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Structural role of two histidines in the (6-4) photolyase reaction
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Photolyases (PHRs) are DNA repair enzymes that revert
UV-induced photoproducts, either cyclobutane pyrimidine
dimers (CPD) or (6-4) photoproducts (PPs), into normal
bases to maintain genetic integrity. (6-4) PHR must cata-
lyze not only covalent bond cleavage, but also hydroxyl
or amino group transfer, yielding a more complex mech-
anism than that postulated for CPD PHR. Previous muta-
tion analysis revealed the importance of two histidines in
the active center, H354 and H358 for Xenopus (6-4) PHR,
whose mutations significantly lowered the enzymatic
activity. Based upon highly sensitive FTIR analysis of
the repair function, here we report that both H354A and
H358A mutants of Xenopus (6-4) PHR still maintain their
repair activity, although the efficiency is much lower than
that of the wild type. Similar difference FTIR spectra
between the wild type and mutant proteins suggest a com-
mon mechanism of repair in which (6-4) PP binds to the
active center of each mutant, and is released after repair,
as occurs in the wild type. Similar FTIR spectra also
suggest that a decrease in volume by the H-to-A mutation
is possibly compensated by the addition of water mole-
cule(s). Such a modified environment is sufficient for the
repair function that is probably controlled by proton-
coupled electron transfer between the enzyme and sub-
strate. On the other hand, two histidines must work in a
concerted manner in the active center of the wild-type
enzyme, which significantly raises the repair efficiency.
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Most prokaryotes have a single photolyase (PHR) that
repairs cyclobutane pyrimidine dimers (CPDs), while many
eukaryotes possess an additional PHR that repairs pyrimidine-
pyrimidone (6-4) photoproducts (PPs) (Fig. 1a) [1,2]. CPDs
and (6-4) PPs both arise from UV-induced [2+2] cyclo-
addition reactions between adjacent pyrimidines; yet the CPD
formed between two C,-C, double bonds is stable, whereas
the PP of the C,-C, bond with a C, carbonyl group rapidly
rearranges into (6-4) PP. Therefore, to maintain genetic integ-
rity, (6-4) PHR must catalyze not only a covalent bond cleav-
age as in the CPD PHR reaction, but also the transfer of a
hydroxyl or an amino group [3]. Thus, a more complex mech-
anism has been postulated for (6-4) PHR than for CPD PHR.

In 2001, Hitomi et al. reported that two conserved histi-
dines play an important role for the repair function of (6-4)
PHR [4]. The enzymatic activity of Xenopus (6-4) PHR, both
in vitro and in vivo, was diminished in H354A and H358A,
though H358A showed a tiny amount of activity. Binding
affinities of (6-4) PP in H354A and H358 A were identical to
that in the wild type. These results indicate that H354 and
H358 are a prerequisite for the repair function, but where
H354 plays a principal role. X-ray crystallographic struc-
tures of (6-4) PHR support this idea [5,6]. Figure 1b shows
the local structure of the active center of the Drosophila
(6-4) PHR complexed with (6-4) PP, where H354 is in direct
contact with the O-H group of C5 of the 5’ side, and H358
is within a hydrogen-bonding distance of H354. Based on
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Figure 1 (a) Molecular structures of two thymines (center) and
UV-induced photoproducts, CPD (left) and (6-4) PP (right). (b) The
(6-4) PP binding site of (6-4) PHR (structure from PDB: 3cvu). FAD
chromophore, (6-4) PP and residues are shown as a stick drawing using
yellow, orange and green, respectively. The hydrogen-network is
shown as a dotted line. The number of amino acid residues corresponds
to Xenopus (6-4) PHR.

these structure/function studies and additional data, various
repair mechansims of (6-4) PP have been proposed [4-12],
including the oxetane pathway, the concerted OH transfer
pathway, the transient water pathway, among others. Various
theoretical calculations have contributed to a deeper under-
standing of these repair mechanisms [9—12], but experimen-
tal data is limited. Although ultrafast spectroscopy detected
an intermediate state [7], and flash photolysis implied a two-
photon reaction mechansim [8], there are no experimental
studies on structural dynamics.

Light-induced difference FTIR spectroscopy is a power-
ful, sensitive and informative method to study the structural
dynamics of photoreceptive proteins [13,14]. This has been
proven for photosynthetic reaction centers [15,16], animal
and microbial rhodopsins [17—-19], and various flavin-binding
proteins [20,21]. To gain structural and chemical insights
into the activation and repair processes of PHR, we recently
established a method to measure light-induced FTIR spectra
of CPD PHR [21-24] and (6-4) PHR [21,25-27]. In the
latter case, the repair spectra clearly contain characteristic
phosphate vibrations of the T(6-4)T dimer on the negative
side (before repair) and normal DNA on the positive side
(after repair) [25]. In addition, measurement of the "N-labeled

substrate clearly excluded the oxetane structure in the un-
photolyzed state [26], which is consistent with the X-ray
structure [5]. Thus, light-induced difference FTIR spectra pro-
vide information about structural dynamics in PHR function.

Here we studied the structural role of H354 and H358 in
the photorepair process of (6-4) PHR by measuring differ-
ence FTIR spectra of H354A and H358 A mutants. It is known
that H354A has no repair activity while H358A has a tiny
amount of repair activity [4]. Nonetheless, we believed that
it was possible to detect the structural dynamics of H358A
because light-induced difference FTIR spectroscopy is so
sensitive. In fact, we can apply longer illumination to H358A;
if a mutant exhibits 10-times lower repair activity, we can
apply 10-times longer illumination, by which a similar repair
signal can be expected. In this study, we were able to obtain
the difference FTIR spectra of repair for H358A, which were
compared to those of the wild type. This is what we expected.
What was entirely unexpected was that we were also able to
obtain the difference FTIR spectra of repair for H354A.
Unlike the signal, which was very small, the repair activity
by H354A is a solid result. The molecular mechanism of the
repair reaction by (6-4) PHR will be discussed.

Materials and Methods

Sample Preparation

In the first paper for repair, Xenopus (6-4) PHR was ex-
pressed in E. coli as a fusion protein with glutathione-S-
transferase (GST) at the N-terminus, which was cleaved
with thrombin after purification by glutathione sepharose 4B
resin (GE Healthcare) [25,26]. However, the amount of pu-
rified protein was low (0.26 mg of purified protein from 1 L
of culture), which is disadvantageous for future studies using
isotope-labeling and mutations. Therefore, we used a His-
tag system in this study as described previously [27]. Briefly,
the wild-type and mutant genes of Xenopus (6-4) PHR con-
taining a His-tag at the N-terminus were expressed in E. coli
C41(DE?3) strain, and purified by a TALON Metal Affinity
Resin column (TAKARA) and a HiTrap Heparin HP column
(GE Healthcare). The protein expressed in E. coli does not
bind a second chromophore, such as MTHF [28]. A 5-liter
culture of E. coli yielded 20 mg of (6-4) PHR, which is
15-times more than the previous preparation method using
the GST-tag system.

(6-4) PP was synthesized and incorporated into double-
stranded DNA according to a previously described method
[29]. The damaged DNA substrate had the following sequences:

5’-CGCGAATTGCGCCC-3°
3’-GCGCTTAACGCGGG-5’

In FTIR measurements, we used redissolved samples, as
established in previous studies [21,25-27]. First, we added
2 pL of the sample solution containing 1 mM (6-4) PHR in
50 mM Tris-HCl buffer (pH 8.0) and 200 mM NaCl on an IR
window (BaF,). This was left to dry. We next gently mixed



1 pL of 2 mM (6-4) PP in aqueous solution with the sample
solution of (6-4) PHR on the IR window, and then dried it.
Finally we added 0.4 uL of H,O directly onto the dried film,
and sandwiched it with another IR window. We used these
re-dissolved samples for FTIR spectroscopy. In this study,
the ratio of enzyme and substrate was 1:1. Of note, the
oxidized form of (6-4) PHR can bind (6-4) PP [29], where
>99% of (6-4) PHR binds (6-4) PP with a Ka value of
2.1x10% (M) [28] with either 5mM (6-4) PHR or 5 mM
(6-4) PP.

FTIR Spectroscopy

IR spectra of the re-dissolved sample were measured using
an FTS-7000 (DIGILAB) spectrophotometer [14,18,21].
Samples were placed in an Oxford Optistat-DN cryostat
mounted in the spectrophotometer, which was also equipped
with a temperature controller (ITC-4, Oxford). The illumina-
tion source was a 300 W xenon lamp (MAX-302, ASAHI
SPECTRA), and illumination at >450 nm with a yellow filter
(VY-45, Toshiba) was used to obtain light-induced difference
FTIR spectra for activation (the reduced-minus-oxidized
spectra) [25,27]. After activation was complete, illumination
at >390 nm without filters was used to obtain light-induced
difference FTIR spectra for repair (after-minus-before repair)
[25]. FTIR spectra were constructed from 128 interferograms
with a spectral resolution of 2 cm™. The difference spectrum
was calculated by subtracting the spectrum recorded before
illumination from the spectrum recorded after illumination.
Four to six difference spectra obtained in this way were aver-
aged for each difference spectrum.

Results

Photorepair Spectra of the Wild-Type and Mutant (6-4)
PHR

Xenopus (6-4) PHR was originally expressed in E. coli as
a fusion protein with GST at the N-terminus, which was
cleaved with thrombin after the purification [25,26]. To
obtain more protein, we used the His-tag system [27]. The
difference FTIR spectra for activation (FADH™ minus FAD>)
were very similar between the two sample preparations [27].
Figure 2a compares the difference FTIR spectra for repair
between the two sample preparations, where the ratio of
enzyme and substrate was 1:1. Similar FTIR spectra were
also observed for repair, indicating no significant depend-
ence on sample preparation. Consequently, we used His-
tagged Xenopus (6-4) PHR in the present study.

We prepared re-dissolved samples of H354A and H358A
mutants according to the same method for the wild type, and
attempted to measure light-induced difference FTIR spectra
for repair. Figure 2b compares the difference FTIR spectra
for the wild type (black line) and H354A mutant (red line)
under 2-min illumination. Unlike the wild type, the differ-
ence FTIR spectrum of H354A coincides with the zero line,
indicating no repair. This observation is consistent with a
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Figure 2 (a) The photorepair difference FTIR spectra of Xenopus
(6-4) PHR; His-tagged sample in this study (black line) and GST-
tagged sample in a previous study (purple line). The purple spectrum is
reproduced from Zhang et al. [16]. (b) Black and red lines represent the
spectra with the wild type and the H354A mutant of (6-4) PHR under
2-min illumination, respectively. (c) Black and blue lines represent the
spectra with the wild type and the H358 A mutant of (6-4) PHR under
2-min illumination, respectively. One division of the y-axis corre-
sponds to 0.008 absorbance units.

previous in vitro and in vivo study [4], and the present FTIR
study also indicates the important role of His354 in the repair
reaction of (6-4) PHR.

Figure 2c compares the difference FTIR spectra for the
wild type (black line) and H358A mutant (blue line) under
2-min illumination. Unlike the wild type, the difference
FTIR spectrum of H358A is close to the zero line, which is
also consistent with a previous in vitro and in vivo study [4].
However, the blue spectrum shows small peaks at 1720 (+),
1697 (-), 1213 (+), and 1087 (+) cm™', which are character-
istic of the repair spectrum of the wild-type (6-4) PHR (black
line in Fig. 2). It should be noted that a previous mutation
study reported H358A to possess limited repair activity,
unlike H354A [4]. The present FTIR result suggests possible
monitoring of the repair reaction by H358A (6-4) PHR. If
this is the case, difference FTIR spectroscopy is able to
detect structural changes upon photorepair. To achieve this
aim, we applied a longer period of illumination for H358A.

Photorepair Spectra of H358A (6-4) PHR

Figure 3a compares the difference FTIR spectra for the
wild type (black line) under 2-min illumination and H358A
mutant (blue line) under 10-min illumination. Longer illumi-
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nation clearly allowed a difference FTIR spectrum to be
detected, where short and long illuminations yielded similar
difference spectra. The green line in Figure 3b represents the
8-times expanded spectrum of the blue spectrum in Figure
3a. The green spectrum coincides with the black spectrum.
In particular, phosphate vibrations [30-32] such as 1244 (-),
1213 (+), 1087 (+), 1068 (-), and 1052 (+) cm ™' that are char-
acteristic of repair were similarly observed between H358 A
and the wild type. This fact indicates that H358 A can repair
(6-4) PP in the same manner as the wild type. It should be
noted that contamination of the wild type protein never hap-
pens in the measurements of H358A, because we expressed
H358A (6-4) PHR exclusively. On the other hand, repair
efficiency is very low. Previous in vitro and in vivo repair
measurements reported a small repair activity of H358A [4]
but where the repair mechanism remained unclear. The pres-
ent FTIR spectroscopy provided almost identical FTIR spec-
tra between H358A and the wild type, from which we are
able to conclude identical structural changes upon repair.

Common peaks were observed not only for the phosphate
vibrations, but also for other vibrations. The most prominent
peak pair at 1720 (+) and 1697 () cm™ of the wild type was
assigned as the C=0 stretch of DNA [25,26,33], which was
reproduced for H358A. In addition to the peaks of the sub-
strate, spectral changes were observed in the frequency re-
gion of amide-I vibration which is a signature of secondary
structural alterations. In the case of the wild type, peaks were
observed at 1666 (+), 1659 (=), 1652 (+) and 1641 (-) cm™
(Fig. 2a and 3a). It should be however noted that amide-I
vibrations are generally H/D-insensitive, and a previous study
showed that the bands at 1666 (+) and 1641 (-) cm™' down-
shifted in D,O, suggesting different origins [25]. In contrast,
thebands at 1659 () and 1652 (+) cm ™' were H/D-insensitive,
and from the frequency, we are able to identify the amide-I
vibrations of the a-helix [34]. Figure 3b shows that H358A
possesses peaks at 1666 (+), 1659 (-) and 1652 (+) cm™.
Although the negative 1641-cm™ band is largely reduced, it
is still observable.

The present FTIR analysis revealed that H358A exhibits
very similar light-induced difference FTIR spectra to those
of the wild type. (6-4) PP probably binds to the active center
of H358A and the wild type similarly, and the protein struc-
tures are also similar after the release of the repaired DNA.
A decrease in volume caused by the H-to-A mutation may
be occupied by water molecule(s) near the 358 position, by
which a similar structure is maintained. Despite this similar
structure, the enzymatic activity of H358A is significantly
lowered. Assuming a linear increase of DNA repair with illu-
mination period, the efficiency of H358A is about 40-times
lower than that of the wild type. This value is consistent with
a previous report [4]. Figure 1b shows that H358 is not in
direct contact with (6-4) PP, but forms a hydrogen bond with
the side chain of H354. Therefore, we infer that H354 is
directly involved in a catalytic reaction where H358 regu-
lates the pKa of the imidazole group of H354.
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Figure 3 Comparison of the light-induced difference FTIR spectra
of Xenopus (6-4) PHR for the wild type (black line) under 2-min illu-
mination, the H358 A mutant (blue line) under 10-min illumination (a)
and the H358A mutant spectrum (8-fold expansion of the blue spec-
trum in (a) (green line) (b). One division of the y-axis corresponds to
0.01 absorbance units.

Photorepair Spectra of H354A (6-4) PHR

We then attempted a similar analysis for H354A. Figure
4a compares the difference FTIR spectra for the wild type
(black line) under 2-min illumination and the H354A mutant
(red line) under 30-min illumination. A 15-fold longer illu-
mination of H354A provided some difference FTIR spectra,
and we normalized the red and black spectra. The green line
in Figure 4b represents the 10-times expanded spectrum of
the red spectrum in Figure 4a. The expanded green spectrum
is noisy, but phosphate-specific vibrations such as 1244 (-),
1213 (+), 1087 (+), 1068 (=), and 1052 (+) cm™ were clearly
reproduced in H354A. In addition, the C=0 stretching vibra-
tions of DNA at 1720 (+) and 1697 (-) cm™' of the wild type
were similarly observed for H354A. However, it should be
noted that the positive 1720-cm™ band has an identical fre-
quency in H354A and the wild type, but the negative peak is
slightly upshifted for H354A (1703 cm™') relative to the wild
type (1697 cm™). An identical positive peak frequency is
reasonable because it originates from the C=0 stretch of the
repaired DNA after the release from (6-4) PHR. In contrast,
the higher C=O0 stretching frequency of (6-4) PP in H354A
indicates a weaker hydrogen bond of the C=0 groups than in
the wild type. Figure 1b shows that H354 forms a complex
hydrogen-bonding network, including the OH group of the
2’-hydroxyl group of FAD and the 5’-OH group of (6-4) PP.
Replacement of H354 by Ala presumably causes local struc-
tural perturbation, leading to a shift of the C=0 group(s).

Different bands were observed at 1641 and 1629 cm™ for
the wild type and H354A, respectively. Note that the band at
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Figure 4 Comparison of the light-induced difference FTIR spectra
of Xenopus (6-4) PHR for the wild type (black line) under 2-min illu-
mination, the H354A mutant (red line) under 30-min illumination (a)
and the H354A mutant spectrum (10-fold expansion of the blue spec-
trum in (a) (green line) (b). One division of the y-axis corresponds to
0.01 absorbance units.

1641 (=) cm™ for the wild type does not originate from the
amide-I vibration, because it shows a prominent deuterium
effect [25]. Therefore, the vibrational origin of the 1641 (-)
cm! band presumably comes from an H/D-exchangeable
side chain. The green spectrum in Figure 4b also shows that
the amide-I vibration of the a-helix at 1659 (-) and 1652 (+)
cm™ in the wild type was similarly observed for H354A.
This observation suggests that structural changes of the
a-helix occur even in the absence of H354, and such changes
are coupled to the repair reaction. On the other hand, the
peak pair at 1659 (—) and 1652 (+) cm™' seems to be intensi-
fied in H354A in comparison to the wild type. This may indi-
cate that the observed helical structural alteration originates
from the helix that involves H354 and H358 (Fig. 1b). The
lack of the side chain of H354, which is important for the
catalytic reaction, may yield a larger helical structural rear-
rangement in H354A.

The present FTIR analysis revealed that H354A is able to
repair (6-4) PP. Similar FTIR spectra show that (6-4) PP
binds to the active center of H354A and the wild type in a
similar manner, and that the protein structures are also simi-
lar after the release of the repaired DNA. A decrease in vol-
ume caused by the H-to-A mutation may be occupied by
water molecule(s) near the 354 position, by which a similar
structure is maintained. Despite this similar structure, the
enzymatic activity of H354A is significantly lowered, but is
more than that of H358A. Assuming a linear increase of
DNA repair illumination period, the efficiency of H354A is
about 150-times lower than that of the wild type. It is reason-
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able that such low efficient repair cannot be measured by the
previous in vitro and in vivo assay [4]. In other words, highly
sensitive FTIR measurements were utilized to show the repair
activity of H354A in the present study.

Discussion

Previous mutation analysis revealed the importance of
two histidines in the active center, H354 and H358 for
Xenopus (6-4) PHR, whose mutations significantly lowered
the enzymatic activity. This paper reports the difference
FTIR spectra of (6-4) PHR mutants, H354A and H358A,
bound to (6-4) PP in double-stranded DNA upon photore-
pair. The present spectroscopic study clearly shows that both
H354A and H358A mutants of Xenopus (6-4) PHR still
maintain their repair activity, although the efficiency is much
lower than that of the wild type. Similar difference FTIR
spectra between the wild type and mutant proteins suggest a
common mechanism of repair in which (6-4) PP binds to the
active center of each mutant and is released after repair, as
occurs in the wild type. Similar FTIR spectra also suggest
that the decrease in volume caused by the H-to-A mutation is
possibly compensated by the addition of water molecule(s),
and that such a modified environment is essentially suffi-
cient for the repair function that is probably controlled by
proton-coupled electron transfer between the enzyme and
substrate. On the other hand, two histidines must work in a
concerted manner in the active center of the wild-type en-
zyme to significantly raise the repair efficiency.

While this study provides important structural informa-
tion on the repair process of (6-4) PHR, this does not deny
any models at present. Theoretical calculations may favor
the concerted OH transfer pathway because of lower acti-
vation energy than other pathways [9,11]. Nevertheless, the
oxetane and transient water pathways are also possible. It
should be noted that these models are based on the prerequi-
site role of H354 in general. However, as shown in the pres-
ent study, removal of H354 still retains the essential repair
ability of (6-4) PHR, which is also the case for H358. There-
fore, theoretical calculations should explain the mechanism
of histidine mutants. From an experimental perspective, struc-
tural dynamics of the reaction intermediates need to be elu-
cidated. Previous light-induced difference FTIR spectros-
copy of (6-4) PHR clearly excluded the oxetane structure in
the unphotolyzed state [26], which is consistent with the
X-ray structure [5]. This does not deny the formation of
oxetane during the repair reaction. We will study the reaction
intermediates by using low-temperature light-induced dif-
ference FTIR spectroscopy in the future.
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