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ABSTRACT: The tertiary structure of template-primer and gapped DNA substrates in the complex with rat
polymeraseâ (pol â) has been examined using the fluorescence energy transfer method based on the
multiple donor-acceptor approach. In these studies, we used DNA substrates labeled at the 5′ end of the
template strand and the 5′ end of the primer with the fluorescent donor and/or acceptor. Measurements of
the enzyme complex with the template-primer DNA substrate having a ten nucleotide long ssDNA extension
indicate that the distance between the 5′ end of the template strand and the 5′ end of the primer decreases
by ∼9.8 Å as compared to the free nucleic acid. Analogous experiments with the template-primer substrate,
having the ssDNA extension with five nucleotide residues, show∼6.6 Å distance decrease. Such large
distance decreases indicate that the DNA is significantly bent in the binding site. Analysis of the data
indicates that the bending occurs between the third and the fourth nucleotide of the ssDNA extension.
The entire template strand is at the bend angleΘTP ) 85 ( 7° with respect to the dsDNA part of the
DNA molecule. In the polymerase complex with the gapped DNA, the distance between the 5′ ends of
the DNA and the bend angle are 66( 2.2 Å and 65( 6°, respectively. These values are very similar to
the same distance and bend angle of the gap complex in the crystal structure of the co-complex. The
presence of the 5′-terminal PO4

- group downstream from the primer does not affect the tertiary conformation
of the gapped DNA, indicating that the effect of the phosphate group is localized at the ssDNA gap.

One of the fundamental steps in the DNA repair process
is the recognition of specific structures of damaged DNAs
by a DNA repair polymerase (1-9). This recognition process
must precede the chemical step of the DNA synthesis.
Several DNA polymerases in the mammalian cell are
engaged in the DNA repair processes, including polymerase
â (pol â) that is involved in gap-filling synthesis in mismatch
repair, repair of monofunctional adducts, UV-damaged DNA,
and abasic lesions in DNA (1-7). The complexity of the
DNA recognition process by polâ is reflected in the
complexity of its total DNA-binding site. The total binding
site is built of two DNA-binding subsites, each located on a
different structural domain of the enzyme, the small 8 kDa
and the large 31 kDa catalytic domains (7, 8-11). Similar
domain arrangement has been proposed for other DNA
polymerases engaged in DNA repair (12-15). Both the 8
and 31 kDa domains have DNA-binding capability; however,
only the 8 kDa domain has similar affinity for both, the
ssDNA and dsDNA (16, 17). This is particularly evident in
the enzyme binding to the template-primer (TP)1 and gapped
DNA substrates (10, 11).

Spatial separation of the two DNA-binding subsites of the
polymerase, located on two structurally different domains,
with very different DNA-binding capabilities, results in a
very complex DNA-binding mechanism of both human and
rat pol â (8-11). The enzymes bind the ssDNA in two
binding modes that differ in the number of occluded
nucleotide residues, the (polâ)16 and the (polâ)5 binding
mode (8, 9). In the (polâ)16 binding mode, both the 8 and
the 31 kDa domains are involved in interactions with the
ssDNA; i.e., the total DNA-binding site of the enzyme is
engaged in the complex. An analogous complex is formed
with the template-primer substrates where the 8 kDa domain
engages the ssDNA part and the 31 kDa domain binds the
dsDNA part of the substrate, forming a template-primer
complex (10, 11). The high affinity of formed complexes
results from anchoring the polymerase on the DNA with both
domains involved in interactions with different nucleic acid
conformations. On the other hand, in the (polâ)5 binding
mode, only the 8 kDa domain is engaged in interactions with
the DNA.

Formation of different binding modes with the ssDNA and
the template-primer complex indicates significant autonomy
as well as a sophisticated communication mechanism be-
tween the two DNA-binding subsites of polâ (8-11). This
is evident in kinetic analyses of human and rat polâ
interactions with the ssDNA in the (polâ)16 and (polâ)5

binding modes and the recognition of the gapped DNA
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substrates by the enzymes (18-21). Formation of ssDNA
binding modes and binding of the polymerase to gapped
DNAs are initiated through the very fast, diffusion-controlled,
association of the DNA-binding subsite located on the 8 kDa
domain. Only then, in several sequential steps, induced by
the conformational transitions at the protein-DNA interface
on the 8 kDa domain and controlled by ion binding, the 31
kDa domain engages in interactions with the nucleic acid,
leading to the formation of the (polâ)16 binding mode or
gap complex (18-21).

Although the crystal structures of co-complexes with the
ssDNA are not available and the resolution of template-
primer complex does not allow exact determination of the
positioning of the template strand, the crystal structure of
the gap complex shows strong bending of the DNA molecule
in the binding site of polâ (7). This strongly suggests that
the template strand of the template-primer DNA is also bent
with respect to the dsDNA part of the nucleic acid. Moreover,
spectroscopic data indicate that the engagement of the total
binding site of polâ in interactions with the DNA in the
(pol â)16 binding mode, template-primer, or gap complex
involves not only conformational transitions of the protein
but also profound changes in the nucleic acid structure (8-
11, 18-21). Elucidation of DNA conformational changes
accompanying the formation of the complex with polâ in
solution is one of the fundamental steps toward understanding
the molecular mechanism of the DNA recognition by polâ
and other DNA repair polymerases. Despite its paramount
importance for understanding the DNA recognition process,
the direct analysis of DNA substrate conformation in the
complex with polâ in solution has not yet been addressed.

In this paper, we report fluorescence energy transfer studies
of the tertiary structure of template-primer and gapped DNA
substrates in the complex with rat polâ in solution, using
the multiple donor-acceptor approach (22-25). We present
direct evidence that binding of the template-primer DNA
substrate to the enzyme induces a large decrease in the
distance between the 5′ end of the template strand and the
5′ end of the primer, indicating that the DNA substrate is
significantly bent in the total DNA-binding site of the
enzyme. The data indicate that the entire ssDNA of the
template strand is bent at a single location in the ssDNA
extension. The conformation of the gapped DNA in the
complex with polâ is very similar to the crystal structure
of the co-complex. The presence of the 5′-terminal PO4

-

group downstream from the primer does not affect the tertiary
conformation of the bound gapped DNA.

MATERIALS AND METHODS

Reagents and Buffers.All solutions were made with
distilled >18 MΩ (Milli-Q Plus) water. All chemicals were
of reagent grade. Buffer C is 10 mM sodium cacodylate
adjusted to pH 7.0 with HCl, 10% glycerol, and 1 mM DTT.
The temperatures and concentrations of NaCl and MgCl2 in
the buffer are indicated in the text.

Rat Polymeraseâ. Rat polâ was purified as previously
described (8-11). The concentration of the protein was
determined using the extinction coefficientε280 ) 2.1× 104

cm-1 M-1 obtained using the method based on Edeldoch’s
approach (8, 26-28).

Nucleic Acids.All nucleic acids were purchased from
Midland Certified Reagents (Midland, TX). The oligomers,

labeled with fluorescein at the 5′ end, were synthesized using
fluorescein phosphoramidate. Labeling with rhodamine (Rho)
or coumarin (CP) was performed by synthesizing and
modifying DNA oligomers with a nucleotide residue having
the amino group on a six-carbon linker. The degree of
labeling was determined by absorbance, using the extinction
coefficientsε494 ) 7.6 × 104 M-1 cm-1 (pH 9), ε436 ) 4.4
× 104 M-1 cm-1, and ε555 ) 8.0 × 104 M-1 cm-1 for
fluorescein, coumarin, and rhodamine (22-24). Concentra-
tions of all ssDNA oligomers have been spectrophotometri-
cally determined as previously described (22-24). Template-
primer and gap DNA substrates were obtained by mixing
proper oligomers at given concentrations, warming up the
mixture for 5 min at 95°C, and slowly cooling for a period
of ∼3-4 h. Integrity of all substrates has been checked using
UV melting and analytical ultracentrifugation techniques
(22-24).

Steady-State and Time-Dependent Fluorescence Measure-
ments. All steady-state fluorescence titrations were performed
using the SLM-AMINCO 8100 spectrofluorometer as previ-
ously described (8-11, 18-26, 29). To avoid possible
artifacts, due to the fluorescence anisotropy of the sample,
polarizers were placed in excitation and emission channels
and set at 0° and 54.7° (magic angle), respectively (30). The
emission spectra have been corrected for instrument char-
acteristics using the software provided by the manufacturer.
Time-dependent fluorescence lifetime and anisotropy mea-
surements 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. Excitations were performed with
nanosecond light emitting diodes at 450, 495, and 560 nm
for coumarin, fluorescein, and rhodamine. Glycogen solution
was used as a reference for the excitation source profile.
Analyses of anisotropy decay curves were performed using
the nonlinear, least-squares software provided by the manu-
facturer.

Determination of the AVerage Fluorescence Energy Trans-
fer Efficiency from a Donor to an Acceptor Located on the
DNA Substrates. The apparent efficiency of the fluorescence
radiationless energy transfer,E, from a donor to an acceptor
located on a DNA substrate has been determined using two
independent methods. The fluorescence of the donor in the
presence of the acceptor,FDA, is related to the fluorescence
of the same donor,FD, in the absence of the acceptor by
(22-24)

whereνD is the fraction of donors in the complex with the
acceptor andED is the average fluorescence energy transfer
efficiency determined using the donor emission quenching.
The quantity,ED, is then

The values ofνD have been obtained using the binding
constants of a given DNA substrate for the rat polâ measured
in the same solution conditions (see below).

In the second independent method, the average fluores-
cence transfer efficiency,EA, is obtained by sensitized

FDA ) (1 - νD)FD + FDνD(1 - ED) (1)

ED ) ( 1
νD

)(FD - FDA

FD
) (2)
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acceptor fluorescence. This can be accomplished by measur-
ing the fluorescence intensity of the acceptor, excited at a
wavelength where a donor predominantly absorbs, in the
absence and presence of the donor. The fluorescence
intensities of the acceptor in the absence,FA, and presence,
FAD, of the donor are defined as

and

whereIo is the intensity of incident light,CAT andCDT are
the total concentrations of acceptor and donor,νA is the
fraction of acceptors in the complex with donors,εA andεD

are the molar absorption coefficients of acceptor and donor
at the excitation wavelength, respectively, andφF

A and φB
A

are the quantum yields of the free and bound acceptor. All
quantities in eqs 3 and 4 can be experimentally determined
(22-24). For the case considered in this work, the acceptor
is practically completely saturated with the donor; i.e.,νA

) 1. Thus, forνA ) 1, dividing eq 4 by 3 and rearranging
provides the average transfer efficiency as described by

As mentioned above, the energy transfer efficiencies,ED

andEA, are apparent quantities.ED is a fraction of photons
absent in the donor emission as a result of the presence of
an acceptor, including transfer to the acceptor and possible
nondipolar quenching processes induced by the presence of
the acceptor, andEA is a fraction of all photons absorbed by
the donor which were transferred to the acceptor. The true
Förster energy transfer efficiency,E, is a fraction of the
photons absorbed by the donor and transferred to the
acceptor, in the absence of any additional nondipolar
mechanism (31). The value ofE is related to the apparent
quantities ofED andEA by (32)

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

The fluorescence energy transfer efficiency between the
donor and acceptor dipoles is related to the distance,R,
separating the dipoles by (31)

and

where Ro is the so-called Fo¨rster critical distance (in
angstroms), the distance at which the transfer efficiency is

50%, κ2 is the orientation factor,φd is the donor quantum
yield in the absence of the acceptor, andn is the refractive
index of the medium (n ) 1.4) (31). The overlap integral,J,
characterizes the resonance between the donor and acceptor
dipoles (31). The Förster critical distances,Ro, for the
examined donor-acceptor pairs, have been determined
before (24). The obtained values are 47 Å for coumarin-
rhodamine, 52 Å for coumarin-fluorescein, and 54 Å for
fluorescein-rhodamine pairs.

Multiple Donor-Acceptor Approach. The fluorescence
energy transfer efficiency determined for chemically identical
donor-acceptor pairs depends on the distance between the
donor and the acceptor,R, and factorκ2, describing the
mutual orientation of the donor and acceptor dipoles (31-
33). The factorκ2 cannot be experimentally determined,
although, because the distance between a donor and an
acceptor depends on the1/6th power of κ2, only the two
extreme values (0 or 4) would strongly affect the determined
distance. For completely random orientations of the donor
and the acceptor,κ2 ) 0.67. The rigorous analysis of the
possible range of distances between the donor and the
acceptor has been developed for the situation where only a
single donor-acceptor pair is used, by examining limiting
anisotropies of the macromolecular system for both the donor
and the acceptor (33). However, another rigorous procedure
to evaluate the error in the distance determination is to use
multiple donor-acceptor pairs and their interchanged loca-
tions (24). This approach introduces the required intrinsic
randomization of the orientation of the absorption and
emission dipoles in the studied system. The measurement
of similar distances using multiple donor-acceptor pairs
indicates that the obtained average distance between the
donor and the acceptor is not affected by the extreme values
of κ2 (see below).

Quantum Yield Determinations. The quantum yields of
different chromophores used in this work,φ, were determined
by the comparative method (34, 35) previously described
(22-24). Quinine bisulfate in 0.1 N H2SO4 and fluorescein
in 0.1 NaOH were used as a standard (absolute quantum yield
φ ) 0.7 and 0.92, respectively) (31, 36).

RESULTS

Binding of Rat Polâ to Template-Primer DNA Substrates.
Formation of the Template-Primer Complex. The two ssDNA
binding modes, (polâ)16 and (polâ)5, which rat polâ forms
with the ssDNA, differ by the number of the occluded
nucleotide residues in the protein-nucleic acid complex (8,
9). Moreover, the enzyme binds the dsDNA with significant
affinity (10, 11, 16). As a result, association of polâ with
DNA substrates containing both the ssDNA extension and
the dsDNA part is a process that includes multiple poly-
merase molecules associated with the DNA (10, 11). To
reduce the complexity, interactions of rat polâ with DNA
substrates having the ssDNA extension have been examined
using substrates that can accommodate the enzyme only in
the (pol â)5 binding mode in the ssDNA extension. The
template-primer DNA substrates, used in the examination
of the nucleic acid structure in the complex with rat polâ,
are depicted in Figure 1. The duplex part of each substrate,
containing primer, is ten bps long and is located at the 3′
end of the template strand. At the 5′ end of the template

FA ) IoεACAT φF
A (3)

FAD ) (1 - νA)FA + IoεAνACAT φB
A +

IoεDCDT νD φB
A EA (4)

EA ) [ 1
νD](εACAT

εDCDT)[(φF
A

φB
A)(FAD

FA
) - 1] (5)

E )
EA

1 - ED + EA
(6)

R ) Ro(1 - E
E )1/6

(7a)

Ro ) 9790(κ2n-4
φdJ)1/6 (7b)
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strand, there is a ten nucleotide residue long ssDNA
extension, built of adenine nucleotides. The 5′ end of the
template strand and the 5′ end of the primer oligomer are
labeled with different fluorescent markers, fluorescein,
coumarin, and rhodamine, that serve as donors or acceptors
in the fluorescence energy transfer experiments described
below. All six possible combinations of the donor-acceptor
pairs used in the distance determinations are depicted in
Figure 1. Thermodynamic studies showed that the presence
of the different fluorescent labels does not affect the
energetics of the enzyme binding to the DNA substrates to
any detectable extent (data not shown). In other words,
stoichiometries and intrinsic affinities of the polymerase with
different nucleic acids, shown in Figure 1, are the same.

We have previously examined the quantitative thermody-
namics of the rat polâ binding to the DNA substrates
analogous to the ones depicted in Figure 1 (10, 11). At
saturation, three polâ molecules are bound to the DNA. At
low and intermediate enzyme concentrations, the polymerase
can form the high-affinity template-primer complex; i.e., the
large 31 kDa domain is bound to the duplex part of the DNA
substrate while the small 8 kDa domain engages the ssDNA

of the template strand. Two enzyme molecules can bind the
ssDNA extension in the (polâ)5 binding mode. A single
molecule of the polymerase can associate with the dsDNA
part independently from the binding to the ssDNA extension
(see below). However, we are interested only in the DNA
structure in these complexes where the enzyme forms the
functionally active template-primer complex, i.e., where the
3′ end of the primer is located in the active site of the DNA
synthesis on the 31 kDa domain (11). The partition function,
Z10, of rat pol â-DNA substrate systems (Figure 1) is
described by (11)

whereK5 is the intrinsic binding constant for the enzyme
bound to the ssDNA extension in the (polâ)5 binding mode,
KDS is the binding constant for the association with the
dsDNA part, andKTP is the binding constant characterizing
the formation of the template-primer complex (11).

The molar fractional contributions of the free nucleic acid,
QF, complexes containing template-primer complex,QTP, and
all remaining complexes,QR, to DNA species in solution
are

and

The values of all binding parameters have been obtained in
independent fluorescence titration experiments (data not
shown) which providedK5 ) (8 ( 2) × 105 M-1, KDS ) (2
( 0.6) × 106 M-1, and KTP ) (4 ( 1.5) × 107 M-1. As
expected, these values are the same as the values obtained
before for the analogous template-primer DNA substrates
(11).

Using expressions 9a-c, one can estimate fractional
contributions,QF, QTP, and QR, at selected concentrations
of the nucleic acid, e.g., 3× 10-7 M (oligomer). The
contribution of the free DNA,QF, is undetectable at [rat pol
â] reaching∼1 × 10-6 M. Above [rat polâ] ∼7 × 10-7 M,
complexes containing rat polâ bound in the template-primer
configuration dominate the polymerase binding to the
considered DNA substrates up to [rat polâ] ∼2 × 10-6 M.
The contribution of all other complexes to the total popula-
tion of DNA species does not exceed 17% in this enzyme
concentration range. However, as the enzyme concentration
increases, the template-primer configuration begins to be
replaced by the (polâ)5 binding mode (11). At saturation,
three rat polâ molecules are bound to the DNA substrate,
two in the (polâ)5 binding mode to the ssDNA extension
and one to the dsDNA part. Thus, knowing the binding

FIGURE 1: DNA substrates used in fluorescence energy transfer
experiments to examine the conformation of the template-primer
DNA substrate in the template-primer complex with rat polâ. The
duplex parts of each substrate, containing the primer oligomer, are
ten bps long. The ssDNA extensions have ten bases that allow the
enzyme to bind only in the (polâ)5 binding mode. At the 5′ end of
the template strand and the primer, there is a fluorescence marker
attached, coumarin (CP), fluorescein (Flu), and rhodamine (Rho),
that serves as a donor or acceptor in the fluorescence energy transfer
analyses (Materials and Methods). There are six possible arrange-
ments of the selected three donor-acceptor pairs designated as
substrates A, B, C, D, E, and F.

Z10 ) 1 + (6K5 + KDS + KTP)PF + (6K5 + KDS +

σ K5
2 + KDSKTP)PF

2 + σ K5
2 KDS PF

3 (8)

QF ) 1
Z10

(9a)

QTP )
KTPPF + KTPKDS PF

2

Z10
(9b)

QR )

(6K5 + KDS)PF + (6K5KDS + σ K5
2)PF

2 + σ K5
2 KDS PF

3

Z10

(9c)
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parameters is crucial for the selection of the enzyme
concentration that allows the optimal determination of the
DNA structure in the template-primer complexes, i.e., where
the contribution of the template-primer configuration to the
population of DNA species dominates the molar fractional
distribution. For the selected DNA concentration (3× 10-7

M), the required total enzyme concentration is 9× 10-7 M.
AVerage Distances between the 5′ End of the Template-

Primer Strand and the 5′ End of the Primer in the Absence
and Presence of Rat Polâ. Multiple Donor-Acceptor
Experiments with the DNA Substrate HaVing a Ten Nucle-
otide Residue Long ssDNA Extension. The emission spectra
(λex ) 425 nm) of the template-primer DNA substrate (Figure
1, substrate B) having only the donor (CP) at the 5′ end of
the template strand and the same substrate having only the
acceptor (Fl) at the 5′ end of the primer, in buffer C (pH
7.0, 10°C) containing 100 mM NaCl and 1 mM MgCl2, are
shown in Figure 2a. The solid line in Figure 2a is the
fluorescence emission spectrum of the DNA substrate
containing both the donor and the acceptor at the same DNA
concentration (Figure 1, substrate B). There are clear
differences between the independent spectra of the nucleic
acid with only the donor or acceptor and the spectrum where
both donor and acceptor are placed on the same DNA
substrate. The emission intensity of the donor (CP) at the
maximum at 478 nm, in the presence of the acceptor on the
same DNA molecule, is decreased by∼8%. The decrease
of emission at 478 nm indicates a fluorescence energy
transfer from the CP located at the 5′ end of the template
strand to the fluorescein moiety located at the 5′ end of the
primer.

Comparison between the independent spectra of the donor
and acceptor and the spectrum of the double-labeled DNA
substrate shows that the fluorescence intensity of the
fluorescein residue, with the peak at∼520 nm, is signifi-
cantly increased when the donor and acceptor are located
on the same DNA molecule. Because fluorescein does not
contribute to the CP emission band at 478 nm, we can
normalize the spectrum of the donor to the spectrum of the
double-labeled DNA substrate at 478 nm. The difference
between the normalized spectrum of the donor and the
spectrum of the double-labeled DNA provides the sensitized
emission spectrum of the acceptor. The sensitized emission
spectrum of the fluorescein in the double-labeled DNA
substrate is shown in Figure 2a. In the presence of CP, the
emission intensity of the fluorescein residue is increased
∼2.3-fold.

The presence of rat polâ has a large effect on the
fluorescence energy transfer from the donor to the acceptor
in the considered template-primer DNA substrate. The
emission spectra (λex ) 425 nm) of the DNA substrate
containing only CP at the 5′ end of the template strand and
the same substrate containing only fluorescein at the 5′ end
of the primer in the presence of rat polâ, in buffer C (pH
7.0, 10°C) containing 100 mM NaCl and 1 mM MgCl2, are
shown in Figure 2b. The concentration of the enzyme is 9
× 10-7 M. At this enzyme concentration, the template-primer
complex dominates the distribution of the protein-DNA
complexes (11). The solid line in Figure 2b is the emission
spectrum of the DNA substrate containing both the donor
and the acceptor in the presence of the polymerase, at the
same enzyme and nucleic acid concentrations as used in

recording the independent spectra. In the presence of rat pol
â, the emission intensity at the donor of the double-labeled
DNA substrate is decreased by∼23% as compared to 8%
in the absence of the polymerase (Figure 2a). The emission
spectrum of the double-labeled DNA substrate in the
presence of the enzyme shows that the fluorescence intensity
of the fluorescein residue at the 5′ end of the primer, with
the peak at∼520 nm, is also increased to a much larger
extent than observed for the same DNA substrate in the
absence of the enzyme.

Similarly to the situation without rat polâ, we can
normalize the spectrum of the donor, CP, to the spectrum of
the double-labeled DNA substrate at 478 nm. The difference
between the normalized spectrum of the donor and the

FIGURE 2: (a) Fluorescence emission spectrum (λex ) 425 nm) of
the template-primer DNA substrate with CP at the 5′ end of the
template strand (- --- -), the template-primer DNA substrate
containing Fl at the 5′ end of the primer oligomer (---), and the
template-primer DNA containing both CP and Fl (s) (Figure 1,
substrate B) in buffer C (pH 7.0, 10°C), containing 100 mM NaCl
and 1 mM MgCl2; the normalized emission spectrum of the
template-primer DNA substrate, containing CP at the 5′ end of the
template strand, to the maximum of the double-labeled DNA at
478 nm (- -); the sensitized emission of the template-primer DNA
containing both CP at the 5′ of the template strand and Fl at the 5′
end of the primer oligomer (- - -). Concentrations of oligomers
are 3× 10-7 M. (b) Fluorescence emission spectrum (λex ) 425
nm) of the template-primer DNA substrate containing CP at the 5′
end of the template strand in the presence rat polâ (- --- -), the
template-primer DNA substrate containing Fl at the 5′ end of the
primer oligomer in the presence rat polâ (---), and the template-
primer DNA containing both CP and Fl in the presence rat polâ
(s) (Figure 1, substrate B) in buffer C (pH 7.0, 10°C) containing
100 mM NaCl and 1 mM MgCl2; the normalized emission spectrum
of the template-primer DNA substrate, containing CP at the 5′ end
of the template strand, to the maximum of the double-labeled DNA
at 478 nm (- -); the sensitized emission of the template-primer
DNA containing both CP and Fl (- - -). Concentrations of the rat
pol â and template-primer DNA substrates are 9× 10-7 and 3×
10-7 M, respectively.
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spectrum of the double-labeled DNA provides the sensitized
emission spectrum of the acceptor in the presence of rat pol
â. The sensitized emission spectrum of the fluorescein
residue of the double-labeled DNA substrate, in the presence
of the polymerase, is included in Figure 2b. In the presence
of rat pol â, the sensitized fluorescence intensity of the
fluorescein residue at the 5′ end of the primer is increased
∼3.5-fold. The observed changes in both donor and acceptor
emission spectra indicate a large increase of the fluorescence
energy transfer as compared to the DNA substrate in the
absence of the polymerase.

Analogous fluorescence energy transfer experiments have
been performed using different donor-acceptor pairs, or the
same donor-acceptor pair, but with interchanged locations
on the DNA substrate, depicted in Figure 1. Fluorescence
energy transfer parameters for the studied different donor-
acceptor pairs and different arrangements of the donor-
acceptor pairs are included in Table 1. A characteristic feature
of the studied systems is that the fluorescence energy transfer
efficiency,ED, determined using donor emission quenching
is often different from the fluorescence energy transfer
efficiency,EA, obtained from the sensitized emission of the
acceptor. This is true for measurements performed in the
absence and in the presence of the polymerase (Table 1).
Such difference betweenED andEA indicates the presence
of some additional nondipolar effects on emission intensities
of the fluorescent markers in the examined systems. The true
Förster fluorescence transfer efficiency,E10, is then described
by eq 6 and is included in Table 1.

As mentioned above (Materials and Methods), there is a
significant uncertainty in the distance determination because
the factorκ2 is not directly experimentally accessible (31-
33). On the other hand, if the same spatial separation is
examined using a series of different donor-acceptor pairs
and interchanging locations, which provides similar distance
values usingκ2 ) 0.67, then the lack of any peculiar effect
of κ2 on the distance measurements is established (see
Discussion). Nevertheless, we have determined the limiting
anisotropies of the donor and acceptor on the DNA substrates
to assess mobilities of the donor and acceptor on the time
scale of their fluorescence lifetimes by examining their
anisotropy decays (31, 37, 38). This approach is equivalent
to the Perrin plot analysis at intermediate values of viscosity

where macromolecular rotation is prevailing, without chang-
ing the temperature or introducing any additional solute to
change the viscosity of the sample (37, 38). Experiments
have been performed for all examined DNA substrates, free
and in complex with the polymerase (data not shown). The
values of all obtained limiting anisotropies are below 0.27;
i.e., the limiting anisotropies are significantly lower than
fundamental anisotropies,ro ) 0.4, of the examined donor
and acceptor molecules at the selected excitation wavelengths
(Materials and Methods). These results provide additional
information that the donor and the acceptor possess signifi-
cant rotational mobility on the time scale of their fluorescence
lifetimes (37, 38). They confirm the results of the multiple
donor-acceptor approach, that the determined Fo¨rster fluo-
rescence energy transfer efficiency,E, is not strongly affected
by any peculiar orientation and immobilization of the donor
and acceptor (see Discussion).

The average distances between the donor and acceptor,
located at the 5′ end of the template-primer strand, and the
acceptor/donor, located at the 5′ end of the primer for the
considered DNA substrate (Figure 1), have been calculated
using eq 7a and are included in Table 1. It is evident that
different donor-acceptor pairs, or the same donor-acceptor
pair placed in opposite orientations, provide a similar distance
for the determined donor-acceptor spatial separation. The
distance between the 5′ ends of the DNA substrates in the
absence of rat polâ, averaged over all examined donor-
acceptor systems, isR ) 68.1( 2.3 Å. This distance should
be compared to a spatial separation of the 5′ ends of a
reference DNA molecule. Such reference is provided by a
corresponding dsDNA oligomer in the B-conformation that
has a well-defined, rodlike structure in solution (39-41).
Notice that the donor and the acceptor in the considered DNA
substrates are located at the opposite 5′ ends of the DNA
substrates; i.e., they would be on the same side of the DNA
molecule if placed in the completely dsDNA conformation.
Moreover, in the examined solution conditions adenine
oligomers form helical structure with strong base-base
stacking interactions, very similar to the stacking interactions
of a single strand within the B-structure of the dsDNA (39-
41). Thus, the reference distance between 5′ ends of DNA
substrates, depicted in Figure 1, is the corresponding length
of the dsDNA.

Table 1: Fluorescence Energy Transfer Parameters for Template-Primer DNA Substrates Having Ten Nucleotide Residues in the ssDNA
Extension in the Absence and Presence of Rat Polâ in Buffer C (pH 7.0, 10°C) Containing 100 mM NaCl and 1 mM Mgcl2

a

template-primer
DNA (Figure 1) ED EA E10 ETP Rb (Å) RTP

b (Å)

A 0.11( 0.01 0.12( 0.01 0.12( 0.01 72.5( 1.2
B 0.08( 0.01 0.16( 0.01 0.15( 0.01 69.4( 1.2
C 0.21( 0.01 0.20( 0.01 0.20( 0.01 68.0( 1.2
D 0.23( 0.01 0.25( 0.01 0.24( 0.01 65.4( 1.2
E 0.08( 0.01 0.12( 0.01 0.11( 0.01 66.6( 1.2
F 0.1( 0.01 0.11( 0.01 0.11( 0.01 66.6( 1.2

Rav:c 68.1( 2.3
A + rat polâ 0.23( 0.01 0.30( 0.01 0.28( 0.01 0.31( 0.01 59.4( 1.2
B + rat polâ 0.23( 0.01 0.27( 0.01 0.26( 0.01 0.28( 0.01 61.0( 1.2
C + rat polâ 0.34( 0.01 0.27( 0.01 0.29( 0.01 0.31( 0.01 61.7( 1.2
D + rat polâ 0.48( 0.01 0.29( 0.01 0.36( 0.01 0.38( 0.01 58.6( 1.2
E + rat polâ 0.31( 0.01 0.28( 0.01 0.29( 0.01 0.33( 0.01 53.0( 1.2
F + rat polâ 0.22( 0.01 0.23( 0.01 0.23( 0.01 0.26( 0.01 56.0( 1.2

RTPav:c 58.3( 3
a Details in the text.b The error is the standard deviation obtained from three to four independent experiments.c The error is the standard deviation

determined using distances for all six DNA substrates.
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The separation between base pairs in the B-structure of
the dsDNA is∼3.4 Å (39). However, the fluorescein residue,
introduced through phosphoramidate, and the CP moiety
attached through the six-carbon linker contribute additionally
to the length of the DNA substrate that amounts to an extra
two bases. Thus, the reference distance between the donor
and acceptor in the considered template-primer DNA sub-
strates corresponds to the dsDNA 22-mer and is 74.8 Å.
Therefore, the obtained average distance of 68.1( 2.3 Å
indicates that the ssDNA extension with ten nucleotide
residues in length is not protruding from the dsDNA part of
the substrate, as a corresponding single strand in the fully
dsDNA, but is placed at an angle with respect to the dsDNA
conformation, leading to a significantly shorter average
spatial separation between the donor and the acceptor (see
Discussion).

Fluorescence energy transfer parameters obtained for the
template-primer DNA substrates in the complex with rat pol
â are included in Table 1. The very pronounced changes in
the emission spectra of the donor and the acceptor in the
presence of the polymerase (Figure 2) are reflected in the
much higher values of the Fo¨rster fluorescence energy
transfer efficiency,E10, as compared to the free DNA
substrates. This is clear evidence that the distance between
the donor and acceptor is strongly diminished in the presence
of pol â. Because binding of the enzyme to the ssDNA in
the (polâ)5 binding mode and to the dsDNA does not induce
detectable changes in the fluorescence energy transfer
efficiency (data not shown), the observed strong increase of
E10 must exclusively originate from the formation of the
template-primer complex. However, recall that, at the applied
enzyme and nucleic acid concentrations (9× 10-7 and 3×
10-7 M), the template-primer complex constitutes a fraction
of QTP ) 0.83 of the total population of the DNA molecules.
The remaining fraction ofQR ) 0.17 of formed complexes
contains the enzyme bound to the ssDNA extension in the
(pol â)5 binding mode, or bound to the dsDNA, with the
fluorescence energy transfer efficiency,ER, very similar to
the one observed for the free DNA. Therefore, the experi-
mentally observed fluorescence energy transfer efficiency,
E10, is related to the fluorescence energy transfer efficiency
in the template-primer complex,ETP, by

and

The obtained values of theETP and corresponding distances,
RTP, are included in Table 1.

The distance between the donor/acceptor at the 5′ end of
the template strand and the donor/acceptor at the 5′ end of
the primer, in the presence of rat polâ, averaged over all
examined donor-acceptor systems, isRTP ) 58.3 ( 3 Å.
Comparison with the analogous distance in the free DNA
molecule (68.1( 2.3 Å) indicates that in the complex with
the polymerase the 5′ end of the template strand of the
template-primer DNA substrate is closer to the 5′ end of the
primer by a distance of 9.8( 2.7 Å. On the other hand, the
distance between the DNA 5′ ends, in the presence of the

polymerase, is 16.5( 2.9 Å shorter as compared to the
reference distance of 74.8 Å between the 5′ ends of the
reference dsDNA 22-mer (see above). Such large distance
changes in the DNA molecule bound in the template-primer
complex to rat polâ, in solution, strongly indicate that the
template-primer DNA is bent in the DNA-binding site of
the enzyme to a much larger extent than the free DNA
molecule in the absence of the enzyme (see Discussion).

AVerage Distances between the 5′ End of the Template-
Primer Strand and the 5′ End of the Primer in the DNA
Substrate HaVing a FiVe Nucleotide Residue Long ssDNA
Extension in the Complex with Rat Polâ. To obtain further
insight into the topology of the template-primer DNA-rat
pol â complex, we performed fluorescence energy transfer
measurements of the distance between the 5′ end of the
template strand and the 5′ end of the primer for the DNA
molecule having the ssDNA extension with only five
nucleotide residues. The DNA substrates used in these studies
are depicted in Figure 3.

Binding of rat polâ to the template-primer DNA substrate
depicted in Figure 3 is different from the previously

E10 ) QTPETP + (QF + QR)EF (10a)

ETP )
E10 - (QF + QR)EF

QTP
(10b)

FIGURE 3: Template-primer DNA substrates with ssDNA extension
containing five nucleotide residues, used in fluorescence energy
transfer experiments to examine the tertiary structure of the
template-primer DNA substrates in the template-primer complex
with rat pol â. The duplex parts of each substrate, containing the
primer oligomer, are ten bps long. The 5′ end of the template strand
and the primer are labeled with the fluorescent marker, coumarin
(CP), fluorescein (Flu), and rhodamine (Rho), that serves as a donor
or acceptor in the fluorescence energy transfer analyses (Materials
and Methods). There are six possible arrangements of the selected
three donor-acceptor pairs designated as substrates A, B, C, D, E,
and F.
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considered DNA molecule with the ssDNA extension having
ten nucleotide residues (Figure 1). The enzyme binds to the
DNA forming a template-primer complex; however, it
includes the engagement in interactions the ss/dsDNA
junction of the substrate and weaker interactions with the
short ssDNA extension (10, 11). As a result, the affinity of
this template-primer complex is lower than the affinity
observed for the DNA substrates with a longer ssDNA
extension. Independently, another polâ molecule binds to
the dsDNA part. At saturation, two polymerase molecules
bind to the considered DNA substrate. In the considered case,
the partition function of the rat polâ-template-primer DNA
system,Z5, is (11)

The fractional molar contributions of the free nucleic acid,
QF, complexes containing the template-primer complex,QTP,
and without the template-primer complex,QR, are

and

The values of all binding parameters have been obtained in
equilibrium fluorescence titration experiments, as described
before, which providedKTP ) (4.6( 1) × 106 M-1 andKDS

) (1.8( 0.6)× 106 M-1 (data not shown) (11). At selected
concentration of the nucleic acid (3× 10-7 M) and [rat pol
â]total ) 9 × 10-7 M, the template-primer complex constitutes
QTP, ∼70% of all the nucleic acid species.

Analyses of the obtained fluorescence energy transfer have
been performed in an analogous way as described above
(Figure 2). The obtained data for all examined template-
primer DNA substrates are included in Table 2. In the case
of the free DNA molecule, the distance between the donor/

acceptor at the 5′ end of the template strand and the donor/
acceptor at the 5′ end of the primer, averaged over all
examined donor-acceptor systems, isR ) 59.7 ( 3.6 Å.
Analogously, as we discussed above, for the corresponding
reference dsDNA 15-mer, containing∼2.5 turns of the DNA
B-structure helix, the opposite 5′ ends are on the same side
of the DNA molecule and the distance between them is 51
Å (39). Taking into account the contributions of the
fluorescein and CP residues, the reference distance between
the donor and acceptor in a rodlike structure for the examined
DNA substrates corresponds to a dsDNA 17-mer, i.e., 57.8
Å. Therefore, the obtained average distance of 59.7( 3.6
Å indicates that, unlike the longer ten nucleotide ssDNA
extension, the ssDNA extension with five nucleotide residues
in length is protruding from the dsDNA part of the substrate,
as a corresponding single strand in the dsDNA. In other
words, the ssDNA extension with five nucleotide residues
is not long enough to assume the bent conformation in the
free template-primer DNA molecule in solution.

Fluorescence energy transfer parameters,ED, EA, andE5,
obtained for the template-primer DNA substrates with a five
nucleotide residue long ssDNA extension, in the complex
with rat polâ, are included in Table 2. As described above,
to obtain the fluorescence transfer efficiency characterizing
the template-primer complex, one has to take into account
the fact that in the applied enzyme and nucleic acid
concentrations the template-primer complex constitutes a
molar fraction,QTP ) 0.70, of the total population of the
DNA molecules (see above). The remaining fractions ofQF

) 0.16 andQR ) 0.14 correspond to the free DNA and
complexes containing the enzyme bound to the dsDNA, with
the fluorescence energy transfer efficiency virtually the same
as observed for the free DNA (data not shown). Therefore,
the experimentally obtained fluorescence energy transfer
efficiency,E, determined for the considered DNA substrates
is related to the actual fluorescence energy transfer efficiency
in the template-primer complex,ETP, by eqs 10a and 10b.
The obtained values of theETP and corresponding distances,
RTP, are included in Table 2.

The average distance between the 5′ end of the template
strand and the 5′ end of the primer, in the template-primer
complex with rat polâ, is RTP ) 53.1( 3.4 Å as compared
to 59.7( 3.6 Å in the free DNA molecule (Table 2). Thus,

Table 2: Fluorescence Energy Transfer Parameters for Template-Primer DNA Substrates Having Five Nucleotide Residues in the ssDNA
Extension in the Absence and Presence of Rat Polâ in Buffer C (pH 7.0, 10°C) Containing 100 mM NaCl and 1 mM MgCl2

a

template-primer
DNA (Figure 5) ED EA E5 ETP Rb (Å) RTP

b (Å)

A 0.35( 0.01 0.15( 0.01 0.19( 0.01 66.2( 0.8
B 0.28( 0.01 0.24( 0.01 0.25( 0.01 62.4( 0.8
C 0.40( 0.01 0.44( 0.01 0.42( 0.01 57.0( 0.8
D 0.57( 0.01 0.30( 0.01 0.41( 0.01 57.4( 0.8
E 0.10( 0.01 0.21( 0.01 0.19( 0.01 59.8( 0.8
F 0.21( 0.01 0.29( 0.01 0.27( 0.01 55.5( 0.8

Rav:c 59.7( 3.6
A + rat polâ 0.51( 0.01 0.23( 0.01 0.32( 0.01 0.38( 0.01 56.4( 0.8
B + rat polâ 0.50( 0.01 0.28( 0.01 0.36( 0.01 0.41( 0.01 55.3( 0.8
C + rat polâ 0.42( 0.01 0.47( 0.01 0.45( 0.01 0.46( 0.01 55.5( 0.8
D + rat polâ 0.61( 0.01 0.33( 0.01 0.46( 0.01 0.48( 0.01 54.7( 0.8
E + rat polâ 0.29( 0.01 0.46( 0.01 0.39( 0.01 0.48( 0.01 47.6( 0.8
F + rat polâ 0.32( 0.01 0.44( 0.01 0.39( 0.01 0.44( 0.01 49.0( 0.8

RTPav:c 53.1( 3.4
a Details in the text.b The error is the standard deviation obtained from three to four independent experiments.c The error is the standard deviation

determined using distances for all six DNA substrates.

Z5 ) 1 + (KTP + KDS)PF + KTPKDS PF
2 (11)

QF ) 1
Z5

(12a)

QTP )
KTPPF + KTPKDS PF

2

Z5
(12b)

QR )
KDSPF

Z5
(12c)
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in the complex, the 5′ end of the template strand of the DNA
substrate is at a distance shorter by∼6.6 and∼4.7 Å than
in the free DNA and the reference dsDNA, respectively.
These data indicate that a significant bend of the DNA
molecule in the template-primer complex occurs, even with
the DNA substrate having only five nucleotide residues in
the ssDNA extension (see Discussion).

Distances between the 5′ Ends of the Gapped DNA
Substrate HaVing a Single Nucleotide Residue in the Gap
in the Complex with Rat Polâ. Analogously to the template-
primer DNA substrates, we addressed the topology of the
gapped DNA-rat pol â complex by measuring distances
between the opposite 5′ ends for the gapped DNA molecule
having a single nucleotide residue in the gap. The gapped
DNA substrates used in these studies are depicted in Figure
4. Interactions of rat polâ with considered gapped DNA
substrates have been quantitatively examined before (10, 11).
The enzyme-DNA substrate system is described by a set
of three independent, different binding sites with the partition
function,ZG, defined as

whereKG is the binding constant characterizing the associa-
tion with the ssDNA gap, i.e., the formation of the gap
complex.KDS1 andKDS2 are the binding constants character-
izing the association with the dsDNA downstream from the
primer and at the primer location, respectively. At saturation,
three polymerase molecules bind to the gap DNA substrate
(10, 11). The molar fractional contributions of the free nucleic
acid,QF, complexes containing gap complex,QG, and without
gap complex,QR, to the total DNA species population are

and

Values of all binding parameters have been obtained in
equilibrium fluorescence titration experiments which pro-
vided KG ) (2 ( 1) × 107 M-1, KDS1 ) (2 ( 0.5) × 106

M-1, andKDS2 ) (2.5 ( 0.8) × 105 M-1 (11). At selected
concentration of the nucleic acid (3× 10-7 M) and [rat pol
â]total ) 9 × 10-7 M, the DNA species containing the gap
complex constitute∼90% of all nucleic acid species.

Fluorescence energy transfer efficiencies,ED, EA, EG, and
EGP, obtained for the free gap DNA substrates and in the
complex with rat polâ, are included in Table 3. In the case
of the free DNA molecule, the distance between the donor
and acceptor at the opposite 5′ ends, averaged over all
examined donor-acceptor systems, isRG ) 72.2 ( 2.6 Å
(Table 3). Because of contributions from the fluorescein, the
CP residue, and the single adenosine residue in the gap, the
reference distance between the donor and acceptor for the

examined gap DNA substrates corresponds to a dsDNA 23-
mer, i.e., 78.2 Å (see above). Therefore, similar to the
template-primer DNA substrate discussed above, the obtained
average distance of 72.2( 2.6 Å indicates that, in solution,
the free gap DNA, containing a single nucleotide residue in
the gap, is significantly bent as compared to the correspond-
ing reference dsDNA oligomer.

In the presence of rat polâ, the gap complex constitutes
a fraction ofQG ) 0.90 of the total population of the DNA
species (see above). The fluorescence energy transfer ef-
ficiency in the gap complex,EGP, is related to the experi-
mentally obtained fluorescence energy transfer efficiency,
EG, by the same expressions as in eqs 10a and 10b, with the
quantityE10 replaced byEG. The obtained values of theEGP

and corresponding distances,RGP, are included in Table 3.
The average distance between the 5′ end of the template
strand and the 5′ end of the primer, in the template-primer
complex with rat polâ, is RGP ) 66 ( 2.2 Å (Table 3).
Thus, in the gap complex, the distance between the 5′ ends
of the DNA is shorter by∼6.2 Å than in the free DNA
molecule in solution and∼12.2 Å shorter than the expected

ZG ) 1 + (KDS1 + KDS2 + KG)PF + (KDS1KDS2 +

KDS1KG + KDS2KG)PF
2 + KDS1KDS2KG PF

3 (13)

QF ) 1
ZG

(14a)

QG )
KGPF + KG(KDS1 + KDS2)PF

2 + KDS1KDS2 KGPF
3

ZG
(14b)

QR )
(KDS1 + KDS2)PF + KDS1KDS2 PF

2

ZG
(14c)

FIGURE 4: Gapped DNA substrates used in fluorescence energy
transfer experiments to examine the tertiary structure of the gapped
DNA in the gap complex with rat polâ. DNA substrates have two
dsDNA parts at the 5′ (downstream from the primer) and 3′ end
(primer) of the template strand. The dsDNA parts are identical in
all substrates. The dsDNA parts are separated by the ssDNA gap
containing one adenine nucleotide residue. The 5′ end of the
template strand and the primer are labeled with the fluorescent
marker, coumarin (CP), fluorescein (Flu), and rhodamine (Rho),
that serves as a donor or acceptor in the fluorescence energy transfer
analyses (Materials and Methods). There are six possible arrange-
ments of the selected three donor-acceptor pairs designated as
substrates A, B, C, D, E, and F.
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full length of∼78.2 Å of the corresponding dsDNA 23-mer
(see Discussion).

Distances between the 5′ Ends of the Gapped DNA
Substrate with a Single Nucleotide Residue in the Gap and
a 5′-Terminal Phosphate Group in the Complex with Rat
Pol â. The 5′-terminal phosphate group in the gapped DNA
is a common intermediate product in the base excision repair
process (6). Therefore, we also addressed the topology of
the rat polâ complex with the gapped DNA containing the
5′-terminal phosphate group. The gapped DNA substrates
used in these studies are depicted in Figure 5. The enzyme-
DNA substrate systems are described by the same partition
function and the same molar fractional contributions of
different DNA-polymerase species, as applied to analogous
gapped DNA substrates without the phosphate group. They
are defined by eqs 14 and 15. The values of the correspond-
ing binding constants areKG ) (6 ( 1) × 107 M-1, KDS1 )
(2 ( 0.5) × 106 M-1, andKDS2 ) (2.3 ( 0.8) × 105 M-1

(11). Because of the higher value ofKG, at the selected
concentration of the nucleic acid (3× 10-7 M) and [rat pol
â]total ) 9 × 10-7 M, the DNA species containing the gap
complex constitutes∼96% of all nucleic acid species.
Fluorescence energy transfer efficiencies,ED, EA, EG, and
EGP, obtained for the free gap DNA substrates and in the
complex with rat polâ, are included in Table 4.

In the case of the free DNA molecule, the distance between
the donor/acceptor at the opposite 5′ ends, averaged over
all examined donor-acceptor systems, isRG ) 70.9( 3.1
Å (Table 4). This distance is very similar to the one obtained
for the gapped DNA substrate without the phosphate group
and indicates that the DNA molecule is significantly bent
as compared to the corresponding dsDNA 23-mer with the
length of 78.2 Å. In other words, the free gapped DNA
substrate with the 5′-terminal phosphate group is significantly
bent, even in the absence of the enzyme, to the same extent
as the substrate without the phosphate group discussed above.
In the presence of rat polâ, the average distance between
the 5′ ends in the gap complex is additionally shortened to
RGP ) 65.5 ( 3.1 Å (Table 4).

DISCUSSION

A crucial insight into the structure of the macromolecular
complexes can be directly accessed through the distance

measurements between the different parts of the examined
complexes (31, 32, 40-44). The fluorescence energy transfer

Table 3: Fluorescence Energy Transfer Parameters for Gapped DNA Substrates Having One Nucleotide Residue in the ssDNA Gap in the
Absence and Presence of Rat Polâ in Buffer C (pH 7.0, 10°C) Containing 100 mM NaCl and 1 mM MgCl2

a

gapped DNA
(Figure 6) ED EA EG EGP RG

b (Å) RGP
b (Å)

A 0.04( 0.01 0.12( 0.01 0.11( 0.01 73.7( 1.2
B 0.08( 0.01 0.12( 0.01 0.12( 0.01 72.5( 1.2
C 0.22( 0.01 0.14( 0.01 0.15( 0.01 72.1( 1.2
D 0.12( 0.01 0.11( 0.01 0.11( 0.01 76.5( 1.5
E 0.04( 0.01 0.10( 0.01 0.09( 0.01 69.1( 1.2
F 0.05( 0.01 0.10( 0.01 0.09( 0.01 69.1( 1.2

RGav:c 72.2( 2.6
A + rat polâ 0.11( 0.01 0.17( 0.01 0.16( 0.01 0.17( 0.01 67.7( 1
B + rat polâ 0.09( 0.01 0.17( 0.01 0.16( 0.01 0.16( 0.01 68.6( 1
C + rat polâ 0.24( 0.01 0.24( 0.01 0.24( 0.01 0.25( 0.01 64.9( 1
D + rat polâ 0.14( 0.01 0.24( 0.01 0.23( 0.01 0.23( 0.01 67.3( 1
E + rat polâ 0.07( 0.01 0.13( 0.01 0.12( 0.01 0.12( 0.01 65.5( 1
F + rat polâ 0.12( 0.01 0.15( 0.01 0.15( 0.01 0.16( 0.01 62.0( 1

RGPav:c 66.0( 2.2
a Details in the text.b The error is the standard deviation obtained from three to four independent experiments.c The error is the standard deviation

determined using distances for all six DNA substrates.

FIGURE 5: Gapped DNA substrates that contain one adenine
nucleotide in the ssDNA gap and the 5′-terminal phosphate group
downstream from the primer, used in fluorescence energy transfer
experiments to examine the tertiary structure of the gapped DNA
in the complex with rat polâ. The DNA substrates have two dsDNA
parts at the 5′ (downstream from the primer) and 3′ end (primer)
of the template strand. The dsDNA parts are identical in all DNAs.
The dsDNA parts are separated by the ssDNA gap containing one
adenine nucleotide residue. The 5′ end of the template strand and
the primer are labeled with the fluorescent marker, coumarin (CP),
fluorescein (Flu), and rhodamine (Rho), that serves as a donor or
acceptor in the fluorescence energy transfer analyses (Materials and
Methods). Six possible arrangements of the selected three donor-
acceptor pairs are designated as substrates A, B, C, D, E, and F.
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method is the most often used approach in accessing
macromolecular structures in solution (31, 37, 38, 42-45).
This “spectroscopic ruler” is particularly useful in determin-
ing distances in large macromolecular systems in solution
that are unavailable by any other methods. The method has
been extensively and successfully used in examination
nucleic acid structure including DNA polymerase-DNA
complexes (46-49). However, the strength of the method
is weakened by the orientation tensor,κ2, although only
extreme values ofκ2 ≈ 0 or ≈ 4 can strongly affect the
measured distance. Several analyses indicate that the differ-
ence in distance determination is mostly in the range of
(10% from the distances obtained with the assumed value
of κ2 ) 0.67, i.e., with the assumed complete randomizations
of the donor and acceptor dipole orientation (42, 43). The
major weakness results from the fact that the parameter,κ2,
cannot be experimentally determined. The available analyses
allow the experimenter to determine only the range of
probable distances that is usually too large to be useful in
evaluations of subtle conformational changes in macromo-
lecular systems (33).

However, as we pointed out, the estimate of theκ2 effect
on the determined distance is exclusively based on the
rigorous analysis of asingledonor-acceptor pair and asingle
set of their locations (33). In this context, the multiple
configuration, multiple donor-acceptor approach, applied by
us, provides anempirical test of the effect ofκ2 on the
determined distance. The approach is based on the fact that
different fluorescence donors and acceptors, with similarRo,
have different structures that have different orientations of
absorption and emission dipoles, respectively, when placed
on the examined macromolecular system (24, 25). This
provides the required randomness of the dipole orientations
necessary to quantitatively evaluate the distances. Additional
randomization of the dipole orientations is achieved by
interchanging the donor and acceptor in their locations on
the macromolecule. This is particularly easy to experimen-
tally realize in the case of nucleic acid oligomers because
of the technological advancement in labeling techniques that
allow the experimenter to place various donors or acceptors
in practically any location on the molecule. Measurements

of the same spatial separation, using different donor-
acceptor pairs and interchanging their locations, that give
very similar values of the donor-acceptor distance usingκ2

) 0.67, provide the required empirical evidence that none
of the examined donor-acceptor system is affected by
extreme values ofκ2. The measured distance, when averaged
over all examined donor-acceptor systems, reflects then the
true spatial separation of the donor and the acceptor in the
examined macromolecular system (Tables 1-4) (24).

Binding of rat polâ to the template-primer DNA substrate
with the ssDNA extension having ten nucleotide residues is
a complex process that includes the formation of the (pol
â)5 binding mode, template-primer complex, and binding of
the enzyme to the dsDNA part of the DNA molecule (11).
In the template-primer complex the enzyme engages both
the ssDNA of the template strand and the dsDNA part of
the DNA molecule. The 3′ end of the primer is placed in
the active site of the polymerase; i.e., this is the functional
configuration in the DNA synthesis. Similar template-primer
complex is formed with the DNA substrates having only five
nucleotide residues in the ssDNA extension, however, with
lower affinity due to the weaker engagement of the 8 kDa
domain of the enzyme in interactions with the template strand
(11). In both cases, the template-primer configuration
dominates the enzyme binding to the DNA substrate only
in a narrow range of the enzyme concentration (11). Thus,
knowledge of all intrinsic interaction parameters is crucial
for the extraction of fractional molar contributions of all
complexes containing the template-primer configuration from
other complexes.

The Template Strand of the Template-Primer DNA Sub-
strate in the Complex with Polâ Is Bent between the Third
and Fourth Nucleotide in the ssDNA Extension at the Angle
85 ( 7° with Respect to the dsDNA Part of the DNA
Substrate, Independently of the Length of the ssDNA Exten-
sion. The available resolution of the crystal structure of the
template-primer DNA-polymerase complex does not allow
a rigorous determination of the conformation of the template-
primer DNA (7, 50). Moreover, difference in environments
between crystallization conditions and solution studies poses
a natural and fundamental question to what extent such

Table 4: Fluorescence Energy Transfer Parameters for Gapped DNA Substrates Having One Nucleotide Residue in the ssDNA Gap and a
5′-Terminal Phosphate Group Downstream from the Primer in the Absence and Presence of Rat Polâ in Buffer C (pH 7.0, 10°C) Containing
100 mM NaCl and 1 mM MgCl2

a

gapped DNA
5′-terminal PO4

-

(Figure 8) ED EA EG EGP RG
b (Å) RGP

b (Å)

A 0.05( 0.01 0.13( 0.01 0.11( 0.01 72.5( 1.2
B 0.10( 0.01 0.12( 0.01 0.12( 0.01 72.5( 1.2
C 0.11( 0.01 0.14( 0.01 0.14( 0.01 73.1( 1.2
D 0.06( 0.01 0.14( 0.01 0.13( 0.01 74.1( 1.2
E 0.09( 0.01 0.12( 0.01 0.11( 0.01 66.6( 1
F 0.16( 0.01 0.10( 0.01 0.11( 0.01 66.6( 1

RGav:c 70.9( 3.1
A + rat polâ 0.11( 0.01 0.22( 0.01 0.20( 0.01 0.20( 0.01 65.5( 1
B + rat polâ 0.14( 0.01 0.20( 0.01 0.19( 0.01 0.19( 0.01 66.2( 1
C + rat polâ 0.15( 0.01 0.19( 0.01 0.18( 0.01 0.18( 0.01 69.5( 1
D + rat polâ 0.04( 0.01 0.15( 0.01 0.18( 0.01 0.18( 0.01 69.5( 1
E + rat polâ 0.19( 0.01 0.15( 0.01 0.16( 0.01 0.16( 0.01 62.0( 1
F + rat polâ 0.11( 0.01 0.20( 0.01 0.18( 0.01 0.18( 0.01 60.5( 1

RGPav:c 65.5( 3.1
a Details in the text.b The error is the standard deviation obtained from three to four independent experiments.c The error is the standard deviation

determined using distances for all six DNA substrates.

11874 Biochemistry, Vol. 42, No. 40, 2003 Jezewska et al.



conformation occurs in solution. Consideration of the topol-
ogy of the template-primer DNA molecule in the binding
site of rat polâ in solution is facilitated by the fact that we
know general aspects of the structure of the involved nucleic
acids (Figures 1 and 3), energetics of the protein binding,
and formation of kinetic intermediates in the binding process
(8-11, 18-21).

The template-primer DNA molecule is built of two parts,
the ssDNA extension and the dsDNA part of equal length.
Both parts differ strongly in their flexibility or stiffness.
While the persistence length of the dsDNA is∼150 bps,
the same quantity is only∼15-25 nucleotide residues long
in the case of the ssDNA (40). Such large difference in the
persistence lengths makes models that include direct bending
of the dsDNA part of the template-primer DNA molecule
very unlikely. Both thermodynamic and kinetic data indicate
the lack of any intermediate that would require large enough
positive energy input to induce the dsDNA bending with only
ten base pairs in length (8-11, 18, 20). Moreover, the part
of crystal structure of the enzyme co-complexes with the
dsDNA part of the template-primer substrate, which can be
resolved, indicates that the global tertiary structure of the
dsDNA part is not affected in the complex, indicating that
the bend occurs in the ssDNA part of the DNA substrates
(50) (see below).

The major parameter describing the topology of the
template-primer DNA molecule in the binding site of rat pol
â in solution is the angle,ΘTP, at which the DNA molecule
is bent, defined as the angle between the tangents to the ends
of the DNA molecule, as schematically depicted in Figure
6a (51). In the simplest model, the conformational change
of the considered DNA results from a single bend of the
ssDNA extension. A smooth curvature of the nucleic acid
molecule, although it cannot be excluded, is much less
probable because of structural features discussed above.
However, in general, the single bending can occur at an
arbitrary point in the extension. Also, the analysis depends
on the length of the ssDNA extension (see below). In the
context of the experimentally determined parameter,RTP, the
geometry of the model, as applied to the template-primer
DNA substrates with ten and five nucleotide residues in the
ssDNA extension, is depicted in Figure 6b. Notice that the
experimentally determined distance,RTP, is independent of
the initial conformation of the free DNA substrate in solution.
In other words, it is anintrinsic property of the given
template-primer-rat polâ complex. On the other hand, the
derived analytical relationships should be independent of any
specific conformation, adopted by the free DNA substrate
in solution, prior to enzyme binding.

As discussed above, this can be achieved if distances
between the 5′ ends of the DNA substrates, free in solution
and in the complex with the enzyme, are related to the
reference length of the examined DNA molecule. Such
reference length is provided by comparison with the known
length of the corresponding dsDNA in solution that can be
approximated by a straight rod with∼3.4 Å separations
between the base pairs (39-41). For the examined template-
primer DNAs, with ten and five nucleotide residues in the
ssDNA extension with included donor and acceptor contribu-
tions, these corresponding reference lengths areRR10 ) 74.8
Å and RR5 ) 57.8 Å, respectively. Using the diagrams in
Figure 6b the value of the bend angle of the considered DNA

substrates can analytically be defined in terms of the
experimentally determinedRTP10andRTP5 and the parameter,
p, which we term the fractional bending point. It is a quantity
that defines the fraction of the ssDNA extension where the
bend occurs; i.e.,p assumes values from 0 to 1, although
the physical range ofp depends on the specific ratioRTPN/
RRN, whereN is the total length of the ssDNA extension in
nucleotides.

For the geometry of the template-primer substrate with
ten nucleotide residues in the ssDNA extension, depicted in
Figure 6b, the bend angle,Θ10, is then defined as

FIGURE 6: (a) Schematic diagrams that show the bend angles,ΘTP
andΘG, for the tertiary structure of the template-primer DNA (A)
and gapped DNA (B) substrates bound in the total DNA-binding
site of rat pol â in the template-primer and gap complex,
respectively. The bend angles are defined as the angle between the
tangents to the ends of the DNA molecule parallel to the axes of
the template strand (A) or dsDNA parts of the gapped DNA
substrate. (b) The simplest geometric model of the conformational
change of the template-primer DNA (A) with the ten bp long
dsDNA part and ten nucleotide residues in the ssDNA extension,
where the conformational change of the nucleic acid results from
a single bend of the ssDNA extension. The bending can occur at
an arbitrary point in the ssDNA extension defined by the fractional
bending parameter,p. The total length of the DNA,RR, molecule
refers to a corresponding, reference rodlike structure of the dsDNA
conformation. In this model the bending angle,ΘTP, is the angle
between the axes of the two parts of the molecule. Analogous
geometric model for the conformational change of the template-
primer DNA with five nucleotide residues in the ssDNA extension
(B) and the ten bp long dsDNA part, where the conformational
change of the nucleic acid results from a single bend of the ssDNA
extension.

Θ10 ) arccos[( 2

1 - p2)(RTP10

RR10
)2

- 1 + p2

1 - p2] (15)
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In the case of the DNA substrate with five nucleotide residues
in the ssDNA extension, the bend angle,Θ5, is

The length of the ssDNA extension,m, where the bend
occurs, i.e., the bending length, is related top asm ) Np.

Figure 7 shows the dependence of the bend anglesΘ10

andΘ5 upon the value ofm for the two specific values of
RTP10/RR10 andRTP5/RR5, using the experimentally determined
RTP10 andRTP5. There are two fundamental aspects of these
data. First, the smallest angle at which the template-primer
ssDNA extension can be bent in the total DNA-binding site
of pol â is ∼78° and ∼51°, i.e., different for the ssDNA
extension with ten and five nucleotide residues. It corre-
sponds to the bending point characterized bym ) p ) 0,
i.e., at the ss/dsDNA junction for both DNA substrates.
Second, it is clear that a multitude of bending points and
bend angles of the ssDNA extension in both DNA substrates
is compatible with the fluorescence energy transfer data.
However, in such cases, the bending would have to occur at
very different points on the longer ssDNA than on the shorter
ssDNA extension, or the formation of the complex would
have to induce different bend angles in both substrates. This
would imply that the structure of the total DNA-binding site
of the polymerase is very different, depending on the length
of the ssDNA extension of the template-primer DNA
substrate. This is not indicated by experimental data.

Kinetic studies clearly showed the same conformational
transitions, i.e., the same structural changes on the protein-
ssDNA complexes upon complex formation, independently
of the length of the ssDNA (18-21). Thus, differences in
energetics of the formed intermediates result from limited
interactions within the binding site, not from the different
topological structures of the binding site. In other words,
the data indicate that the template-primer DNA substrates
assume the same global conformational state when bound
in the template-primer complex, independently of the length
of the ssDNA extension, i.e., characterized by the same bend
angle,ΘTP, and bending length,m. Notice that the plots in

Figure 7 show the existence of a bend angle and bending
length that are the same for both DNA substrates. The same
ΘTP occurs when the bending of the DNA substrate takes
place between the third and the fourth nucleotide of the
template strand, corresponding toΘ10 ) Θ5 ) 85 ( 7°.
Therefore, fluorescence energy transfer data indicate that,
in the template-primer complex, the DNA substrate is bent
between the third and the fourth nucleotide of the template
strand with the ssDNA extension at the angleΘTP ) 85 (
7° with respect to the dsDNA part of the template-primer
DNA substrate (Figure 7).

It may seem surprising that the DNA substrate with only
five nucleotides in the ssDNA extension assumes the same
bend angle as the longer substrate. However, as mentioned
above, this would simply mean that once the enzyme
associates with the template-primer DNA, the protein as-
sumes a similar conformation in the complex (8-11, 18-
21). Such conformation predominantly is induced by protein-
nucleic acid interactions and interplay between both DNA-
binding subsites engaged in the complex and less by relative
affinities. Thus, similar enzyme conformation occurs in the
formation of the (polâ)16 binding mode and the template-
primer complex, as well as the gap complex, although their
affinities are different (8-11). In other words, the structure
of the total DNA-binding site of the protein in a different
complex imposes the similar tertiary structure, i.e., the same
bend angle for the bound template-primer DNA substrates,
independently of the length of the ssDNA extension. Notice
that the conformation of the free template-primer DNA
substrate with the ssDNA extension having ten nucleotide
residues is different from the rodlike conformation of the
corresponding dsDNA oligomer and assumes a bent structure
in solution, even in the absence of the enzyme. It is very
probable that the higher affinity of this DNA substrate for
the enzyme results partially from the fact the DNA substrate
with ten nucleotide residues in the ssDNA extension is
already in a conformation favoring the template-primer
complex, as also suggested by the thermodynamic and kinetic
studies (8-11, 18-21).

In the Absence of the 5′-Terminal Phosphate Group, the
Gapped DNA Substrate in the Gap Complex with Polâ in
Solution Is Bent at the Angle 65( 6°, Similar to the Bend
Angle ObserVed in the Crystal Structure of the Enzyme-
DNA Co-complexes. As found for the template-primer DNA
substrate with ten nucleotide residues in the ssDNA extension
(see above), the average conformation of the free gapped
DNA is different from the corresponding rodlike dsDNA
oligomer, before it enters the complex with the polymerase.
Because the bending of the gapped DNA must be localized
in the ssDNA gap, i.e., in the middle of the DNA molecule,
one can estimate the average bend angle,ΘG, of the gapped
DNA in the absence of the enzyme, usingp ) 0. For this
value ofp, eq 15 reduces to

IntroducingRG ) 72.2( 2.6 Å andRRG ) 78.2 Å provides
ΘG ) 45 ( 8°. Therefore, the average conformation of the
free gapped DNA substrate in solution can be characterized
by an average bend angle of∼45°. Formation of the gap
complex induces further conformational change in the DNA

FIGURE 7: Dependence of the bend angle,ΘTP, upon the bending
length,m, for the template-primer DNA with ten nucleotide residues
in the ssDNA extension and the ten bp long dsDNA part (---) and
the template-primer DNA with five nucleotide residues in the
ssDNA extension, and the ten bp long dsDNA part (s). The plots
were generated using eqs 15 and 16, withRR10 ) 74.8 Å,RTP10 )
58.3 Å (eq 15) andRR5 ) 57.8 Å, RTP5 ) 53.2 Å (eq 16).

Θ5 ) arccos[( 9
2(1 - p)(2 + p))(RTP5

RR5
)2

- 1 - p
2(2 + p)

-

2 + p
2(1 - p)] (16)

ΘG ) arccos[2( RG

RRG
)2

- 1] (17)
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as shown by a decreased distance between the 5′ ends of
the DNA substrate toRG ) 66 ( 2.2 Å. Introducing this
value to eq 17 providesΘGP ) 65 ( 6°. This angle is lower
by ∼20° thanΘTP ≈ 85° obtained for the template-primer
complex. However, unlike in the case of the template-primer
complex, the template strand of the gapped DNA is not
directly involved in interactions with the polymerase in the
gap complex (7). The enzyme engages the oligomer comple-
mentary to the template strand, downstream from the primer,
separated from the template strand by a distance of∼20 Å
in the dsDNA structure (Figure 6a). As a result, the angle
between the tangents to the ends of the gapped DNA in the
gap complex,ΘGP, differs from ΘTP, which characterizes
the template-primer complex (see below).

Because the crystal structure of the gapped DNA, with
one nucleotide in the gap, in the co-complex with the
analogous human polâ is available, we can directly compare
the obtained distance between the 5′ ends of the gapped DNA
in the gap complex and the corresponding bend angle,ΘGP.
The model of the polâ co-complex with the gapped DNA
analogous to the DNA used in this work, obtained on the
basis of the crystal structure, is shown in Figure 8 (7). The
distance between the bases at two ends of the DNA molecule
is 63.2 Å. Taking into account the contributions of the donor
and acceptor, which amounts to an additional base pair in
each of the dsDNA parts (see above), the expected distance

is ∼70 Å. This value is in good agreement with the
experimentally determined average distance using the mul-
tiple donor-acceptor approach,RGP ) 66( 3 Å. Recall that
the bend angle,ΘGP, is defined as the angle between the
axes parallel to the axes of the dsDNA parts of the gapped
DNA substrate and tangent to the ends of the DNA molecule
(Figure 8). The model in Figure 8 indicates thatΘGP ≈ 60°.
Therefore, the tertiary structure of the gapped DNA, without
the 5′-terminal PO4

- group, in the gap complex with polâ
in solution, as characterized by the distance,RGP, and the
bend angle,ΘGP, is virtually the same as the tertiary structure
of the corresponding crystal structure of the co-complex.

The 5′-Terminal Phosphate Group Does Not Affect the
Tertiary Conformation of the Gapped DNA Substrate with
Pol â in Solution. The crystal structure of the gap complex
with the gapped DNA containing the 5′-terminal phosphate
group downstream from the primer is not available. As we
mentioned above, the 5′-terminal phosphate group is a
common intermediate in the base excision processes (6).
Thermodynamic data clearly show that the 5′-terminal PO4

-

group does not significantly contribute to the energetics of
the enzyme binding to the gap (10, 11). Also, kinetic studies
indicate that the phosphate group does not constitute a
recognition element for the polymerase, in the initial stage
of the gapped DNA substrate recognition, both for rat and
for human polâ (20, 21). The determined average distance
between the 5′ ends of the bound gapped DNA containing
the PO4

- group and the bend angle areRGP ) 65.5( 3.1 Å
andΘGP ) 66.3( 7.7°; i.e., they are, within experimental
accuracy, the same as obtained for the gapped DNA without
the PO4

- group. In other words, the obtained results indicate
that the presence of the PO4

- group does not affect the
tertiary structure of the gapped DNA bound to the poly-
merase in the gap complex.

In this context, it should be pointed out that spectroscopic
data, obtained both in equilibrium and in kinetic studies,
indicate that the structure of the ssDNA gap is different in
the gap complex in the presence of the PO4

- group (10, 11,
20, 21). The bases of the ssDNA gap are significantly more
immobilized and separated at a larger distance from each
other than in the absence of the phosphate group. However,
the energetics and dynamics of the formed complex and
intermediates are little affected. These data provide the first
indication that the effect of the phosphate group on the
structure of the gap complex is localized at the ssDNA gap
and is not manifested in the global tertiary structure of the
DNA substrate in the complex. Therefore, fluorescence
energy transfer results discussed in this work, indicating very
similar tertiary structures of the gapped DNA in the gap
complex, in the presence and absence of the 5′-terminal
phosphate group, corroborate very well with the spectro-
scopic analyses of the equilibrium and kinetic intermediates
in the recognition process of the gapped DNA by polâ.
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