dsDNA oligomerm, has been determined using two apparent
MATERIALS AND METHODS fluorescence energy transfer efficiencies. The energy transfer
efficiency, Ep, obtained from the quenching of the donor
Reagents and BuffersAll solutions were made with  fluorescence is defined for the examined pbtdsDNA

distilled and deionized>18 MQ (Milli-Q Plus) water. All oligomer system by21—23)

chemicals were reagent grade. Buffer C is 10 mM sodium

cacodylate adjusted to pH 7.0 with HCI, 0.1 mM EDTA, 1 [ 1)\(Fo — Foa

mM DTT,! and 10% glycerol. Temperatures and concentra- Ep= E Fo 1)

tions of salts in the buffer are indicated in the text.

Rat PolS. Rat polymeras@ was purified, as previously ~ whereFp andFpa are the fluorescence of the donor in the
described 12—15). The concentration of the protein was absence and presence of the acceptor, respectivelyyzand
spectrophotometrically determined using the extinction coef- is the fraction of the donor in the complex with the acceptor.
ficient ezg0 = 2.1 x 10* cm~* M~! obtained by the method = The quantityvp is determined using binding parameters for
based on Edeldoch’s approact?(21, 22). a given DNA substrate obtained from the thermodynamic

Nucleic Acids DNA oligomers were purchased from analysis of the enzymedsDNA interactions (see below).
Midland Certified Reagents (Midland, Texas). Oligomers ~ The apparent fluorescence transfer efficierigy,has been
were at least-95% pure as judged by autoradiography on determined, using the sensitized acceptor fluorescence, by
polyacrylamide gels. Labeled ssDNA oligomer contains a measuring the fluorescence intensity of the acceptor (CPM
fluorescent label, 7-diethylamino-3:(thaleimidylphenyl)- ~ residue), excited at a wavelength where a donor (tryptophan)
4-methylcoumarin (CP) or 7-methoxycoumarin (CPM), at- predominantly absorbs, in the absence and presence of the
tached to the 'Sor 3 end through a six-carbon linker. donor. The fluorescence intensities of the acceptor in the
Concentrations of all ssSDNA oligomers have been spectro- a8bsencefa, and presencésap, of the donor are defined as
photometrically determined as described previously by us (23—25)

(23—25). The dsDNA substrate was obtained by mixing the A

ssDNA oligomers at given concentrations, warming the Fa = 10cCar¢ (2a)
mixture for 5 min at 95°C and slowly cooling for a period

of ~3—4 h (23—-25). The integrity of the dsDNA oligomers ~ and

Fap = (1 — VA)Fa + lo€aVaCard + loeoCorVodsEa (2D
1 Abbreviations: DTT, dithiothreitol; EDTA, ethylenediaminetet- a0 = ( AFa oaaCar s 0pCor’o?sEa (2b)
raacetic acid disodium salt; CP, 7-diethylamino-3+¥aleimidylphe- . . . L .
nyl)-4-methylcoumarin; CPM, 7-methoxycoumarin; MCT, macromo- Where b is the Intensity of incident lightCar and CI_DT are
lecular competition titration method. the total concentrations of acceptor and dongy,is the
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fraction of acceptors in the complex with dono¢g,andep

are the molar absorption coefficients of acceptor and donor
at the excitation wavelength, respective§y and ¢ are

the quantum yields of the free and bound acceptorsEand

is the fluorescence energy transfer efficiency determined by
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(27). On the other hand, because the distance between a
donor and an acceptor depends'rthe power ofi?, only

the two extreme values (0 or 4) resulting from a peculiar
orientation of the donor and acceptor dipoles and complete
dipole immobilization on the time scale of their fluorescence

the acceptor-sensitized emission. All quantities in eqs 2a andlifetimes would significantly affect the determined fluores-

2b can be experimentally determined. Dividing eq 2b by eq

cence energy transfer efficiencies and, in turn, conclusions

2a and rearranging provides the fluorescence energy transfeabout distances2@, 25). The value ofk? cannot be directly

efficiency, Ea, as
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As we pointed out, the fluorescence energy transfer
efficiencies,Ep and Ea, are apparent quantitiegp is the

fraction of the photons absent in the donor emission as a

result of the presence of an acceptor, including transfer to
the acceptor and possible nondipolar quenching processe
andE, is a fraction of all photons absorbed by the donor
that were transferred to the acceptor. The truesteo energy
transfer efficiencyf, is the fraction of photons absorbed

by the donor and transferred to the acceptor in the absence

of any additional nondipolar quenching mechanis@8).(
The value ofE is related to the apparent quantitieés and

Ea

E=1"E +E,

(4)

Thus, measurements of the transfer efficiency, using both
methods, are not alternatives but parts of the entire analysi
used to obtain the true efficiency of the fluorescence energy
transfer process.

The fluorescence energy transfer efficiency between the
donor and acceptor dipolek, is related to the distanc®,
separating the dipoles b 1)

(1 — E)] 1/6
E

R= Ro[ ®)

and

Ry = 9790 “p,J)"* 6)
whereR; is the so-called Fster critical distance (A), the
distance at which the transfer efficiency is 504,is the

orientation factor,gq is the donor quantum vyield in the
absence of the acceptor, ands the refractive index of the
medium 6 = 1.4) 27). The overlap integrall, characterizes

S

S

experimentally determined. However, the effect«dfcan

be experimentally assessed by examining either multiple
donor-acceptor pairs or the same dor@cceptor pair in
different orientations and environment2). Very similar
energy transfer efficiencies obtained in such experimental
approaches effectively exclude unfavorable valuescof
Furthermore, the mobility of the donor and acceptor on the
time scale of their fluorescence lifetimes can be estimated
from the measured limiting anisotropies of the donor and
acceptor 23—25, 32).

Time-Dependent Fluorescence Measuremefitsie-de-
pendent fluorescence lifetime and anisotropy measurements
have been performed using an IBH 5000U time-correlated
single photon counting instrument (IBH, Glasgow, U.K.)
equipped with polarizers as well as excitation and emission
monochromators. The protein fluorescence has been excited
at 295 nm using a coaxial nanosecond flash lamp, and
emission was recorded at 345 nm (20 nm band-pass).
Excitation of the CPM at 380 nm was performed with a
nanosecond light emitting diode with emission recorded at
415 nm. At least 20 000 counts were collected at the peak
with vertical orientation of both polarizers with respect to
the direction of the light beam. Glycogen solution was used
as a reference for the excitation source profile. Deconvolution
analyses of total fluorescence emission and anisotropy decay
curves were performed using the nonlinear least-squares
software provided by the manufacturer.

Determination of Thermodynamically Rigorous Binding
Isotherms of Rat Pogb—dsDNA Complexedn this work,
we followed the binding of rat pg} to the dsDNA oligomer
by monitoring the fluorescence increas&f,,s of the
coumarin-labeled nucleic acid upon formation of the com-
plex. To obtain rigorous estimates of the average degree of
binding, >©®; (humber of bound protein molecules per
dsDNA oligomer), and the free protein concentratiéq,
independently of any assumption about the relationship
between the observed spectroscopic signal al, we
applied an approach previously described by 36—37).
Briefly, each different possibla™complex of rat pols with
the dsDNA contributes to the experimentally observed
fluorescence increasé\Fons Thus, AFqs is functionally
related toy ©; by

AFgps= Z®iAFi (7)

the resonance between the donor and acceptor dipoles and
has been evaluated by integration of the mutual area ofwhere AF; is the molecular parameter characterizing the

overlap between the donor emission spectrb(), and the
acceptor absorption spectruep(4) (27).
The fluorescence transfer efficiency determined for a single

maximum fluorescence increase of the nucleic acid with rat
pol 5 bound in complex i”. The same value ofAFqg
obtained at two different total nucleic acid concentrations,

donor-acceptor pair depends on the distance between theMy, andMr,, indicates the same physical state of the nucleic

donor and the acceptdr, and the factok?, describing the
mutual orientation of the donor and acceptor dipoles. The
factor ¥? can assume a value from 0 to 4. For complete
random orientation of the acceptor and the dordr: 0.67

acid; i.e., the degree of binding,©;, and the free rat pgh
concentrationPg, must be the same. The valuesyd®; and
Pr are then related to the total protein concentratiéhs,
andPr,, and the total nucleic acid concentratioivs;, and
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Mr,, at the same value aiFqs by

(PT2 - P‘rl)

Z®i = m (8)

and

Pe=Pr — (ZG)i)MTX )
wherex = 1 or 2 33—37).

Analysis of Rat Pojj—Unmodified dsDNA Complexes
Using the MCT MethadDetermination of binding parameters
for the rat pol3—unmodified dsDNA oligomer complex has
been performed using the MCT method with the dsDNA

oligomer labeled with CP as a reference fluorescent nucleic

acid (16, 35). Briefly, if the fluorescent reference nucleic
acid at total concentratioMr,, is titrated with the protein

in the absence of a competing nonfluorescent nucleic acid

of total concentrationMs, the total concentration of the
protein, Pr,, at which a given fluorescence changd;, is

Jezewska et al.

(a)

observed is described by the mass conservation relationship

PTl = (Z®i)RMTR + Pe (10)

where () ©i)r andPr are the degree of binding of the protein

on the reference fluorescent nucleic acid and the free protein

concentration, respectively. The total concentration of the
protein,Pr,, at which the sam@F; is observed at the same

Mr, in the presence of the competing nonfluorescent nucleic

acid is described by
Pr,= (Z@i)SMS + (z®i)RMTR + Pr

where § O))s is the degree of binding of the protein on the
nonfluorescent competing oligomer. Subtracting eq 10 from
eg 11 and rearranging provides eq 12, which allows us to
determine the degree of binding of the protein on the
competing, nonfluorescent ssDNA oligom&5)

-P

PT2 Ty
S

(11)

= (12)

(z@i)s =

RESULTS

Site-Size of the Rat Pgl—dsDNA ComplexBinding of
rat pol to the dsDNA is not accompanied by large enough
changes of the protein fluorescence that would allow us to

.
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FiGure 1: (a) Primary structure of the dsDNA 10-mer that is used
to examine the interactions of rat pgl with the dsDNA. The

examine complex binding process. However, we have found modified DNA substrate (A) differs from the unmodified DNA

that association of the enzyme with a dsDNA oligomer
labeled at the 5end of one of the ssDNA strands with the
coumarin derivative, CP (Figure 1la, substrate A), is ac-
companied by a strong«150%) increase of the nucleic acid

oligomer (B) by having a coumarin derivative, CP, attached to the
5 end of one of the ssDNA strands that provide the signal to
monitor the polymerase binding. (b) dsDNA oligomers used in the
fluorescence energy transfer studies of the rat poldsDNA

complex topology. In oligomers A and B, the nucleic acids have a

fluorescence. Such a large emission change provides arcoumarin derivative, CPM, attached to theehd of one of the

excellent signal to monitor the polymerasgsDNA interac-

ssDNA strands. In oligomers C and D, the CPM marker is attached

tions and to perform high-resolution measurements of the to the 3 end of one of the ssSDNA strands.

enzyme-dsDNA complex formation. To address the ener-
getics of the polymerase interactions with the dsDNA, we

DNA and protein concentration ranges, avoiding the pre-

selected the dsDNA 10-mer, containing random sequencescipitation of the sample.
of bases. The oligomer is twice as large as the site-size of Fluorescence titrations of the CP-labeled dsDNA 10-mer

five nucleotide residues of the enzym&sDNA complex in
the (polp)s binding mode {2—15). Moreover, the selected
dsDNA oligomer allows us to perform titrations over large

with rat pol 3, at two different nucleic acid concentrations,
in buffer C (pH 7.0, 10°C), containing 100 mM NaCl, are
shown in Figure 2a. At higher nucleic acid concentration, a
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cence increase\Fmax = 1.55+ 0.1, gives the maximum
value of Y ®; = 2.2 £ 0.1. Thus, at saturation, two rat pol
B molecules bind to the dsDNA 10-mer. Experiments at
different salt concentrations provide the same dependence
of the observed signal as a function of the average degree
of binding, indicating thap ©; and the observed fluorescence
changes are independent of the salt concentration (see below).
The data in Figure 2 reveal two fundamental aspects of
the pol—dsDNA interactions. First, at saturation, two pol
B molecules bind to the 10-mer. Analogous binding studies
have been performed with longer dsDNA oligomers (data
not shown). Two enzyme molecules bind to 12- and 14-
mer, while an addition of an extra single base pair causes
three polymerase molecules to bind to the 15-mer. Moreover,
at higher salt concentrations and/or in the presence of
magnesium, the two binding phases merge into one coopera-
tive binding process (see below). This is very different from
the behavior of the pg# in its complexes with the ssSDNA
where two binding phases existed at any examined solution
conditions £2—15). Therefore, the observed behavior strongly
indicates that the enzyme forms a single type of complex
with the dsDNA and requires only % 1 base pairs to form
a stable complex with the nucleic acid-15). In other
1 words, the obtained data indicate that the site-size of the pol
p—dsDNA complex isn = 5 4+ 1 base pairs (Figure 2b).
Experiments with oligomers longer tharl5 base pairs were
, hindered by the fact that their complexes with p®l
] 1 2 precipitate, particularly at higher enzyme and/or DNA
concentrations (data not shown). However, the obtained
intrinsic binding constants and cooperative interaction pa-
FiGurRe 2: (a) Fluorescence titrations of the dsDNA 10-mer (Figure rameters with the examined longer dsDNA oligomers are,

1a, substrate A) with the rat pfl (1ex = 435 nm;Zem = 480 NM)  ithin experimental accuracy, the same as those determined

in buffer C (pH 7.0, 10°C), containing 100 mM NaCl, at two S .
different nucleic acid concentrationsll)1.11x 107 M; (O) 2.22 for the dSPNA 10-rr1er, indicating that t_here IS not a
x 105 M (oligomer). The solid lines are computer fits of the detectable “end effect” on the enzyme binding to the DNA.

titration curves using egs 13L5 for the cooperative binding of  This is in excellent agreement with our previous studies of

two enzyme molecules to the_nucleic_aci_d Iattiqe vyith the site-size interactions between rat and human polith various ss

of the complexn = 5 base pairs, the intrinsic binding const#nt and gapped DNA oligomers where no end effect in the

= 7.8 x 1P M™%, cooperative interaction parameter = 2.3, o

relative fluorescence changeF; = 0.95, andAF, = 0.6 (see text ~ €NZyme binding was observetiX-15).

for details). (b) Dependence of the relative fluorescence of the Second, the stoichiometry of the rat gbbinding to the

dsDNA oligomer,AF, upon the average number of bound ol dsDNA 10-mer is not affected by &20-fold increase of

molecules M). The solid line follows the experimental points and  the gsSDNA oligomer concentration (Figure 2a). Such inde-

g?ftg?htg?ﬁ;itiﬁilr#%zligorfpiisief5"2_9 is the extrapolation Ofpendence of the rat pﬁl—dsDNA stoichiometry upon DNA .
oligomer concentrations provides strong thermodynamic
evidence that only one of the two DNA-binding subsites of

given relative fluorescence increagd, is reached at higher  the enzyme engages in interactions with the dsDN2—

polymerase concentrations. This results from the fact that at15, 36). If the second DNA-binding subsite binds the dsDNA

higher DNA concentration, more protein is required to obtain oligomer, its affinity must be at least100-fold lower than

the same degree of binding;®;. The selected DNA  the observed affinity. The-20-fold increase of the 10-mer

concentrations provide separation of binding isotherms up concentration would detect such weak interactions with the

to AF ~ 1.35. To obtain thermodynamically rigorous binding second DNA binding subsite by showing a dramatic decrease

parameters independently of any assumption about thein the stoichiometry of the complex. This is not experimen-

relationship between the observed signal and the degree ofally observed. Therefore, the obtained data indicate that the

binding, > ®,, titration curves in Figure 2a have been enzyme binds the dsDNA using only one of its DNA binding-

analyzed using the approach outlined in Materials and subsites in any of the formed complexes (see below).

Methods 83—37). Statistical Thermodynamic Model of Rat F®IBinding

Figure 2b shows the dependence of the observed relativeyp the dsDNA 10-mefhe simplest statistical thermodynamic

fluorescence increasaF, as a function of the average degree  model that describes the rat pélbinding to the dsDNA

of binding, > ©;, of rat pol3. The plot is nonlinear and shows  10-mer is defined by the partition functiod,, as (2, 16,

two binding phases. In the first phase, a single molecule of 38 39)

the polymerase binds with the relative fluorescence increase,

AF, reaching a value 0f0.85 at} ©; ~ 0.9. Extrapolation _ _ 2

of the second phase to the maximum value of the fluores- Zy =14 (N=n+ DKPe+ o KP) (13)

1.5

0.5

Relative Fluorescence Increase

Relative Fluorescence Increase

Degree of Binding X6,
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Table 1: Intrinsic Binding Constant¥,, Cooperativity Parameters,
w, and Spectroscopic Parameters for the Binding of RatjRol the
dsDNA 10-mer (Figure la, Substrate A) in Buffer C (pH 7.0, 10
°C) Containing Different NaCl or NaBr Concentratiéns

NaCl (mM) K (M-1) o AF, AF;

100 (7.8£0.8)x 106 2.3+ 0.5 0.95+0.05 0.6+0.05
151 (15£02)x 106 9+2  0.95+0.05 0.6+0.05
201 (5£0.6)x 10 17+4  0.95+0.05 0.6+0.05
252 (1.8£03)x 10 30+7  0.95+0.05 0.6+ 0.05

NaBr (mM) K (M™% o AF; AF,
50 (1.240.2) x 10' 0.2840.08 0.87+ 0.05 0.3+ 0.05
75 (8+ 1) x 10° 45+12 0.87+0.05 0.3+0.05
102 (1.9+£0.8)x 10° 14+3 0.87+0.05 0.3+ 0.05
150 3.5+ 0.8)x 10* 40+ 8 0.87+0.05 0.3+ 0.05
( )% Log [Rat pol ]

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

Relative Fluorescence Increase

Total

whereN is the total number of base pairs in the oligomr (

= 10),nis the site-size of the pgl—dsDNA complexw is

the parameter characterizing the cooperative interactions
between the bound protein molecules, &ads the free pol

f concentrations39—41). The degree of binding} ©,, is
then described by

_[(N=n+ 1)KPg + 20(KPp)?]

The observed relative fluorescence increa&€, of the
nucleic acid is then

0 !
0 1 2

Degree of Binding (20,),

Relative Fluorescence Increase

2
AF = AF (N—n+ 1KPg + (AF, + AF w(KPg) Ficure 3: (a) Fluorescence titrations of dSDNA 10-meg(= 435
- 1 7 1 2) Z nm; Aem = 480 nm) with the rat pgB in buffer C (pH 7.0, 10C),

N N containing 100 mM NacCl, in the presence of unmodified dsDNA

(15) 10-mer ). For comparison, the fluorescence titration of only the
. . fluorescent oligomer, in the same solution conditions, is included
whereAF; andAF; are relative molar fluorescence increases (my The solid lines are computer fits of the experimental

accompanying the binding of the first and second rat/ol  fluorescence binding isotherms using the macromolecule competi-
molecule to the dsDNA 10-mer. tion titration method (MCT) as outlined in Materials and Methods

The determination of all interaction and spectroscopic (39 The concentration of fluorescent dsDNA oligomer and
unmodified nucleic acid are 1.1% 1077 and 2.22x 106 M

parameters of thls. binding system can be achieved by (oligomer), respectively. (b) Dependence of the observed fluores-
applying the following strategy. The value &fF, can be  cence increaséF, of the labeled dsDNA oligomer upon the degree
obtained as the slopAF; = dAF/3(3 ©), of the initial part of binding, § ©))s, of the rat pol3—unmodified dsDNA oligomer

of the plot in Figure 2b, which providesF; = 0.95+ 0.05 complex @). The gquantitative determination of ©;)s has been

_ inati i performed using the MCT method described in Materials and
(12-15). The determination oAF is based on the fact that Methods 85). The solid line is the computer simulation of the

the final complex, at saturation, must contain two rat ol dependence oAF upon (©))s, using the determined binding
molecules bound to the dsDNA, i.é\Fmax= AF1 + AF». parameters for both nucleic acid lattices (Table 1).

Therefore, the determined value ofFna = 1.55+ 0.1

provides AF, = 0.6 &+ 0.05. Thus, there are only two

remaining parameters that must be determinkdand w. of the CP-labeled dsDNA 10-mer (1.24 107 M (oligo-

The solid lines in Figure 2a are the computer fits of the mer)) with rat polg in the presence of unlabeled dsDNA
experimental isotherm to eq 15 with the intrinsic binding 10-mer (2.22x 10°¢ M (oligomer)) in buffer C (pH 7.0, 10
constant,K, and cooperativity parameten, as the fitting °C), containing 100 mM Nacl, is shown in Figure 3a. For
parameters. The obtained values of the binding and spec-comparison, we also include the titration curve of the labeled
troscopic parameters are included in Table 1. It is clear that oligomer alone with the enzyme at the same fluorescent
the model (eqgs 1315) provides an excellent description of nucleic acid concentration as in the titration performed in

the experimentally observed binding process. the presence of unmodified nucleic acid. In the presence of
Binding of Rat Pols to Unmodified dsDNA Oligomer  the competing, nonfluorescent oligomer, the binding isotherm
Macromolecular Competition TitrationdJsing the MCT is shifted toward higher protein concentrations because of

method outlined in the Materials and Methods, we can the simultaneous binding of the protein to the fluorescent
quantitatively address the rat pflbinding to unmodified and the unmodified oligomer. On the other hand, at the same
dsDNA (Figure 1a, substrate B3%). In these studies, we value of the fluorescence increase of the labeled DNA,
use the dsDNA labeled with CP (Figure 1a, substrate A) as independent of the presence of the competing unmodified
a reference fluorescent nucleic acid. Fluorescence titrationoligomer, the physical state of the fluorescent nucleic acid
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must be the same; i.e., the values@; and the free protein  tive interactions (Table 1). Parts ¢ and d of Figure 4 show
concentration, [rat pg#]s, must be the sam&%). The degree  the dependence of the logarithm of rat gohtrinsic binding
of binding of the protein on the unmodified sSDNA,®;)s, constant,K, upon the logarithm of the NaCl and NaBr
is also the sole, unigue function of the [rat pdt. Therefore, concentrations (loglog plots) @2—44). The plots are linear
at a given value ofAF, the value of § ®;)s must be the and characterized by the slopgkbg K/d log [NaCl] = — 4
same, independent of the concentration of the unmodified + 0.5 andd log K/d log [NaBr] = — 5.3+ 0.5, respectively.
nucleic acid. The degree of bindingy ®;)s, can then be  Thus, a net release of about four to five ions accompanies
obtained using eq 1236). the intrinsic interaction between the enzyme and the dsDNA.
The dependence of the fluorescence increase of theHowever, a higher slope is observed in the presence of NaBr,
reference fluorescent dsDNA oligomer as a function of the i.e., where chloride anions are replaced by bromide. Such a
average binding density} @)s, of the rat poj5—unmodified difference indicates that both cations and anions participate
complex is shown in Figure 3b. The plot is close to being in the ion exchange resulting from the gbbinding to the
linear, an indication that the enzyme binds unmodified DNA dsDNA (42—44) (see Discussion).
with very similar affinity as modified oligomer 35). The dependence of the logarithm of the cooperativity
Extrapolation to the maximum observed fluorescence change parameterw, upon the logarithm of the NaCl and NaBr
AFmax = 1.55 + 0.05, gives }0Oi)s = 2 + 0.2, which concentrations is also included in parts ¢ and d of Figure 4.
indicates that two poB molecules bind to the unmodified  The plots are linear; however, contrary to the intrinsic binding
dsDNA 10-mer, i.e., with the same stoichiometry as obtained constants, the plots are characterized by positive slopes,
for the CP-labeled DNA (Figure 2b). The solid line in Figure dlog w/d log [NaCl] = 2.8 &+ 0.4 anda log w/d log [NaBr]
3a is the computer fit of the experimental titration curve for = 4.5+ 0.5, respectively. Thus, the cooperative interactions
the simultaneous binding of rat p@ to two competing are accompanied by a net multiple-ion uptake. Moreover,
nucleic acids, each binding system described by the partitionthere is a significant difference between the slopes obtained
function defined by eq 136). Because binding parameters in the presence of NaCl and NaBr, with the slopg
for the CP-labeled DNA have been independently determined w/d log [NaBr] being a factor of~1.6 higher thano log
(Table 1), there are only two parameters (the intrinsic binding w/d log[NaCl]. The large difference between the slopes of
constant,Ks, and the cooperativity parametess, for the log—log plots, observed in the presence of NaCl and NaBr,
unlabeled DNA) that remain to be determined. The solid line indicates that both cations and anions significantly contribute
in Figure 3a is a computer fit of the experimental curve using to the net ion uptake accompanying the cooperative interac-
Ks=(7.7+£ 1) x 1®® Mt andws = 2.3+ 0.5. Thus, the  tions 42—44) (see Discussion).
binding of the enzyme to unmodified dsDNA is character-  Salt Effect on Rat Po3—dsDNA Interactions in the
ized, within experimental accuracy, by the same parametersPresence of MagnesiurAs we pointed out, magnesium has
as the binding to the modified DNA in corresponding a profound effect on interactions of pgland its 8-kDa
solution conditions (Table 1). In other words, the presence domain with the ssDNA and on stoichiometries of formed
of the CP moiety does not affect to any detectable extent complexes12, 16). In the case of the dsDNA, the presence
the enzyme interactions with the examined CP-labeled of magnesium does not affect the stoichiometries of com-
dsDNA 10-mer. plexes. However, the Mg effect is reflected in different
Salt Effect on the Intrinsic Affinity and Cooperaty in salt effects on the enzyme interactions with the nucleic acid.
Rat Pol 5—dsDNA InteractionsFluorescence titrations of  Fluorescence titrations of the CP-labeled dsDNA oligomer
the CP-labeled dsDNA 10-mer with rat p6l in buffer C with rat pol 3, in buffer C (pH 7.0, 10°C) containing
(pH 7.0, 10°C) containing different NaCl concentrations, different NaCl concentrations and 1 mM MgCére shown
are shown in Figure 4a. Analogous titrations in the presencein Figure 5a. Analogous titrations, performed in the presence
of NaBr are shown in Figure 4b. The maximum fluorescence of NaBr, are shown in Figure 5b. The solid lines are
increase at saturatioNFmay is Not affected by the increasing computer fits of the experimental titration curves using eq
[NaCl], indicating that the salt does not affect the structure 15. The obtained binding parameters are included in Table
of the enzyme-nucleic acid complex. Note that a very 2.

different behavior was observed for gdinteractions with The dependence of the logarithm of the intrinsic binding
the ssDNA, where the fluorescence of etheno derivatives of constant upon the logarithm of [NaCl] and [NaBr] is shown
the DNA strongly decreases with the increasing [NaC8)( in parts ¢ and d of Figure 5. Within experimental accuracy,

The solid lines in parts a and b of Figure 4 are computer fits the plots are linear and characterized by the slapleg
of the experimental isotherms to eq 15, with two fitting K/dlog [NaCl] = — 5.1 &+ 0.5 andd log K/d log [NaBr] =

parameters (intrinsic binding constakt,and the cooperat- — 4.8+ 0.5, respectively. The values of the slopes indicate
ivity parameter,w). The obtained parameters are included thatin the presence of NaCl magnesium moderately increases
in Table 1. the net number of ions released accompanying intrinsic

There is a striking difference between the behavior of binding to the dsDNA. On the other hand, the slédeg
intrinsic affinities and cooperative interactions in response K/a log [NaBr], although within the experimental error, is
to the changing salt concentration in solution. The intrinsic slightly decreased in the presence of ¥gThese are
affinities strongly decrease with the increasing concentration unexpected results if the protein, magnesium, and sodium
of both NaCl and NaBr, indicating that net ion release ions simply compete for the binding sites on the nucleic acid
accompanies the intrinsic interactions with the nucleic acid (42—44). Moreover, the different effect on the net number
(42—44). On the other hand, the cooperativity parameter, of released ions, depending on the type of anion in solution,
o, strongly increases with the salt concentration, indicating indicates that Mg also affects the anion exchange ac-
that net ion uptake, not a release, accompanies the cooperacompanying the intrinsic interactions between the protein and
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Ficure 4: (a) Fluorescence titrations of the dsDNA oligomer with rat flex = 435 nm;lem = 480 nm) in buffer C (pH 7.0, 10C)
containing different NaCl concentrations: 100 mm)(151 mM (), 201 mM @), 252 mM ). The solid lines are computer fits of the
titration curves using egs 13L5 for the cooperative binding of two enzyme molecules to the nucleic acid lattice with the site-size of the
complexn = 5 base pairs. The obtained binding and spectroscopic parameters are included in Table 1. (b) Fluorescence titrations of the
dsDNA oligomer with rat pop3 (Aex = 435 nm;i.m = 480 nm) in buffer C (pH 7.0, 10C) containing different NaBr concentrations: 50

mM (H), 75 mM @), 102 mM @), 150 mM ©). The solid lines are computer fits of the titration curves using egsl53or the cooperative
binding of two enzyme molecules to the nucleic acid lattice with the site-size of the compte base pairs. The obtained binding and
spectroscopic parameters are included in Table 1. (c) Dependence of the logarithm of the intrinsic binding ckr(@ardasd cooperative
interaction parametery (O), upon the logarithm of NaCl concentration, determined from titrations shown in panel a. The solid lines are
linear least-squares fits that provide the slopksy K/d log [NaCl] = —4.04 and log w/d log [NaCl] = 2.8. (d) Dependence of the logarithm

of the intrinsic binding constantk, (M), and cooperative interaction parameter™d), upon the logarithm of NaBr concentration, determined
from titrations shown in panel b. The solid lines are linear least-squares fits that provide the &logéga log [NaBr] = —5.3 and

9 log w/d log [NaBr] = 4.5. The concentration of the nucleic acid in all experiments is X110~ M (oligomer).

the dsDNA. This is similar to the analogous behavior of the the absence of magnesium (parts ¢ and d of Figure 4, Table
isolated 8-kDa domain of rat pdl in its interactions with 1), significantly larger ion uptake occurs in the presence of
the ssDNA, where the presence of Mgaffects the ion chloride anions rather than bromide anions (see Discussion).
exchange processes accompanying intrinsic interactidhs ( Topology of the Rat Pg8—dsDNA ComplexTo obtain
16) (see Discussion). further insight about the topology of the rat bt dsDNA

A significant effect of M@" is also observed for the complex, we performed fluorescence energy transfer mea-
cooperative interactions between boundpatolecules. The  surements of the formed complex. We utilize the fact that
dependence of the logarithm of the cooperative interactionsrat pol 3 has a single tryptophan residue, W325, located on
parameter, upon the logarithm of [NaCl] and [NaBr] is  the surface of the 31-kDa domaif)( This residue can serve
included in parts ¢ and d of Figure 5. The valuesaof as a single fluorescence energy transfer donor to a single
significantly increase with increasing salt concentration acceptor located on the dsDNA oligomer. Thus, measurement
(Tables 1 and 2). The obtained values of the positive slopes,of the fluorescence energy transfer efficiency will provide
0 log w/d log [NaCl] anda log w/d log [NaBr], are 4.5+ 0.5 unique information about the location of the bound dsDNA
and 3.5+ 0.4, respectively. Thus, multiple-ion uptake oligomer with respect to the 8- and 31-kDa domain of the
accompanies the cooperative interactions. As a result, theenzyme. The series of DNA substrates selected for these
binding process becomes strongly cooperative at high saltstudies is depicted in Figure 1b. They have the same primary
concentrations. However, contrary to the data obtained in structure as the oligomer used in the thermodynamic studies
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Ficure 5: (a) Fluorescence titrations of the dsDNA oligomer with rat fdlex = 435 nm;lem = 480 nm) in buffer C (pH 7.0, 10C)
containing 1 mM MgC] and different NaCl concentrations: 50 mM) 75 mM @), 102 mM @), 150 mM ©). The solid lines are
computer fits of the titration curves using eqs-1% for the cooperative binding of two enzyme molecules to the nucleic acid lattice with

the site-size of the complax= 5 base pairs. The obtained binding and spectroscopic parameters are included in Table 2. (b) Fluorescence
titrations of the dsDNA oligomer with rat p@l (lex = 435 nm;Aem = 480 nm) in buffer C (pH 7.0, 16C) containing 1 mM MgGl and

different NaBr concentrations: 50 mNatf, 75 mM @), 102 mM @), 150 mM ). The solid lines are computer fits of the titration curves

using egs 1315 for the cooperative binding of two enzyme molecules to the nucleic acid lattice with the site-size of the complex

base pairs. The obtained binding and spectroscopic parameters are included in Table 2. (c) Dependence of the logarithm of the intrinsic
binding constant (M), and cooperative interaction parameterd), upon the logarithm of NaCl. The solid lines are linear least-squares

fits that provide the slope&log K/d log [NaCl] = —5.1 andd log w/d log [NaCl] = 4.5. (d) Dependence of the logarithm of the intrinsic
binding constant (M), and cooperative interaction parametefd), upon the logarithm of NaBr. The solid lines are linear least-squares

fits that provide the slopeslog K/a log [NaBr] = —4.8 andd log w/d log [NaBr] = 3.5. The concentration of the nucleic acid in all experiments

is 1.11x 107 M (oligomer).

described above. Each DNA substrate has a fluorescentspectrum of an acceptor with the emission spectrum of a
marker, 7-methoxycoumarin (CPM), attached through a six- donor is a condition for the fluorescence resonance energy
carbon linker at the 'Sor 3 terminus of one of the sSDNA  transfer to occurd2, 23, 27). The fluorescence emission
strands. Thus, there are four possible locations of the CPMgspectrum of rat pof8 (ex = 295 nm) and the emission
residue on the dsDNA oligomer (Figure 1b). The binding spectrum of CPM-labeled dsDNA oligomer (Figure 1b,
parameters of the enzyme to the CPM-labeled dSDNA are g hqirate A) in buffer C (pH 7.0, 1), containing 40 mM
indistinguishable from the binding parameters obtained for NaCl, are shown in Figure 6a. There is a large overlap of
the CP-labeled DNA substrates or unmodified DNA (data oo : )
. . - the donor emission (pagb) with the acceptor absorption

not shown), in excellent agreement with the finding that the e -
coumarin label does not affect to any detectable extent theSPectrum, |nd|cat|ng_ that efficient fluorescence energy
energetics of enzyme interactions with the examined dsDNA ransfer can occur if the tryptophan and CPM are in
oligomers (parts a and b of Figure 3). prOX|m|ty. The overlap. integral id = 2:39 x 100183 M1

Unlike the CP coumarin derivative used in the binding ¢M* Using the determined quantum yield of the rat ol
studies (see above), CPM has absorption maximuw856 tryptophangq = 0.044 and eq 6, we determined that the
nm strongly overlapping with the fluorescence emission Forster critical distanceR,, for the CPM on the dsDNA and
spectrum of the polymerase. The overlap of an absorptionthe rat polf tryptophan is 21.6 A.
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Table 2: Intrinsic Binding Constant¥,, Cooperativity Parameters,
w, and Spectroscopic Parameters for the Binding of RatjRol the
DsDNA 10-mer (Figure 1a, Substrate A) in Buffer C (pH 7.0, 10
°C) Containing 1 mM MgCl and Different NaCl or NaBr
Concentratioris

NaCl (mM) K (M) o AF, AF,

50 (1.2£0.2)x 10" 14+0.2 1.2+0.05 0.250.05
75 (1.2+0.2) x 10° 10+ 2 1.2+ 0.05 0.25+0.05
102 (44+£04)x 1P 35+7 1.2+ 0.05 0.25+0.05
150 (4.0£0.4)x 10* 150+ 30 1.2+0.05 0.25+0.05

NaBr (mM) K (MY w AF, AF;

50 (5£0.7)x 10° 1.1+0.3 0.85+0.05 0.45+0.05
75 (44+05)x 10° 8+2 0.85+ 0.05 0.45+0.05
102 (1.3£0.2)x 10° 23+5  0.85+0.05 0.45+0.05
150 (24+£0.7)x 10* 53+10 0.85+0.05 0.45+0.05

aErrors are standard deviations determined using three to four
independent titration experiments.
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FIGURE 6: (a) Spectral overlap between single tryptophan emission
of rat pol 5 (donor) and absorption spectrum of CPM moiety at
the 8 end of the dsDNA 10-mer (acceptor) in buffer C (pH 7.0, 10
°C) containing 40 mM NacCl: rat pgs emission spectrum (- - -)
(Aex = 295 nm), absorption spectrum oF6PM-dsDNA 10-mer
(Figure 1b, substrate A)—). (b) Computer simulation of the
dependence of the average total degree of bindyg, (—) and

the fraction of the poji—dsDNA complex (- - -), with a single
molecule of the enzyme bound to the nucleic acid, on the total
concentration of the enzyme. The concentration of the DNA
oligomer is 3x 10~7 M (oligomer). The simulation was performed
using intrinsic binding constaK = 3.2 x 10/ M~! and cooper-
ativity parametew = 0.18.

Jezewska et al.

nates the population distribution. This can be achieved by
using thermodynamic parameters characterizing complex
formation and appropriate concentrations of the enzyme and
nucleic acid and by utilizing the fact that cooperative
interactions are strongly salt-dependent (Table 1, Figure 4c).
In buffer C (pH 7.0, 10°C), containing 40 mM NacCl, the
intrinsic binding constank is 3.2+ 0.3 x 10’ M~ andw
is 0.18 + 0.03; i.e., the binding is characterized by a
significant negative cooperativity allowing the required
separation of the 1:1 complex from the 1:2 complex. The
computer simulation of the dependence of the total average
degree of bindingy ©;, and the fraction of the 1:1 complex
as a function of the [rat pd]+, using eqs 1315, are shown
in Figure 6b. The selected total concentration of the nucleic
acid is 3x 1077 M. It is clear that at the selected solution
conditions and [DNA], the 1:1 complex constitutes90—
95% of the total complex population at [rat gélk = 5 x
107 M.

Fluorescence emission spectra of rat f¢b x 107 M)
(Aex =295 nm) in the absence and presence of CPM-labeled
dsDNA oligomer (3x 107 M) (Figure 1b, substrate A) and
the emission spectrum of the CPM-labeled DNA in the
absence of the proteirid = 295 nm) in buffer C (pH 7.0,
10 °C), containing 40 mM NacCl, are shown in Figure 7a.
The emission intensity at the p8lmaximum at 343 nm in
the complex with CPM-labeled dsDNA oligomer is decreased
by ~19%, compared to the free protein. Because CPM does
not contribute to the tryptophan emission band at 343 nm,
we can normalize the spectrum of the polymerase at 343
nm to the protein fluorescence intensity in the complex
(Figure 7a). The difference between the normalized spectrum
of the enzyme and the spectrum of the complex provides
the sensitized emission spectrum of the labeled DNA with
the maximum at~400 nm included in Figure 788, 25).
The data indicate that in the presence of the donor (tryp-
tophan residue of rat pgl) the fluorescence intensity of CPM
at the 5 end of the bound dsDNA 10-mer is increased by
~30%. Analogous experiments have been performed with
all DNA substrates and are shown in Figure 7b (substrate
B), Figure 7c (substrate C), and Figure 7d (substrate D).
Clearly, the spectral properties of all substrates are very
similar and independent of the location of the acceptor on
the DNA oligomer.

The apparent energy transfer efficiencies,andE,, and
the true Foster transfer efficiencyE, of the examined
substrates have been obtained using eqgs 1, 3, and 4 and are
included in Table 3. Although the apparent energy transfer
efficiencies, Ep, would suggest the existence of some
fluorescence energy transfer process, the valu&ofis
practically zero providinde = 0 (eq 4), independent of the
location of the acceptor. In other words, the observed changes
in the donor and acceptor fluorescence spectra (Figure 7)
result from the nondipolar emission changes induced by the
complex formation but not from the energy transfer. Very
little, if any, energy transfer from the tryptophan residue to
the acceptor indicates that the bound nucleic acid is at a
distance, from the tryptophan located on the 31-kDa domain,

Because we want to determine the location of the dsDNA that is at least twice as large as thé&d$ter critical distance

oligomer with respect to the 8- and 31-kDa domain in the
complex with a single pob molecule, measurements have
to be performed in conditions where the complex with one
polymerase molecule bound to the dsDNA oligomer domi-

of Ry = 21.6 A for the tryptophan and CPM pair (see
Discussion).

The lack of any fluorescence energy transfer, observed
with four different DNA substrates having different locations
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Ficure 7: (@) Fluorescence emission spectrum of rat pallone ¢ —), the pol 3—dsDNA oligomer complex ), and the 5CPM-

dsDNA oligomer (- - -) (Figure 1b, substrate Ajef = 295 nm) in buffer C (pH 7.0, 10C) containing 40 mM NaCl: the normalized

emission spectrum of the polymerase to the maximum of the protein emission at 343 nm in the complex with the nucleie -agidhe

sensitized emission of theé-EPM-dsDNA oligomer in the complex with the polymerase-(- -). (b) Fluorescence emission spectrum

of rat polf alone ¢ —), the pol3—5-CPM-dsDNA oligomer complex), and the 5CPM-dsDNA oligomer (- - -) (Figure 1b, substrate

B) (Aex = 295 nm) in buffer C (pH 7.0, 10C) containing 40 mM NacCl: the normalized spectrum of the polymerase to the maximum of

the protein emission at 343 nm in the complex with the nucleic aeid €); the black line is the sensitized emission of tHeCPM-

dsDNA oligomer in the complex with the polymerase {- -). (¢) Fluorescence emission spectrum of rat padlone  —), the pol

p—3-CPM-dsDNA oligomer complex—), and the 3CPM-dsDNA oligomer (- - -) (Figure 1b, substrate @)(= 295 nm) in buffer C

(pH 7.0, 10°C) containing 40 mM NacCl: the normalized spectrum of the polymerase to the maximum of the protein emission at 343 nm

in the complex with the nucleic acid-(- —); the sensitized emission of the BPM-dsDNA oligomer in the complex with the polymerase

(= ---). (d) Fluorescence emission spectrum of rat palone ¢ —), the pol5—3-CPM-dsDNA oligomer complex-), and the 3

CPM-dsDNA oligomer (- - -) (Figure 1b, substrate @),(= 295 nm) in buffer C (pH 7.0, 10C) containing 40 mM NaCl: the normalized

spectrum of the polymerase to the maximum of the protein emission at 343 nm in the complex with the nucleic-a€jdthe sensitized

emission of the 3CPM-dsDNA oligomer in the complex with the polymerase-(- -). Concentrations of pgf and the oligomer in all data

presented in panels-al are 3x 1077 and 5x 1077 M, respectively.

Table 3: Fluorescence Energy Transfer Parameters for Rat Boimplexes with the dsDNA 10-mer Containing CPM Residues at ‘ttoe 3
End (Figure 1b, Substrates-#D) in Buffer C (pH 7.0, 10°C) Containing 40 mM NacCl

oligomer (Figure 1b) ~ J(M~1cm¥) T limn Flimp Ep Ea E R (A) R(A)
A (5'-CPM) 2.39x 10713 0.184+ 0.03 0.17+0.05 0.32+0.01 0+ 0.005 0+ 0.005 21.6 >55
B (5'-CPM) 2.39x 10713 0.194 0.03 0.17+0.05 0.33+:0.01 0+ 0.005 0+ 0.005 21.6 >55
C (3-CPM) 2.39x 10713 0.17+0.03 0.17+0.05 0.444+0.01 0+ 0.005 0+ 0.005 21.6 >55
D (3-CPM) 2.39x 10713 0.184+ 0.03 0.17+0.05 0.28+ 0.01 0+ 0.005 0+ 0.005 21.6 >55

and environments around the acceptor, effectively excludesvalues for all examined DNA substrates are included in Table
the possibility that the observed value ofrE®r energy 3. The values are lower than the fundamental anisotropies
transfer efficiencyE, is a consequence of a very peculiar of the tryptophan {0.27) @6), and particularly CPM
orientation of the donor and acceptor, and/or their complete (~0.38) (Bujalowski, unpublished data), at the selected
immobilization, that would result in®> = 0 or 4 27, 32). excitation wavelengths, indicating that the donor and the
Nevertheless, we have determined the limiting anisotropies acceptor possess significant rotational mobility on the time
of the polp tryptophan and CPM located on the bound DNA scale of their fluorescence lifetimes. These data provide
oligomers (i.e., by eliminating the depolarization due to the additional information indicating thd is not significantly
macromolecular rotational movement) to assess mobilities affected by any peculiar orientation and immobilization of
of the donor and acceptor on the time scale of their the donor and acceptor.

fluorescence lifetimes. This approach is equivalent to the

Perrin plot analysis at intermediate values of viscosity where DISCUSSION
macromolecular rotation is prevailing, without changing the  Site-Size of the Rat PG-dsDNA Complex Is & 1 Base
temperature or introducing any additional solute to change Pairs, Indicating the Imolvement of Only One of the Two
the viscosity of the sample4$). The limiting anisotropy DNA-Binding Subsites of the Enzyme in Interactions with
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the dsDNAStudies described in this work provide, for the

first time, a direct insight into the complex energetics and a
structure of rat pop interactions with the dsDNA. The site-

size of a proteirr DNA complex corresponds to the number

of nucleotide residues, or base pairs, occluded by the protein

(33, 39, 40, 41). This fundamental quantity, characterizing

a protein-nucleic acid complex, has a profound importance

for any quantitative analysis of the functioning of an enzyme i
(39, 40). A striking feature of the rat pg#—dsDNA complex WA )
is the small site-sizey) = 5 + 1 base pairs, of the complex. Sty
Recall that the total DNA-binding site of pgl is built of
two DNA-binding subsites each located on a different
structural domain of the enzyme (Figure 6). Each DNA-
binding subsite, one located on the 8-kDa domain and the C d
other one on the 31-kDa domain, can bind nucleic acid by
engaging~5—10 base pairsl—15). When the total DNA-
binding site is engaged in interactions with the ssDNA,
forming the (polB).s binding mode, it encompasses 462
nucleotide residues; i.e., both DNA-binding subsites of the
polymerase are engaged in the interactions with the ssDNA
(12—15). The determined site-size of the polymerase
dsDNA complex is much smaller than the site-size of the
(pol )16 binding mode. Thus, the thermodynamic data show B\~
that the enzyme binds the dsDNA using only one of the -
DNA-binding subsites in the formed complexes, resulting FIGURE 8: (a) Hypothetical structure of the mammalian pol
in a site-size of about five base pairs occluded by the protein.SdSDNA 10-mer complex if the nucleic acid were bound to the

. . 31-kDa domain of the protein. The protein is in the “open”
As we pointed out, the independence of the rat fpetls- conformation and its structure has been generated using data from

DNA stoichiometry upon the DNA oligomer concentration  grookhaven Protein Data Bank, under the codes 1BPD (protein)
indicates that one of the DNA-binding subsites is not capable and 1BPY (nucleic acid), using ViewerPro (San Diego, CA). (b)

of engaging in interactions with the dsDNA once the DNA Distances (A) between the single tryptophan residue, W325, on

; ; ; the 31-kDa domain of the polymerase and tharid 3 ends of the
oligomer is already bound to the enzyme (Figure 2a). bound dsDNA 10-mer, are extracted from Figure 8a, if the oligomer

Rat Pol/ Binds the dsDNA Using Exclugily Its 8-kDa  yere hound to the 31-kDa domain (see text for details). (c) Location
Domain The small site-size of the rat p@—dsDNA of the single tryptophan residue, W325, in the three-dimensional
complex is not without precedence. It is analogous to the structure of pol$ together with the distance A between the
formation of the (polB)s binding mode observed in the tryptophan residue and the HhH DNA-binding motif (dark area)

. - in “open” conformation of the enzyme4?). (d) Distance (A)
complexes of rat and human pglwith the sSDNA (2 between the tryptophan residue, W325, and the HhH DNA-binding

15). The site-size of the enzymesDNA complex isn =5 motif on the 8-kDa domain of pg# in “closed” conformations of
+ 1 base pairs, the samems- 5 that has been determined the enzyme. The protein structures have been generated using data

for the (polB)s binding mode, where only the 8-kDa domain from Brookhaven Protein Data Bank, under codes 1BPD and 1BPY,
of the enzyme engages in the interactions with the nucleic "éSPectively, using ViewerPro (San Diego, CA).

acid. Moreover, when the ssDNA oligomer bound to the

8-kDa domain is too short to form the (g&hs binding mode,  transfer efficiencyE is 0, indicating that the entire DNA
the DNA-binding subsite located on the 31-kDa domain is molecule is separated from the single tryptophan located on
not capable of accepting another oligomer mainly becausethe 31-kDa domain by a distance that is much larger than
of its low affinity (12). This is exactly what is observed in  the Faster critical distance of the considered donracceptor
the binding of the dsDNA 10-mer to the polymerase (Figure pair, R, = 21.6 A. One can estimate the minimum distance
2). Furthermore, although only a single DNA-binding subsite that would result irE ~ 0, using the relationship betweén

is involved in interactions with the nucleic acid, the poly- andR obtained by rearranging eq 5 to give

merase still has a high intrinsic affinity for the DNA. Such

strong intrinsic affinity for the ss as well as dsDNA E= 1 (16)
conformation is available to the enzyme only at the DNA- 14 R)6
binding subsite located on the 8-kDa domai?-{16). Ry

Therefore, the obtained thermodynamic data provide first

evidence that, in the binding to the dsDNA, rat pa@ngages It is clear that for the value dE to be ~0, with Ry = 21.6

exclusively the 8-kDa domain in the interactions with the A, R has to be at least 55 A.

nucleic acid. Such a large value @R is incompatible with the dsDNA
The results and discussion above, indicating that the ratoligomer bound to the 31-kDa domain. Average distances

pol 5 binds the dsDNA using only its 8-kDa domain, are between the specific locations on the bound dsDNA oligomer

directly supported by the fluorescence energy transfer dataand the tryptophan residue, W325, on the 31-kDa domain

using four DNA oligomers with the fluorescence acceptor can be estimated using enzyme models based on its crystal

placed at the Sor 3 end of the nucleic acid (Figure 1b). structure. Figure 8a shows the hypothetical complex of pol

Independent of the acceptor location, the fluorescence energys in “open” conformation with the dsDNA 10-mer placed
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in the DNA-binding subsite on the 31-kDa domain. The
dsDNA is modeled in A-DNA conformation as indicated by
the crystallographic data. Note that becausefpdbes not

Biochemistry, Vol. 42, No. 19, 200%967

the fluorescence energy transfer efficiencies would not be
zero but about 031 (eq 16), very easy to detect and
dramatically larger than the experimentally obseréed

have a preference for the sequence of the nucleic acid, thed. Therefore, the lack of any experimentally detectable

dsDNA 10-mer can, in general, be bound in two different
orientations to the binding site. However, placement of a
single acceptor at all four possible end locations of the
nucleic acid eliminates any possible bias resulting from the

fluorescence energy transfer can only be explained if the
polymerase binds the dsDNA using exclusively its 8-kDa
domain and the enzyme is in “open” conformation in the
complex with the dsDNA.

DNA orientation. Fluorescence energy transfer measurements Salt Effect on the Intrinsic Affinity of the Rat Pol
provide information about the distance between the donor S—dsDNA Complex Is Dominated by Cation Releae-

and acceptor averaged over all possible orientations.

Figure 8b shows the extracted distances from the tryp-

tophan residue, W325, on the 31-kDa domain to the

ditional evidence for the proposed involvement of the 8-kDa
domain DNA-binding site in interactions with the dsDNA
comes from the salt effect on the observed intrinsic affinity

examined locations of the acceptor on the bound dsDNA of the rat pols5—dsDNA complex. The data obtained in the

10-mer if the oligomer were bound to the 31-kDa domain.
The estimated distances to theehds of the nucleic acid
are 15+ 3.5 and 46+ 3.5 A, respectively, with the average
R being 30.5+ 3 A. The included large errors take into

absence of magnesium are of particular importance because
complications resulting from the presence of the additional
Mg?* ligand are not present (see below). Crystallographic
data indicate that in the cocomplex the 8-kDa domain

account that the average location of the label can be, at mostengages in interactions only with one strand of the dsDNA
equivalent to an additional base at the end of the DNA. The (7). In this context, the slopeslog K/d log [NaCl] = —4 +

same distances to thé @ds are 25 3.5 and 48+ 3.5 A,
and the averag® is 36.5+ 3 A. Using eq 16 and®R, =
21.6 A, one can estimate the value Bfthat should be
observed if the dsDNA 10-mer were bound to the 31-kDa
domain. The obtained values Bfare 0.12+ 0.05 and 0.05

+ 0.02 for the 5ends and 3ends, respectively. They are
dramatically larger than thie = 0 experimentally observed,
even with the included large errors (Table 3).

The situation is very different with the DNA-binding
subsite located on the 8-kDa domain. The location of the
bound dsDNA oligomer on the 8-kDa domain can only be
inferred from the crystal structure of the enzyme cocom-
plexes with the gapped DNA?). The domain contains the
helix—hairpin—helix motif (HhH), a nonspecific DNA-
binding motif @7). The HhH motif has been proposed as
the central part of the DNA binding subsite in the poly-
merase-gapped DNA complexeg). In the open conforma-
tion of the enzyme (Figure 8c), the distance from the HhH
motif to the single tryptophan, W325, on the 31-kDa domain
is ~60 A. Distances between thé & 3 ends of the bound
dsDNA oligomer and the tryptophan residue will be even
larger. Thus, with the dsDNA 10-mer placed at this minimum

0.5 andd log K/d log [NaBr] = —5.3 4+ 0.5 obtained for the
intact enzyme-dsDNA complex are similar, although not
identical, to the slopes log K/d log [NaCl] = —4.8 + 0.5
andd log K/d log [NaBr] = —4.54 0.5 obtained for the salt
dependence of the intrinsic affinity of the isolated 8-kDa
domain-ssDNA complex upon salt concentratict2{-44).
Bromide anions, Br, are known to have significantly higher
affinity for protein amine groups than C[48). In the case

of the isolated 8-kDa domain, the lack of a significant
difference between the slopes obtained in the presence of
NaCl and NaBr indicated that the net ion release includes
only cations and that interactions are dominated by electro-
static components of the free energy of bindibg) (A higher
value of the net number of ions released observed for the
intact enzyme in the presence of NaBr indicates that
additional anions are released from the intact avhen
chloride is replaced by bromide. Nevertheless, similar to the
isolated 8-kDa domain, the obtained values of the net ion
releases in the presence of NaCl and NaBr indicate that the
net ion release accompanying intrinsic interactions of the
intact enzyme with the dsDNA is still dominated by the
cations 42, 43). This is an expected result for the dominant

distance, there will not be any detectable fluorescence energyinvolvement of the DNA-binding subsite located on the
transfer from the acceptor on the nucleic acid and from the 8-kDa domain in interactions with dsDNA, which forms

protein tryptophan on the 31-kDa domain, in excellent
agreement with the experimentally observed valu& et
0.
Pol g Binds dsDNA in an Open Conformatioi should
be pointed out that the distance from the HhH motif on the

8-kDa domain to the tryptophan residue, W325, on the 31-

multiple ionic contacts with the nucleic acid@).

Salt Effect on Cooperate Interactions Indicates Direct
Protein—Protein Interactions in the Complex with the
dsDNA. A peculiar aspect of the rat pg@ binding to the
dsDNA is the presence of significant cooperative interactions.
Moreover, the salt effect on the cooperative interactions is

kDa domain has been estimated using the open conformatiordramatically different from the analogous effect on the
of the enzyme (Figure 8c). When the enzyme is bound to intrinsic affinity. First, in the absence of Mg the positive
the gapped DNA substrates, it assumes a “closed” conforma-slopes dlog w/dlog [NaCl] = 2.8 + 0.4 and dlog
tion as a result of the engagement of the 31-kDa domain in w/d log [NaBr] = 4.5 + 0.5 show that a net ion uptake

interactions with the nucleic acid, depicted in Figure 8d. In

accompanies cooperative interactions. Thus, although the

closed conformation, the distance between the HhH motif intrinsic affinity decreases, positive cooperative interactions

and the single tryptophan residue is reduced 16 A. Such

strongly increase with the increasing salt concentration (see

a conformational change does not affect the distancesbelow). Second, there is a large difference between the net
between the single tryptophan and the DNA-binding subsite number of ion uptakes observed in the presence ofa@t
on the 31-kDa domain because they are located on the samé@r—, an indication that a significant net uptake of anions

domain. However, if pop were in the closed conformation
with the dsDNA oligomer bound at the 8-kDa domain, then

occurs in the formation of cooperative contacts. Because the
negatively charged DNA does not bind anions, the large
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contribution of anions to the net ion uptake provides evidence are 9 log w/d log [NaBr] = 3.5 £ 0.4 + 0.5 anddlog

that the cooperative interactions result from direct protein ~ w/d log [NaBr] = 4.5 £+ 0.5, indicating that magnesium

protein interactions between the bound painolecules. decreases the ion uptake by the complex (Figures 4 and 5).
The observed salt effect on cooperative interactions The difference between the magnesium effects in the

between polB molecules bound to the dsDNA is very presence of different anions suggests that rat fpdias

different from the salt effect on weak cooperative interactions multiple anion binding sites that gain preference for chloride

between bound enzyme molecules in the (gl binding anions, as compared to Brin the presence of Mg. We
mode on the ssDNA and gapped DNA, where no dependencecannot exclude that the magnesium form of the enzyme has
or little dependence upon salt has been foutj {4, 15). an increased number of anion binding sites, although that

In other words, only cooperative interactions between protein would lead to the same effect on ion release, independent
molecules bound to the dsDNA and not the ssDNA are of the type of anion. Therefore, we favor an interpretation
significantly controlled by the salt concentration. Note that that magnesium binding does not change the number of the
this control is dramatic. While at higher salt concentration anion binding sites but increases their affinity and specificity
w is large, indicating strong attractive interactions between for Cl~, leading to an increased number of @hions bound.
the bound proteins. At low salt concentratiae50 mM, w Moreover, the observed effect of Nigon cooperative
is much lower than 1, indicating strong repulsive interactions. interactions between the polymerase molecules bound to the
Such a large difference in the thermodynamic response ofdsDNA provides evidence that the effect of magnesium
enzyme complexes with the dsDNA versus the complexes predominantly results from the polymerase conformational
with the ssDNA and gapped DNA to the salt concentration changes induced by specific Mgcations binding to the
in solution indicates that very different interacting areas of enzyme.
the protein are involved in cooperative interactions. Thus, Why Is Rat Poj3 Not Forming Different Binding Modes
these results indicate that the orientation of the polymerasewith the dsDNARecent kinetic studies of the human and
bound to the dsDNA is very different from the orientation rat pol binding to the ssDNA and gapped DNA substrates
of the enzyme bound to the ssDNA or gapped DNA clearly showed that the enzymes initiate binding to the
substrates 12, 14, 15). These changes in the enzyme nucleic acid using the DNA-binding subsite on the 8-kDa
orientation in complexes with different DNA conformations domain ((8—20). In fact, the enzyme is bound to the nucleic
may play an important role in the damaged DNA recognition acid exclusively through the 8-kDa domain in the first
(see below). intermediate. This is true for both the (g®hs and (polB)s
Anion Release Accompanying the Intrinsic dsSDNA Binding binding modes as well as for the gap complex formation. In
and Cooperatie Interactions in the Presence of Magnesium other words, the 8-kDa domain is the DNA binding initiation
Indicates Direct Mg" Binding to the EnzymeA profound domain, independent of the conformation of the nucleic acid.
role of magnesium in affecting interactions of the isolated The enzyme achieves the free access of the nucleic acid to
8-kDa domain with the ssDNA has been described by us the 8-kDa domain by maintaining the open conformation in
before (L6). The site-size of the 8-kDa domain complex with solution and in the first intermediate. The structure of the
the ssDNA is reduced from 18 0.7 to 94 0.6 nucleotide DNA-binding subsite on the 8-kDa domain allows the
residues. Moreover, magnesium affects the anion releaseenzyme to engage only a part of the subsite in interactions
from the domain. The effect is completely saturated at the with the nucleic acid and to impose a specific conformation
[MgCl;] of ~1 mM; thus, magnesium binding sites partici- and orientation of the bound enzyme with respect to the DNA
pating in the process must be characterized by the bindingthat depends on the structure of the nucleic adig).(As
constant>=10* M~1. The high affinity indicates that in  discussed above, the orientation of the bound polymerase is
examined solution conditions, [NaCH 0.1 M, the decrease  different in the complexes with the sSDNA or gapped DNA
of the site-size is induced by Mg binding to the domain  substrates as reflected by the very different effects of the
and not to the ssDNA4R, 43). enzyme on the nucleic acid structure in different complexes
Direct Mg?* binding to the polymerase is also evident from and cooperative interactions between bound polymerase
the observed changes in the net ion release and uptakenolecules {2—15).
accompanying intrinsic and cooperative interactions in the  Recall that only after engagement of the 8-kDa domain
rat pol S—dsDNA complex formation in the presence of in interactions with the nucleic acid may the 31-kDa domain
MgCl,. Magnesium increases the net ion release in the associate with the nucleic acid, inducing global conforma-
intrinsic binding of the enzyme to the dsDNA in the presence tional changes in the DNA and docking the enzyme on the
of CI~ and only slightly decreases the ion release in the nucleic acid 18—20). In the case of the ssDNA and gapped
presence of Br (Figures 4 and 5). This is a surprising result. DNA substrates, this association process results in formation
A rather strong decrease of the net number of ions releasedf the (pol )16 binding mode or gap complexi?—15).
is always expected due to the competition betweerf™Mg However, the efficiency of this process depends on the
and Na for the DNA (42—43). These data indicate that enzyme orientation, imposed by the 8-kDa domain, and the
Mg?* binding to the enzyme affects the anion association structure of the DNA. With flexible structures such as that
with the polymerase, as previously observed for the isolated of the ssSDNA and gapped DNA, conformational changes of
8-kDa domain-ssDNA complex 16). the nucleic acid can be easily induced and the enzyme
In the case of cooperative interactions, ¥gstrongly orientation in the complex is unfavorable for strong coopera-
increases the net ion uptake observed in the presence of Cl tive interactions. Therefore, the association process of the
with the sloped log w/d log [NaCl] = 4.5+ 0.5 as compared  31-kDa domain with the nucleic acid is very efficient, leading
to 0 log w/d log [NaCl] = 2.8+ 0.4, obtained in the absence to the formation of the (poJ3)is binding mode or gap
of Mg?*. Analogous slopes, obtained in the presence of NaBr, complex. With the dsDNA, the situation is different. The
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structure of the nucleic acid is very stiff, allowing only
limited global structural changes of the nucleic acid, and the
orientation of the enzyme favors strong positive cooperative
interactions. As a result of these two factors, the bound
enzyme predominantly remains in the open conformation,
associated with the nucleic acid through its 8-kDa domain,
in the complex stabilized by strong positive cooperative
interactions.

Functional Implications of the Cooperaé Binding of Rat
Pol S to the dsDNA The results obtained in this work
indicate that the intrinsic binding constaldt,and cooperative
interaction parametes, obtained for the polymerase binding
to the dsDNA are significantly higher than the corresponding

parameters for the enzyme binding to the ssDNA conforma- in the gapped DNA recognition by mammalian gblBinding of

tion in the (p0|§)5 bi”dif_‘g mode'determined previously, in the enzyme to the dsDNA is characterized by strong positive
the same solution conditions, with the ssSDNA polymers and cooperative interactions resulting in the formation of protein clusters

oligomers (2, 13). For instance, in the presence of 100 mM on the nucleic acid lattice (A). The cooperative interactions prevent
NaCland 1 mM MgC}, K = 4.4 x 10° Mt andw = 35+ the dissociation of enzyme from the DNA. From encounters with

7 with the dsDNA, as compared t = (1.2 + 0.5) x 10* the ssDNA conformation of the gap, the cooperative interactions

- - with the protein cluster on the dsDNA become weak because of

M~*andw = 6 + 3, obtained for the (pgh)s binding mode e Iowe? ion concentration and changed orientation of the
(12). Moreover, although intrinsic affinities on both the ss polymerase resulting from the engagements of the 31-kDa domain
and dsDNA decrease with increasing salt concentration, onlyin the complex with the nucleic acid. The 31-kDa domain
cooperative interactions between bound foholecules to S]S:ggig}\iwoar&%esg iS( §S$J20i"cffiﬁirg§é%?£32irs?ieeftﬂiv'iittﬁ t?]fe
the dSDNA strongly increase with th‘? increased salt con- protein cluster an(gjJ fgrms the g%p)::omplex capable of catalysis.
centration. In the presence of magnesiuntgaches a value
of ~150 at 150 mM NaCl (Table 2). In other words, the
increased cooperative interactions compensate for the di-this mechanism could be sufficient for selectivityg( 19).
minished intrinsic affinity for the dsDNA at higher salt However, in a large excess of the dsDNA, the recognition
concentrations. This is very different from the interactions of the specific damaged DNA structure would be an
with the ssDNA where cooperative interactions are weak and inefficient process that would require multiple association
little salt-dependent 1Q). As a result, rat pol3 will and dissociation steps to examine the DNA substrates,
preferentially bind to the dsDNA conformation over the particularly at a high salt concentration in the vicinity of the
ssDNA mostly because of the amplifying effect of coopera- dsDNA.
tive interactions between bound enzyme molecules. A plausible model of the possible role of cooperative

This behavior excludes the possibility that the enzyme binding to the dsDNA in recognition of a damaged gapped
intrinsic affinity for the sSDNA alone plays a significant role  DNA in the presence of the excess dsDNA, based on the
in the recognition of the gapped DNA by the polymerase, results described in this work, is schematically depicted in
as previously deemed when the energetics of the enzymeFigure 9. The enzyme cooperatively binds to the dsDNA,
binding to the dsDNA and the topology of the complex were using exclusively the 8-kDa domain and with the site-size
not yet known {2—15). Recall that the intrinsic affinity of  of n = 5 base pairs. In this complex the polymerase does
the gap complex is significantly higher than the intrinsic not engage the catalytic site on the 31-kDa domain in
affinity for the dsDNA, determined in this workl4, 15). interactions with the nucleic acid (Figure 9a). On the other
However, this is only because of the engagement of both hand, cooperative interactions will prevent the enzyme from
DNA-binding subsites in interactions with the DNA in the dissociating from the nucleic acid. Instead of a single
gap complex. On the other hand, in the case of a large excesgomplex, a protein cluster is formed that allows the enzyme
of the dsDNA, with a large number of potential binding sites to examine longer patches of the dsDNA. This takes place
and strong positive cooperative interactions, the difference only until the damaged DNA, the ssDNA gap, is encountered.
between the intrinsic affinities for the dsDNA versus gapped As discussed above, strong cooperative interactions result

Ficure9: Schematic model of the role of the positive cooperativity

DNA may not be high enough to provide the required
selectivity for the damaged DNA. Thus, the remaining
question is the following. What is the possible role of the
discovered strong cooperative interactions in thefpotls-
DNA association in the recognition of the gapped DNA in
the context of overwhelming dsDNA conformation?
Kinetic studies of rat and human pglinteractions with
gapped DNAs indicate that in this first binding step only

from a specific orientation of the enzyme bound to the
dsDNA that favors proteinprotein interactions. On the other
hand, previous studies of the human and rat/pbinding

to the gapped DNA clearly indicated that both enzymes
assume a very different and specific orientation and/or
conformation when bound in a gap complex in which both
the 8- and 31-kDa domains are engaged in the complex with
the nucleic acid14, 15, 20). This is particularly true in the

the 8-kDa domain of the enzyme engages in interactions with presence of the'Serminal phosphate group downstream
the nucleic acid18—20). The process is very fast, leading from the primer, a common product in the base excision
to rapid release of the polymerase from the complex, if the repair 6, 14, 15). Note also that the concentration of ions
orientation of the enzyme does not lead to the fast engage-around ssDNA of the gap is lower than around the dsDNA
ment of the 31-kDa domain in the complex. In small patches conformation as a result of the lower charge density of the
of the dsDNA, resulting in limited trial and error associations, sSDNA @2, 44, 49). Moreover, the ssDNA conformation is
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much more flexible than the dsDNA.
orientation or conformation in the gap complex and at lower
ion concentration, cooperative interactions with the remaining

In this different

19
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.Rajendran, S., Jezewska, M. J., and Bujalowski, W. (2001)
Biochemistry 4011794-11810.

20. Jezewska, M. J., Galletto, R., and Bujalowski, W. (2QD3Biol.

o

pol 8 molecules bound to the dsDNA become very weak, if 21
any, as experimentally determineti( 15). In other words,

the polymerase molecule, encountering the gap, breaks its
ties with the protein cluster on the dsDNA and forms a gap
complex (Figure 9b). The induced conformational transitions 24,

may also extend into the catalysiB0f. The enzyme, now
free from interactions with the remaining polymerase mol-

ecules bound to the dsDNA, engages the 31-kDa domain in

interactions with the nucleic acid and may initiate catalytic

steps.
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