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ABSTRACT: Bacteriophage T4 pyrimidine dimer glycosylase (T4-Pdg) is a base excision repair protein
that incises DNA at cyclobutane pyrimidine dimers that are formed as a consequence of exposure to
ultraviolet light. Cocrystallization of T4-Pdg with substrate DNA has shown that the adenosine opposite
the B-thymine of a thymine-thymine (TT) dimer is flipped into an extrahelical conformation and that

the DNA backbone is kinked 80n the enzyme-substrate (ES) complex. To examine the kinetic details

of the precatalytic events in the T4-Pdg reaction mechanism, investigations were designed to separately
assess nucleotide flipping and DNA bending. The fluorescent adenine base analogue, 2-aminopurine
(2-AP), placed opposite an abasic site analogue, tetrahydrofuran, exhibited a 2.8-fold increase in emission
intensity when flipped in the ES complex. Using the 2-AP fluorescence signal for nucleotide fligging,
andk.s pre-steady-state kinetic measurements were determined. DNA bending was assessed by fluorescence
resonance energy transfer using fluorescent deaoceptor pairs located at theénds of oligonucleotides

in duplex DNA. The fluorescence intensity of the donor fluorophore was quenched by 15% in the ES
complex as a result of an increased efficiency of energy transfer between the labeled ends of the DNA in
the bent conformation. Kinetic analyses of the bending signal revealed an off rate that was 2.5-fold faster
than the off rate for nucleotide flipping. These results demonstrate that the nucleotide flipping step can be
uncoupled from the bending of DNA in the formation of an ES complex.

In most organisms, the primary mechanism for the repair  The cocrystal structure of T4-Pdg with CPD-containing
of ultraviolet (UV}! light-induced DNA photoproducts is the  DNA was the first evidence of nucleotide flipping by a DNA
nucleotide excision repair pathway (NER).(However, in repair enzyme g), and recently, we have determined the
a modest subset of bacteria, and in some bacteriophage andocrystal structure of T4-Pdg complexed as a reduced imine
viruses that infect eukaryotic cells, repair of the major UV intermediate with abasic site-containing DNA1J. In the
photoproducts, theis-syn cyclobutane pyrimidine dimers intervening time, the cocrystal structures of flipped and
(CPD), can be initiated through the base excision repair covalently bound complexes have been determined for
(BER) pathway (reviewed in ref). The initiation of BER  several other DNA glycosylases, including uracil DNA
at this dipyrimidine lesion is catalyzed by pyrimidine dimer gycosylases (UDGs)1@, 13), 3-methyladenine DNA gly-
glycosylases (PdgsB). The most extensively characterized cqsylase 14, 15), 8-oxoguanine DNA glycosylase (OGG1)
of these enzymes is the bacteriophage T4-Pdg. Pre- anctla 17), formamidopyrimidine DNA glycosylase (FPG)
postcatalytic events as measured by X-ray crystallography(lg_zo)' and endonuclease VIII20, 22). A common

and fluorescence spectroscopy include flipping of the purine property of these cocrystal complexes is the fact that specific
opposite the Bpyrimidine of the dimer into a cleft on the amino acids occupy the “hole” in DNA that had been

surface of the enzyme and bending of the DNA to & 60 . : :
) / - reviously occupied by the extrahelical base. In the cases of
angle @, 5). Once bound to a dimer site, T4-Pdg utilizes the $4-Pdg c%mple?(es, itywas shown that the side chains of

o-NH; group of Thr2 and Glu23 to cleave the glycosyl bond . . : ;
S S ; Arg22 and Arg26 partially fill the space previously occupied
of the B-dimer pyrimidine and the phosphodiester backbone by the flipped nucleotideX 11). In the covalently bound

via a -elimination reaction @—10). : .
b €10 structure, the side chains of Arg22 and Arg26 were further
T This research was supported by National Institutes of Health Grants e.mb-edo_led in the intrahelical volume created by nqclgotlde
ES04091 and P30 ES06676. flipping in the enzyme-DNA complex. Conceptually similar
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The biochemical and mechanistic studies of the catalytic 5, dSpacer tetrahydrofuran, and 2-aminopurine CE phos-
mechanism of T4-Pdg have served as the paradigm for othemphoramidites were purchased from Glen Research (Sterling,
glycosylase enzymes despite its unique feature of flipping VA). 3-[(3-Cholamidopropyl)dimethylammonio]-1-propane-
the nucleotide opposite the lesion, rather than the damagedsulfonate (CHAPS) was obtained from Boehringer Man-
base itself. Our prior investigations of the precatalytic events nheim. Heparin grade I-A (porcine mucosa) was purchased
in the T4-Pdg reaction utilized both noncleavable, high- from Sigma (St. Louis, MO).
affinity DNA substrates and catalytically inactive T4-Pdg Enzyme Expression and Purificatiord-Pdg was cloned,
mutants. Verdine and his colleagues have synthesized theexpressed, and purified as previously describ&d).(The
former by designing transition-state analogues for DNA purified enzyme was stored at’€ in 25 mM NaHPQ (pH
glycosylases 29, 30). Using one of these substrates, a 7.0), 25 mM NaCl, and 1 mM EDTA. Protein concentrations
pyrrolidine-containing DNA, and other synthetic abasic sites were determined from absorbance readings at 280 nm (minus
(tetrahydrofuran or reduced AP site), we established that 1.7 times theAsy reading to correct for any scatter), using
T4-Pdg binds with high affinity to these DNA8Y). These a calculated molar extinction coefficient of 15 93b).
data provided the rationale for a fluorescence assay for Oligonucleotide SynthesisAll oligonucleotides were
monitoring nucleotide flipping. This was achieved by synthesized in the Molecular Genetics Core facility (Uni-
positioning a 2-AP opposite either the synthetic abasic site versity of Texas Medical Branch, Galveston, TX) on a
or CPD @). Nucleotide flipping of the 2-AP resulted in a  Perseptive Biosystems Expedite model 8909 instrument using
fluorescence enhancement as it moved from a quenchedl gmol 1000 A CPG columns. Crude synthates were purified
stacked position within the DNA to the solvent-exposed by SPE on a Waters SepPak followed by RP (C18) HPLC
surface of the protein. In addition, in contrast to what had with the product identity confirmed by MALDI-MS. Purified
been previously hypothesized, investigation of mutant oligonucleotides were lyophilized and stored-&20 °C.
T4-Pdg proteins demonstrated that specific binding does Oligonucleotide LabelingPurified lyophilized 5-amino-
not require nucleotide flipping for complex stabilization; modified oligonucleotides were resuspended in 10 mM Tris-
i.e., specific binding could be uncoupled from nucleotide HCI (pH 8.0), 100 mM NaCl, and 0.1 mM EDTA (TEN
flipping (4). buffer), and concentrations were determinedAgy, mea-

The exquisite selectivity of this assay was demonstrated surements (1 OB= 50 ug/mL). A volume containing 100
by moving the 2-AP opposite the (nonscissilé)base of ug of oligonucleotide was twice precipitated by the addition
the CPD in which no fluorescence enhancements wereof 2.5 volumes of ethanol with 10 mM Mgglcentrifuged,
observed. These results suggest that in the case of T4-Pdgnd resupended in 84 of 0.2 M sodium borate (pH 8.5).
there is little general helical distortion that would give rise The succinimidyl ester reactive dyes were dissolved in
to the enhanced 2-AP fluorescence, and thus, its use as anhydrous acetonitrile, split into microfuge tubes in 20
measure of base flipping is well-justified. However, it should aliquots, dried under vacuum in a SpeedVac, and stored at
be noted that in some cases, the 2-AP-based fluorescence-20 °C. Oligonucleotide labeling was performed by redis-
assay is not a clear indicator of base flipping in that, while solving 250ug of the reactive dye in 15L of DMSO and
some methyltransferases cause a significant enhancement ahixing the sample with 10@g of oligonucleotide in 8%L
2-AP fluorescence upon binding to a target site, others do of borate buffer. Reactions proceeded fot8 h at 22°C,
not 32, 33). Likewise, DNA distortions from events other while the mixture was adjusted to 0.3 M NaCl and 10 mM
than base flipping may lead to an enhanced 2-AP fluores- MgCl, and twice precipitated with ethanol and the DNA
cence 84). resuspended in a final volume of 100 of TEN. The labeled

The fluorescent properties of 2-AP have been used in DNAs were further purified through BioSpin 6 columns (Bio-
analyzing the reaction mechanisms of a variety of other Rad) that were previously equilibrated in TEN. Final purifica-
DNA reactive enzymes, including, but not limited to, UDG tion was carried out by RP HPLC (250 mm4.6 mm Phen-
(35—37), photolyase §8—40), and, as indicated above, omenex Jupiter 300 A C4 column) using a linear gradient
several methyltransferase32( 41—43). Collectively, these  of 0.1 M triethylamine acetate (pH 7.0) to 60% acetonitrile
studies have revealed that these enzymes use a variety ofleveloped over 60 min at 1 mL/min. The labeled oligo-
mechanisms to achieve DNA bending and extrahelical nucleotide was collected, lyophilized, and storee-20 °C.
movement of a nucleotide, ranging from a near-simultaneous  Oligonucleotide AnnealingHPLC-purified oligonucleo-
expulsion of the base and DNA bending to temporally tides were resuspended in TEN, and concentrations were
uncoupled precatalytic events. Since T4-Pdg is the only estimated byA\so measurements. A typical annealing reaction
enzyme known to flip the nucleotide opposite the catalytic mixture consisted of the TAMRA-labeled oligonucleotide
site and is known to severely kink DNA at the damaged site, strand mixed with a 1.1-fold molar excess of the unlabeled
we have developed an experimental strategy that allowsstrand or QSY-labeled strand, was heated t6®@0and was
analyses of nucleotide flipping and substrate duplex DNA allowed to cool slowly to 4°C using a PCR instrument.
bending by this protein. This design builds off our previous Duplex oligonucleotides were isolated from single-stranded
strategy using 2-AP as a fluorescent reporter combined with DNA by anion exchange HPLC (250 mmx 4.6 mm
fluorescence resonance energy transfer. This investigationSynchroPak AX 300 column), using a linear gradient from
reveals a temporal uncoupling of the T4-Pdg-induced DNA 10 mM potassium phosphate (pH 7.0) and 0.1 mM EDTA
bending and nucleotide flipping. (buffer A) to 2 M KCI in buffer A over 60 min at a rate of

1 mL/min. The duplex-containing peak was collected and
EXPERIMENTAL PROCEDURES concentrated in a Centricon YM-3 filter (Amicon) and

Materials. TAMRA-5-SE and QSY-7-SE were purchased exchanged into TEN buffer using the same centrifugation

from Molecular Probes (Eugene, OR)-Amino modifier filtration device.
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Fluorescence Measurementll fluorescence measure- Calculation of Equilibrium Binding Constant$itrations
ments were performed on a SPEX (Edison, NJ) Fluorolog-2 were performed by adding enzyme to fixed DNA concentra-
spectrofluorometer with data acquisition in the photon tions that were near thiéy value. The data were analyzed
counting mode and with sample temperatures maintained atassuming a simple binding model, and data sets consisting
25 °C by a circulating water bath. of 10, 20, and 30 nM DNA were simultaneously fit by

Emission SpectreRatiometric spectra were collected at 1 Nonlinear regression to eq 1:
nm intervals wih a 1 sintegration per step. Sample spectra F —F
were collected in 22@L of PKC buffer (containing 100mM g — g 4 |- M& 0
potassium phosphate, 100 mM KCI, and 0.1% CHAPS) on obs 7o ( 2D,

[E,+ D+ Ky—

DNA alone, DNA with 1uM T4-Pdg, and DNA with 1uM 2

T4-Pdg and 4 mg/mL heparin. Spectra for T4-Pdg and or ‘/(Et + D+ Ky)” — 4ED] (1)
heparin were collected and used for background subtraction
corrections. Measurements for 2-AP-containing oligonucleo-
tides were taken using a sample concentration of 80 nM with
the excitation at 315 nm (3.5 nm bandpass) and emission
passed through a KV 370 filter (Schott) and into an emission
monochromator scanned from 330 to 450 nm (15 nm
bandpass). Measurements for TAMRA-5 were obtained using
80 nM DNA with excitation at 540 nm (1.77 nm bandpass)
and emission passed through an OG 570 long-pass filter
(Schott) and into an emission monochromator scanned from
550 to 620 nm (5 nm bandpass).

Fluorescence Equilibrium Titrationg&quilibrium titrations F.ps = Offset+ amp(1— ef"cbﬁ*) (2)
were carried out in PKC buffer by using starting oligonu-
cleotide concentrations of 10, 20, or 30 nM and adding in which Fosis the magnitude of the signal measured as a
microliter aliquots of T4-Pdg. Volume changes did not function of time, offset is the magnitude of the fitted signal
exceed 5%, and titrations were corrected for dilution effects at time zero, amp is the fitted amplitude, akgs is the
and background contributions of enzyme-only controls. observed rate constant. Extracted observed rate constants
Mixtures were allowed to equilibrate for 1.5 min before the were plotted against their corresponding enzyme concentra-
fluorescence intensity was recorded. Measurements of thetions, and the bimolecular rate constant was determined from
magnitude of the 2-AP signal were carried outin a 1.1 mL the slope of the line calculated from linear regression
reaction volume with excitation at 315 nm (3.5 nm bandpass), analysis.
and emission was recorded at 380 nm (15 nm bandpass) Calculation of Dissociation Rate Constangtopped-flow
using a KV-370 long-pass filter. Measurements of the experiments were modeled as unimolecular processes due
magnitude of the TAMRA signal were carried out in a 220 to the irreversibility conferred by the heparin trap. Data
uL reaction volume with excitation at 550 nm (1.77 nm derived from TAMRA experiments were fit to a single-
bandpass) and emission recorded at 585 nm (5 nm bandpass)xponential rise according to eq 2, and 2-AP data were fit
using an OG-570 long-pass filter (Schott). TKgapp) for toeq3
binding was determined from simultaneous fits of data from
three DNA concentrations as described in the data analyses. F.ps = Offset+ ampx g ford (3)

Fluorescence Stopped-Flow Experimerfssopped-flow _ ) )
measurements were performed using an OLIS-USA-SF Where Fops is magnitude of the the signal measured as a
(OLIS, Jefferson, GA) flowbox that was attached to a SPEX function of time, offset is the magnitude of the fitted signal
fluorolog-2 fluorometer. The instrument dead time was at time zero, amp is the fitted amplitude, akgs is the
determined to be 3 ms. Due to either low signal intensities Observed rate constant. Fits were performed by nonlinear
or small amplitude changes involved in the measurements,/€ast-squares regression using KinFit (OLIS).
it was necessary to average six to eight successive shots thESULTS
each experimental determination. Data were recorded in 2
ms intervals usig a 2 mssignal integration. Measurements Characterization of the 2-AP Flipping Signal in Duplex
involving the 2-AP signal were performed using&of 315 DNA Opposite Tetrahydrofurarlsing a 21-mer duplex
nm (3.5 nm bandpass) and&,of 380 nm (15 nm bandpass) DNA in which a centrally located 2-AP in one strand was
using a KV-370 emission filter (Schott). Measurements of positioned opposite an abasic site analogue, tetrahydrofuran
the magnitude of the TAMRA signal were performed using [designated ds(2APTF) (Table 1)], the utility of 2-AP as a
a dex 0f 550 nm (1.5 nm bandpass) anda, of 585 nm (5 nucleotide flipping signal was demonstrated by the emission
nm bandpass) using an OG-570 emission filter (Schott). spectra in the absence or presence of T4-Pdg. The excitation
Determinations of association rates were made by rapidly wavelength was set at 315 nm to isolate the 2-AP signal
mixing an equal volume of enzyme solution (26000 nM) from any contribution from tryptophan fluorescence provided
with DNA (80 nM). Determinations of dissociation rates by T4-Pdg. As shown in Figure 1, the fluorescence intensity
were performed by rapidly mixing preformed ES complex of 2-AP in ds(2AP-TF) increased 2.8-fold when a saturating
(100 nM T4-Pdg and 80 nM DNA) with an equal volume concentration of T4-Pdg was added, a result that is in
of heparin (8 mg/mL). excellent agreement with data previously repor#d The

where Fqps is the measured magnitude of the sigrial,is

the fitted initial fluorescence intensitifmax is the magnitude

of the fitted limiting fluorescence signal at saturating enzyme
levels, E; is the known total added enzyme concentration,
D is the known fixed DNA concentration, aid is the fitted
dissociation equilibrium constant.

Calculation of Association Rate Constanftopped-flow
experiments were performed under assumed pseudo-first-
order conditions, and traces were fit by nonlinear regression
analysis to a single-exponential rise according to eq 2:
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Table 1: Duplex Oligonucleotide Substrétes

ds(2AP/TF) GTTCCAGCTA2GCTCAGGTTC
CAAGGTCGATdCGAGTCCAAG

ds(TAM-2AP/TF) TAM-GTTCCAGCTA2GCTCAGGTTC
CAAGGTCGATdCGAGTCCAAG

ds(TAM-2AP/QSY-TF) TAM-GTTCCAGCTA2GCTCAGGTTC

CAAGGTCGATdCGAGTCCAAG-QSY

a|n the B — 3 direction (top strand). TAM stands for TAMRA,
QSY for QSY-7, d for tetrahydrofuran, and 2 for 2-aminopurine.

Fluorescence

2.0e+6 T T T T T

24 L L L 1 1 L
0.0 0.1 0.2 03 04 0.5 086 0.7

[T4pdg] uM

Ficure 2: Equilibrium binding measurements of T4-Pdg and
ds(2AP-TF). Titrations were performed in PKC buffer using three
fixed concentrations of ds(2APTF): 10 @), 20 (©), and 30 nM
(¥). The lines drawn are from a global fit of the data described in
the data analysis. Shown is a representative data set viitho&
24.9+ 10.2 nM.

1.6e+6 |

1.2e+6 |

Fluorescence

8.0e+5 [

40045 signed to follow the association or dissociation of the
. s ; - - enzyme-substrate complexes, using the change in the
340 350 360 370 380 390 400 magnitude of the 2-AP signal as a reporter for the interaction.
Wavelength (nm) The association rates were measured under pseudo-first-order
Ficure 1: Fluorescence spectra of ds(2APF) in the presence  conditions by adding excess concentrations of T4-Pdg
or absence of T4-Pdg. Measurements were taken in 10 mM relative to ds(2AP-TF) and monitoring the increase in the
KHzPQ;, 100 mM KCl, and 0.1% CHAPS at pH 6.8 and 25. magnitude of the 2-AP fluorescence signal. Traces from four

The following samples were used: 80 nM ds(2AF) (bottom to ni licate shots f h T4-Pd trati
solid line), 80 nM ds(2AP-TF) with 1 4M T4-Pdg (top solid line), 0 nineé replicateé shots for eéach 14-Fdg concentration were

and ds(2AP-TF) with 14M T4-Pdg and 4 mg/mL heparin (dotted ~ @veraged to improve the signal-to-noise ratio and were fitted
line). Spectra were recorded usinglg of 315 nm and &, of to a single-exponential rise to determine a pseudo-first-order

380 nm. rate constant. As shown in Figure 3, there was a linear

) . increase in the observed rate constants with increasing
enhanced signal could be reversed by the addition of excesgoncentrations of substrate with an intrinsic association rate
heparin, thus demonstrating that the enhanced fluorescenc@onstant ,,) of 9.78 x 108 M~* st calculated by linear
signal was due to reversible binding by the enzyme. The regression analysis.

use of heparin to compete for DNA binding enzymes has  tpe gissociation of the ES complex was assessed by
been previously describedd). mixing preformed enzymeDNA complexes with 8 mg/mL
Equilibrium Measurements of Binding of T4-Pdg to heparin and monitoring the decrease in the magnitude of the
ds(2AP-TF). The increase in the intensity of 2-AP in  2-AP signal (Figure 4). Traces from five to eight replicate
ds(2AP-TF) upon binding by T4-Pdg provided a convenient shots were averaged and fitted to a single-exponential
signal for detecting formation of the enzymBNA com- decrease. These data were adequately described by a single
plex. Equilibrium experiments were performed by titrating exponential, and the quality of the fits was not statistically
ds(2AP-TF) with T4-Pdg and using the change in the improved when data were fit to higher-order exponentials.
magnitude of the 2-AP signal as a measure of binding. Due Control experiments in which the heparin concentration was
to the relatively weak fluorescence provided by 2-AP, itwas increased to 16 mg/mL did not change the results of the fits,
necessary to use relatively high concentrations of the duplexindicating that the rate of binding of heparin to the free
DNA to acquire reliable signals. Experimental data sets enzyme was sufficiently greater than the rate of rebinding
consisted of three separate titrations at different DNA of the enzyme to the DNA substrate (data not shown). The
concentrations that were near tkg. Global fitting of the results were reproducible with a high degree of precision,
data sets to a quadratic binding equation was performed aswith the average of four data sets resulting in a dissociation
described in the data analysis. Figure 2 shows a representativeate constantiy) of 24 s (Table 2). TheKq, as calculated
data set that demonstrated that the magnitude of the signafrom the kqi/ko, ratio, was 25.6 nM and is in excellent
increased monotonically and was saturable with increasingagreement with thé, of 28.4 nM determined from equi-
concentrations of T4-Pdg. Multiple data sets were analyzed librium binding studies. This convergence of the equilibrium
with a resulting mearq of 28.4+ 3.3 nM (Table 2). and pre-equilibrium results supports the validity of using the

Stopped-Flow Measurements of T4-Pdg Bindifggain 2-AP signal for monitoring the enzymeubstrate interaction.
further insight into the nature of the change in the magnitude Characterization of the 2-AP Fluorescenda concomi-
of the 2-AP signal as modulated by the addition of T4-Pdg, tantly assess nucleotide flipping and DNA bending, it was
pre-steady-state measurements were made using a fluoresaecessary to modify the ds(2AHF) duplex substrate by
cence stopped-flow methodology. Experiments were de- adding fluorescent donor and acceptor molecules to the two
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Table 2: Summary of Kinetic and Equilibrium Constants Derived for T4-Pdg with ds{Z&R and ds(TAM-2AP-QSY-TF) Substrates

substrate Kq (NM)2 Kg (NM)P kon (M~1 5722 Koft (S71)2¢ Koif (573)P¢
ds(2AP-TF) 28.4+ 3.3 nc (9.78+ 0.2) x 1CF 24+25 nct
ds(TAM-2AP—QSY-TF) 21.4+ 4.7 26.7+ 6.3 no® 25+ 1f 62+ 59

a Estimated from 2-AP fluoresenceEstimated from FRET analysesSix to nine replicate shots were collected and averaged per stopped-flow
experimentd Mean 4 the standard deviation (SDiy & 3). ¢ Not detemined! Mean4 SD (0 = 4). ¢ Mean4 SD (n = 5).

400 r r r r r described above, and an end labeled TAMRASY-7 pair

for assessing DNA bending (Table 1). However, prior to
350 | . those investigations, it was necessary to assess whether the
TAMRA —QSY-7 pair had any affect on the 2-AP emission
300 | . profile. Emission spectra of this new substrate, ds(TAM-
2AP—QSY-TF), were recorded in the absence or presence
20| _ of T4-Pdg (Figure 5a). The 2-AP spectra of the two duplex
DNAs were indistinguishable, with comparable 2.8-fold
increases in intensities in the presence of saturating T4-Pdg
levels. This enhancement could be fully reversed by the
addition of heparin. These data indicate that the addition of
TAMRA and QSY-7 dyes did not interfere with the flipping

100 ) ) ) ) ) of the 2-AP.

180 20 250 300 350 400 450 Characterization of the TAMRA Fluorescenc&he
(T4-Pdg] nM TAMRA and QSY-7 dyes have spectral overlap and form a
FIGURE 3: Association rate constant for T4-Pdg and ds(2AF). donor-receptor energy transfer pair. The ds(TAM-2AP
Pseudo-first-order rate constants for the association of QSY-TF) substrate was designed with this pair on opposite

ds(2AP-TF) with T4-Pdg were determined by fluorescence ; ; ;
stopped-flow  experiments in PKC buffer using 80 nM ends of a duplex oligonucleotide so that any change in the

ds(2AP-TF) (syringe A) and increasing concentrations of T4-Pdg distance of the ends would result in a change in TAMRA
(syringe B). The values were derived from four to nine replicate intensity. Since previous structural studies had shown that

traces and are plotted with error bars corresponding to the 95% T4-Pdg binding resulted in ar60—66° kink in the DNA
com;ide_nce _Iimiti. Thtls line is from a weightled Iinearl;egression (5, 11), experiments were carried out on this duplex to
ﬁﬂﬁg’;f ausssfggi;tignrfa?g\’c%g[grr]st (')? (tg_@fg\)’z)uislt(% ,?A_tf"srll‘t’m investig'ate whe’gher DNA bending could be detected spec-
troscopically using the TAMRAQSY-7 energy transfer

3e+4 . . . . . pair. The emission spectrum of the TAMRA-derived signal
: of the duplex DNA is shown in Figure 5b. A 15% decrease
in fluorescence intensity was observed when T4-Pdg was
added. This fluorescence was interpreted as a decrease due
to the decreased distance between the dyes as a result of the
bent DNA complex. The change in signal was due to
reversible binding by T4-Pdg as evidenced by the fluorescent
signal being restored to the original level using a heparin
trap methodology. Importantly, the fluorescence change was
dependent upon the presence of acceptor QSY-7. This is
clearly demonstrated and shown in Figure 5c, in which there
was no effect on TAMRA fluorescence in the singly labeled
duplex substrate DNA, in which the complementary strand
was not labeled with QSY-7. These results are consistent
with fluorescence quenching arising from the increased

Kobs (5_1)

200 1

150 | ]

0

-3e+4

3.25e+5

3.00e+5

Fluorescence (cps)

2.75e+5

2.50e+5 : : : : efficiency of energy transfer arising from the proximity of
00 o1 e 04 08 the ends of the DNA as a consequence of a bend caused by
Time (5 T4-Pdg binding.

Ficure 4: Dissociation rate constant for T4-Pdg and ds(2AWF). Equilibrium Measurements of Binding of T4-Pdg to
Dissociation rate constants were determined by fluorescence

stopped-flow measurements. Experiments were performed in 9S(TAM-2AP-QSY-TF).To further characterize ds(TAM-
PKC buffer by mixing 80 and nM T4-Pdg (syringe A) with 8 2AP—QSY-TF), equilibrium binding experiments were per-
mg/mL heparin (syringe B). Data were recorded in 2 ms steps with formed by titrating the substrate with T4-Pdg and measuring
a Aex Of 315 nm and &..m of 380. Between five and eight traces  gijther the 2-AP- or TAMRA-QSY-7-derived signals. Ti-
gg{f;ﬁ;@?g%ﬁg&gt&"’r‘e??gslgnigﬁsgzgt'glsae? vﬁ;‘&”g%%m the(rations were performed at three concentrations of duplex
+ 1.4 sL. The residuals to the fitted line are shown in the top DNA and analyzed as described in Experimental Procedures.
panel. Representative data sets are shown in panels a and b of
Figure 6, and the results are summarized in Table 2. The
strands. Thus, this new substrate [termed ds(TAM-2AP  Kg s obtained by measuring 2-AP and TAMRA signals were
QSY-TF)] (Table 1) was designed with an internal 2-AP  21.44 4.2 and 26.A- 6.3 nM, respectively. The statistical
tetrahydrofuran pair for assessing nucleotide flipping, as equivalence of these two measurements suggests that the two
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Ficure 6: Equilibrium binding measurements of T4-Pdg with
ds(TAM-2AP—-QSY-TF). Titrations were performed in PKC buffer

at three fixed concentrations of ds(TAM-2ARSY-TF): 10 @),

20 (©), and 30 nM ¥). The lines drawn are from a global fit of

the data as described in the data analysis. (a) The 2-AP fluorescence
is a representative data set usinge@of 315 nm and den, of 380

nm with aKqy of 19 £ 6.1 nM. (b) The TAMRA fluorescence is a
representative data set using« of 550 nm and &.m of 585 nm

with aKg4 of 21.4+ 5.3 nM.

equivalent, a pre-steady-state kinetic study was undertaken
. ) ) . ) ) to explore possible differences in the time-dependent changes
560 570 580 500 800 810 620 in either signal. Stopped-flow experiments were performed
Wavelength (nm) by mixing a solution of preformed T4-Pegls (TAM-2AP—
FicURe 5: Fluorescence spectra of ds(TAM-2ARSY-TF) and ~ QSY-TF) complexes with heparin and monitoring either the
ds(TAM-2AP-TF) in the presence or absence of T4-Pdg. Measure- Signal derived from 2-AP (flipping) or the TAMRA (bend-
ments were taken in PKC buffer at 26. (a) The following 2-AP ing) fluorescence. Due to the relatively small changes in
fluorescence samples were used: 80 nM ds(TAM-2&FSY-TF) amplitude in the TAMRA signal and fast rates that were
(Tt:ﬁtg,%rg éggdsgﬂg)l’in%(;’”a'\r’: ddgg'?AMl\;EzA:P%sg\{/_-TT?) Vv\c|ttrr]1 izm encountered, it was not possible to obtain reliable association
T4-Pdg and 4 mg/mL heparin (dotted line). Spectra were recorded 'at€S. Also, due to the low signal-to-noise ratios, between
using alex of 315 nm and alem of 380 nm. (b) The following six and nine consecutive shots were averaged prior to fitting
TAMRA fluorescence samples were used: 80 nM ds(TAM-2AP  analyses. Experiments measuring the 2-AP signal in this
?f;g':)(é;gwé gnl‘ifgéfoa?]'\é' gz(gﬁ"\\/'ﬂ'zzg% QSSYYT-II;I):)Vx\I,tIIt‘Ih fﬂm duplex (Figure 7a) were fit to a single-exponential decrease,
T4-Pdg and 4 mg/mL Heparin (dotted line). Spectra were prtecorded with a calculated average .raFe C°"?St"’.‘”t. Ofﬁ.‘% s (Table
using alex of 550 nm and alem of 585 nm. (c) The following 2). These results were statistically indistinguishable from that
TAMRA fluorescence samples that were dependent on QSY-7 were obtained with ds(2APTF), indicating that the double-end
used: 80 nM ds(TAM-2AP-TF) (solid line) and 80 nM ds(TAM-  |abeling did not fundamentally alter the substrate from a
2AP—TF) with 1 uM T4-Pdg (dashed line). Spectra were recorded mechanistic point of view. Interestingly, stopped-flow ex-
using alex of 550 nm and &y, of 585 nm. . . .
periments that monitored the TAMRAQSY-7 signal under
signals may be reporting on the same end point (i.e., the ESconditions that were identical to those for the 2-AP measure-
complex that is both flipped and bent). ments resulted in dissociation rates that were significantly
Stopped-Flow Analyse#lthough the equilibrium mea-  faster (Figure 7b). The traces from the TAMRASY-7 data
surements using the 2-AP or TAMRA signal appear to be sets were adequately described by a single-exponential rise

()

3.0e+6 -
2.5¢+8
2.0e+6 -

1.5e+8

Fluorescence

1.0e+8 -

5.08+5
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3e+4 r T T . introduced into the DNA backbone at the site of the lesion.
@ | | These flipped and bent structures were evident in both
derd cocrystal structures that have been determined for T4-Pdg
(5, 11) and provide valuable information and insight into
the mechanism of T4-Pdg. However, these structures provide
3.25e+5 1 only static pictures of the mechanistic processes. To provide
‘ a dynamic picture of the precatalytic events, we used
‘ L oligonucleotide substrates containing strategically positioned
NI ] fluorescent reporter groups. The placement of 2-AP opposite
|‘| the binding site allowed measurements of nucleotide flipping,
I
275e+5 | | 'J'\IJ’“

3.00e+5 |

while end labeling with a donerquencher pair allowed
l I | measurements of the degree of DNA bending. The use of
‘ .l| JMI.H.I.H Wl |||| | |||\ ikl the abasic site analogues as models for pyrimidine dimers
”' IH’ g ”’f"“‘ 'H'H"i'm”||"","‘1"q" " is well-justified since comparative analyses of the two
cocrystal structures revealed only modest changes in the
230e+8 S o1 02 0s 0s 05 positioning of the extrahelical nucleotide, with most differ-
Time @) ences being in the_ position of_specmc side (_:hams associated
with the stabilization of the flipped nucleotide. Pre-steady-
state and equilibrium analyses of interactions of T4-Pdg with
these substrates provide evidence that nucleotide flipping and
DNA bending occur on different time scales. This conclusion
is reached from the analysis of the dissociation rates of the
saturated enzymeDNA complex in which reversal of the
DNA bending signal was 2.5-fold greater in magnitude than
that observed for relaxation of base flipping. The implications
of these results are that base flipping and DNA bending are
temporally separated on the pathway leading to the formation
of the Michaelis complex. The possibility that the two events
are random or can occur independent of one another is
unlikely. To prevent the violation of the law of microscopic
reversibility, two separate enzymsubstrate binding modes
would need to be invoked. However, the near equivalence
25045 . , , , of the K4s measured for flipping and bending suggests similar
0.0 01 02 03 04 05 binding interactions, presumably from the same binary
Time (s) complex. These conclusions are further supported by the
FiGURE 7: Dissociation of the ds(TAM-2APQSY-TF)-T4-Pdg similarity in the structures of the noncovalent and covalent
complex following the 2-AP nucleotide flipping signal and the crystal structures. On the basis of the correlation of the
ZAMRA Doll\lﬁ bﬂending signal. DiSS%Ciff’lition rate constants were flyorescence data with the structural data, the interpretation
e e 5t Of he enhanced fluorescence a5 a measure of base fipping
T4-Pdg (syringe A) with 8 mg/mL heparin (syringe B). (a) For the 1S Well-justified. However, it should be noted that in the
2-AP nucleotide flipping signal, data were recorded in 2 ms steps absence of analyses such as time-resolved fluorescéne (
with adex of 315 nm and &em 0f 380. Between six and nine traces  we cannot rule out definitively the possibility of other non-

were averaged and fit to a single-exponential fall as described in hase-flipping distortions giving rise to the enhanced fluo-
the data analysis. Shown is a representative data set vigh Gt rescence

24,1+ 1.2 s'1. The residuals to the fitted line are shown in the top . . . .

panel. (b) For the TAMRA DNA bending signal, data were recorded ~ Additionally, the footprint of T4-Pdg is estimated to be

in 2 ms steps with dex of 550 nm and &y, of 585. Between six 11 bases, which argues against multiple enzyme molecules

and nine traces were averaged and fit to a single-exponential risebinding to the same oligonucleotide substrai®.(Therefore,

as described in the data analysis. Shown is a representative dat . ; ; ; ;

set with aky of 59 + 7 s1. The residuals to the fitted line are ".t‘he fllppl_ng ar_ld pendlpg_ signals are measuring different

shown in the top panel. mtermedla}tes in d|s$OC|at|on ofa common complex, an_d the
. ) . . 2.5-fold difference in off rates for flipping and bending

and were not improved when fit to higher-order exponential jhgicates that flipping and bending are not simultaneous

processes. Analyses of these data resulted in an averaggyents.

Fluorescence (cps)

1et4 T T T T T T T T

(b)

2.8e+5 T T T T

2.8e+5

2.7e+5 |

2.7e+5

2.6e+5

Fluorescence (cps)

2.6e+5

dissociation rate constant of 625 s™* (Table 2). Addition- The apparent association rate constant derived from the
ally, there was no discernible lag corresponding to the time concentration-dependent linear increase in the obsegyed
constant for the nucleotide flipping process. measured from 2-AP fluorescence was near the diffusion
o 1ol [Jai i - .
DISCUSSION limit at 9.8 x 10® M~ s™. Using equilibrium and pre-steady

state measurements monitoring 2-AP fluorescence, an esti-
The binding of T4-Pdg to ais-syncyclobutane pyrimidine  mate of the association rate constant, calculatekh@Kqg,
dimer-containing DNA substrate is characterized by the was 8 x 10® M~! s . The convergence of these results is
formation of an ES complex in which the adenine opposite consistent with an equilibrium between the free enzyme and
the B-T of the lesion is moved to an extrahelical position in substrate and the flipped nucleotide complex, suggesting that
a binding pocket on the enzyme with a -666° kink the base flipping measurement is also indicative of the
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enzyme-DNA binding event. Additionally, in the course of DNA, buckling base pairs that remain intrahelical while
identifying substrates that would be appropriate for this study, severely bending the DNAGQ).

we prepared an oligonucleotide in which theebhd was The kinetics of DNA binding, bending, and nucleotide
labeled with the fluorophore Alexa 488. The fluorescence flipping have also been measured for DNA methyltrans-
intensity of this substrate was significantly quenched in the ferases. Hopkins and Reicd2) used FRET analyses to
presence of T4-Pdg (data not shown). Stopped-flow mea-determine that despite the observed bending of the cognate
surements of the rate of quenching of this substrate by sequence, the binding of tie coli adenine methyltransferase
T4-Pdg resulted in an estimation of an apparent association(M.EcdRl) to substrate DNA resulted in a decreased level
rate constant of approximately & 10° M~ s'1. The of energy transfer between several combinations of denor
comparable magnitude of this measurement and that of theacceptor pairs. This was explained as an expansion of the
2-AP substrate may suggest that the enzylDBA interac- helix due to intercalation by the enzyme. DNA binding, base
tion is near the diffusion limit and, thus, nucleotide flipping flipping, and DNA bending foM.EccRI have been shown

is either concomitant with DNA binding or occurs in a fast to be simultaneous event$2).

step following the initial encounter. These data are similar  Collectively, these studies reveal a two- or three-step

to the results obtained for th\?l.Ecd?llDl\.lA methyltrans- ~ (depending on the enzyme) recognition process (specific
ferase, where the processes of DNA binding and base flippingpinding, flipping, and bending) that allows several levels of
were observed to be nearly simultaneo8g)( regulation to help ensure proper substrate recognition before

The association rate following the bending signal could gz catalytically competent ES complex is formed. Parameters
not be directly measured due to signal noise relative to that would interfere with either DNA bending or nucleotide
amplitude changes. However, an apparent association ratéipping would result in an abortive encounter allowing for
constant, calculated as ther/Kq ratio, was approximately  higher specificity.

2.5 x 1® M~t s71, which is significantly greater than that

determined from the flipping data or quenching experiments. ACKNOWLEDGMENT
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