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ABSTRACT: Observations of light-receptive enzyme com-
plexes are usually complicated by simultaneous overlapping
signals from the chromophore, apoprotein, and substrate, so
that only the initial, ultrafast, photon−chromophore reaction
and the final, slow, protein conformational change provide
separate, nonoverlapping signals. Each provides its own
advantages, whereas sometimes the overlapping signals from
the intervening time scales still cannot be fully deconvoluted.
We overcome the problem by using a novel method to
selectively isotope-label the apoprotein but not the flavin
adenine dinucleotide (FAD) cofactor. This allowed the Fourier transform infrared (FTIR) signals to be separated from the
apoprotein, FAD cofactor, and DNA substrate. Consequently, a comprehensive structure−function study by FTIR spectroscopy
of the Escherichia coli cyclobutane pyrimidine dimer photolyase (CPD-PHR) DNA repair enzyme was possible. FTIR signals
could be identified and assigned upon FAD photoactivation and DNA repair, which revealed protein dynamics for both processes
beyond simple one-electron reduction and ejection, respectively. The FTIR data suggest that the synergistic cofactor−protein
partnership in CPD-PHR linked to changes in the shape of FAD upon one-electron reduction may be coordinated with
conformational changes in the apoprotein, allowing it to fit the DNA substrate. Activation of the CPD-PHR chromophore primes
the apoprotein for subsequent DNA repair, suggesting that CPD-PHR is not simply an electron-ejecting structure. When FAD is
activated, changes in its structure may trigger coordinated conformational changes in the apoprotein and thymine carbonyl of the
substrate, highlighting the role of Glu275. In contrast, during DNA repair and release processes, primary conformational changes
occur in the enzyme and DNA substrate, with little contribution from the FAD cofactor and surrounding amino acid residues.

DNA photolyase (PHR) is a flavoprotein that specifically
repairs ultraviolet (UV) light-induced DNA damage by utilizing
near-UV−blue light. There are two types of PHRs, cyclobutane
pyrimidine dimer PHR (CPD-PHR) and (6−4) PHR, which
specifically repair CPD and (6−4) photoproducts, respec-
tively.1,2 In addition, homologous photolyase proteins that do
not have DNA repair ability, at least not for double-stranded
DNA, are called cryptochromes (CRYs). The function of CRYs
is manifold, such as in the circadian clock,3 regulation of protein
expression,3,4 and magnetic sensing.5 All CRY/PHR family
proteins bind flavin adenine dinucleotide (FAD) noncovalently
as their main catalytic cofactor.6−9 Some also bind an additional
second chromophore, either 5,10-methylenetetrahydrofolate
(MTHF) or 8-hydroxy-5-deazaflavin (HDF), as a light-

harvesting antenna to assist in FAD activation by energy
transfer.10,11

CPD-PHR from Escherichia coli is a 55 kDa protein that
binds FAD and MTHF as primary and second chromophores,
respectively.10 Although CPD-PHR from E. coli is catalytically
active in the reduced form of FAD (FADH−) in vivo,12 CPD-
PHR is oxidized upon protein purification. Most E. coli CPD-
PHR enzymes form stable resting states in the form of a neutral
semiquinone (FADH•) during in vitro experiments.10 In the
presence of external electron donors and upon illumination
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with >550 nm light, which is absorbed by the FADH• form of
PHR, the enzyme is reduced to the FADH− form, the
functional state of CPD-PHR for DNA repair.13

The FAD chromophore of PHR is noncovalently bound and
buried inside the protein.14 Upon light-induced excitation, FAD
is reduced by a nearby tryptophan through a conserved
tryptophan triad that wires FAD to the protein surface.15,16 For
DNA repair, CPD-PHR recognizes CPD lesions in the DNA
strand and flips out the CPD lesion from the DNA strand.17

The CPD lesion is bound in the binding cavity in the proximity
of the FAD cofactor, which is situated at the bottom of the
cavity.18 When excited by near-UV−blue light, the excited
FADH− ejects an electron to the CPD substrate to break the
dimer and thereby oxidizes FADH− to the FADH• form.
Finally, the electron returns to FADH• after the CPD is broken
to re-form FADH−; the repaired thymines flip back to base pair
with their corresponding adenines, and the repaired DNA
strand is released in a very efficient manner.19

Some details of the transfer of an electron from the excited
FADH− to the DNA substrate and its return to FAD after DNA
repair have been proposed.20 However, the wider context of the
CPD-PHR molecular mechanism, conformational changes to
the enzyme and DNA, and specifically the catalytic role of
important amino acid residues, especially in the DNA binding
pocket, during repair have yet to be elucidated (Figure 1a).
Information from UV−visible (UV−vis) spectroscopy together
with ultrafast spectroscopy is limited to changes in the FAD
moiety and some aromatic residues.20,21 However, these
methods have not been used to understand local structural
changes in amino acids at the enzyme’s active site, the
interaction of amino acids near the FAD cofactor, or the
alteration of related global enzyme−substrate conformations,
and how these could facilitate electron transfer and substrate
interaction.
Previously, use of Fourier transform infrared (FTIR)

spectroscopy provided new insight into the α-helical diversity
of CPD-PHR and (6−4) PHR upon their specific interaction
with their respective DNA substrates.13 Each PHR enzyme may
have evolved according to its substrate, subsequently resulting
in high binding constants, at least in vitro. In this study, the aim

was to elucidate the FTIR signals of CPD-PHR and identify
specific amino acids known to possess FTIR signature signals,22

especially those in the DNA binding pocket as shown in Figure
1a. To achieve this, uniformly 13C- and 15N-labeled proteins as
well as selectively labeled apoprotein samples in which the FAD
cofactor remained unlabeled (i.e., apo-labeled) were employed.
Light-induced FTIR spectroscopy has been used to elucidate
the molecular mechanisms of various proteins. Using this
advantage, the light-induced activation of the enzyme’s FAD
cofactor (photoactivation) was systematically measured in the
presence and absence of DNA substrate, and light-induced
DNA repair (photorepair) by CPD-PHR. Both photoactivation
and photorepair were selectively conducted through illumina-
tion of different light wavelengths (see Materials and Methods),
utilizing the difference absorbance of unphotolyzed state
(FADH•) and catalytically active fully reduced state
(FADH−).13 Differences in the enzyme’s conformational
responses upon measurement of light-induced FAD activation
were expected in the presence and absence of DNA substrate;
meanwhile, changes in DNA substrate structure and enzyme
conformation upon DNA release were expected upon light-
induced DNA repair (see Results).
The riboflavin auxotrophic E. coli strain CpXribF, which

cannot synthesize riboflavin itself and utilizes external sources
of riboflavin, was used to make apo-labeled proteins.23

Accordingly, proteins produced in this strain correspond to
apo-labeled enzymes that bind FAD whose riboflavin part is
unlabeled while the adenosine moiety and the protein is labeled
with isotope, as shown in Figure 1b (red-colored atom). In
combination with FTIR spectroscopy, these selectively labeled
proteins allow for discrete assignments of vibrational signatures
to structural changes in the apoprotein, identification of some
specific amino acids, FAD cofactor, and DNA substrate upon
chromophore activation, and repair by CPD-PHR.
To the best of our knowledge, the FTIR spectral assignment

of light-induced FAD activation and DNA repair is very limited
because only uniform 15N isotope-labeled enzymes have been
studied.24 The comparison of uniform and apo-labeled enzyme
with unlabeled enzymes in this study, through the observation
of selective isotope-induced shifts in FTIR spectra and

Figure 1. (a) Illustration of conformational changes in α-helices indicated by green arrows. Hydrogen bonds between the C4O group of DNA 5′
and 3′ and its pairing residues Glu275 and Asn341 may have changed as a result of geometric changes to FAD translated through light pink- and
light purple-colored α-helices upon photoactivation of Anacystis nidulans (PDB entry 1TEZ) CPD-PHR. (b) Schematic figures of FAD showing
isotope-labeled sites of FAD upon apo-15N, apo-13C, uniform 15N, and uniform 13C isotope labeling.
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therefore unambiguous assignment of FTIR spectra, will
provide a better understanding of the structural changes of
CPD-PHR during FAD photoactivation and DNA repair.
Furthermore, these results will be of general interest for
vibrational spectroscopic studies of the CRY/PHR family.

■ MATERIALS AND METHODS

Protein Expression for Unlabeled, Uniform Isotope-
labeled, and Apo-Labeled Enzymes. Unlabeled E. coli
CPD-PHR was prepared as N-terminally His6-tagged protein
using an expression system in E. coli strain BL21(DE3). In this
report, we used the E109A mutant, which does not carry
MTHF, as the WT enzyme.13 E. coli was grown in M9 minimal
medium. [13C]Glucose and 15NH4Cl (Cambridge Isotope
Laboratories, 99.0% purity) were used to prepare uniform
13C and 15N labels, respectively. Isotope-labeled enzyme with
unlabeled FAD (riboflavin part), i.e., apo-labeled enzyme, was
expressed in E. coli strain CpXribF, which is unable to
synthesize riboflavin.23 Riboflavin was added at a final
concentration of 30 μM to M9 minimal medium in which
strain CpXribF was grown. The expressed CPD-PHR enzyme
consists of isotope-labeled apoenzyme and the adenosine
moiety of the FAD cofactor, but the riboflavin moiety remains
unlabeled (see Figure 1b). Isotope labeling efficiency was
believed to be >90% from the FTIR spectra (see Results).
Preparation of Double-Stranded CPD Substrate for

FTIR Measurement. The double-stranded DNA (dsDNA)
used in this work has the same sequence as previously
described,13 and the dsDNA substrate was prepared according
to the method of Murata et al.25

FTIR Spectroscopy and FTIR Sample Preparations.
FTIR spectroscopy was conducted with an FTS-7000 instru-
ment (DIGILAB) equipped with a cryostat (Optistat DN-
Oxford Instrument) in which all samples were kept at 277 K.
Illumination light was supplied by a 300 W xenon lamp (MAX-
302, Asahi Spectra) with >550 and >390 nm filters for FAD
activation and DNA repair, respectively.13,26 Samples for FTIR
measurement of unlabeled, uniformly isotope-labeled, and apo-
labeled enzymes and DNA substrate were prepared at a
concentration of 2 mM. This concentration minimized water
absorbance while allowing good enzyme and DNA substrate
turnover, resulting in a 1:1 stoichiometry between the enzyme
and dsDNA substrate.
For light-induced FTIR measurements of CPD-PHR FAD

activation, samples were illuminated with >550 nm light in the
absence or presence of DNA substrate for 2 min. Following
photoactivation, samples were further illuminated with >390
nm light to induce DNA repair. A baselinelike signal was
obtained in the absence of DNA substrate;13 meanwhile,
photorepair signals appeared in the presence of DNA substrate.
On the FTIR spectra, the isotope-labeled enzyme would shift

the signals that originated from a specific selected isotope-
labeled moiety. The expected shifted signals from unlabeled to
isotope-labeled enzymes are represented by s-shaped arrows,
while straight arrows represent unshifted signals that confirm
the origin is from the same moiety.

■ RESULTS

Light-Induced FAD Activation of Uniformly Labeled
and Apo-Labeled CPD-PHR. Upon light-induced activation,
the FAD cofactor of the CPD-PHR enzyme was reduced by
one electron from FADH• to FADH−. Although the

isoalloxazine ring of FAD is a conjugated system with
delocalized π electrons, theoretical calculations indicate strong
localization of electron density on the FAD pyrimidine ring on
the fully reduced form (FADH−),27 which is possibly
accompanied by structural changes in the apoprotein.
Information about the FAD cofactor and apoprotein could
not be disentangled in a previous study that recorded light-
induced difference FTIR spectra of FAD activation.13 To assign
the FTIR signals in the absence and presence of substrate,
photoactivation of uniformly labeled and apo-labeled enzymes
was compared. Light-induced difference FTIR spectra of FAD
activation (FADH− minus FADH•) for the unlabeled,
uniformly 13C-labeled, and apo-13C-labeled samples are shown
in Figures 2 and 3 in the regions of 1730−1560 and 1560−

1000 cm−1, respectively. In Figures S1 and S2 of the Supporting
Information, difference FTIR spectra for uniformly 15N-labeled
and apo-15N-labeled samples are shown. In the CO
stretching vibrational region (1760−1600 cm−1), the isotope-
induced spectral downshift of CO stretches is expected to be
∼35−40 cm−1 following the substitution of 12C with 13C. In
detail, the uniformly 13C-labeled enzyme is expected to show
downshifts of all CO stretches. Concurrently, in the apo-13C-
labeled enzyme, all CO stretches from the apoprotein are
expected to show downshifts, while the C2O and C4O
stretches in the isoalloxazine ring are not. It is noteworthy that
the adenosine moiety of FAD is 13C-labeled under these
conditions but does not have any CO groups. On the other

Figure 2. Light-induced difference FTIR spectra of CPD-PHR at 277
K showing photoactivation of apo-13C-labeled (blue), unlabeled
(black), and uniformly 13C-labeled (red) samples in the absence of
CPD substrate in the region of 1800−1550 cm−1. One division of the
y-axis corresponds to 0.008 absorbance unit.
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hand, further spectral assignment is possible with the apo-
labeled and uniformly 15N-labeled enzyme, and a downshift for
the signals corresponding to the C−N and CN vibrations of
FAD isoalloxazine ring are expected, depending on the
interaction with the surrounding enzyme environment.
Because the origin of the signals from FAD or apoprotein can

be discriminated in this way, the uniform and apo-labeled
spectra both yield spectral shifts, which can be used as a
reference for spectral assignment in the presence of DNA
substrate. Shifted signals in both uniformly labeled and apo-
labeled enzymes originate from apoprotein, while the shifted
signals on uniformly labeled enzyme, but unshifted signals in
apo-labeled enzyme, originate from the FAD (riboflavin)
moiety.
The peaks at 1691 (−)/ 1676 (+) cm−1 (Figure 2b)

downshift to 1662 (−)/1639 (+) cm−1 in the spectrum of
uniformly 13C-labeled enzyme (Figure 2c) and are also shifted
to 1659 (−)/1645 (+) cm−1 in the activation of the apo-13C-
labeled enzyme spectrum (Figure 2a). These results indicate
that both signals at 1691 (−) and 1676 (+) cm−1 originate from
CO stretches of apoprotein. The band at 1691 (−) and 1676
(+) cm−1 may represent CO stretching vibrations of
asparagine, with the most likely candidate being Asn378 near
N5 of FAD. This assignment was further supported by the
unshifted 1691 (−) cm−1 peak upon H−D exchange,13

confirming the compact FAD binding environment made the
H−D exchange processes was likely not possible. The carbonyl
moiety of Asn378 may form or strengthen the hydrogen bond
interaction with H5 of FADH− and thereby stabilize the

protonation state of N5 to stabilize both reduced and
semiquinoid forms to prevent further oxidation. On the other
hand, the 1676 (+) cm−1 signal may also be attributed to amide
I. However, the appearance of a slight shoulder over 1676 (+)
cm−1 in the absence of CPD substrate, which becomes more
prominent in the presence of CPD substrate, suggests that the
1691 (−) and 1676 (+) cm−1 signals consist of two overlapping
pairs of peaks. In the future, site-specific isotope labeling is
needed to clearly assign the origin of these signals.
Another peak at 1659 (−) cm−1 is shifted to 1617 (−) cm−1

in uniformly 13C-labeled enzyme, but not in apo-13C-labeled
enzyme (Figure 2a,c). This indicates that the 1659 (−) cm−1

peak originates from FAD, most likely the C2O group of
FADH•. This peak was also not shifted during the previous H−
D exchange experiment,13 further supporting the assignment to
the C2O group of FAD. The small negative peak at 1652
cm−1 presumably originates from amide I of α-helices, which
cannot be clearly assigned in apo-13C-labeled enzyme, possibly
because of spectral overlap with other peaks. However, a clear
shift and an increase in intensity were observed for the
uniformly 13C-labeled enzyme in the presence of CPD substrate
(see Figure 4c). Assignment of this negative peak to α-helices
indicates that the rearrangement of α-helices is ubiquitous to
the changed state of FAD charge and enzyme interaction with
DNA substrate, in agreement with our previous finding.13 The
positive peak at 1644 cm−1, which shifts to 1604 cm−1 in the
uniformly 13C-labeled enzyme (red spectra), could not be
observed in the apo-13C-labeled enzyme (blue spectra) and is

Figure 3. Light-induced difference FTIR spectra of CPD-PHR at 277
K showing photoactivation of apo-13C-labeled (blue), unlabeled
(black), and uniformly 13C-labeled (red) samples in the absence of
CPD substrate in the region of 1550−1000 cm−1. One division of the
y-axis corresponds to 0.008 absorbance unit.

Figure 4. Light-induced difference FTIR spectra of CPD-PHR at 277
K showing photoactivation of apo-13C-labeled (blue), unlabeled
(black), and uniformly 13C-labeled (red) samples in the presence of
CPD substrate in the region of 1800−1550 cm−1. One division of the
y-axis corresponds to 0.008 absorbance unit.
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possibly overlapped at either 1645 or 1602 cm−1 in apo-13C-
labeled enzyme. However, this positive peak most likely
originates from a change in the C4O vibration of FADH−,
whose intensity is expected to increase upon formation of a
new C4aC10a bond. Moreover, the formation of a new C4a
C10a bond of FADH− from the C4a−C10a bond of FADH• can
be explained by the signal observed at 1627 (+) cm−1. These
assignments are supported by the fact that these signals in the
H−D exchange experiment conducted previously are un-
shifted13 and also were not shifted in the apo-13C- or
apo-15N-labeled enzyme, in contrast to the clear shift observed
for uniformly 13C- and 15N-labeled enzyme.
With regard to the signal assignment for the lower-frequency

region of 13C- and 15N-labeled enzymes (Figure 3 and Figure
S2 of the Supporting Information) which us due to the lower
signal-to-noise ratio in this region, only major peaks were
carefully assigned. The negative peak at 1532 cm−1 in Figure 3b
would correspond to the C10aN1 group of FADH• because
this peak is shifted to 1493 (−) and 1523 (−) cm−1 for the
uniformly 13C- and 15N-labeled samples, respectively (Figure 3c
and Figure S2c of the Supporting Information), and the
assignment was further supported by the absence of a shift in
the previous H−D exchange experiment.13 This change in the
C10aN1 vibration implies the formation of a new single bond
(C10a−N1) of FADH−. The negative peak at 1532 cm−1 also
shifted slightly to 1528 (−) cm−1 upon apo-13C and apo-15N
labeling (Figure 3a and Figure S2a of the Supporting
Information). This observation and assignment is not
necessarily inconsistent with the shift obtained by uniform
13C and 15N isotope labeling, which indicates that possibly not
only the CN group from the FAD moiety but also other
parts of the protein (amide II) contribute around this
frequency. The peak at 1514 (+) cm−1 (Figure 3b and Figure
S2b of the Supporting Information) is assigned to FAD because
this peak was shifted only upon uniform 13C or 15N labeling,
not in apo-labeled enzymes. The peak at 1395 (+) cm−1 was
downshifted to 1355 (+) cm−1 in the uniformly 13C-labeled
enzyme (Figure 3c) but was not downshifted in apo-13C- or
apo-15N-labeled enzyme (Figure 3a and Figure S2a of the
Supporting Information). Thus, we conclude that this band also
originates from FAD and indicates a newly formed C10a−N1
stretching vibration. Note that the signal is not detected in
apo-15N-labeled enzyme (Figure S2c of the Supporting
Information), probably because of an overlap with another
peak. This peak was not shifted upon H−D exchange,13 thus
supporting the assignment of this peak to the C10a−N1 group of
FAD. The 1395 cm−1 peak (Figure 3b) could be the marker
band for determining the efficiency of isotope labeling, because
>90% of this peak intensity was shifted to 1355 cm−1, leaving a
barely noticeable signal at 1395 cm−1 for the uniformly 13C-
labeled enzyme (Figure 3c); thus, we concluded the labeling
efficiency reached >90%. Meanwhile, the peaks at 1069 (−) and
1061(+) cm−1 were also assigned to FAD because they remain
unshifted in apo-13C- and apo-15N-labeled enzymes, respec-
tively (Figure 3a and Figure S2a of the Supporting
Information), but shifted upon uniform 13C and 15N labeling
to 1066 (−)/1057 (+) and 1027 (−)/1020 (+) cm−1,
respectively (Figure 3c and Figure S2c of the Supporting
Information), where these peaks were also not shifted upon H−
D exchange, as shown previously.13

FAD Activation of Uniformly Labeled and Apo-
Labeled CPD-PHRs in the Presence of DNA Substrate.
Figures 4 and 5 show the light-induced difference FTIR spectra

of FAD activation for the unlabeled and uniformly 13C- and
apo-13C-labeled samples in the presence of the unlabeled CPD
substrate, and Figures S3 and S4 of the Supporting Information
show the spectra of the uniformly 15N- and apo-15N-labeled
enzymes, respectively. Under our measurement conditions,
CPD is already bound to the enzymes prior to FAD activation.
In the presence of CPD substrate, the light-induced FAD
activation of CPD-PHR results in spectral features that are
more complex than those in the absence of substrate.
In the presence of CPD substrate, the peaks at 1719

(−)/1710 (+) cm−1 newly appeared in the photoactivation
spectra. These peaks shifted slightly to 1717 (−)/1706 (+)
cm−1 in both uniformly 13C- and apo-13C-labeled enzymes
(Figure 4a,c). If the peaks originated from CPD-PHR, a
downshift of ∼35−40 cm−1 is expected upon 13C labeling.
Thus, the bands originate from the CPD substrate. The most
likely candidates are C4O stretches of the CPD substrate
because the C2O stretches of the CPD substrate are expected
to appear at a much lower frequency, as previously observed for
the C2O stretching vibrations of the thymine analogue.28

However, the subtle shift of these peaks by a few wavenumbers
may be due to a mixture of other subtle signals from the
apoprotein, probably CO stretching vibrations of protonated
carboxylic acid residues. Previously, the 2−4 cm−1 shift of these
peaks was observed upon H−D exchange,13 further supporting
the possibility that the presence of exchangeable proton(s) was
involved in this shift. A possible candidate of the origin of the
signal will be discussed below.
In the presence of CPD substrate, some peaks newly

appeared while other peaks became sharper and showed higher

Figure 5. Light-induced difference FTIR spectra of CPD-PHR at 277
K showing photoactivation of apo-13C-labeled (blue), unlabeled
(black), and uniformly 13C-labeled (red) samples in the presence of
CPD substrate in the region of 1550−1000 cm−1. One division of the
y-axis corresponds to 0.008 absorbance unit.
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intensities. These phenomena are attributed to the formation of
a complex structure upon binding to CPD substrate and may
reflect structural changes or alterations to the CPD binding
regions. The appearance of a slightly sharper peak at 1669 (−)
cm−1 upon activation in the presence of CPD substrate (Figure
4b) suggests that this peak originates from CPD-PHR enzyme
because it also shifts upon uniform 13C labeling. Another
negative peak at 1659 cm−1 (Figure 4b), which was previously
assigned to the C2O stretching vibration of FADH•, is
further supported by these spectra, because the shift appears
only in uniformly 13C-labeled enzyme (Figure 4c). In this
spectrum, the peak at 1652 (−) cm−1, which is attributed to
structural changes in α-helices, becomes sharper than in the
absence of CPD substrate (Figure 2). This indicates that the
structural change of CPD-PHR α-helices is different upon
binding of CPD substrate. Interestingly, the formation of this
signal is triggered by a FAD reduction. Most likely, this
phenomenon is attributed to subtle changes in FAD’s shape
upon reduction, which subsequently induces structural changes
to the protein environment.
The positive peak at 1644 cm−1, which was assigned to the

C4O stretch of FADH− (Figure 4b), is also supported here
because it shifted in uniformly 13C-labeled enzyme, even in the
presence of CPD. This signal was not affected by CPD binding
because the C4O group of FAD is located distal to CPD
substrate. It should be noted that this peak in apo-13C-labeled
enzyme could not be observed probably because of an overlap
with other peaks around 1645 cm−1 (Figure 4a). The peak at
1601 cm−1 could not be properly assigned in this experiment
because of a complicated shift with other possibly overlapping
peaks.
In the lower-frequency region, as shown in Figure 5 and

Figure S4 of the Supporting Information, for 13C and 15N
labeling, respectively, the negative peak at 1532 cm−1 is

assigned to the C10aN1 stretch of FADH•, as it showed a
downshift to 1494 cm−1 in the 13C-labeled enzyme (Figure 5c,
red spectra). In the presence or absence of CPD substrate, this
peak appeared at the same frequency (Figure 3). This indicates
that the presence of CPD substrate does not affect this bond,
possibly because of the fairly long distance between both CPD
substrate and this bond, as observed in the CPD-PHR crystal
structure.18 The slight downshift to 1528 cm−1 observed for
apo-13C- and apo-15N-labeled enzyme (Figure 5a, blue spectra,
and Figure 4a of the Supporting Information) may indicate the
presence of CN stretching from other moieties or an
overlapping amide II vibration at this frequency.
Another positive peak at 1514 cm−1 was further confirmed to

originate from FAD because it shifted only in uniformly 13C-
and 15N-labeled enzymes [Figure 5c and Figure S4c of the
Supporting Information (red spectra)], but not in apo-13C- or
apo-15N-labeled enzymes (blue spectra) (Figure 5 and Figure
S4 of the Supporting Information, respectively), despite the
presence of CPD. It is difficult to assign a particular signal to a
specific part of FAD. The next positive peak at 1395 cm−1 most
likely originated from the C10a−N1 stretch of FADH−. Further
support for this assignment to the C10a−N1 stretch is the fact
that the signal at 1395 cm−1, like the C10aN1 stretch, was not
affected by the presence of CPD substrate. Additionally, the
peak did not shift in apo-13C-labeled spectra in Figure 5a (blue
line) but shifted to 1355 cm−1 in uniformly 13C-labeled enzyme
(red line), as shown in Figure 5c. Similarly, this peak also did
not shift upon apo-15N labeling (Figure S4 of the Supporting
Information) but could not be properly assigned in uniformly
15N-labeled samples because of overlapping peaks around 1390
cm−1, where the resulting shifted peak should be situated, as in
the absence of CPD substrate.
The last signal that was identified is a pair at 1069 (−)/1061

(+) cm−1, which shifted slightly to become 1070 (−)/1062 (+)

Table 1. FTIR Spectral Assignment for FAD Activation

isotope shift (cm−1)
13C 15N

wavenumber
(cm−1) assignment apo uniform apo uniform description

1719 (−) C4O −2 −4 0 0 C4O group of DNA is downshifted upon hydrogen bond formation with E275 and
N7 of FAD’s adenine (see Discussion)1710 (+) C4O −2 −4 0 0

1691 (−) CO −32 −29 −1 −1 Asn or amide I, protein moiety or amide I24

1676 (+) protein −31 −37 +1 +2 in apo-labeled and uniformly 15N-labeled, this peak overlapped with the shoulder at
1684 cm−1 (see Results)

1669 (−) protein a −42 −1 −2
1659 (−) C2O 0 −42 0 −1 1724 cm−1, hydrated free FADox33

1660 cm−1, E. coli CPD-PHR by Raman spectroscopy34

1652 (−) protein a −40 −2 −2 α-helices, more prominent in the presence of CPD substrate, shift only −2 cm−1 in
both apo-labeled and uniformly 15N-labeled samples

1644 (+) C4O a −40 0 0 FAD (FADH−)
1702 cm−1, hydrated free FADox33

1627 (+) C4aC10a 0 −46 −1 −4 FAD (FADH−)
ν(C−C)ring of FADox35

1601 (+) a −35 0 a FAD (FADH−), C10aN1 group of oxidized lumiflavin33

1568 (+) a a +1 −2 FAD (FADH−)
1532 (−) C10aN1 −4 −39 −4 −9 FAD (FADH•), ν(ring I) and δ(N5−H)34

1514 (+) −1 −37 −1 −4 FAD (FADH−)
1395 (+) C10a−N1 −1 −40 0 a FAD (FADH−), 1501 cm−1 was observed in oxidized lumiflavin34

1070 (−) C7α−H or C8α−H 0 −42 0 −3 FAD (FADH•), 1069 cm−1 in the absence of CPD substrate
1063 (+) C7α−H or C8α−H 0 −41 0 −4 FAD (FADH−), 1061 cm−1 in the absence of CPD substrate

aA shifted signal upon particular isotope labeling could not be observed.
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cm−1 in the presence of CPD substrate. Similar to previous
assignments for FAD activation in the absence of CPD
substrate, this pair of signals is attributed to the isoalloxazine
moiety of FAD because it was not shifted in apo-13C- or
apo-15N-labeled enzymes but was shifted in uniformly labeled
enzymes. The observed shift indicates that FAD was slightly
perturbed by the presence of CPD, which is consistent with
previous findings.13 Signals from this frequency possibly
originate from the C7α−H or the C8α−H bending vibrations
of FAD because both groups are located near CPD substrate,18

providing the possibility for steric interaction between CPD
substrate and FAD. The assignment of FTIR spectra of CPD-
PHR photoactivation is summarized in Table 1.
DNA Repair of Light-Induced Uniformly Labeled and

Apo-Labeled CPD-PHRs. Light-induced FAD activation of
CPD-PHR produces the functionally active FADH− state
required for DNA repair. The FADH− state remains stable in
the presence of an electron donor during the time frame of the
FTIR measurements that were conducted. The CPD-PHR
enzyme in the absence of CPD substrate was illuminated with
>390 nm light, which is absorbed by FADH−. Although the
oxidized (FADox) enzyme also absorbs light in this region, it is
not reduced under these conditions as previously described.13

In the presence of DNA substrate, new signals appeared as a
result of CPD cleavage by the CPD-PHR enzyme. Because the
light-induced DNA repair signal includes not only the cleavage
of CPD but also the release of thymines from the enzyme, the
new peaks that appeared on the positive side correspond to the
repaired DNA together with free enzyme. On the other hand,
the negative peaks correspond to unrepaired CPD substrate
bound to the enzyme and the enzyme bound to CPD substrate.
The photoreaction by >390 nm light resulted in new peaks

on the difference FTIR spectra as shown in Figures 6 and 7 and
Figures S5 and S6 of the Supporting Information for 13C- and
15N-labeled samples, respectively. The newest and most
prominent peak pair at 1721 (+)/1705 (−) cm−1 and the
peak pair downshift only by 1−2 cm−1 in both uniformly 13C-
labeled and apo-13C-labeled enzymes, respectively (Figure
6a,c). This is in agreement with a previous assignment to the
C4O stretch of repaired thymines.13 The spectral difference
at 1710−1700 cm−1 between spectrum b of Figure 6 and
spectra a and c shows that the contribution of the CO stretch
from protonated carboxylic acid may be involved (see below).
The broad negative band at 1705 cm−1, which shows a slight

shift to 1696 cm−1 for the 15N-labeled enzyme (Figure S5 of the
Supporting Information), may originate from two C4O
groups in CPD that bind to different amino acid residues of
CPD-PHR enzyme. The possibility of overlap with amide C
O stretching vibrations from glutamine or asparagines cannot
be completely dismissed because this negative peak shifts in
only uniformly labeled and apo-13C-labeled enzyme, not in
uniformly labeled or apo-15N-labeled samples, as shown in
Figure S5 of the Supporting Information. The 1705 (−) cm−1

peak was also shifted to 1692 (−) cm−1 upon H−D exchange;13

the shift supports the idea of the involvement of replaceable
proton(s) upon bound C4O groups of CPD substrate with
its nearby residue pictured in Figure 1a, the most likely
candidate for the proton being that from protonated carboxylic
acid. The shifted peak of the C4O stretch from 1705 (−) to
1721 (+) cm−1 upon photorepair also may indicate differences
in the binding conditions of the C4O group of CPD
substrate bound to the enzyme complex as in Figure 1a, and the
C4O group of the repaired thymines bound to adenine in the

DNA strand. The CO moieties of CPD, which might form
hydrogen bonds with water and/or the enzyme moiety, may be
required for binding or for stabilization of the thymine anion
radical during the cleavage of CPD. Both uniform and apo-15N
labeling also revealed subtle contributions of apoenzyme to the
1705 cm−1 peak as this broad peak shifted slightly to 1696 cm−1

in both labeling patterns (Figure S5a,c of the Supporting
Information).
The second positive peak at 1678 cm−1 is assigned to a

recovered C2O group of DNA with a major contribution
from the protein. This peak shifted partially to 1638 cm−1, but a
small but observable signal at 1678 cm−1 in both uniformly
labeled and apo-13C-labeled enzyme remained and thus
indicated the contribution of protein (spectra c and a of Figure
6, respectively). As reported previously, a small contribution of
C2O stretching vibrations also appears at this frequency.28 A
slight shift observed previously in H−D exchange might have
originated only from protein;13 meanwhile, the contribution of
the C2O group of DNA can be excluded, which may not
involve a proton bound to the enzyme. A new sharp negative
peak at 1667 cm−1 may originate from amide I of the enzyme,
which shifted to 1627 cm−1 in both uniformly labeled and
apo-13C-labeled enzymes, which is further support from the
previous H−D exchange experiment, as this peak was not
shifted upon H−D exchange.13 The positive peak at 1656 cm−1

probably originates from amide I, attributed mainly to α-helices,
because of the shift to 1617 and 1616 cm−1 in uniformly labeled
and apo-labeled enzymes, respectively (spectra c and a of
Figure 6, respectively), which previously was not shifted as a

Figure 6. Light-induced difference FTIR spectra of CPD-PHR at 277
K showing photorepair of previously photoactivated apo-13C-labeled
(blue), unlabeled (black), and uniformly 13C-labeled (red) samples in
the presence of CPD substrate in the region of 1800−1560 cm−1. One
division of the y-axis corresponds to 0.007 absorbance unit.
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result of the H−D exchange experiment that further supported
this assignment.13 Interestingly, a new, small but consistently

positive peak at 1646 cm−1 can be assigned to the repaired
DNA or normal intact thymine because the peak did not shift
in all 13C- and 15N-labeled samples. A possible contribution
may be by the newly formed C5C6 stretch of the repaired
thymine after the cleavage of cyclobutane. A prominent peak
was observed at 1636 (−) cm−1 that is attributed to the protein,
because it shifts in both uniformly labeled and apo-13C-labeled
enzymes. The same holds true for the similar shifted and less
prominent peaks at 1611 (+), 1551 (+), 1539 (−), and 1519
(−) cm−1.
In the lower-frequency region (Figure 7 and Figure S6 of the

Supporting Information), the negative peak at 1396 cm−1 did
not shift in the 13C- or 15N-labeled enzyme, or after H−D
exchange,13 thereby confirming their origin as the CPD
substrate, as previously reported.24 On the other hand, the
negative peak at 1460 cm−1 did not shift for the 15N-labeled
enzyme, but the shift was unclear for the 13C-labeled enzyme.
The three unshifted peaks at 1283 (−), 1239 (−), and 1221
(+) cm−1 may originate from asymmetric stretches of PO2

− in
the DNA phosphate backbone, while the three unshifted peaks
at 1087 (+), 1063 (−), and 1054 (+) cm−1 likely originate from
symmetric stretches of PO2

− in the DNA phosphate backbone.
Peaks around 1200 and 1000 cm−1 were previously reported to
originate from the DNA phosphate backbone.29 The candidate
signals that were assigned as originating from PO2

− in the DNA
phosphate backbone were also supported by a previous H−D
exchange experiment in which no shift in these signals was
observed.13 The assignment of FTIR spectra for CPD repair by
CPD-PHR enzyme is summarized in Table 2.

Origin of a Protonated Carboxylic Acid Residue. We
found that the CO stretch from a protonated carboxylic acid
residue may be involved in FAD photoactivation in the
presence of CPD substrate. Upon FAD activation and DNA
repair, in unlabeled spectra, the >1700 cm−1 region is a mixture
of CO stretches from both apoprotein and DNA, while both
apo-labeled and uniformly 13C-labeled enzyme originated only

Figure 7. Light-induced difference FTIR spectra of CPD-PHR at 277
K showing photorepair of previously photoactivated apo-13C-labeled
(blue), unlabeled (black), and uniformly 13C-labeled (red) samples in
the presence of CPD substrate in the region of 1560−1000 cm−1. One
division of the y-axis corresponds to 0.007 absorbance unit.

Table 2. FTIR Spectral Assignments for DNA Repair

isotope shift (cm−1)
13C 15N

wavenumber
(cm−1) assignment apo uniform apo uniform description

1721 (+) C4O 0 0 0 0 recovered and increment of DNA C4O stretches due to cyclobutane cleavage
1705 (−) C4O −1 −1 −9 −9 C4O group of CPD bound with enzyme, shift in signal due to the presence of enzyme

contribution
1678 (+) C2O and

protein
−1 0 −1 −2 small contribution from the C2O group,28 majority contribution from enzyme (amide I)

that shifts upon isotope 13C labeling−40 −40
1667 (−) protein −40 −40 +1 +1 amide I
1656 (+) protein −40 −39 +2 0 α-helices
1646 (+) C5C6 +1 +1 −1 −2 formation of new C5C6 bonds of repaired thymines
1636 (−) protein a −37 −3 −2 shifts of the signals originating from isotopically labeled enzyme
1611 (+) protein a a +1 +6
1539 (−) protein −35 −35 a a
1460 (−) CPD a a 0 0 CPD substrate,24 1640 cm−1 signal possibly overlapped in both apo-labeled and uniformly

13C-labeled enzymes1396 (−) CPD 0 0 0 0
1283 (+) PO2

− 0 0 0 +1 DNA phosphate backbone (asymmetric)29

1239 (−) PO2
− +4 +1 0 −1 DNA phosphate backbone (asymmetric)29

1221 (+) PO2
− −2 −1 0 −1 DNA phosphate backbone (asymmetric)29

1087 (+) PO2
− 0 0 0 0 DNA phosphate backbone (symmetric)29

1064 (−) PO2
− 0 0 0 0 DNA phosphate backbone (symmetric)29

aA shifted signal upon particular isotope labeling could not be observed.

Biochemistry Article

dx.doi.org/10.1021/bi500638b | Biochemistry 2014, 53, 5864−58755871



from DNA (Figure 8a). As such, the signal from double
difference spectra (unlabeled minus uniformly 13C-labeled and

unlabeled minus apo-13C-labeled) would then result only from
apoprotein (Figure 8b). Double-difference signals from apo-
labeled and uniformly 13C-labeled enzyme yielded similar
double-difference spectra upon FAD activation, which is most
likely from the carboxylate protonation signal.22 During
photorepair processes in the presence of CPD substrate,
which can be observed from the double difference of the
spectra in Figure 8c, only an apoprotein signal was observed
(Figure 8d), which indicates carboxylic acid deprotonation.
Because the positive signal of apoprotein upon photoactivation
(1714 cm−1) and the negative signal upon photorepair (1711
cm−1) appear in a similar frequency region, as shown in spectra
b and d of Figure 8, respectively, this suggests that the origin is
identical. No positive signal in Figure 8d can be interpreted to
mean that carboxylic acid was deprotonated after CPD repair
followed by dissociation from CPD-PHR. Deprotonation of
glutamic acid would yield symmetric and asymmetric vibrations
of deprotonated glutamate (COO−). However, the double-
difference spectra of Figure 6 (spectrum b minus spectrum c)
around 1553−1575 and 1397−1424 cm−1 for νsymmetric(COO

−)
and νasymmetric(COO

−), respectively, are difficult to assign
because the strong signals overlap, and a strong candidate for
both symmetric and asymmetric stretches for deprotonated
carboxylate could not be found (data not shown). This is
possibly due to the small contribution from glutamate
symmetric and asymmetric stretch vibration signals that were
disabled by the presence of those strong overlapping signals.
Another possibility is that carboxylic acid remains protonated
and shifted to the ∼1700 cm−1 region, overlapping with signals
from other origins.
The most likely candidate of a carboxylic acid that is involved

in FAD activation and DNA repair would be Glu275, which is
present in the CPD binding pocket, because it alters its CO
stretching vibration upon FAD activation, as proposed
previously.13 The accompanying changes of the C4O stretch

of CPD substrate with carboxylic acid CO stretch only in the
presence of CPD substrate suggest that some interactions
occurred between these moieties, although no change in the
protonation state of specific interacting residues was observed
in the absence of CPD, as can be seen by the flat >1700 cm−1

region in Figure 2b. Another alternative that cannot be ruled
out is the possibility that the C4O group of CPD may be
indirectly affected by 13C labeling through coupled vibrations
via hydrogen bonds. The downshift of C4O stretches of CPD
substrate [from 1719 (−) to 1710 (+) cm−1] upon reduction of
FAD is intriguing because the formation of a new or stronger
hydrogen bond of this DNA moiety with the enzyme moiety is
caused only by the reduction of a single electron of the FAD
cofactor.

■ DISCUSSION
In this paper, structural information about CPD-PHR was
extracted from the FTIR spectra of FAD activation and DNA
repair using uniform labeling with 13C and 15N isotopes and
selective unlabeling of the riboflavin moiety of the FAD
cofactor. The signals from apoprotein, FAD cofactor, and DNA
upon FAD activation and DNA repair were clearly obtained
and distinctly identified. On the basis of the isotope shift of the
FTIR signals, the observed data deepen our understanding of
the detailed molecular steps of the complete CPD-PHR
function, from light-induced, one-electron reduction of FAD
and subsequent environmental changes in the apoprotein
moiety to subsequent cyclobutane cleavage by FAD excitation
to finally the release of the DNA substrate.

Light-Induced Structural Changes in FAD Activation.
In this experiment, the light-induced FAD activation of CPD-
PHR consists of one-electron reduction of FAD, from FADH•

to FADH−. The repair spectra yield fully activated FADH− in
complex with the DNA substrate and its subsequent release
after repair. In this process, the FAD redox state remains
unchanged and the resulting repair spectra reflect only the
molecular changes of CPD cleavage, together with DNA
substrate and enzyme conformation.
Photoactivation of uniformly 13C- and 15N-labeled enzymes

in the absence and presence of CPD substrate showed that
light-induced FAD reduction causes not only structural changes
in FAD itself but also structural changes in the apoprotein (see
Figures 2 and 4 and Figures S1 and S3 of the Supporting
Information). Kao et al. proposed the dynamics of free FAD
upon light excitation probed by ultrafast spectroscopy.30 FAD
was proposed to go through a bending motion from FADox to
FADH− forms, which was analogous to a butterfly bending
movement.30 Despite the difference in the unphotolyzed states
between the calculation (FADox)30 and FTIR experiments
(FADH•) described herein, the FAD shape should have gone
through a partial butterfly bending motion upon activation
(FADH• to FADH−) if the latter was continuous from an
oxidized state to a fully reduced state. The FAD isoalloxazine
ring planarity is expected to change upon reduction of FADH•,
even though the degree of FAD bending in this experiment
could not be determined. However, despite subtle changes in
the degree of FAD planarity, this would obviously affect protein
conformation, although it is difficult to know which part of the
protein changes and the extent to which the shape of the
protein changes as the FAD redox state changes. The FAD
activation spectra observed here should have recorded FTIR
signals that were correlated to the bending of FAD. However,
the appearance of several major signals that can be attributed to

Figure 8. Light-induced difference FTIR spectra of CPD-PHR at 277
K showing (a) photoactivation of apo-13C-labeled (blue), unlabeled
(black), and uniformly 13C-labeled (red) samples in the presence of
CPD substrate, (b) double-difference spectra upon FAD activation of
black minus blue/light blue and black minus red/light red, (c)
photorepair of a previously photoactivated sample of apo-13C-labeled
(blue), unlabeled (black), and uniformly 13C-labeled (red) samples,
and (d) double-difference spectra upon DNA repair of black minus
blue/light blue and black minus red/light red in the >1690 cm−1

region. a.u indicates arbitrary units.
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apoprotein such as 1691 (−), 1676 (+), and 1669 (−) cm−1 in
Figures 2b and 4b, which can be generally assigned to
simultaneous amide I vibrations of the enzyme, might have
masked the FAD bending signal. The 1652 (−) cm−1 peak
(Figures 2b and 4b) in particular could be a clue for
determining which part of the enzyme changed, driven by
FAD bending, because this peak is assigned to structural
changes involving α-helices. This observation then queries the
role of these conformational changes to the protein upon FAD
reduction.
To address the purpose of these protein conformational

changes, the discrete changes in α-helices upon FAD reduction
were closely examined. In partial agreement with a previous
report,21 as illustrated in Figure 1a, it is possible that FAD
reduction not only provides the catalytically active state but also
alters the shape of the apoprotein. From assigned changes that
originated from α-helices, we thus propose that the signal of α-
helices originated from α-helices near FAD, especially those α-
helices that are expected to form the active site and the DNA
binding pocket, colored light pink and light purple, respectively,
in Figure 1a.18 These α-helices may alter its position, as
illustrated by a green arrow in Figure 1a, to become optimized
for binding with DNA substrate, even though the extent and
direction of the altered condition triggered by the FAD bending
movement could not be determined from this experiment.
These results demonstrate how CPD-PHR not only utilizes
photons to change the redox state of its FAD cofactor but also
utilizes the subsequent change to FAD’s shape to structurally
preconfigure its conformation to optimally facilitate DNA
repair in general.
Roles of the Glutamic Acid Residue in the DNA

Binding Pocket for DNA Repair. An interesting feature
observed in the FTIR spectra is the slight shift of the 1719
(−)/1710 (+) cm−1 peaks that was mainly assigned to a
downshift of the C4O group of the DNA substrate upon
activation (Figure 4b). How and why did the C4O group of
DNA become downshifted upon FAD reduction? As discussed
previously, FTIR spectra indicate that α-helices changed upon
FAD activation (Figures 2 and 4 and Table 1). The next logical
step was to confirm which α-helices had “moved” the FAD
bending motion. Evidence of the α-helices that form the DNA
binding pocket lies in the slight shift of pairs of peaks from
1719 (−)/1710 (+) to 1717 (−)/1706 (+) cm−1 in both
uniformly 13C-labeled and apo-13C-labeled spectra (Figure 4,
red and blue lines), but not in 15N-labeled and apo-15N-labeled
spectra (Figure S3 of the Supporting Information, red and blue
lines). The latter signal shifts, which originated from the
glutamate moiety, were previously masked. Interestingly, an α-
helix that contributes to the DNA binding pocket and is
proposed to have “moved” upon FAD activation contains a
glutamate at position 275 (PDB entry 1TEZ)18 and is situated
within contact range of the adenine moiety of FAD, as can be
seen in Figures 1b and 9a.
Superimposition of glutamate at position 275 of CPD-PHR

with (PDB entry 1TEZ)18 and without (PDB entry 1QNF)
CPD substrate (Figure 9a, red and gray, respectively) reveals
slight differences in the orientation of Glu275, suggesting subtle
differences in enzyme conformation induced by the presence of
CPD substrate (red arrow). The carboxyl group of Glu275 is
within hydrogen bonding distance of the C4O group of the
displayed 5′ side of CPD substrate (see Figure 9a), and this
study implies that FAD activation accompanies hydrogen
bonding alteration of the protonated Glu275 in the presence of

DNA. The addition of E275’s hydrogen bonds with the C4O
group of the 5′ end of CPD substrate only upon FAD
activation is functionally intriguing, because both the C4O
groups of the 5′ and 3′ ends of DNA should have already
bound with the N6α−H group, as can be seen in Figure 9a.
Interestingly, N7 of adenine, which is also within hydrogen

bond distance of the carboxyl moiety of Glu275, is a strong
candidate that could be involved in these shifts. In the absence
of CPD substrate, the carboxyl of Glu275 may be deprotonated
and receive a proton from another moiety upon CPD substrate
binding (Figure 9b, red), even though Glu275 may be already
protonated and share a single hydrogen with another moiety, a
possibility that cannot be fully excluded. This possibility is
supported by the presence of a CN shift signal upon FAD
reduction, as already described in Results, as observed in Figure
5, which indicates that other CN stretches were also involved
in the spectra. The shifts may have formed when a proton was
dangled between the carboxyl of Glu275 and N7 of adenine.
This proton of protonated Glu275 may have also been
retracted by N7 of the adenine moiety and can act as a proton
acceptor. This is evidenced by N7 of adenine, which is situated
within hydrogen bonding distance of Glu275 (Figure 9b).
In the presence of CPD substrate, Glu275 is protonated near

the substrate. The straightforward interpretation of Figure 8d is
that Glu275 is deprotonated after DNA release. However, we
cannot fully exclude the possibility that Glu275 is still
protonated in the absence of the substrate. The peaks at
1719 (−)/1710 (+) cm−1, which are attributed to the downshift
of the C4O group of CPD substrate due to formation of a
new hydrogen bond, coincide with a change in the hydrogen
bonding network of Glu275. These signals also coincide with a

Figure 9. (a) Glu275 side chain that shows different orientations in
the absence (gray, PDB entry 1QNF) and presence (pink, PDB entry
1TEZ) of CPD substrate. The interactions of 5′-thymine and Glu275
carboxyl with the adenine moiety of FAD upon reduction resemble
Hoogsteen base pairing. (b) A proton (red), which dangles between
Glu27 and N7 of adenine and the C4O group of the CPD substrate,
retracts to be in the vicinity of the Glu275 carboxyl and C4O group
of the CPD substrate.
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signal of CN shifts upon FAD reduction that originate from
N7 of the adenine moiety.
Upon FAD reduction in the presence of CPD substrate, the

shifted C4O stretches of CPD, which were accompanied by
hydrogen bonding alteration of protonated Glu275, presumably
with a retracted proton from N7 of the adenine moiety, were all
located in the same vicinity as the DNA binding pocket. These
clues suggest the involvement of a single hydrogen atom that is
the origin of the signals for all three moieties. In the absence of
CPD substrate, Glu275 might become deprotonated and a
proton is situated near N7 of adenine. Only in the presence of
the C4O group of CPD substrate in the vicinity of the
Glu275 carboxyl moiety would the proton be retracted. Glu275
would thus be protonated and dangle with the C4O group of
the 5′ end of DNA that had previously bound with the N6α−H
group of adenine, as illustrated in Figure 9b.
Another plausible explanation that cannot be ruled out is

illustrated in Figure 1a: instead of the 5′ end of DNA, it is also
possible that the C4O group from the 3′ end forms a
hydrogen bond with the amine moiety of asparagine at position
341 (Asn341) due to FAD bending. This would also result in
similar frequency shifts upon activation but is less likely to
happen because the CO stretch from the asparagine moiety
is expected to appear at a lower frequency. To clearly elucidate
the role of these amino acid residues, a future mutational study
of Glu275 and Asn341 needs to be performed.
The exact role of the formation of a new Glu275 hydrogen

bonding network with the C4O group of CPD substrate
together with N7 of adenine upon FADH• reduction still needs
to be determined. The intriguing formation of a hydrogen bond
among N7 of adenine, the carboxyl moiety of Glu275, and the
C4O group of the 5′ CPD substrate might function in CPD
repair. These issues need to be addressed by theoretical
calculations in the future. The idea of the importance of the
E275 upon CPD repair was partially supported by a mutational
study through mutation of glutamate to alanine by Sancar et al.,
which reduced the quantum yield to 40%.31 Mutant enzyme
E275Q was made in an attempt to upshift the carboxylate
protonation−deprotonation signal; however, the mutant
enzyme lost its ability to bind CPD substrate, which further
confirmed the importance of glutamate for the CPD binding
process (data not shown). In addition, the hydrogen bonding
network, as illustrated in Figure 9a, among these three moieties
resembles the existing Hoogsteen base pairing, in addition to
utilizing a single hydrogen that is dangled for these three
moieties (Figure 9b).
In conclusion, this study suggests a possible new role for the

FAD adenine moiety in the CPD binding pocket: N7 of adenine
pairs with the carboxyl of Glu275 and the C4O group of 5′
thymine. This resembles an existing Hoogstein base pair.
Furthermore, no changes in the FAD signal upon substrate
release were observed, unlike previously reported shifts in the
FAD signal upon binding to CPD substrate.32 This may have
been caused by subtle changes in signal intensity caused by
changes in the interaction of FAD with its surrounding residues
upon CPD binding, causing a considerable overlap with other
strong signals from amide I. In summary, this indicates that the
main changes that occurred upon CPD substrate binding and
release with CPD-PHR were due to the changes in the
conformation of the apoenzyme and the repaired CPD.
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