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Differential Distortion of Substrate Occurs When It Binds to DNA Photolyase: A
2-Aminopurine Study
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ABSTRACT. Cyclobutylpyrimidine dimers (CPDs) are formed between adjacent pyrimidines in DNA when

it is exposed to ultraviolet light. CPDs can be directly repaired by DNA photolyase (PL) upon absorption
of blue-green light. We have used the fluorescent adenine analogue 2-aminopurine (2Ap) to probe the
local double-helical structure of the DNA substrate when it binds to the protein. Duplex melting temperatures
and van't Hoff enthalpies were obtained by both ©¥s absorption and fluorescence spectroscopies to
ascertain the effect of the probe and CPD on DNA stability. Steady-state fluorescence measurements of
the single- and double-stranded oligos showed that the local region aroundside 6f the CPD lesion

was more disrupted and destacked than theide in substrateprotein complexes. These results were
compared with those of a protetsubstrate crystal structure, demonstrating that the crystal structure and
solution-state studies are in agreement with regard to the differential distortions of the target DNA at the
active site of the protein.

When DNA is exposed to UV light, a variety of photo- Scheme 1

products are produced)( The major photoproduc®( 3) is CH
the cyclobutylpyrimidine dimer (CPD})which is formed o
between two adjacent pyrimidines. If left unrepaired, these N
photoproducts lead to mutagenesis and cell deé4thb). 4 N
There are several enzymatic pathways-9) for repairing A g \H/ Sk
such damage. One of them is direct repair through photo- 8</f~ b
induced electron transfer by DNA photolyas) — )2\ P
DNA photolyase is a 54 kDa monomeric protein contain- R/ ’ 2ap : N\ Thymine
H

ing two chromophoresll). One is the catalytic cofactor

flavin adenine dinucleotide (FAD), and the second chro- and endonucleased). On the basis of the first crystal
mophore is either methenyltetrahydrofolate or deazaflavin. strycture of the photolyase protein (without substrate), it was
There are three possible oxidation states for FAD inside DNA pelieved that base flipping of the CPD out of the DNA double
photolyase: oxidized FAD, one-electron-reduced semi- helix was required to bring the CPD and FADHlose
quinone (FADH), and the anionic two-electron-reduced enough for efficient electron transfet9).
hydroquinone (FADH). Only the fully reduced form is This hypothesis was corroborated by several studi8s (
capable of repair, but the protein can bind substrate in all 21) including one from our own laboratory2?) which
three oxida’Fion_ states with approximately the_same affinity suggested that base flipping was accompanied by a large
(2, 10). Excitation of FADH" with blue-green light results  change in the local structure of the DNA duplex around the
in ultrafast electron transfer, leading to the repair of the CPD 3'_gide of the lesion. Our approach utilized 2-aminopurine
(12-15). o _ N . _ (2Ap; see Scheme 1), an adenine analog2® (vhose

In general, DNA-binding proteins exhibit a wide variety fluorescence quantum yield is sensitive to changes in base
of binding motifs to accommodate their DNA substrate. Base stacking. 2Ap has been used widely to study preteiacleic
flipping (16) is one such motif that appears in several acid interactions ¥8, 24, 25). In our study, 2Ap was
different functional classes, including methyltransfera&@g ( incorporated into the substrate duplex with the analogue
opposing the 3thymine of the CPD on the complementary
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base flipping in vitro, in agreement with the recently measured by using the time-based kinetics mode of the

determined crystal structur@®). spectrometer. Absorbance data were taken from 240 to 420
nm with an integration time of 2 s. The absorbance from
EXPERIMENTAL PROCEDURES 240 to 280 nm was baseline-corrected by subtracting the

average absorbance from 400 to 420 nm. A 0.10xcrh.0

cm quartz cell with black walls was used. The cuvette was

allowed to equilibrate in the holder for 10 min prior to a

scan. The temperature axis was calibrated as described above.
Melting points, T, were obtained from the zero crossing

of the numerical first derivative of the melting curves. In

addition, the melting point curves were analyzed to obtain

estimates of the van’t Hoff transition enthalpyHyu,

according to the method of Breslaue29), where the

Protein and Substrate. Escherichia cBINA photolyase
was prepared as described in2&f The protein was depleted
of both chromophores and reconstituted with oxidized FAD.
Double reverse phase HPLC-purified 11-mer oligonucle-
otides were purchased from Integrated DNA Technologies.
All oligonucleotides were resuspended in HPLC-grade water
and used without further purification, except for the CPD-
containing strand. The CPD-containing oligonucleotide was

generated as described by Baneneg etad). ( enthalpy of melting is related to the slope of the melting
Steady-State Fluorescence Emission Spekttmrescence  ¢rve at the temperature at which one-half of the duplexes
emission spectra were obtained using a SPEX FluoroMax-2,5ve melted:

fluorimeter. Emission spectra for 2Ap-containing samples
were obtained from 330 to 510 nm with excitation at 317
nm. The scans were taken with an integration time of 0.2 s,
a step size of 2 nm, and excitation and emission band-passes
of 8 and 4 nm, respectively. Four replicates of each emissionwhere o is the fraction of unmelted duplexes, is the
spectrum were averaged together. The excitation and emistemperature at whicle = 0.5, andR is the gas constant.
sion light were unpolarized. Spectra were corrected for the This analysis assumes that duplex dissociation occurs in an
background fluorescence and Raman scattering of the buffer‘all-or-nothing” manner and is not applicable to cases where
or control sample and corrected for both the excitation and there are more than two states (folded and unfolded).
emission wavelength bias of the fluorimeter. A 0.40 em

1.0 cm fluorescence quartz cell was used. The fluorimeter RESULTS

cuvette holder was cooled by a variable-temperature circulat-  \elting Temperatures of Probe-Containing Duplex&se

the holder for 10 min in the dark prior to a scan.

oo
AH,, = 6RTm2(ﬁ)T (1)

Samples were prepared freshly for each scan. Mixtures 3-GCAAGTTGGAG-3' T-T
of oligonucleotides were placed in a sterile Eppendorf tube
in a minimal volume, typically less than 50L. These 5"GCAAGT<>TGGAG-3' T<>T or CPD

samples were heated in a-780 °C water bath for 10 min
and allowed to cool to room temperature on the laboratory

bench for at least 30 min. If appropriate, Rwas added, S-CTCCAACTTGC-3 A-A
and the samples were then brought to a total volume of 1

mL in buffer [50 mM potassium phosphate, 100 mM 5'-CTCCAACTTGC-3' 3'-2Ap
potassium chloride, 0.1 mM EDTA, and 10 mBAmercap-

toethanol (pH 7.5)]. The fluorescence cuvette containing the 5 CTCCAACTTGC-3' 5-2Ap

sample was sonicated briefly in a small ultrasonic bath to
remove bubbles before each measurement. All measurements \yhere T-T stands for the complementary strane,>TT

were taken at 15.6- 0.1°C. indicates the cyclobutylpyrimidine dimer-containing oligo-
Melting Temperature Measuremengoth fluorescence  nucleotide (CPD), and A shows the position of the fluores-
emission and absorbance methods were used to determingent base analogue in the 2Ap-containing ssDNA.
the melting point of the duplexes. A constant-wavelength  Control experiments were performed to determine the ratio
analysis as a function of temperature was performed with of ss complement to ss probe concentrations necessary to
excitation at 317 nm and emission at 370 nm for 2Ap- achieve maximal fluorescence quenching. For example, the
containing samples. The fluorimeter cuvette holder was normalized fluorescence intensity at 370 nm versus the [T-T}/
connected to a variable-temperature circulating water bath[3'-2Ap] or [CPD]/[3-2Ap] ratio was plotted to determine
set to 10°C. To obtain a melting curve, the temperature the saturation concentration of thé-BAp probe for its
controller was set to 85C and spectra were recorded at 15 opposing strand [Figure 1) 3-2Ap/T-T and () 3-2Ap/

s intervals with a temperature change-e2 °C/min. The  CPD]. A ratio of~1.4 was found for both the CPD and the
sample temperature inside the cuvette was monitored usingT-T oligos for 2Ap. This ratio was maintained in all

a thermocouple (OMEGA k type HH22). The average of subsequent experiments.
three heating profiles was fitted to a fifth-order polynomial Panels a and b of Figure 2 show the melting profiles of
to obtain the temperature scale as a function of time. Each2Ap-containing duplexes by both absorbance and fluores-
melting curve was repeated in triplicate. cence methods. The data have been baseline-corrected and
For the absorbance method, samples were prepared asormalized to unity. These data report on the thermodynamic
described above. Absorbance spectra were obtained using @estabilization introduced when an adenine is replaced by
Hewlett-Packard HP8452A diode array spectrophotometer, the analogue, and when the T-T tract is replaced by the CPD
having a resolution of 2 nm. Absorbance spectra were substrate. The concentration of the 2Ap oligo was 0.50 and
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Ficure 1: Titration curve between the-2Ap probe strand and
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Table 2: AHyu (Tm) Values for Duplexes

AHy (kcal/mol) [T (°C)]

fluorescence absorbance
T-T CPD T-T CPD
A-A - — —94 (44.5) —82(36.2)
3-2Ap —85(39.3) —81(32.9) —99 (42.4) —78(33.4)
5-2Ap —96(41.2) —95(38.7) —106(43.9) —95(39.0)

van’t Hoff EnthalpiesThe enthalpies for melting\Hy,
were determined for each melting curve, and the values for
each case are given in Table 2. This enthalpy is the heat
required to dissociate the duplex into two single-stranded
oligos. The tabulated values have an estimated error of

either the CPD or T-T complementary strand at room temperature ~20%. A comparison of thd, from this approach gave
and 150 mM salt. The fluorescence intensity at 370 nm was the same results as the derivative method withih5 °C.

normalized to the fluorescence intensity of the probe strand at zeroHowever, this consistency is not generally observed in the

complementary strand concentration.

Table 1: Melting Temperatures of Duplexes
Tm (0) (°C)

fluorescence absorbance
T-T CPD T-T CPD
A-A — — 45.0 (0.5) 37.0(0.5)
3-2Ap  40.3(0.9) 33.2(0.5) 42.8(1.0) 33.3(1.2)
5'-2Ap 42.5(0.5) 39.2 (0.5) 44.1 (0.5) 39.3(0.9)

0.25uM for absorption and fluorescence runs, respectively.

The concentration of the T-T oligo was 0.70 and 038

enthalpies derived from the analysis of Breslaw9) (

UV —vis measurements showed inclusion of 2Ap did not
significantly change thAH,4 relative to those of the control
duplexes. This is also consistent with the very similar melting
points obtained for the three cases. However, the CPD-
containing duplexes had a ca.-120 kcal/mol lower enthalpy
than the duplexes containing no lesion. In each case, this
change was mirrored in a lowering of the melting point of
the CPD-containing duplex as described above. These results
are consistent with the observation of Park et a0) that
inclusion of a CPD in a decamer reduces the level of base
stacking and hydrogen bonding in both the CPD-containing

for absorption and fluorescence, respectively. The concentra-Strand and the complementary strand. However, in another

tion of the T<>T oligo was 0.90 and 0.60M for absorption
and fluorescence, respectively. The kKoncentration was

0.11 M for the absorption experiments and 0.15 M for the
fluorescence experiments. Also shown are the absorptio

study, Taylor’s group measured the enthalpy and entropy of
decamer and dodecamer duplexes containing a CPD and
showed that in both cases the CPD did not change the

neénthalpy significantly, despite a decrease in the melting point

melting profiles for the control duplexes, which do not °Pserved for the CPD-containing duplex&d,(32).

contain 2Ap ([A-A]= 0.50uM, [T-T] = 0.70uM, [T <>T]
= 0.90uM, and [K*] = 0.11 M).

As shown in Table 1, the inclusion of the 2Ap probe at

the B-position in a duplex without the CPD lowers thig

by ~1 °C compared to that of the control duplex (no probe
and no CPD), as determined by UV absorption spectroscopy.
However, 2Ap at the 'Sposition depresses the melting

temperature by~2 °C.

The most pronounced change was obtained for H28AB/
CPD duplex, which lost~20 kcal/mol relative to the
nonlesion duplex. Comparison with the crystal structure of
the decamer30) shows that the 'Sside of the CPD suffers
a greater loss of base stacking and hydrogen bonding than
the complementary strand at thesdde. This observation is
consistent with the larger change in enthalpy measured in
this study.

Generally, lower enthalpies were obtained by fluorescence.

Inclusion of the CPD on the opposing strand lowers the |nterestingly, there was a much smaller difference in the
Tm further. The control (A-A) strand annealed to the CPD entha'py with the inclusion of a CPD’ with the.sAp being

strand melts at a temperature8 °C lower than that of a
duplex without the CPD. Similarly, th&., of the 3-2Ap/
CPD duplex is suppressed byl0 °C and that of the 5
2Ap/CPD strand lowered by %C relative to those of their
nonlesion counterparts.

somewhat more stable than the2Ap case. In absolute
terms, the inclusion of a 2Ap base lowered the enthalpy by
~10 kcal/mol relative to the absorbance case. This suggests
that the environment of the 2Ap is already disordered
sufficiently that it melts at a lower temperature than the

Although theT,, values as determined using fluorescence duplex as a whole, and that fluorescence is reporting on a

are generally lower than those measured by-Wi$ absorp-

tion spectroscopy, the difference in melting points between
3'-2Ap/T-T and 5-2Ap/T-T duplexes is very similar to that

localized change in structure.
Emission Spectra for 2Ap-Containing Oligomefkhe
emission spectra of '2Ap ssDNA oligomers, dsDNA

obtained by the absorbance measurement. Interestingly, thisluplexes, and ssDNA oligomers and dsDNA duplexes with
is not the case when the CPD-containing strand is intro- oxidized photolyase were measured with excitation at 317
duced: both 32Ap/CPD and 52Ap/CPD duplexes have nm. The spectra are shown in Figure 3 [the corresponding
the same melting pointy33 and~39 °C, respectively. This  5-2Ap spectra were published by Christine et 2R)[. These
suggests that destacking introduced by the CPD dominatesspectra were obtained from buffered samples consisting of
the effect on the melting point, and therefore duplex stability, 0.25u«M 3'-2Ap (—), 0.25uM 3'-2Ap and 0.35uM T-T
more so than the introduction of the 2Ap analogue. oligo (- - -), 0.25uM 3'-2Ap and 0.3%«M CPD (--+), 0.25
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uM 3'-2Ap and 0.40uM PLo (—), 0.25uM 3'-2Ap, 0.35
uM T-T, and 0.4QuM PL (- - -), and 0.25%M 3'-2Ap, 0.35
uM CPD, and 0.4QuM PLoy (+*+). A spectrum of 0.4Q«M
PLox was also obtained (data not shown). This control was
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control experiment gave the expected result, indicating that
PLox does not quench the 2Ap probe by nonspecific binding
of this single-stranded nonsubstrate sequence. It is worth
noting that these results mirror those obtained for the 5
2Ap system in our previous study, although the&Bp probe

has roughly 3 times the relative fluorescence quantum yield
(as referenced to the single-stranded probe oligo) compared
to the B-2Ap probe. This is discussed further below.

The integrated fluorescence emission of the 8p/CPD/
PL.x complex was significantly higher than that of the 3
2Ap/PLyy control, while the fluorescence intensity of thie 5
2Ap/CPD/Ply,, complex was approximately the same as that
of the B-2Ap/PL,x control. A comparison of the integrated
emission from the '32Ap/CPD/Ply to 5-2Ap/CPD/Plyy
complex shows that the emission quantum yield of the former
is increased by a factor of4.4 relative to that of the latter
complex. This suggests a much larger structural perturbation
of the duplex at the 'sside of the lesion compared to the
3'-side of the CPD. However, this result has to be interpreted
with regard to the modulation of the fluorescence quantum
yield with sequence.

In general, the fluorescence emission from the&Ap-
containing duplexes was-2-fold higher than that of the
corresponding '52Ap-containing duplexes. However, while
the quantum vyield of the '"2Ap/CPD/Pl complex is
approximately the same as that 6Z7p, the quantum yield
of the 3-2Ap/CPD/PLy, complex was greater than its single-
stranded counterpart.

The emission maxima of theé-2Ap and 3-2Ap systems
are given in Table 3. It has been shown that a shorter
emission wavelength generally correlates with better stacking
and less solvent exposurg7j. Generally, the 2-aminopurine
at the 53-side of the oligo has a slightly lower emission
maximum than the 'Scase. Conversely, introduction of a
CPD-containing strand shifts the emission maximum to the
red by a few nanometers, suggesting an increased solvent
accessibility. However, the differences are small enough that
a detailed analysis appears to be inappropriate.

It is worth noting that our attempts to observe fluorescence
resonance energy transfer from 2Ap* to F4Dvere unsuc-
cessful. The 370 nm emission of 2Ap overlaps well with
the 370 nm absorption bandy(S S;) of FADo. We have

subtracted from the spectra for those samples containipg PL Performed calculations that suggest that energy transfer

to remove protein fluorescence and Raman scattering. Eac

Hoetween 2Ap* and FAR is relatively inefficient, but a

spectrum is the average of three or more separate prepara(_jescription of these results is deferred (K. Yang and R. J.

tions. A quantitative analysis of thé-3Ap- and 5-2Ap-
containing oligonucleotides with and without &Llis pre-

sented in Table 3. The integrated fluorescence of the duplexe

and ssDNA are given, as well as the emission maxima.
The fluorescence of the'-2Ap-containing oligo was

Stanley, manuscript in preparation).

éDISCUSSION

Thermostability of Probe- and Lesion-Containing Double
Helices. Melting points for 2Ap-containing duplexe83)

strongly quenched when annealed to its complementaryor for CPD-containing duplexes have been determined by

sequence (RAp/T-T). The fluorescence intensity of the
CPD-containing duplex (RAp/CPD) was higher than that
of the nonlesion duplex, indicating some disruption of base
stacking in the CPD-containing duplex, in qualitative agree-

several laboratories3(, 34). However, the effect on the
thermostability of a combination of the fluorescent probe
and CPD has not received much attention beyond our
previous efforts. As assessed by YUMis spectroscopy, the

ment with the melting point measurements. The emission introduction of a CPD lowers the global melting point

spectra of the '32Ap/T-T duplex and the '2Ap/T-T/PLox

significantly (from 45 to 37°C). This result is consistent

control combinations were nearly identical. This indicates with that obtained for a dodecamer from Jing et al., where
that the T-T-containing duplex is not effectively bound by T, values for the control and CPD-containing duplexes were
PLox In addition, Pl does not quench the fluorescence of 44 and 39°C, respectively, at 250 mM NacCl with dgc of

3'-2Ap-containing single-stranded DNA'(3Ap/PLyy). This

0.24 @B1). Enthalpies were also reported, with values of
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Table 3: Emission Maxima, Integrated Fluorescence Emission from 330 to 510 nm of 2Ap-Containing Oligonucleotides with and wjthout PL

3-2Ap* J3'-2Ap* normalized to 5'-2Ap*a J5'-2Ap* normalized to
sample Amax (NM) (0) (x107) J(3-2Ap*/T-T) Amax (NM) (£0) (x107) J(5'-2Ap*/T-T)
probe 372 53(0.1) 9.1(0.4) 368 16 (0.5) 5.0 (1.5)
probe/T-T 372 5.8(0.1) 1 368 3.2(0.22) 1
probe/CPD 374 15 (1.1) 2.6 (0.5) 374 6.1(0.1) 1.9 (0.5)
probe/Plsx 372 55 (0.1) 9.5(0.3) 368 16 (0.3) 5.0 (1.6)
probe/T-T/Plex 372 7.0(0.1) 1.2 (0.1) 370 5.1(2.1) 1.6 (0.1)
probe/CPD/Ply 374 70 (0.2) 12.1(1.2) 368 16 (0.3) 5.0 (1.7)

aThe fluorescence data of-BAp-containing oligos with and without Bl were adapted from our previous paper and then adjusted to the
concentrations used in this study for comparison.

—79.8 and—75.1 kcal/mol at 37C, respectively. Our values  5'-2Ap duplexes are slightly blue shifted compared to their
are somewhat higher04 and—82 kcal/mol, respectively),  3'-2Ap counterparts. This supports the melting point data
which is probably due to the much higher GC contdgé)( and suggests that the 2Ap base may be less solvent exposed
of the oligos used in this studys¢c = 0.55). than the 32Ap systems.
The replacement of adenine with 2Ap leads to a decrease It is worth pointing out the underlying assumption of a
in the Tn, as expected. The slight difference in the melting two-state model for the calculation of van’t Hoff enthalpies
points due to the position of the probe suggests that sequencémplicit in our work and in the cited studies. If the melting
plays a role in stabilizing the modified base in the double process includes intermediates other than folded and unfolded
helix. This sequence dependence may be due to differencestates, then the analysis of Breslauer is inappropriate. The
in base stacking stability, as reported by oth&%).(This presence of more than two states can be ascertained by
would suggest that the nearest-neighbor free energies (5 obtaining melting data as a function of concentration or by
3/3'—-5) for CA—GT (AG®° = —1.45 kcal/mol) and Ac using an alternate method, such as calorime3fy 86). It
TG (AG° = —1.44 kcal/mol) should be different to account would be of great interest to see the results of such studies
for the difference in melting temperatures, but they are not so that the fluorescence and absorption data can be better
(AAG° = —0.01 kcal/mol). To our knowledge, however, the understood.
free energies for nearest-neighbor interactions with 2Ap (e.g., Sequence Dependence of the Fluorescence Quantum Yield.
C2Ap—GT) are not known and may result in\eAG larger The fluorescence intensity of thé-grobe oligo is always
than that for adenine. More significantly, 2Ap and adenine higher than that of the'frobe oligo for both single-stranded
will display different hydrogen bonding patterns with the oligos and duplexes. For example, the single-stranded 3
complementary strand. To our knowledge, there have been2Ap and 3-2Ap oligos are different in only the position of
no reports of 2-aminopurine/DNA duplex crystal structures. the 2Ap. However, the ratio of their integrated intensities is
Without structural evidence, it is difficult to assess the ~3.3. This modulation of quantum yield depends on interac-
significance of this conjecture. tions of the probe with its neighbors, which has been
Interestingly, the introduction of the CPD in th&ZAp documented in other systen&/j. When 3-2Ap and 5-2Ap
case leads to @, slightly higher than that of the control are compared, the adjacent bases'H2Mp are adenine at
duplex, which is considerably more stable than th&/&p/ the 8-side and cytosine at thé-8ide (A-2Ap-C). The bases
CPD duplex. This is also reflected by the difference between adjacent to 52Ap are cytosine at the Side and adenine at
the fluorescence intensity of the CPD-containing duplex and the 3-side (C-2Ap-A).
the perfectly matched duplex. The fluorescence intensity of  Electron transfer between DNA bases and 2Ap* is possible
the CPD-containing duplex is greater than that of the and is considered to be the source of sequence-dependent
perfectly matched duplex, which indicates that the CPD quantum yields observed in these systeB@. (The oxidation
destabilizes base stacking locally. It is possible that the potentials of 2Ap* and the normal DNA bases G, A, C, and
2-amino group of the 2Ap forms stronger hydrogen bonds T are 1.5, 1.3, 1.4, 1.6, and 1.7 V versus the normal hydrogen
with the CPD than adenine does, given the structural electrode, respectively38—41). On the basis of these
perturbation of the CPD relative to the undamaged thymine oxidation potentials, the oxidation of guanine by 2Ap* is
pair. The crystal structure shows that tHeaBienine (in the most facile while the oxidation of thymine is least likely.
sense used in this work) is most perturbed, with the hydrogenHowever, thymine can be reduced by an electron transfer
bond distance growing t6-2.5 A, compared to 1.9 A for  reaction from 2Ap* 42). The rate constant for electron
the 3-adenine 80). This distortion of base pairing may be transfer to or from the excited base analogue will depend
compensated by the 2-amino group of theBp, but this exponentially on the driving force for oxidation of purine
is only conjecture. bases (G and A) or reduction of pyrimidine bases (T and
The modest increase in the emission of the CPD-containing C), respectively. The smaller this driving force, the smaller
duplex relative to that of the T-T-containing duplex is the degree of fluorescence quenching. This effect has been
consistent with the CPD-containing decamer duplex crystal documented in 2Ap* (G< A; T < C) (41, 43).
structures of Park et al3(), which show that the structural However, electron transfer is not required to rationalize
disruption of the CPD-containing strand is not echoed by the sequence dependence of the fluorescence quantum yield.
the complementary adenines across the helix. However, theCalculations show that charge transfer states are engendered
3'-adenine does lose some hydrogen bonding with the 5 when 2Ap enters into base stackiry). In contrast to the
side of the CPD, which is consistent with the red shift case cited above, these states do not involve complete
observed for the'®2Ap probe. The emission maxima of the electron transfer to explain quenching. Instead, a partial
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separation of charge across the supramolecular complex isScheme 2

invoked. Ultrafast internal conversion from the Franck
Condon state obtained upon absorption of light to a dark
charge transfer (CT) state will lead to fluorescence quenching
as well, as CT states will often decay nonradiativel¥)(
Another potential source of reduced fluorescence is a
reduction in oscillator strength for the probe due to base
stacking interactions. This change in extinction coefficient
was identified by TDDFT calculations of stacking interac-
tions in a model trimer consisting of 2Ap flanked by either
pyrimidines or purines44). The calculations show that the
electronic interaction of 2Ap with neighboring pyrimidines
does not affect the oscillator strength of the probe. However,
if 2Ap is flanked by purine, the electronic effect of & 3
purine is different from that of a'side purine. In a 52Ap-
G-3 dinucleotide, the oscillator strength of the 2Ap is
approximately half of that of the 2Ap without flanking bases,
but in a 3-G-2Ap-3 dimer, the oscillator strength is similar
to that of the 2Ap monomer. Our results corroborate this
prediction, at least semiquantitatively. The emission intensity
ratio for the 3-2Ap/5-2Ap ssDNA oligo is 3.3. In dsDNA,
the (3-2Ap/T-T)/(5-2Ap/T-T) emission intensity ratio is 1.8.
However, our experiments do not allow the contribution to
static quenching to be separated from the CT component.
Structural Consideration®Biochemical investigations into

CPD

these bases are rotated significantly compared to the B-form
DNA helical structure. This structural difference may provide
a clue about why the'2Ap fluorescence quantum yield is
much larger than its 'scounterpart. A loss ofz-orbital
overlap due to this rotation will further attenuate any of the
interactions cited above.

Importantly, our results show that this structural perturba-

the structural requirements for CPD binding by photolyase tion is found in solution as well as in the crystal structure.
revealed the importance of DNA backbone contacts made The most straightforward interpretation of this study is that
by the substrate with the protein binding pockd)( the B-side of the.CPD is highly disorder.ed and that the 3 _
Methylation of the substrate strand showed that PL protects 2Ap probe experiences less base stacking when substrate is

two phosphodiester bonds on theside of the CPD and
two or three phosphodiester bonds on thsi@e, with weaker
contacts made with the complementary strand. Interestingly,

bound to the protein than when it is in ssDNA. This is
corroborated by the crystal structure. In this study, however,
the substantial differential response of the 2AP probe may

these studies did not suggest base flipping as a necessarye due, in part, to the lower stability of theé-ZAp/CPD

requirement for substrate binding. This hypothesis was
formed when the first crystal structure was determined,
showing a cavity with dimensions sufficient to accommodate
the CPD in the proximity of the FAD1Q).

While our experiments were in progress, a crystal structure
was published that gives a picture Ahacystis nidulans
photolyase bound to a modified DNA duplexgj. A CPD
with a formacetal backbone linkage was used to improve
the probability of obtaining diffraction-quality crystals. The

duplex, as evidenced by both fluorescence- and absorption-
based melting point data.

Clearly, the fluorescent adenine analogue 2Ap is a highly
sensitive structural probe, but changes in its fluorescence
yield may depend on quite subtle structural features. This
sensitivity can be exploited in carefully designed experiments
to study the dynamics of substrate binding by photolyase,
as well as other DNA-binding proteins. However, more
insight into the detailed quenching mechanism is required

structure showed that the cyclobutane ring had been repairebefore 2Ap (and other fluorescent base analogues) can be

but that the monomeric thymidines remain tucked neatly into
the substrate pocket of the protein, confirming the base
flipping hypothesis 19, 21, 22). Significantly for this study,

exploited fully in this context.
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