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ABSTRACT: Photolyases (PHRs) utilize near-ultraviolet
(UV)−blue light to specifically repair the major photoproducts
(PPs) of UV-induced damaged DNA. The cyclobutane
pyrimidine dimer PHR (CPD-PHR) from Escherichia coli
binds flavin adenine dinucleotide (FAD) as a cofactor and
5,10-methenyltetrahydrofolate as a light-harvesting pigment
and specifically repairs CPD lesions. By comparison, a second
photolyase known as (6−4) PHR, present in a range of higher
organisms, uniquely repairs (6−4) PPs. To understand the
repair mechanism and the substrate specificity that distinguish
CPD-PHR from (6−4) PHR, we applied Fourier transform
infrared (FTIR) spectroscopy to bacterial CPD-PHR in the presence or absence of a well-defined DNA substrate, as we have
studied previously for vertebrate (6−4) PHR. PHRs show light-induced reduction of FAD, and photorepair by CPD-PHR
involves the transfer of an electron from the photoexcited reduced FAD to the damaged DNA for cleaving the dimers to maintain
the DNA’s integrity. Here, we measured and analyzed difference FTIR spectra for the photoactivation and DNA photorepair
processes of CPD-PHR. We identified light-dependent signals only in the presence of substrate. The signals, presumably arising
from a protonated carboxylic acid or the DNA substrate, implicate conformational rearrangements of the protein and substrate
during the repair process. Deuterium exchange FTIR measurements of CPD-PHR highlight potential differences in the
photoactivation and photorepair mechanisms in comparison to those of (6−4) PHR. Although CPD-PHR and (6−4) PHR
appear to exhibit similar overall structures, our studies indicate that distinct conformational rearrangements, especially in the α-
helices, are initiated within these enzymes upon binding of their respective DNA substrates.

Ultraviolet light emitted from the sun causes damage to
DNA by initiating the photoisomerization of two adjacent

pyrimidine bases. This reaction typically results in the
formation of either a cyclobutane pyrimidine dimer (CPD)
or pyrimidine-(6−4)-pyrimidone photoproduct [(6−4) PP].
CPDs are more prevalent throughout nature and are highly
mutagenic, while (6−4) PPs are less common; however, the
presence of (6−4) PPs can be lethal because of functional
group transfer (Figure 1).1−3 Nucleotide excision repair and
translesion DNA synthesis are typically responsible for UV-
induced damage repair, in which various protein complexes
contribute to removal of the lesion to restore fidelity within the
genetic information.4,5 On the other hand, many organisms in
all three kingdoms of life possess a rapid response DNA repair
enzyme that utilizes near-UV−blue light for lesion removal.
This enzyme, named photolyase (PHR), can restore two native

pyrimidines from a single UV-induced photoproduct by the
transfer of an electron from its light-activated cofactor. To date,
two types of PHRs are known on the basis of the specific
lesions they repair: CPD-PHR and (6−4) PHR.3
PHRs bind flavin adenine dinucleotide (FAD) as a

cofactor.6,7 In addition to FAD, the 55 kDa CPD-PHR form
Escherichia coli also binds 5,10-methenyltetrahydrofolate
(MTHF) as a light-harvesting antenna.8 However, FAD is the
essential component for the catalysis of DNA repair. Indeed,
the bacterial CPD-PHR is functional even without the second
chromophore. The reduced form of FAD (FADH−) is
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responsible for the DNA repair activity of PHR, the mechanism
of which is now well established.9 An electron is transferred
from the excited FADH− to the DNA substrate in a light-
dependent manner (Figure 1a), leaving the cofactor in the
neutral semiquinone radical state (FADH•). Once the
restoration of two pyrimidines is completed, an electron is
transferred back from the repaired DNA to PHR, and the FAD
cofactor is returned to its original fully reduced form.10 At least
in vitro, FAD of PHR is subject to oxidation, thereby
intensifying the yellow color of the flavoprotein. However,
the catalytically active PHR form can easily be regained by
photoactivation to produce the active form or the anionic
hydroquinone (FADH−), via the neutral semiquinone radical
(FADH•) with illumination via >390 and >550 nm light. Three
conserved tryptophans (W306, W356, and W382 in E. coli
CPD-PHR) have been implicated in photoreduction of the
FAD. Solvent-exposed W306 functions as a terminal electron
donor, while FAD receives an electron from nearby W382.
W356 mediates the electron transfer between W306 and
W382.11

Crystallographic studies of PHRs have revealed the molecular
nature of both the FAD binding and substrate recognition sites.
During the repair process, the photoproduct becomes flipped
out from the DNA duplex and consequently resides closer to
the FAD cofactor buried inside the protein (Figure 1a).12

These structural features are common between CPD-PHR and
(6−4) PHRs despite their different photoproduct substrates.
However, detailed information about how this reaction
proceeds and the structural events that occur during the
photorepair process are still lacking. Formation of either a CPD
or (6−4) photoproduct following UV irradiation produces
distinct features within the DNA strand, especially at the 3′-
hydroxyl side (Figure 1b,c). The 3′-base of a (6−4) PP is
distorted, losing its functional hydroxyl group for thymidine
and its amino group for cytidine. By contrast, a CPD lesion
retains its Watson−Crick/Hoogsteen base pair sites, but
rotation of its glycosylic bonds becomes limited. Therefore,

the initial damage recognition processes for CPD-PHR and
(6−4) PHRs are likely to differ.
Light-induced difference Fourier transform infrared (FTIR)

spectroscopy is a powerful method for studying structure−
function relationships in photoreceptive proteins. Indeed, this
sophisticated method has been applied successfully to various
photoreceptive proteins, including rhodopsin,13 the BLUF
domain,14 the LOV domain,15 cryptochrome (Cry)-DASH,16

CPD-PHR,17 and (6−4) PHR.18 To improve our under-
standing of the underlying reaction mechanisms associated with
PHRs, we have improved sample preparation methods to better
monitor enzyme−substrate turnover by FTIR and to increase
the resolution to measure aspects of the photoactivation,
photorepair, and damaged DNA binding process. Aqueous
sampling allows efficient substrate consumption but often
perturbs FTIR signals. Identifying a buffer condition that will
suitably cover the entire PHR process is thus very challenging.
By applying knowledge gained from our study of Cry-DASH
and (6−4) PHR, we have successfully applied FTIR to E. coli
CPD-PHR in the presence and absence of a defined DNA
substrate. By doing so, we have succeeded in overcoming issues
associated with high water absorbance to better monitor the
peptide backbone region (1800−1600 cm−1) of the CPD-PHR
during the light-dependent repair process and identify unique
features that distinguish CPD-PHR from its (6−4) counterpart.

■ MATERIALS AND METHODS

Enzyme Expression and Purification. The gene encod-
ing E. coli CPD-PHR was inserted between the NdeI and XhoI
sites of the pET-28a expression vector containing a His6-tag in
the upstream region of a multiple-cloning site (Novagen).
E109A, which is a null mutant for MTHF binding,17 was
prepared by using QuikChange site-directed mutagenesis
(Stratagene) according to standard protocols. Expression
vectors were transformed into the E. coli BL21(DE3) strain
(Stratagene). Cells were inoculated into 1 L of culture of Luria-
Bertani medium in a 3 L flask and grown at 24 °C until the

Figure 1. (a) Schematic showing the overall reaction mechanism for photorepair of UV-induced damage by PHRs. PHR (orange) light-
independently recognizes PP (pink) in the DNA duplex and transfers an electron from light-excited FAD (cyan) to cleave the covalent bond(s). The
redundant electron in DNA returns from the restored pyrimidine bases (green) to the FAD semiquinone form of PHR, while PHR releases the intact
DNA. Purine bases are colored blue and the second chromophore of PHR yellow. UV radiation induces two major covalently linked pyrimidine
dimers with different linkages and distinct features at the 3′-side. PHRs specifically recognize these dimers within the DNA duplex and light-
dependently restore the original two pyrimidine bases. CPD (b) is repaired by CPD-PHR, while (6−4) PP (c) is removed by (6−4) PHRs.
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OD660 reached 0.4, and IPTG was added to a final
concentration of 1 mM. The culture was incubated at 18 °C
for 18 h. Cells were harvested by centrifugation and stored at
−80 °C. Cells were thawed on ice and resuspended in lysis
buffer [50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole,
and 5% (v/v) glycerol (pH 8.0)]. After sonication, the insoluble
fraction was removed by centrifugation (17000g). The
supernatant was loaded onto a Co-NTA column (TALON
Metal Affinity Resin, Clontech); the column was washed using
a 20-bed volume wash buffer [50 mM NaH2PO4, 300 mM
NaCl, and 20 mM imidazole (pH 8.0)], and the fusion protein
was eluted with elution buffer [50 mM NaH2PO4, 300 mM
NaCl, and 250 mM imidazole (pH 8.0)]. Purified protein in
elution buffer was then exchanged into storage buffer [50 mM
HEPES, 100 mM NaCl, 10 mM β-mercaptoethanol, and 20%
(v/v) glycerol (pH 7.0)] by dilution and ultrafiltration (Amicon
Ultra 30K device, Millipore) prior to being stored at −80 °C.
The majority of CPD-PHR resided in the semiquinone form
during purification and measurement sample preparation.
Notably, compared with (6−4) PHR, the oxidized form of
the CPD-PHR enzyme was less efficiently photoreduced even
in the presence of reducing agents as observed by our UV−vis
and FTIR measurements described below. From 1 L of E. coli
culture, approximately 6 and 12 mg of E109A and wild-type
(WT) enzyme, respectively, were obtained.
Sample Preparation for UV−Vis and FTIR Measure-

ment. The CPD module was synthesized and incorporated
into double-stranded DNA for FTIR measurements according
to the method described previously.19 CPD was incorporated at
the center (underlined) of the DNA oligonucleotide carrying
the following sequence:

Unlike (6−4) PHR, the CPD-PHR sample complex was not
amenable to the drying process required for FTIR measure-
ments, as has also been found for Synechocystis Cry-DASH.16

Instead, a concentrated aqueous CPD-PHR sample was used
for this work. This method was developed on the basis of
previous reports.16,18 For FTIR measurements, the samples
prepared in storage buffer were exchanged into FTIR
measurement buffer [50 mM HEPES, 100 mM NaCl, 5%
glycerol, and 25 mM β-mercaptoethanol (pH 7.0)]. Redis-
solved samples gave poor signals probably because of the
instability of CPD-PHR with respect to drying. To facilitate the
enzymatic activity during FTIR measurements, a higher water
concentration was required. A compromise between retaining
sufficient enzymatic activity and avoiding a strong IR water
absorption was obtained by preparing CPD-PHR at high
concentrations of approximately 2 mM. The sample concen-
tration was determined from the absorbance of free FAD at 450
nm by UV−vis spectroscopy.
To measure CPD-PHR with its substrate at a 1:1

stoichiometric composition by FTIR, 1 μL of 2 mM CPD
substrate in water was placed onto a BaF2 window and dried
until the volume of CPD reached approximately <0.5 μL.
Subsequently, 1 μL of 2 mM CPD-PHR was added and the
sample redried until the total volume became 1 μL, so that the
salt concentration in the buffer remained approximately
unchanged during sample preparation. A similar process was
applied to generate a 1:2 enzyme:substrate stoichiometry. The
samples were later sandwiched by another BaF2 window and
sealed with Parafilm.

For D2O measurements, sample buffer was prepared using
D2O instead of H2O. CPD-PHR was repeatedly diluted and
concentrated with D2O measurement buffer by ultrafiltration at
4 °C. The CPD substrate prepared in water was pipetted onto a
BaF2 window and vacuum-dried. The dried substrate was
redissolved in 0.5 μL of D2O prior to the addition of 1 μL of
enzyme prepared in D2O. The mixture was redried to 1 μL,
sandwiched with another BaF2 window, and sealed with
Parafilm. All samples were prepared at room temperature and
under ambient light conditions.

UV−Vis and FTIR Spectroscopy. UV−vis spectra were
recorded with a V-550DS spectrometer (JASCO) equipped
with an Optistat-DN (Oxford Instruments) cryostat mounted
onto the spectrophotometer, which was also equipped with a
temperature controller (ITC-4, Oxford Instruments). FTIR
spectra were measured with a FTS-7000 instrument (DIG-
ILAB) also equipped with an Optistat-DN cryostat and an ITC-
4 temperature controller. The sample was illuminated with a
300 W xenon lamp (Max-302, ASAHI SPECTRA) with >550
and >390 nm filters. It should be noted that previous studies of
(6−4) PHR were conducted using a 1 kW tungsten lamp in
which the (6−4) PP repair reaction was completed in ∼20
min.18 By contrast, the repair reaction of CPD-PHR in this
study using a xenon lamp was completed within 3 min (data
not shown).

■ RESULTS
Photoactivation and Photorepair of CPD-PHR Moni-

tored by Light-Induced FTIR Spectroscopy. Previous
reports showed that the MTHF cofactor binds loosely to E.
coli CPD-PHR and was partially released upon purification.20

We also detected weaker binding of MHTF following
purification, as confirmed by the reduced absorbance at ∼380
nm upon illumination (Figure S1 of the Supporting
Information). To facilitate sample homogeneity, we used the
E109A mutant of CPD-PHR that lacks MTHF binding for our
analysis; the E109A mutant can be still be photoreduced and
has CPD repair activity similar to that of the wild-type (WT)
enzyme.21 The broad absorbance peak spreading between 500
and 700 nm is indicative of absorption by FADH• (black line in
Figure S1a of the Supporting Information). Illumination of
E109A with >550 nm light resulted in reduced absorbance
within this region, indicating that the enzyme was photo-
reduced from FADH• to FADH− (red line in Figure S1a of the
Supporting Information and dotted line in Figure S1c of the
Supporting Information). The reducing ratio observed for
E109A was comparable to that detected for WT CPD-PHR
(solid lines in panels b and c of Figure S1 of the Supporting
Information).
To elucidate the photorepair and photoactivation processes,

light-induced difference FTIR spectroscopy was applied to
CPD-PHR in the presence and absence of the DNA substrate
carrying a single CPD. By using >550 and >390 nm light,
photoactivation and photorepair reactions, respectively, can be
discriminated in the sample.16,18 Figure 2 shows light-induced
difference FTIR spectra upon illumination at >550 nm (a) and
subsequent illumination at >390 nm (b) in the absence (black
lines) and presence (red lines) of double-stranded DNA
carrying a CPD lesion. In the absence of damaged DNA, the
observed spectrum simply shows the reduced-minus-semi-
quinone spectrum (Figure 2a, black line). Subsequent
illumination of the sample with >390 nm light did not cause
any spectral change (Figure 2b, black line), confirming that the
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previous 2 min illumination with >550 nm light was sufficient
for complete FADH• reduction. Notably, the mutation from
glutamate to alanine at amino acid position 109 with CPD-PHR
did not perturb the photoactivation process (Figure S2 of the
Supporting Information). Only slight differences in the amide I
region (1670−1630 cm−1) between WT and E109A enzymes
could be observed, suggesting that even in the absence of
MTHF, the photoactivation of E109A CDP-PHR proceeds as
for the WT enzyme at this filtered wavelength and intensity.
In the presence of CPD substrate, illumination of PHR at

>550 nm (Figure 2a, red line) gave a spectrum similar to that
observed for the enzyme-minus-CPD spectrum (Figure 2a,
black line). In contrast, an entirely different spectrum was
obtained upon illumination with >390 nm light (Figure 2b, red
line). For this measurement, PHR and damaged DNA were
prepared at a 1:1 stoichiometry. More than 99% of the
substrate is expected to bind the enzyme in darkness under
these experimental conditions, as was estimated from the
reported dissociation constant of 10−8 to 10−9 M for PHR and
its substrate10 (see Materials and Methods). Furthermore, with
sufficient irradiation, the enzyme should be capable of repairing
100% of the CPD substrate and releasing the repaired DNA
product under these experimental conditions (cf. Figure 4A in
ref 18).
In the reduced-minus-semiquinone spectra of E. coli CPD-

PHR (Figure 2a), the overall spectral shapes, including the
characteristic peaks at 1532 (−) and 1395 (+) cm−1, were
consistent with those reported by Schleicher et al.17 The
negative peak at 1532 cm−1 can be attributed to ring I vibration
and the N1C10a stretching or N5−H bending mode from
FADH•. The positive peak observed at 1395 cm−1 indicates the
rocking mode of H5 from FADH−.17 While a UV-irradiated
oligothymidine 18-mer was used in the previous report, our

data using a defined CPD substrate showed slight but
significant differences within the 1700−1600 cm−1 region
with higher intensity. The bands in the 1700−1600 cm−1 region
originate from the protein moiety as well as from CO
stretches of FAD (FADH• and FADH− forms). The most
prominent differences from both spectra in the presence and
absence of the CPD substrate (Figure 2a) were found to be the
peaks at 1719 (−)/1710 (+) cm−1, which appeared only in the
presence of substrate. The peaks in this region can be
tentatively assigned to CO stretches of a protonated
carboxylic acid residue. To investigate this further, photo-
activation of CPD-PHR was measured in the presence of the
defined CPD substrate in D2O (Figure 3a). The peaks observed

at 1719 (−)/1710 (+) cm−1 in H2O (red line) were shifted to
1717 (−)/1706 (+) cm−1 in D2O (blue line), providing
additional support for the idea that this pair of bands originates
from a protonated carboxylic acid residue. A likely candidate
responsible for these signals is glutamate at position 275, which
located in the substrate-binding pocket of CPD-PHR,22,23

although changes in CO vibrations in the DNA substrate
upon FAD reduction also cannot be ruled out. The relatively
small shifts observed for these peaks may be due to limitations
within our hydrogen−deuterium (H−D) exchange method.
H−D sensitive spectral features above 1700 cm−1 were also
observed for Xenopus laevis (6−4) PHR.18 However, in CPD-
PHR, the H−D change in the hydrogen bonding strength that
we observed is the opposite of that measured for (6−4) PHR,
and the peaks are at slightly lower frequencies; also, no
carboxylic amino acid residue is present in the substrate-binding
pocket of (6−4) PHR. Our findings identify FTIR features
distinguishing the substrate binding step of the DNA repair
processes by these respective PHRs, despite their common-
alities.
The difference FTIR spectrum for the light-induced repair

reaction of CPD-PHR exhibited strong peaks at 1721 (+), 1678
(+), 1239 (−), 1087 (+), and 1063 (+) cm−1 that most likely

Figure 2. Light-induced difference FTIR spectra of CPD-PHR at 277
K showing photoactivation (a) and photorepair (b). The semiquinone
enzyme with (red) and without (black) the CPD substrate was
photoactivated by illumination with >550 nm light for 2 min. (b)
Photoactivated enzyme with (red) and without (black) the CPD
substrate was light-induced for photorepair by illumination with >390
nm light for 2 min. The enzyme:CPD molar ratio was 1:1. One
division of the y-axis corresponds to 0.006 absorbance unit.

Figure 3. Light-induced difference FTIR spectra of CPD-PHR at 277
K showing photoactivation (a) and photorepair (b) in H2O (red) and
D2O (blue). The carboxylic acid signal at 1719 (−) and 1710 (+) cm−1

(a) clearly showed downshifting during H−D exchange. One division
of the y-axis corresponds to 0.006 absorbance unit.
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originate from the repair and conversion of the CPD lesion
back to two individual thymidine bases (Figure 2b, red line).
To further decipher the origins of these peaks, a similar
measurement was conducted in D2O (Figure 3b, blue line).
The band at 1721 (+) cm−1 likely corresponds to C4O
stretching of the recovered thymine moiety, while the peak at
1678 (+) cm−1 also likely originates from the C2O stretch of
the recovered thymine moiety,24 as this peak is shifted during
the D2O measurements. Meanwhile, the negative peaks at 1460
and 1396 cm−1 are also likely to be derived from the conversion
of CPD back to two pyrimidines as these absorbance peaks
correspond to those reported previously.17,25 Peaks at 1667
(−), 1656 (+), and 1636 (−) cm−1 did not shift following H−
D exchange and presumably originate from the protein moiety.
Antisymmetric and symmetric PO2

− stretches of the DNA
backbone are known to give rise to IR bands at ∼1230 and
∼1090 cm−1, respectively.17,18,25 Therefore, for CPD-PHR in
the presence of DNA substrate, the paired peaks observed at
1239 (−) and 1221 (+) cm−1 can therefore be assigned as
antisymmetric PO2

− stretching and the paired peaks at 1087
(+) and 1063 (−) cm−1 as symmetric PO2

− stretching of the
DNA backbone.
Analysis of the Time Dependence of Photorepair by

CPD-PHR. To assign major signals, we conducted FTIR
spectroscopic measurements on the photoactivation and repair
mechanisms of CPD-PHR at 1:1 enzyme:DNA substrate molar
ratio. Under these conditions, however, we assumed that the
spectra would also include information from the minor amount
of free enzyme following substrate consumption. To exclude
signals from free CPD-PHR, we next measured FTIR spectra in
the presence of excess substrate. Consequently, we expected to
improve the signal for the intermediate state of the CPD-PHR
complex with the DNA substrate, as was observed in a previous
(6−4) PHR study.18 Early sampling should give signals
dominated by the complex, while later sampling should more
closely match signals from conditions with a 1:1 stoichiometry
(see a more detailed concept in ref 18). Subsequent time-
dependent measurements were therefore performed at a 1:2
enzyme:DNA substrate stoichiometry.
Illumination of CPD-PHR and DNA substrate with >550 nm

light, followed by illumination with >390 nm light, was
conducted every 20 s. The spectra obtained after the initial
20 s gave the strongest spectral intensities. These intensities
diminished upon prolonged illumination up to 140 s (Figure S3
of the Supporting Information). Double-stranded DNA
substrate containing the CPD lesion was completely repaired
within 140 s and showed no significant spectral change upon
further illumination. After illumination for 140 s, the peak
intensities of the spectra obtained with a 1:2 enzyme:substrate
molar ratio were approximately 2-fold higher than those
obtained for a 1:1 molar ratio.
The overall spectra obtained for the enzyme−substrate

sample prepared at a 1:1 molar ratio remained largely
unchanged between early (0−20 s) and late (80−100 s) stages
of illumination (data not shown). In contrast, some significant
changes could be observed between early and late stages in the
spectra obtained for samples with 1:2 enzyme:substrate molar
ratios (Figure 4a, black and red lines, respectively). When
normalized at 1721 cm−1, the late spectra gain new positive
signals at 1656 and 1645 cm−1 and more intense signals at 1678
(+), 1241 (−), and 1087 (+) cm−1. These trends imply
formation of a new spectral species or one state whose amount
increases significantly from the early to late stages of

illumination. The early stage spectra more closely resemble
those obtained in a previous report about CPD-PHR.17 Some
differences observed between the two sets of experiments may
result from the different DNA substrates and enzyme:substrate
stoichiometries used. In this study, we used a defined DNA
oligonucleotide carrying a single CPD, whereas the previous
FTIR study employed an oligothymidine 18-mer substrate
generated by UV irradiation. The UV-irradiated polythymidine
could contain multiple CPDs within the DNA duplex, which
could increase the available amount of CPD substrate to more
closely resemble the 1:2 enzyme:substrate molar ratio used in
our study.
Subtraction of spectra between late and early stages, as

shown in Figure 4b, gives a representation of the conforma-
tional rearrangements occurring within the enzyme−substrate
complex. The peaks in the 1800−1500 cm−1 range are likely
amide I and II signals, indicating conformational changes in the
enzyme’s polypeptide backbone, most likely rearrangements of
the α-helices in or near the binding site for damaged DNA
substrate. Perturbations of the ring moiety of the CPD
substrate upon enzyme binding could also generate FTIR
signals in this range. Peaks at 1240 (−) and 1086 (+) cm−1

should originate from changes in the DNA phosphate backbone
vibrations due to the dinucleotide flipping and further bending
of the DNA helix, which are induced by the CPD-PHR during
substrate recognition and binding, respectively (Figure 4b).

■ DISCUSSION
FTIR Assignments of the DNA Backbone Controlled

by PHRs. In this study, we have successfully measured FTIR
signals generated from the repair of a single CPD lesion within
a double-stranded DNA molecule by E. coli CPD-PHR and
compared the results to a previous study18 of (6−4) PP lesion
photorepair by (6−4) PHR. From the findings presented here,
we detected several new features unique to the CPD-PHR
photoactivation and repair process. In contrast to a previous

Figure 4. FTIR spectral comparison between early (0−20 s, black)
and late (80−100 s, red) stages of illumination for the 1:2
enzyme:substrate molar ratio (a), with the red line scaled up 5-fold
for normalization. Double-difference spectra between the early and late
stages of part a are shown in part b.
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FTIR report about E. coli CPD-PHR,17 which detected an FTIR
peak at 1224 cm−1 during repair of a UV-irradiated
oligodeoxythymidine 18-mer, we instead observed peaks at
1240 (−) and 1086 (+) cm−1 (Figure 4b), which occur when
the enzyme binds to its DNA substrate. These peaks most likely
originate from perturbations of the DNA phosphate backbone.
For better elucidation of the photorepair process by PHRs,

the light-dependent DNA repair of CPD-PHR was compared to
that of (6−4) PHR. In the both experiments, 2 and 4 μmol of
damaged DNA were used in the 1:1 and 1:2 stoichiometric
compositions, respectively, of the PHRs (see Materials and
Methods). Although the starting damaged DNA substrates
were different, both repairs produced an identical product, two
normal thymidines. Thus, we expected similar positive peaks of
comparable intensity derived from the products generated from
the DNA repair spectra obtained from two different PHRs.
Figure S4 of the Supporting Information compares the repair
spectra of CPD and (6−4) photoproducts by their respective
PHRs without any modifications. Intensities of the peaks at
<1400 cm−1 look similar between the two spectra. Therefore,
we concluded that these two independent experiments give
similar intensities regarding the reaction products generated
and assumed that the positive peak at ∼1086 cm−1 could be
used as a marker band for normalization between CPD and
(6−4) PP repair spectra.
Figure 5a compares early stages of time dependence spectra

of both CPD-PHR (black line) and (6−4) PHR (red line)

normalized for the peak at 1086 cm−1. When we subtract the
red signals [normal intact DNA minus (6−4) PP] from the
black signals (normal intact DNA minus CPD) in Figure 5a,
the difference yields a FTIR difference spectrum [CPD minus
(6−4) PP] (Figure 5b). In this spectrum, the positive and
negative bands correspond to CPD and (6−4) PP, respectively.

The peak at 1720 cm−1 represents the vibration of the C4O
group of thymidines.18 In the repair spectra of (6−4) PHR, this
signal shows higher intensity due to the new formation of the
C4O group at the 3′-side of adjacent pyrimidines. We also
observe some common characteristic bands; bands at 1238
(−)/1222 (+) cm−1 (black line) and 1247 (−)/1212 (+) cm−1

(red line) arise from antisymmetric vibration of the DNA
phosphate backbone, while peaks at 1086 (+), 1064 (−), 1054
(+) cm−1 (black line) and 1086 (+), 1064 (−), and 1052 (+)
cm−1 (red line) show symmetric vibration of the DNA
phosphate backbone. As shown by crystallographic studies,
both CPD-PHR and (6−4) PHRs kink the damaged DNA by
dinucleotide flipping and then release the restored DNA. These
positive peaks indicate that rearrangements of the damaged
DNA substrate backbone to the B-DNA conformation can be
detected, allowing us to assign major peaks.

Comparison of Two PHRs in Their Substrate Recog-
nition Modes. Figure 6 compares the spectrum of CPD-PHR

(red line, this study) with that of (6−4) PHR (blue line,
reproduced from ref 18) at the initial stage dominated by the
PHR−substrate complex (also see Figure 1a). After the two
spectra were normalized at 1086 cm−1 for quantitative
comparison, larger structural changes in the phosphate PO−

stretches were observed for the (6−4) PP than for the CPD
lesion. The (6−4) PP induces severe distortion of the DNA
(Figure 1b,c), whereas a DNA oligonucleotide carrying a single
CPD is much closer in conformation to B-DNA (Figure
1b,c).26 (6−4) PHRs may expend energy for induced fitting of
the substrate within the active site, whereas this may not be
necessary for CPD-PHRs. If a hydrogen bond from a carboxylic
acid group is modified with the change in the redox status of
the FAD cofactor or during DNA repair, a resulting FTIR signal
would be expected to appear in the 1750−1700 cm−1 region. E.
coli CPD-PHR does not produce a significant signal within this
region, unlike Xenopus (6−4) PHR. This findings lead to two
possible alternatives for CPD-PHR substrate recognition. First,
a hydrogen bond network including a carboxylic acid residue in
the DNA-binding pocket of CPD-PHR may be changed upon
substrate binding. A second possibility could result from the
DNA substrate itself, whereby the C4O vibration from the
thymine moiety is shifted by a change in the FAD redox status.

Figure 5. (a) Superimposition of light-induced FTIR difference
spectra of PPs treated with the respective PHRs: (6−4) PP by (6−4)
PHR (red) and CPD by CPD-PHR (black). (b) Double-difference
spectrum between CPD and (6−4) PP repair showing distinct DNA
backbone rearrangements by PHRs. One division of the y-axis
corresponds to 0.004 absorbance unit.

Figure 6. Superimposition of light-induced FTIR difference spectra for
photorepair by (6−4) PHR (blue) and by CPD-PHR (red) reveals
distinct α-helical rearrangements within the protein fold. One division
of the y-axis corresponds to 0.001 absorbance unit.
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All light-dependent repair reactions of damaged DNA by PHR
are triggered by the reduction of the FAD. The correlation
between the FAD redox state and C4O vibration in the DNA
substrate is also intriguing. However, future studies, such as
mutagenesis and isotope labeling of enzymes and substrates, are
required to determine these underlying differences in the FTIR
signals obtained for (6−4) PHR and CPD-PHR.
In the amide I region, most of the peaks obtained for CPD-

PHR and (6−4) PHR were opposite (+ vs −) to each other,
showing conformational differences between these enzymes in
their substrate recognition mode. The 1650 cm−1 region
represents α-helix changes. Differences within this region
therefore suggest that the two enzymes exhibit distinct α-
helical rearrangements upon substrate binding.
To improve our understanding of the conformational

dynamics of PHR substrate recognition identified by FTIR,
we superimposed crystal structures of CPD-PHR [from
Aspergillus nidulans, Protein Data Bank (PDB) entry 1TEZ]23

and (6−4) PHR (from Drosophila melanogaster, PDB entry
3CVV)27 bound with their respective DNA substrates (Figure
7). Both enzymes show similar overall structures, consisting of

two major domains: N-terminal α/β and C-terminal α-helical
domains, connected by a long loop. The active site cavity,
specific to each PP substrate, is located adjacent to the redox
active FAD cofactor in the C-terminal α-helical domain. Thus,
the distinctive α-helical FTIR signals likely arise from this
region that interacts with the substrate. Notably, the overlaid
structures show more structural rearrangements in the α-helices
that pinch the damaged DNA photoproduct (circled in Figure
7) and interface with the complementary DNA strand than in
the rest of the domain. The foundation helix of the “FAD

triangle” of helices framing the FAD binding cavity (for the
nomenclature, see ref 28) packs against 3′-side of the
photoproduct, while the C-terminal helix is used as an interface
for the complementary strand. In the DNA duplex, CPD and
(6−4) photoproducts show different structural features at the
3′-base rather than at the 5′-base, which retains Watson−Crick
base pair sites (Figure 1b,c). Moreover, different PHRs show
distinctive structural features in the region fitting to the 3′-side
of photoproduct even without the substrate; (6−4) PHR
partially constricts the entrance to the substrate cavity with a
310-helix and gains an extra interaction with FAD, whereas
CPD-PHRs do not have such a structural feature.29 Together
with our FTIR observations, these data indicate that PHRs
uniquely utilize these α-helices to flip out of the DNA duplex
and fit their respective photoproduct substrates into the cavity.
To test this conclusion, we mapped crystallographic

temperature factors (B values) onto the structures of CPD-
PHRs from E. coli (PDB entry 1DNP)22 and A. nidulans
without (PDB entry 1QNF)30 and with their bound DNA
substrates (PDB entry 1TEZ) as models for CPD-PHRs
(Figure S5 of the Supporting Information). Despite the
different origins and crystallization conditions for these
structures, B value mapping indicates flexibility for rearranging
helices to fit against the 3′-side of the CPD photoproduct and
to interact with the complementary DNA strand. Moreover,
structural superpositions of the unbound A. nidulans CPD-PHR
(PDB entry 1QNF) and its DNA complex (PDB entry 1TEZ)
show few differences within the polypeptide backbone;
however, a 310-helix in the region is significantly shifted.
Structures of the substrate-free forms of E. coli and A. nidulans
CPD-PHRs also differ slightly in this region. The 310-helix is
not well-defined in the substrate-free E. coli enzyme structure,
probably because of its flexibility. Similarly, comparison of the
A. nidulans CPD-PHR structures implies that this flexible region
gains rigidity upon binding the damaged DNA substrate. Thus,
analysis of B value mapping and structural superpositions
support our FTIR conclusions linking protein backbone
flexibility to distinct helical rearrangements during substrate
recognition and repair by different PHRs.
In conclusion, we have successfully employed FTIR spec-

troscopy to monitor the light-dependent repair reaction of E.
coli CPD-PHR by using a well-defined DNA substrate. Despite
the high concentration of water required for CPD-PHR
enzymatic turnover in vitro, we were successful in concentrat-
ing samples suitable for FTIR studies. Consequently, novel
peaks within the peptide backbone region of CPD-PHR were
detected, and major signals arising during the DNA repair
process were assigned. By comparing FTIR results for CPD-
PHR and (6−4) PHR, which repair UV-damaged DNA
photoproducts with different linkages, we found that these
PHRs employ distinct α-helical rearrangements within their
substrate binding sites allowing each to specifically recognize
and repair its own substrate. These different dynamics in
protein flexibility provide a molecular framework for under-
standing how PHRs can share a common overall structural fold
yet selectively identify the correct photoproduct within a
damaged DNA duplex.

■ ASSOCIATED CONTENT
*S Supporting Information
UV−visible absorption spectra of WT and E109A CPD-PHRs
(Figure S1), reduced-minus-semiquinone FTIR difference
spectra of E109A and WT CPD-PHRs (Figure S2), time-

Figure 7. Overlaid PHR (substrate-binding α-helical barrel domain)
structures indicate distinctive active site conformations appropriate for
recognizing and repairing the divergent 3′-side of their respective PP
substrates (also see Figure 1b,c). CPD-PHR is colored green and DNA
carrying CPD orange; (6−4) PHR and DNA with (6−4) PP are
colored gray and violet, respectively. FAD and PP at the active sites are
presented as sticks. CPD-PHR aligns a 310-helix at the active site to
pinch the 3′-side of PP (circle, 3′-modulator), whereas (6−4) PHRs
conserve a phosphate-binding motif. Both enzymes utilize a long helix
in the C-terminus (box) as an interface for the complementary
undamaged DNA strand.
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dependent spectra of illumination for the 1:2 enzyme−
substrate mixtures in the 1800−1000 cm−1 region (Figure
S3), photorepair spectra of CPD and (6−4) PP for the 1:1 and
1:2 mixtures (Figure S4), and crystal structure comparisons of
the (a) E. coli (PDB entry 1DNP) and (b) A. nidulans (PDB
entry 1QNF) CPD-PHR enzymes together with the (c)
enzyme−DNA substrate complex from A. nidulans (PDB
entry 1TEZ) and superimpositions of (d) CPD-PHR from E.
coli (PDB entry 1DNP) and A. nidulans (PDB entry 1QNF)
and (e) CPD-PHR from A. nidulans with and without the DNA
substrate (Figure S5). This material is available free of charge
via the Internet at http://pubs.acs.org.
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