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ABSTRACT: Fluorescence resonance energy transfer (FRET) has been used to investigate the conformation
of the single stranded region for a series of fluorescent DNA template-primers bound to the Klenow
fragment (KF) ofEscherichia coliDNA polymerase I. Fluorescent derivatives of template-primer DNA,
modified with tetramethylrhodamine (TMR), served as energy transfer acceptors to the donor fluorescein
fluorophore used to modify cysteine 751 in the double mutant KF (S751C, C907S). Design of the
template-primer allowed the probe’s position within the DNA-protein complex to be varied by stepwise
extension of the primer strand upon addition of the appropriate deoxynucleoside triphosphates (dNTP).
The TMR acceptor probe occupied seven different positions in the template-primers, five in the single
stranded region and two in the double stranded region. The efficiency of energy transfer was determined
at each position by calculating the integrated area of the fluorescein emission peak in the presence and
absence of acceptor. Results indicate that the FRET efficiency varied in a sinusoidal fashion with a
periodicity of approximately 10 base pairs and that the data could be fitted to an equation derived from
a simple model formulated on the basis of helical structure. The data support the conclusion that the
single stranded template portion of a DNA template-primer adopts a helical conformation when bound
to the KF. The results of this study further support FRET as a useful method for the determination of
structure and conformation in protein-DNA complexes.

Escherichia coliDNA polymerase I (Pol I)1 is a multi-
functional enzyme responsible for DNA repair and replication
in vivo (1). In addition to the 5′-3′ polymerase activity of
the enzyme, the separate 3′-5′ and 5′-3′ exonuclease
activities are all found on a single 103 kDa polypeptide chain.
The large 68 kDa proteolytic fragment of Pol I, termed the
Klenow fragment, retains the polymerase and 3′-5′ exonu-
clease activities. The Klenow fragment has served as a
prototype system for more complex polymerases. Since the

original crystal structure was obtained (2), the Klenow
fragment has been studied intensely by a variety of structural
(e.g. 3-5), kinetic (e.g. refs 6-8), genetic (e.g. refs 9-12),
and spectroscopic (e.g. 13 and 14) techniques in order to
gain insight into polymerase mechanisms and DNA-protein
interactions in such systems.

There has recently been a significant improvement in our
knowledge of the structures of template-directed polynucleo-
tide polymerases and their interactions with nucleic acid
substrates. Crystal structures of seven nucleic acid polym-
erases are now available: the Klenow fragment ofE. coli
DNA polymerase I (KF) (2-5), HIV-1 reverse transcriptase
(RT) (15-17), Moloney murine leukemia virus reverse
transcriptase (18), bacteriophage T7 RNA polymerase (19),
rat DNA polymeraseâ (20, 21), Taq polymerase (22-24),
and a thermostableBacillusDNA polymerase I (25). The
most recent crystal structure of Taq polymerase complexed
with duplex DNA (22) supports the conclusions of Steitz
and co-workers (3) and would appear to have resolved the
debate regarding the orientation of DNA binding (26-28).
On the basis of the structural homology between Taq po-
lymerase and the KF, it would appear reasonable to assume
that the KF binds the duplex region in the same manner.
Some of these structural studies have involved polymerase-
nucleic acid cocrystal structures (3, 5, 15, 17, 21, 22) and
have addressed the issue of polymerase-nucleic acid inter-
actions. One issue which has not been addressed in detail
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is the structure and conformation of the single stranded
template region situated beyond the primer terminus. Any
ordered structure, or lack thereof, in this region could be of
significance in understanding the molecular basis of polym-
erase fidelity mechanisms, specifically with regard to the
sequence of events that occurs during DNA melting and
translocation from the polymerase to exonuclease active sites.
Previous work by Benkovic and co-workers used fluorescent
oligonucleotide duplexes to elucidate points of strong
enzyme-DNA contacts in complexes of KF with various
template-primer systems (29). Modulations in fluorescence
intensity and anisotropy measurements have suggested the
possibility that the single stranded template region may adopt
a helical conformation when bound to the enzyme (29). No
crystal structure has yet shown a competent complex with
bound duplex DNA at the polymerase active site and an
extended template region as cocrystals of such structures have
proven difficult to obtain (4). Therefore, other methods more
amenable to such studies must be employed in order to
advance the structural understanding of DNA-polymerase
complexes.

One such method which has found wide use in biochem-
istry and structural biology applications is fluorescence
resonance energy transfer (FRET) (30-32). In FRET,
energy is transferred nonradiatively from a donor molecule
to an acceptor molecule via an induced dipole interaction
with the transfer efficiency,E, depending on the inverse-
sixth-power of the distanceR between the donor and
acceptor:E ) {1/(1 + [R/R0]6)}. Owing to its utility for
measuring interactions in the range of 10-100 Å and for its
sensitivity to small changes in distance between fluorophores,
FRET has been used extensively to investigate macromo-
lecular assemblies in biological systems. Examples include
molecular interactions in proteins (33) and distance measure-
ments between substrate binding sites in protein-DNA
complexes (34). Specific applications to structural studies
of DNA include the study of the helical geometry of duplex
DNA in solution (35) and the investigation of oligonucleo-
tide interactions such as duplex hybridization (36) and triple
helix formation (37). In this paper we report the use of FRET
to investigate the structure and conformation of the single
stranded template region of a template-primer DNA sub-
strate when bound to the KF. The data support the
conclusions that the single stranded region is ordered and
appears to adopt a helical conformation with structural
parameters generated from a simple vector model of the
DNA-polymerase interaction.

EXPERIMENTAL PROCEDURES

Materials. 5-Carboxytetramethylrhodamine (and 6-car-
boxytetramethylrhodamine) and iodoacetamidofluorescein
were purchased from Molecular Probes.γ-32P[ATP] was
from DuPont NEN. Nucleotide triphosphates, NAP-10, and
PD-10 columns were from Pharmacia. Centricon-30 con-
centrators were from Amicon. All other reagents were of
the highest quality commercially available. Oligonucleo-
tides were purchased from OSWEL DNA Service (Southamp-
ton). Concentration under vacuum of solutions of oligonu-
cleotides and other low-volume solutions was performed
using a GeneVac SF50 centrifugal evaporator with CVP100
pump.

Construction and Purification of the Mutant Klenow
Fragment DeriVatiVe. The mutation C907S, which removes
the unique cysteine of the KF, and S751C, which introduces
a novel cysteine substitution, were constructed and subcloned
into an overproducer plasmid following previously published
procedures (11). The S751C, C907S double mutant protein
was expressed by heat induction in the host strain CJ376
(38) and purified as described (39). The protein was stored
at -20 °C in a buffer of 50 mM Tris-HCl, pH 7.5, 1 mm
DTT, containing 50% glyerol. The glycerol was removed
by dialysis prior to conjugation with fluorescent dyes.
Protein concentrations were determined spectroscopically
usingε278 ) 6.32× 104 M-1 cm-1 (40).
Sulfhydryl Modification of the Klenow Fragment.Protein

samples stored in 50% glycerol were dialyzed against 50
mM Tris-HCl, pH 7.5, containing 1 mM DTT. The Klenow
fragment (2.5 mL, 20µM) was loaded onto a PD-10 column
(equilibrated with argon purged 0.1 N KPi, pH 7.5) and eluted
in 1 mL fractions. Fractions containing protein were located
by A280, pooled, and concentrated to 120µM (200µL) using
a Centricon-30 concentrator. A 200 mM solution iodoac-
etamidofluorescein in DMF (0.5µL) was added to the protein
solution to give a final concentration of 360µM. The
reaction proceeded for 30 min at 4°C. The reaction was
quenched by addition of DTT to 5 mM, purified by passage
through a PD-10 column equilibrated in 50 mM Tris-HCl,
pH 7.5, and concentrated as described. The extent of the
label incorporated was calculated by UV absorbance at 278
nm, usingε278 ) 6.32 × 104 M-1 cm-1 for the Klenow
fragment, and at 490 nm, usingε490 ) 6.8× 104 M-1 cm-1

for fluorescein (41). Electrospray mass spectrometry (ESMS)
was also used to confirm the extent of label incorporation.
The fluorescently modified KF is referred to as KF* in the
text.
Single Base Incorporation.To ensure that the polymerase

activity of the enzyme was not adversely affected by the
fluorescent modification, a single base addition experiment
was performed which involved incorporation of dATP into
a32P-labeled 13/20 mer duplex. The sequence of the duplex
was

5′-32P end labeling of both the template and primer was
performed using standard methods (42). The single base
incorporation was carried out by incubating KF* (0.08µM)
and radiolabeled 13/20 mer (0.4µM) in a buffer of 50 mM
Tris-HCl, pH 7.5, 50 mM NaCl, 0.5 mM EDTA at 25°C.
Polymerization was initiated by addition of a solution of
dATP/MgCl2 to give final concentrations of 50µM and 5.5
mM, respectively. The final volume of the reaction was 100
µL. The 5 µL reaction samples were quenched at 10 s
intervals by mixing with a solution of the sequencing gel
load buffer containing 0.5 M EDTA. Samples were heated
to 90 °C and electrophoresed on a 15% denaturing poly-
acrylamide sequencing gel. Oligonucleotide products were
visualized using a Molecular Dynamics PhosphorImager, and
bands were quantitated using the ImageQuant program.
DeriVatization of Oligonucleotides.The oligonucleotides

used had an amino-modified uridine base (Figure 1) which

3′-AGCGTCGGCAGGTTCCCAAA-5′

5′-TCGCAGCCGTCCA-3′
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was postsynthetically modified by amide bond formation
upon reaction with the succinimidyl ester of TMR, using a
modified version of a published procedure (29).
To 100 nmol template oligonucleotide in 200 mM TEAB,

pH 10, was added 4.0µmol of (21µL of 190 mM) TMR-
succinimidyl ester in DMF to a final concentration of 4 mM.
The reaction proceeded for 16 h at room temperature in the
dark. The reaction mixture was diluted to 1 mL with water
and purified by passage through a NAP-10 column to remove
excess fluorescent label. The solution was concentrated
under vacuum to 1 mL, purified through a second NAP-10
column, and brought to dryness under vacuum. The TMR-
labeled oligonucleotides were further purified by reverse
phase HPLC using a Hewlett-Packard 1100 Series HPLC
with an attached TosoHaas TSKgel Oligo-DNA RP column
(4.6× 150 mm). One gradient was used for all samples,
and all runs were monitored at 254 nm. An attached
fluorescence detector allowed TMR fluorescence to be

monitored by excitation at 560 nm and measuring emission
at 578 nm. Mobile phase A was 0.1 M ammonium acetate,
pH 7.0, and mobile phase B was HPLC grade acetonitrile.
The gradient was isocratic 5% B for 5 min, 5% B to 30% B
in 25 min, isocratic 30% B for 5 min, 30% B to 100% B in
5 min, isocratic 100% B for 3 min, and 100% B to 5% B in
2 min. The flow rate was 1 mL/min. Oligonucleotide
concentrations were determined by the absorbance at 260
nm, using extinction coefficients calculated for each oligonu-
cleotide based on the extinction coefficients of each com-
ponent nucleotide. Values used for each nucleotide were
ε260(A) ) 15 400 M-1 cm-1, ε260(T) ) 8800 M-1 cm-1,
ε260(G)) 11 700 M-1 cm-1, ε260(C)) 7300 M-1 cm-1 (42).
Formation of Fluorescent Duplexes.The fluorescent

duplexes shown in Figure 1 were prepared by mixing the
modified 35* or 38* mer template oligonucleotides with a
small molar excess (2%) of the 13 mer primer in a buffer of
50 mM Tris-HCl, pH 7.5, 50 mM NaCl. Samples of duplex
were annealed by heating to 85°C for 2 min and slow
cooling to 20°C.
Steady-State Fluorescence Measurements.All fluores-

cence measurements were performed on a Shimadzu RF-
5100 PC spectrofluorometer. The band-pass was 3 nm for
the excitation and 5 nm for the emission monochromator.
The samples were excited at 497 nm and fluorescence
emission spectra collected from 500 to 625 nm using a 10
mm path length microcell (total volume) 50 µL). Mea-
surements were performed in a buffer of 50 mM Tris-HCl,
pH 7.5, 0.5 mM EDTA, 100 mM NaCl. All measurements
were consistent over four independent experiments using
different preparations of protein and DNA samples. The
absorbance of solutions used for all fluorescence measure-
ments at the wavelength of excitation was always below
0.015.
Fluorescence Anisotropy Measurements. Anisotropy mea-

surements of both fluorescein-labeled protein and TMR-
labeled DNA samples were made at 25°C on an Aminco-
Bowman Series 2 luminescence spectrometer. Fluorescein
anisotropy measurements were made on a 1 mL solution
containing 5µM KF* in a buffer of 50 mM Tris-HCl, pH
7.5, 0.5 mM EDTA. Measurements were also performed
on samples of KF* with bound nonfluorescent 13/35 mer
duplex DNA in a buffer of 50 mM Tris-HCl, pH 7.5, 50
mM NaCl, 0.5 mM EDTA, to obtain anisotropy values for
the protein-DNA complex. TMR anisotropy measurements
were made in a 1 mLsolution containing 5µM 13/35 mer
duplex with the TMR probe positioned in the single stranded
and duplex regions, in a buffer of 50 mM Tris, 50 mM NaCl.
Measurements were also performed on the same samples
bound to nonfluorescent KF protein in the same buffer
containing 0.5 mM EDTA in order to obtain bound anisot-
ropy values. Fluorescein and TMR measurements were
made with excitation/emission wavelengths of 497/518 and
560/575 nm, respectively. Anisotropy measurements were
made with allowance for the grating correction factor (43).
Fluorescence Resonance Energy Transfer.On the basis

of Förster transfer theory, the efficiency of energy transfer
(E) is defined as (44)

R0 is the Förster critical distance, whereE ) 0.5 and is

FIGURE 1: Fluorescent template-primer systems. U denotes a
derivatizable base, and U*, the TMR-modified conjugate. The
primer terminus is defined as position 0, and the relative position
of the TMR probe is given a numerical value based on the distance
(in bases) from the primer terminus, with bases in the duplex and
single stranded regions assigned positive and negative values,
respectively. The upper arrow indicates the position (-11) of the
TMR fluorophore relative to the primer terminusprior to primer
strand extension. The lower arrow numbers indicate the position
of the TMR probefollowing primer strand extension after the
addition of appropriate dNTP’s.1-4 refer to the TMR-modified
35* mer or 38* mer template oligonucleotides throughout the text.
13/35*(1), 13/35*(2), 13/35*(3), and 13/38*(4) refer to the duplex
substrates containing the indicated template strand. The sequence
of the 13 mer primer strand is the same for all four template-
primer systems.

E) 1/(1+ [R/R0)]
6) (1)
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calculated from (45)

wheren is the refractive index of the medium, taken to be
1.4 in aqueous solution (43), andκ2 is a geometric factor
related to the relative angle of the two transition dipoles,
which is assumed to be2/3 in this study. The overlap integral
JDA represents the normalized spectral overlap of the donor
emission (FD) and the acceptor absorption (εA) according to
the equation (46)

JDA was determined by the numeric integration of the
normalized emission spectra of KF* bound to a nonfluores-
cent 13/35 mer duplex and the absorption spectra of a 13/35
mer duplex labeled with TMR in the single stranded region
(at position-11) and bound to nonfluorescent KF protein.
Integration was performed between 400 and 650 nm.QD,
the quantum yield of the donor in the absence of acceptor,
was calculated using (47)

whereID and IRF are the respective fluorescence intensities
of the donor and a reference compound, which is fluorescein
in 0.1 N NaOH. ARF andAD are the respective absorbances
of the reference compound and donor.QRF, the quantum
yield of fluorescein in 0.1 N NaOH, was taken to be 0.90
(48).
The efficiency of energy transfer (E) between the fluo-

rescein and TMR probes was calculated by measuring the
integrated area of the fluorescein emission peak between 500
and 515 nm, in the presence (FDA) and absence (FD) of
acceptor at each position investigated. The efficiency of
energy transfer is expressed by the equation

This method of donor peak integration has been used
previously to calculate transfer efficiency values (49).
Titration of the Fluorescein Labeled Klenow Fragment

with TMR-Labeled Duplexes.A solution containing fluo-
rescently labeled KF* (3.5µM) in 50 mM Tris-HCl, pH 7.5,
100 mM NaCl, 0.5 mM EDTA was prepared (total volume
) 80 µL). Aliquots (0.5 µL) of the fluorescent duplexes
(100 µM) were added, and the steady-state fluorescence
emission intensity was measured at 518 nm with excitation
at 497 nm. Fluorescent template-primer was added until
there was no further change in the emission intensity.
Primer Strand Extension.Primer strand extension was

carried out by addition of deoxynucleoside triphosphates
(dNTP’s) to the solution of KF* titrated with TMR-labeled
template-primers (described above). The base composition
of the template strand in each of the four duplexes allows
the primer to be lengthened in discrete steps by addition of
appropriate dNTP’s (see Figure 1). For each duplex, the
initial primer extension was initiated by addition of a mixture
of dTTP/dGTP (0.5µL, 50 mM) followed by addition of
MgCl2 (0.4 µL, 200 mM), to initiate polymerization. A
fluorescence measurement was taken after the addition of

the dNTP’s and another after the addition of MgCl2. The
fluorescence change induced by polymerization was moni-
tored by performing scans over a period of several minutes
until no further change in fluorescence intensity was
observed. The next required nucleotide was added (0.25µL,
100 mM) in order to extend the primer to the next position
and the fluorescence measurements repeated. Control ex-
periments were performed using unlabeled template-primers
to account for any intrinsic quenching of fluorescein by the
oligonucleotide duplexes. Complete extension of the primer
strand was confirmed by DNA gel electrophoresis of32P-
labeled oligonucleotides followed by visualization of bands
using a Molecular Dynamics PhosphorImager.
Electrospray Mass Spectrometry of KF and Modified

Oligonucleotides.The unmodified and fluorescein-modified
KF were characterized by electrospray mass spectrometry
using a VG-Bio Q triple quadropole mass spectrometer.
Protein samples (50µM, 20 µL) were dialyzed against 2
mM ammonium bicarbonate, 1 mM DTT using a microdi-
alysis system (Pierce). Dialyzed samples (25µL) were
mixed with an equal volume of acetonitrile, and formic acid
was added to 3% (v/v) before injection. Introduced into the
ion source were 10µL aliquots at a flow rate of 5µL/min.
The extraction cone voltage was set to 60 V and the source
temperature to 70°C. Data were acquired in the positive
ion mode fromm/z) 600 tom/z) 1600. Oligonucleotide
samples were run as 25µM solutions in 1:1 H2O:2-propanol
(IPA) containing 1% (v/v) triethylamine (TEA). Sodium ion
contamination of oligonucleotide samples becomes critical
when masses exceed 10 kDa due to the formation of oligonu-
cleotide-sodium adducts (50, 51). To remove traces of
sodium ion present in ESMS samples, the following purifica-
tion procedure was carried out, using a modified literature
method (52). A 1 nmol sample of oligonucleotide was
dissolved in 100µL of 5 M ammonium acetate and the
sample allowed to stand at room temperature for 1 h. The
oligonucleotide was precipitated by addition of 3 volumes
of ice cold ethanol and placed in a methanol/dry ice bath
for 2 h. The sample was recovered by centrifugation at
14000g for 30 min. The supernatant was removed and the
sample washed with ice cold 80% ethanol. The sample was
centrifuged again at 14000g for 20 min and the supernatant
removed. This procedure was repeated, and the samples
were then dissolved in the H2O/IPA/TEA solution for ESMS
analysis. Data were acquired in the negative ionization mode
from m/z ) 400 to m/z ) 1300. All ESMS data were
analyzed using MassLynx software.
Time-ResolVed Fluorescence Spectroscopy.Lifetime mea-

surements were performed on a modified inverted optical
microscope (Nikon Diaphot 200). Samples were excited
with a frequency doubled mode-locked solid-state Nd:YAG
laser (Coherent Antares 76-s) which provided an excitation
wavelength of 532 nm, a pulse width of 70 ps, and a
repetition rate of 76 MHz. The laser output was attenuated
by a beam splitter and coupled polarizers to less than 10
mW and passed via an objective to the sample on a coverslip.
The fluorescence was collected by the same objective and
separated from the excitation source by a dichroic mirror
and band-pass filter (Omega Optical 540DRLP and 590DF35,
respectively). Emission was detected by a fast photomul-
tiplier (Hamamatsu R4457) with a rise time of 1.4 ns and
the signal processed with a time correlated single photon

R0 ) (9.79× 103)(κ2n-4QDJDA)
1/6 (2)

JDA ) [∫FD(λ) εA(λ)λ4 dλ]/[∫FD(λ) dλ] (M-1 cm3)

(3)

QD ) QRF(ID/IRF)(ARF/AD) (4)

E) 1- (∫FDA/∫FD) (5)
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counting system (Edinburgh Instruments SPC300). An
instrument response function was obtained by scattering the
laser pulses from a dilute solution of microspheres, the fwhm
of which was 0.5 ns. Measurements were made on inde-
pendent samples of TMR modified oligonucleotides which
were labeled in both the single stranded and duplex regions.
Further measurements were made on the TMR modified
template-primer substrates bound to nonfluorescent KF
protein.
Fluorescence Lifetime Analysis. The isotropic fluores-

cence decay was analyzed with a multiexponential model
which was convoluted with an instrument response function
to give the measured lifetime curves. The measured signal
is given by (13)

where I(t) is the instrument response function,X denotes
the convolution of two functions,Ri is the fractional
amplitude associated with the component with fluorescent
lifetime τi, andN is the number of decay components. The
average fluorescent lifetime is given by

The parametersRi and τi are optimized for the best fit of
eqs 6 and 7 to the lifetime data using a rapid Marquardt
search method. The quality of fit was judged byør2, the
reduced chi square parameter.
Molecular Modeling Calculations. Calculations were

performed using MacroModel 4.5 adopting the Amber
molecular mechanics program in the PRCG mode. Calcula-
tions were performed using water as the solvent with a
convergence gradient of 0.05 kJ/Å. All hydrogens attached
to carbon atoms were deleted to make calculations more
rapid. Two situations were subject to energy minimizations,
one with the fluorophore intercalated into the DNA base stack
and the other with the fluorophore extended outside the base
stack.

RESULTS

Resonance energy transfer measurements between fluo-
rophores were used to investigate the topology of the single
stranded region in a series of template-primers bound to
the KF. Site-directed mutagenesis enabled production of a
double mutant KF (S751C, C907S). The serine residue at
position 751 in the amino acid sequence was chosen as a
site of mutation as it appeared to be solvent exposed which
is a necessary criterion for the covalent modification required
for FRET measurements. Furthermore, this residue was in
a position which was removed from the active site residues
and the DNA binding cleft and therefore unlikely to interfere
with the activity of the enzyme. Assuming the model
proposed by Steitz and co-workers for DNA binding (3),
residue 751 appeared suitable for use as a stationary
observation point in FRET measurements. The double
mutation was shown to have minimal effect on the polym-

erase activity as the rate of single base incorporation of dATP
into a radiolabeled duplex was greater than 80% of the value
obtained for the wild-type protein. Modification of this site
by reaction of the free thiol with iodoacetamidofluorescein
allowed its use as an energy transfer donor for the TMR
acceptor fluorophore used in the template-primers. Modi-
fication was achieved by reaction of the mutant protein for
30 min at 4°C with a 3-fold excess of fluorescent probe.
When labeling was initially attempted by an overnight
reaction, this resulted in multiple modification of the protein,
presumably due to additional modification of lysine residues.
This was observed by electrospray mass spectrometry
(ESMS), which is important for the characterization of
modified biomolecules, since other methods such as the
Ellman titration (53) would not have revealed this. The
labeled KF was initially identified by a second absorbance
at 495 nm (fluorescein) associated with the 280 nm absor-
bance of the protein. Ellman titrations also indicated
complete reaction. Figure 2 shows an ESMS trace of the
unmodified KF protein and a second spectrogram of KF*,
the single fluorescein labeled protein. The mass difference
corresponds to the mass of the added fluorescein moiety (388
Da). Single base addition experiments showed that the rate
of incorporation of dATP into a radiolabeled duplex by the
fluorescein modified enzyme was 80% of the value obtained
from the wild-type protein, indicating that the fluorescent
modification did not significantly alter the activity of the
enzyme.
The succinimidyl ester derivative of TMR was conjugated

to either a 35 mer or 38 mer template oligonucleotide (Figure
1) containing a uridine base with a propargylamino linker
at the 5-position. HPLC analysis indicated that the reactions
proceeded in greater than 90% yield. The fluorescently
labeled oligonucleotides were also characterized by ESMS.
Figure 2c shows an ESMS trace of the modified oligonu-
cleotide3, which corresponds to the expected mass increase
upon conjugation with TMR. Table 1 presents the ESMS
results of the four rhodamine derivatized oligonucleotides,
indicating calculated and experimentally determined masses.
The fluorescently modified template oligonucleotides were

annealed to the 13 mer primer strand to give fluorescent
duplexes. The TMR-labeled template-primers were shown
to be efficient substrates for the polymerase activity of KF*.
Addition of appropriate dNTP’s to32P-labeled template-
primer/KF* complexes resulted in extension of the primer
to the expected products (Figure 3). The binding of TMR-
labeled template-primer to KF* resulted in a 2.7-fold
decrease in the fluorescein emission intensity as a conse-
quence of FRET. This decrease in emission intensity was
complete upon addition of 1 equiv of template-primer,
indicating the formation of a 1:1 binary complex (Figure 4).
The template in each duplex system is designed so that

addition of appropriate dNTP’s will extend the 13 mer primer

F(t) ) I(t) X D(t) (6)

D(t) ) ∑
i)1

N

Ri exp(-t/τi) (7)

τav ) ∑
i)1

N

Riτi (8)

Table 1: Calculated and Experimentally Determined Masses of
TMR-Modified Oligonucleotidesa

oligonucleotide calcd mass (Da) exptl mass (Da)

1 11226.2 11227.0
2 11266.2 11266.0
3 11242.2 11251.0
4 12132.9 12135.1

aRefer to Figure 1 for the sequences of oligonucleotides1-4.
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in discrete steps. The position of the TMR probe is defined
as(xwerex represents the number of nucleotides upstream
(+), in the duplex region, or downstream (-), in the single
stranded region, that the fluorophore is situated relative to
the primer terminus (position 0; see Figure 1). In each of
the four template-primer substrates, the rhodamine probe
was initially at position-11 and was sequentially extended
to positions-9, -6, -4, -2, +3, and+6 according to the
template-primer used (Figure 1). Position-11 was chosen
as a starting point for each experiment since it has been
demonstrated that there are DNA-protein contacts up to this

position on the template (29). Extension of the primer by
KF* resulted in a decrease in the donor (fluorescein) emission
intensity as the acceptor (TMR) probe moved through the
single stranded region to position-2. This was followed
by an increase in emission intensity as the probe moved into
the duplex region up to position+3 and then by a further
decrease as the probe moved to the+6 position (Table 2).
The initial position of the fluorophore in the four template-

primers was-11, and three of the template-primers also
had the fluorophore positioned at-2 at some point in the
extension experiments. These points acted as internal
references, as the fluorescence emission intensity values were
comparable for each template-primer system, indicating they
were all binding to the enzyme in the same manner. The

FIGURE 2: ESMS traces of (a) unmodified KF, (b) fluorescein
modified KF*, and (c) TMR modified 3. The expected mass
increase of the protein upon conjugation with fluorescein is 388
Da, which gives a calculated mass of 68 509 Da. This is in close
agreement with the experimentally determined mass of 68 507.5
Da. The experimental mass of the TMR-modified oligonucleotide
(11 251 Da) is also in close agreement with the expected mass
(11 250.2 Da) after fluorescent modification.

FIGURE 3: Primer strand extension of 13/35*(1) by KF*. In lane 1
both the 13 mer primer strand and 35* mer template strand were
5′-OH-labeled with32P. In lanes 2-5 only the 13 mer primer strand
was32P-labeled. (Lane 1) 13/35*(1)32P-labeled standards. (Lanes
2-5) 13/35*(1) extended by addition of appropriate dNTP’s: (lane
2) no dNTP’s added; (lane 3) dT, dG added, resulting in extension
to 22 mer product; (lane 4) dT, dG, dC added, resulting in extension
to 27 mer product; (lane 5) dT, dG, dC, dA added, resulting in
complete extension to 35 mer product.

Table 2: Fluorescence Parameters as a Function of TMR Position
in the KF*/DNA Complexes

probe position fluorescence intensa,b transfer efficiencyb

-11 365c 0.51c

-9 339 0.50
-6 309 0.54
-4 206 0.71
-2 195c 0.69c

+3 258 0.59
+6 198 0.70

a The initial fluorescence emission intensity (fluorescein) is 960. The
intensity value of 365 at position-11 represents the quenching upon
template-primer binding prior to initiation of polymerization.b The
fluorescence intensity and calculated transfer efficiency at each position
is the average of four independent experiments using different DNA
and protein samples.c The fluorescence intensity and transfer efficiency
at positions-11 and-2 are the average values of the four template-
primer samples that initially have the probe at position-11 and of the
three samples that result in extension to position-2. These values are
then averaged again over the four independent experiments to give the
final quoted value.
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efficiency of energy transfer (E) between the fluorescent
probes was calculated for each of the seven positions in the
duplex using eq 5. These efficiencies as well as the
fluorescence intensity values for each position are presented
in Table 2. The efficiency of energy transfer as a function
of probe position is shown by the data points in Figure 5.
The line in this figure represents the results of the simulation
which is described in the Discussion.

These findings demonstrate intramolecular energy transfer
between the fluorescein donor and the TMR acceptor. The
efficiency of energy transfer was in the range of 50-71%
(Table 2). The quantum yield of the donor in the absence
of acceptor,QD, was determined to be 0.55. The overlap
integral between the donor and acceptor,JDA, was 3.86×
10-13 M-1 cm3, and the Forster critical distance,R0, was
determined to be 58.5 Å. ThisR0 value is in good agreement
with previously reported values for the fluorescein donor/
TMR acceptor pair (54).

Control experiments involving binding and extension of
unlabeled template-primer substrates by KF* showed no
significant quenching of the fluorescein probe, indicating that
all observed changes in fluorescence intensity were a
consequence of FRET between the donor and acceptor
fluorophores.

Fluorescence Lifetime Results. Time-resolved fluores-
cence spectroscopy is a powerful technique capable of
probing the structural and dynamic features of macromol-
ecules and supramolecular assemblies such as proteins and
nucleic acids (55). One of the principal parameters that can
be measured using time-resolved techniques is the orientation
and movement of a chromophore relative to the framework
of a system of biological interest. The fluorescent lifetime
depends on the properties of the molecular environment of
the fluorescent probe. Thus, any particular environment or
changes therein may be probed by its influence on the
fluorescence decay kinetics (55).
Time-resolved measurements were performed in order to

provide information regarding the orientation of the fluo-
rescent TMR probe attached to the DNA substrates. The
fluorescence lifetime experiments used two separate 13/35
mer duplexes with the TMR fluorescent probe covalently
attached to the 13 mer and 35 mer, respectively. The
sequences of the duplexes and positions of the TMR probe
(indicated by U*) are given as follows:

This allowed comparison of the lifetime of the TMR probe
for samples in which the probe was attached to a base that
was part of a helical structure sequence 1 and in which the
probe resided in the single stranded region sequence 2, as
in the FRET experiments.
The optimized lifetimes of the two template-primer

samples, both in solution and bound to nonfluorescent KF
protein, are presented in Table 3 along with the relative
amplitudes and the reducedø2 indicators.
TMR-modified oligonucleotides both in solution and

bound to nonfluorescent KF protein require a biexponential

FIGURE 4: Titration of fluorescein-labeled KF* with TMR-labeled
template-primer, 13/35*(1). 0.5µL aliquots (100 mM) of DNA
substrate were added to a 3.5µM solution of KF*, and the decrease
in fluorescence emission intensity was monitored. The fluorescence
intensity of KF* prior to the addition of DNA substrate is shown
in a. Concentrations of template-primer are (a) none (b) 0.6µM,
(c) 1.2µM, (d) 1.8µM, (e) 2.4µM, (f) 3.0 µM, and (g) 3.6µM.
Final concentrations of KF* and DNA substrate are approximately
3.5 µM, after which the addition of further template-primer
produces no change in the fluorescence intensity, indicating the
formation of a 1:1 complex.

FIGURE 5: Experimental FRET efficiencies as a function of probe
position (circles) and simulation (line) using a simple vector model
of the DNA-polymerase interaction (see Figure 7). Each data point
is an average of four independent experiments. Further details are
described in footnotesb andc to Table 2. Error bars represent a
maximum error of 6%.

sequence 1: 3′-AGCGTCGGCAGGTACCACAA
CATTCACGAGGCATG-5′

5′-TCGCAGCCGU*CCA

sequence 2: 3′-AGCGTCGGCAGGTACCACGA
CATU*CACGAGGCATG-5′

5′-TCGCAGCCGTCCA
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decay to provide a sufficiently accurate fit to the lifetime
data, as indicated from the lowerør2 value for a two
component fit compared to that of a one component fit. The
contribution of both long- and short-lived components to the
fluorescent lifetime of the modified substrates is indicative
of heterogeneity in the environment of the fluorescent label.
The preexponential factors (R1 and R2) for each lifetime
component are proportional to the relative population of each
species (14), which suggests a greater tendency for the dye
molecule to exist in a state which interacts with the DNA,
possibly through intercalation. The bearing these results may
have on the proposed helical model are described further in
the Discussion.

Anisotropy Results. The anisotropy of the fluorescein and
TMR fluorophores, indicative of the freedom of rotation, was
also measured for the fluorescently labeled protein and
template-primers. The sequence of the 13/35 mer duplex
and the position of the TMR probe was the same as that
used for the fluorescence lifetime measurements. Anisotropy
values were obtained for the individual fluorescent protein
and template-primer components and for the protein-
nucleic acid complexes (Table 4).

Molecular Modeling Results. Molecular modeling calcu-
lations were performed in order to determine the possibility

of intercalation of the TMR fluorophore within the DNA
base stack. Energy minimizations were performed on two
duplex samples, one with the fluorophore extended outside
the base stack and exposed to the solvent and another with
the fluorophore intercalated into the DNA base stack. The
energies of the minimized structures were calculated to be
-23 410 kJ/mol for the extended form and-23 433 kJ/mol
for the intercalated form.

DISCUSSION

Direct observation of the structure and conformation of
the single stranded template region of DNA substrates bound
to the KF, or any DNA polymerase, has been hindered by
the apparent difficulty in obtaining cocrystal structures of
the polymerase-DNA complexes (4). Although there have
been a number of crystal structures of KF with complexed
DNA (3, 5), none have shown a competent complex with
the 3′-terminus situated at the polymerase active site and
containing a 5′ template overhang interacting with the
enzyme. All DNA polymerases characterized to date have
many structural and functional similarities. This then raises
the question of whether they also bind their DNA substrates
in a similar manner and if the ordered structure of a
template-primer bound to one polymerase may apply to
other polymerases.
The possibility of the existence of an ordered structure in

the single stranded template region of DNA substrates bound
to the KF was first suggested by Benkovic and co-workers
(29). This investigation addressed protein-DNA interactions
in the single stranded region of a template-primer system.
On the basis of observed changes in the fluorescence
emission intensity and fluorescence anisotropy of the fluo-
rophore as it occupied different positions in the single
stranded region, it was suggested that the template strand
may adopt a helical conformation when bound to the enzyme,
but this hypothesis was never thoroughly investigated.
In the present study, we have utilized the technique of

FRET to investigate the structure of the single stranded
template in a series of DNA substrates bound to the KF.
Figure 6 depicts a schematic illustration of the established
mode of DNA binding (3, 22) and illustrates the relative
positions of the donor and acceptor fluorophores. Chemical
footprinting (56), fluorescence (13, 29), and photo-cross-
linking (57) experiments together indicate that 5-8 base pairs
of duplex DNA are covered by the KF when the primer
terminus is at the polymerase site (58). Furthermore, DNA-
protein contacts have been shown to exist up to 11 bases
downstream in the single stranded template region (29).
Figure 5 shows a plot of the efficiency of energy transfer

(E) between the fluorescein donor probe on the protein and
the TMR acceptor at various positions in the single stranded
and duplex regions. The distribution of data points suggest
the existence of some ordered structure in the single stranded
region. The oscillation in the data points would appear to
rule out the possibility of a linear conformation of the single
stranded template. Rather, the modulation of the data
suggests a helical conformation of the single stranded
template bound to the enzyme. To test this hypothesis, a
simple mathematical model (Figure 7 and eq 9) was formu-
lated to correlate the fluorescence data with helical structure.
The model describes a helical structure with little or no

Table 3: Fluorescent Lifetimes of TMR-Labeled Template-Primera

TMR-labeled 13/35* duplex

(a)
bound to KF

(a) (b)
bound to KF

(b)

Two Component
τ1 (ns) 3.64( 0.32 3.56( 0.28 3.61( 0.39 3.47( 0.42
R1 0.81( 0.03 0.63( 0.08 0.82( 0.09 0.58( 0.14
τ2 (ns) 0.76( 0.11 0.94( 0.06 1.61( 0.51 1.39( 0.09
R2 0.19( 0.03 0.37( 0.03 0.18( 0.11 0.42( 0.05
τav (ns) 3.09( 0.11 2.39( 0.09 3.25( 0.30 2.38( 0.21
ør2 1.06 1.09 1.05 1.04

One Component
τ (ns) 2.32( 0.06 1.82( 0.15 2.88( 0.08 1.93( 0.14
ør2 1.34 1.46 1.12 1.42

aOptimized parameters obtained from the fitting of a biexponential
and a single component decay to the fluorescence lifetime measurements
of the acceptor TMR in (a) conjugated to the template strand in a 13/
35* template-primer system in the absence and presence of nonfluo-
rescent KF protein and (b) conjugated to the primer strand in a 13*/35
duplex in the absence and presence of nonfluorescent KF protein.τ1,
τ2, andτav are the fluorescent lifetimes in nanoseconds.R1 andR2 are
the fractional amplitudes associated with each fluorescent lifetime. The
quality of fit is judged byør2, the reduced chi square parameter.

Table 4: Fluorescence Anisotropy Values for Fluorescein-Labeled
KF* and TMR-Labeled Duplexesa

fluorescent
component anisotropy

fluorescent
component anisotropy

KF* 0.1064 KF:13*/35c 0.1541
KF*:13/35b 0.0829 13/35*d 0.1050
13*/35c 0.0923 KF:13/35*d 0.1725
a Anisotropy measurements were performed on KF* in solution and

bound to a nonfluorescent duplex, as well as TMR-labeled duplexes
in solution and bound to nonfluorescent KF protein.b 13/35 refers to
the nonfluorescent duplex.c 13*/35 refers to the fluorescent duplex
where the TMR probe is attached to the 13 mer primer strand in the
duplex region.d 13/35* refers to the fluorescent duplex where the TMR
probe is attached to the 35 mer template strand in the single stranded
region.
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degree of flexibility. Clegg and co-workers have applied a
similar treatment to model FRET data to confirm the structure
of duplex DNA (35). In our analysis of the FRET data, we
have assumed that the orientation factor (κ2) has a value of
2/3. This would correspond to a rapid randomization of the
relative orientation of the donor and acceptor dipoles, which
has generally been assumed in similar studies (for examples
see refs 34, 35, and 47). Anisotropy values of the fluores-
cently labeled protein and template-primer substrates were

measured to be less than 0.2 (Table 4), which suggests that
the assumption thatκ2 ) 2/3 is reasonable (30).
This model defines the cylindrical geometry of the DNA

helix and the vectorial distance between the donor and
acceptor fluorophores. A description of the parameters used
in the model is as follows.D represents the donor fluorescein
fluorophore which maintains a stationary position on the
protein. A0 defines the initial position of the acceptor TMR
fluorophore prior to the addition of the next base in the
sequence. The parametersL and φ represent this initial
position of the TMR probe, whereL is the vectorial distance
betweenA0 and its projection onto thexy plane (which is
perpendicular to the helical axis and in the same plane as
the donor fluorophore) andφ represents the initial cylindrical
angle betweenD andA0. The model describes the movement
of the TMR probe from positionA0 to A1 upon addition of
a single base pair. Two new parameters,Lbp andøbp, define
the new probe position. It is these two parameters, along
with RD, that are most significant to the model as they define
the physical structure of the helix.RD represents the radius
of the helix andLbp andøbp define the linear displacement
and angular rotation per base pair added.
There are a number of examples of single stranded nucleic

acids with helical structure (59). Circular dichroism (60)
and optical rotatory dispersion (ORD) (61) studies indicate
that the homopolymer poly(ribocytidylic acid), poly(C),
occurs in a helical configuration in aqueous solution at
neutral pH. X-ray fiber diffraction studies of poly(C) (62)
and poly(2′-O-methyl-C) (63) have shown the existence of
a right-handed, single stranded helix containing six bases
per pitch of 18.6 and 18.9 Å, respectively. The rise per base
pair (Lbp) is 3.1 Å for poly(C) and 3.2 Å for poly(2′-O-
methyl-C) and the angular rotation per base pair (øbp) is 60°.
The radius of the helix (RD) was not available. Subsequent
NMR studies of poly(C) in neutral solution support the
existence of a novel left-handed helical structure (64).
Solution studies of polyriboadenylic acid, poly(A), also
indicate the existence of a helical structure at neutral pH
(65). Mathematical derivation of an extended conformation
from the crystal structure of a poly(A) fragment (66)
produces a single stranded helix containing nine nucleotides
per pitch of 25.4 Å, with values of 2.8 Å forLbp, 40° for
øbp, and a helical radius (RD) of 10.7 Å (67). The parameters
Lbp, øbp, andRD also bear relation to the known structure of
duplex DNA. The physical characteristics of double helical
B-form DNA are defined by the fact that a complete turn of
the helix is 36 Å in length and contains approximately 10
base pairs of DNA. The rise per base pair (Lbp) is 3.3 Å,
the angular rotation per base pair (øbp) is 36°, and the helical
radius (RD) is approximately 12 Å.
In the structural model, the magnitude of the donor-

acceptor separationR is defined by the linear displacement
of the acceptor along the axis of the DNA helix and the
component perpendicular to the helical axis which varies
sinusoidally. The vector addition of these components gives
an expression for the magnitude ofR to be

It is clear thatR varies nonlinearly with the translocation

FIGURE6: Schematic diagram of template-primer substrate bound
to the KF indicating the relative positions of the donor and acceptor
fluorophores and the numbering system used. The 3′-OH at the
primer terminus (P) is defined as position 0 and each base given a
numerical value based on the distance from the primer-terminus,
with bases in the duplex and single stranded regions given positive
and negative values, respectively.

FIGURE 7: Schematic representing helical movement of the TMR
fluorophore through the single stranded region and into the duplex
region of the DNA molecule.φ represents the cylindrical angle
between D and A in thexyplane (perpendicular to the helical axis)
whenN) 0.L represents the theoretical vectorial distance between
A and the projection onto thexy plane whenN ) 0 (L can be
negative).øbp and Lbp represent the angular rotation and linear
displacement per base pair added.Lbp is subject to error as explained
by the fact that the projection of the molecular center of the acceptor
on the helical axis does not necessarily correspond to the plane of
the base unit to which it is attached (35). RD represents the radius
of the helix andRmin the perpendicular distance between the DNA
axis and the donor fluorophore. PositionA0 represents the theoretical
starting point of the acceptor fluorophore relative to the donor, and
positionA1 represents the theoretical position of the same fluoro-
phore after the addition of one base pair (N ) 1). VectorsR0 and
R1 originate on the donor molecule and point toward the acceptor
moleculesA0 and A1, respectively.R′ is the component ofR
projected onto thexy plane.

R2 ) [Rmin - RDcos(φ + Nøbp)]
2 +

[RD sin(φ + Nøbp)]
2 + (L + NLbp)

2 (9)
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(NLbp) and rotation (Nøbp) of the DNA through the polym-
erase and that this nonlinearity gives rise to the characteristic
modulation in the FRET efficiencies (Figure 5) as defined
by Förster transfer theory (eqs 1-3).
These experiments investigated a series of four template-

primer substrates (Figure 1) whose sequences enabled the
TMR fluorophore to occupy seven different positions:-11,
-9, -6, -4, and-2 in the single stranded region as well
as+3 and+6 in the duplex region. The efficiency of energy
transfer at each position was calculated on the basis of the
integrated areas of the fluorescein emission in the presence
and absence of acceptor TMR (eq 5, Table 2). Equation 9
was used to simulate the calculated transfer efficiencies. The
result of the simulation is presented in Figure 5. The
parametersRmin, φ, L, RD, Lbp, and øbp were optimized
according to a nonlinear least-squares fitting of eq 9 to the
transfer efficiency data. While previously measured values
of R0 (the characteristic distance for a donor-acceptor pair
at which E ) 50%) vary between 40 and 60 Å, our
experimentally determined value of 58.5 Å was used in the
simulation. The results of the optimization are presented in
Table 5 along with the values that define the geometry of
the single stranded helixes, poly(A) and poly(C), as well as
A, B, and Z-form duplex DNA for comparison.
Interestingly, the simulation value forøbp of 39.3° is close

to the value of 40° for the poly(A) single stranded helix.
Furthermore, the simulated value forLbp of 2.3 Å is also close
to the value of 2.8 Å for the poly(A) structure. This suggests
that the structure of the template strand in a duplex substrate
bound to the KF is similar to the helical structure of poly-
(A) in solution. The value forøbp of 39.3° obtained from
the simulation is also similar to the value of 36° for B-form
duplex DNA. The simulated value forLbp of 2.3 Å is the
same as the value for A-form duplex DNA (cf. 3.3 Å for
B-form duplex DNA). The crystal structures of polymerase-
bound duplex DNA substrates show characteristics of both
A- and B-form DNA (22).
The sinusoidal oscillation of the transfer efficiency (Figure

5) is indicative of an ordered helical structure with a period
of approximately 10 bases. This compares well with the 9
base periodicity of the poly(A) single helix, as well as the
double helical structures of both A- and B-form duplex DNA.
The simulated value of the helix radius (RD) of 3.8 Å is small
in comparison to the values for the poly(A) helix (10.7 Å)
and for A- and B-form duplex DNA (12.7 and 11.8 Å,

respectively). However, this simulated value ofRD may not
faithfully represent the distance from the helical axis to the
outer edge of the helix, since it actually depends upon the
distance from the helical axis to the center of the TMR
fluorophore. Since the TMR probe is attached to the
template strand via a flexible linker (Figure 1), it can
potentially adopt a variety of conformations ranging from
being fully extended away from the helical structure to being
positioned within the DNA structure with possible intercala-
tion. Model studies were carried out on duplex DNA, labeled
with TMR in thedouble strandedregion to explore possible
conformations. Molecular modeling calculations showed that
the TMR fluorophore could fold back and intercalate between
the DNA bases without significant perturbation of the
structure. The difference in energy between the minimized
structures in which the TMR fluorophore was either inter-
calated within the base stack or extended outside the base
stack was small (0.1% of the total energy). Distance
measurements for the intercalated minimized structure
indicated that the center of the fluorophore was approxi-
mately 3.5 Å from the helical axis. If this structure reflects
the TMR conformation in the FRET studies, then the value
of 3.8 Å forRD obtained could be representative of a larger
helix diameter.
Time-resolved fluorescence techniques can distinguish

between environments based on the fluorescence lifetime of
the probe. Fluorescence lifetime studies by Vamosi et al.
(68) concluded that, in a 5′-rhodamine-modified oligonu-
cleotide in single stranded or duplex form, there are a number
of conformations in which the dye molecule is interacting
with the DNA. Previous studies using the dansyl fluorescent
probe have shown that the fluorescence quantum yield and
fluorescence lifetimes increase when the dansyl group is
located in a hydrophobic environment (13). The fluorescent
decays obtained for TMR attached to the double and single
stranded regions of a template-primer duplex, in the absence
and presence of nonfluorescent KF protein, exhibited biex-
ponential behavior corresponding to two distinct environ-
ments, with fluorescent lifetimes similar to those observed
by Vamosi et al. (68) (Table 3). The slower component (τ1),
which arises from some degree of internalization of the dye
molecule in the template-primer structure (13), was the more
populated. This suggests that the probe may be positioned
in a hydrophobic environment between the DNA bases, in
accord with the predictions based on molecular modeling.
It is therefore possible that, in the FRET experiments, the
TMR probe may in fact be located within the proposed helix,
resulting in a reduced value ofRD for the simulation.
In conclusion, we have explored the structure of the single

stranded region of a series of template-primers when bound
to the KF. We propose that the single stranded 5′ template
overhang is ordered and may adopt a helical conformation.
It remains to be determined whether an ordered template
conformation is a common structural feature of all DNA po-
lymerases and whether the conformation has functional
significance. Our results further support FRET as a useful
method for the exploration of structure and conformation in
protein-DNA complexes.
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NOTE ADDED IN PROOF

After this paper had been accepted, two recent publications
have appeared featuring polymerase-nucleic acid cocrystal
structures for the T7 [Doublie et al. (1998)Nature 391, 251-
258] andBacillus [Kiefer, J. R. (1998)Nature 391, 304-
307] polymerases.
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