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ABSTRACT: Photolyases (PHRs) are blue light-activated
DNA repair enzymes that maintain genetic integrity by
reverting UV-induced photoproducts into normal bases. The
flavin adenine dinucleotide (FAD) chromophore of PHRs has
four different redox states: oxidized (FAD), anion radical
(FAD*7), neutral radical (FADH®), and fully reduced
(FADH™). We combined difference Fourier-transform infrared
(FTIR) spectroscopy with UV—visible spectroscopy to study
the detailed photoactivation process of Xenopus (6—4) PHR.
Two photons produce the enzymatically active, fully reduced
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PHR from oxidized FAD: FAD is converted to semiquinone via light-induced one-electron and one-proton transfers and then
to FADH™ by light-induced one-electron transfer. We successfully trapped FAD*~ at 200 K, where electron transfer occurs but
proton transfer does not. UV—visible spectroscopy following 450 nm illumination of FAD™ at 277 K defined the FADH®/
FADH™ mixture and allowed calculation of difference FTIR spectra among the four redox states. The absence of a characteristic
C=O0 stretching vibration indicated that the proton donor is not a protonated carboxylic acid. Structural changes in Trp and Tyr
are suggested by UV—visible and FTIR analysis of FAD®™ at 200 K. Spectral analysis of amide I vibrations revealed structural
perturbation of the protein's f-sheet during initial electron transfer (FAD*®~ formation), a transient increase in a-helicity during
proton transfer (FADH® formation), and reversion to the initial amide I signal following subsequent electron transfer (FADH™
formation). Consequently, in (6—4) PHR, unlike cryptochrome-DASH, formation of enzymatically active FADH™ did not
perturb a-helicity. Protein structural changes in the photoactivation of (6—4) PHR are discussed on the basis of these FTIR

observations.

Itraviolet (UV) components of sunlight are harmful to life

because they trigger various chemical reactions inside
cells. Organisms have developed diverse defense systems.
Photolyases (PHRs) are unique DNA repair enzymes that
maintain genetic integrity by reverting UV-induced photo-
products on DNA strands into normal bases with blue light
(Figure 1)."
specifically repairs the cyclobutane pyrimidine dimer (CPD),

Most prokaryotes have a single PHR that

whereas some higher eukaryotes possess an additional PHR
that restores the pyrimidine-pyrimidone (6—4) photoproduct
[(6—4) PP] to parental bases. The discovery of (6—4) PHR
occurred 40 years after the first isolation of a CPD PHR gene.’
Because of the greater structural complexity of (6—4) PP
compared to that of CPD, the synthesis of DNA oligonucleo-
tide substrates carrying a single (6—4) PP was more difficult.
However, structural determination of (6—4) PHR provides
insights into product recognition by the enzyme.*®
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The structures of (6—4) PHRs show an overall fold similar to
that of CPD PHRs, consisting of a/f and a barrel domains
connected with a unique long loop.**
dinucleotide (FAD) is the common chromophore for both
PHRs. The chromophore is buried in the a barrel domain with
the redox-active isoalloxazine ring sequestered from solvent.
Reduced FAD is the active form for PHR catalysis. The
oxidized FAD is a resting state in purified enzymes for (6—4)
PHRs,® while most CPD PHRs stabilize FADH".! Remarkably,
PHRs have a system for regaining activity. In the presence of a
reducing agent, buried FADs inside PHRs can be light-
dependently reduced. PHRs have the tryptophan triad chain,
considered to be important for this photoreduction, that links
FAD to the protein surface. In Escherichia coli CPD PHR,

Flavin adenine

Received: April 25, 2012
Revised:  June 27, 2012
Published: July 2, 2012

dx.doi.org/10.1021/bi300530x | Biochemistry 2012, 51, 5774—5783


pubs.acs.org/biochemistry

Biochemistry

FADH® ,
|
N N (o]
=z
- g+ -
e H X IWY e
N
H
0
FAD A . FADH"
9 l10 1 1 | _
8 9a_N.j0a_N (o] 1 N N (o]
a ) al/m Z I H+ |
’ ~ NH 1 NH
X Ba N 3 | N
5 H
0o (o]

FAD*"

Figure 1. Four redox states of FAD in the CRY/PHR family. An oxidized form (FAD*) is the most stable species in Xenopus (6—4) PHR, insect
CRY, and CRY-DASH from Synechocystis (SCRY-DASH). For activation of Xenopus (6—4) PHR, FAD* is first converted to a neutral radical form
(FADH?) by light-induced one-electron and one-proton transfers (top pathway) and then into a fully reduced form (FADH™) by light-induced one-

electron transfer (top pathway).' In insect CRY, F

* is converted to an anion radical form (FAD®”) by light-induced one-electron transfer

bottom pathway), and FAD*™ is highly stable."* In SCRY-DASH, FAD is first converted to FAD®~ by light-induced one-electron transfer (bottom
p y ghly y ligl
pathway) and then into a fully reduced form (FADH™) by light-induced one-electron and one-proton transfer (bottom pathway).18

substitution of the outside tryptophan of the triad chain
disturbs this process.”® (6—4) PHRs structurally conserve the
tryptophan triad chain with some modification. Two photons
are needed for this photactivation: the oxidized form of FAD is
first converted to the semiquinone by light-induced one-
electron and one-proton transfers and then to the reduced
form, FADH", by light-induced one-electron transfer. When
the reduced enzyme absorbs another photon in the presence of
the (6—4) PP, the transfer of an electron from FADH™ to the
photoproduct initiates the repair process.*’

Light-induced difference Fourier-transform infrared (FTIR)
spectroscopy is a powerful, sensitive, and informative method
for studying structure—function relationships in photoreceptive
proteins.'®~'* Recently, we applied FTIR spectroscopy to full-
length Xenopus laevis (6—4) PHR and authentic DNA carrying
a single (6—4) PP to gain insights into the reaction
mechanisms."® Consequently, we successfully obtained differ-
ence FTIR spectra that correspond to the photoactivation
(light-induced FAD reduction) process and light-dependent
DNA repair reactions of (6—4) PHR. In addition, time-
dependent illumination of samples with different enzyme:sub-
strate stoichiometries distinguished signals characteristic of
structural changes in the protein and the DNA resulting from
binding and catalysis. This improved our understanding of the
molecular mechanisms of (6—4) PHR in atomic detail,
particularly with regard to enzymatic catalysis.

It should be noted, however, that the reported difference
FTIR spectrum of photoactivation is only between fully
oxidized (FAD) and fully reduced (FADH") forms. On the
other hand, the photoactivation process of (6—4) PHR is more
complex, where two photons are needed from FAD™;, a resting
state. FAD™ is first converted to FADH?® by light-induced one-
electron and one-proton transfers [proton transfer-coupled
electron transfer (PCET)] and then to FADH™ by light-
induced one-electron transfer.® This indicates the presence of a
semiquinoid neutral radical (FADH®) as an intermediate. In
addition, if the electron and proton transfer reaction is
separated in the primary PCET, an anion radical intermediate
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(FAD®") may be captured. This actually happens for insect
cryptochrome, in which FAD®™ is stable even at room
temperature.'* It is known that the amino acid closest to the
N; position of FAD is the determinant of the stability of
FAD®", and insect cryptochrome (CRY) has Cys at this
position."> Most members of the PHR/CRY family possess Asn
or Asp, where FAD®™ is unstable and FADH?® is easily formed.
It is likely that the hydrogen bonding network anchored by Asn
or Asp in this vicinity acts for the efficient transfer of a proton
to FAD.'® In CRY-DASH from Synechocystis,17 mutation of the
corresponding Asn to Cys stabilized FAD*~."® Xenopus (6—4)
PHR also possesses Asn at this position, and a lack of
observation of FAD®*™ at room temperature (Figure 2) is
predicted. Here we studied the detailed activation process of
Xenopus (6—4) PHR, ie., from FAD* to FADH", using UV—
visible and FTIR spectroscopy. By selecting the temperature
and illumination wavelength, we are able to obtain difference
FTIR spectra of each of four redox states: FAD*, FAD®",
FADH®, and FADH".

B MATERIALS AND METHODS

Sample Preparation. In our previous paper, Xenopus (6—
4) PHR was expressed in E. coli as a fusion protein with
glutathione S-transferase (GST) at the N-terminus, which was
cleaved with thrombin after the purification by glutathione
Sepharose 4B resin (GE Healthcare).'>'* However, the amount
of purified protein was small (0.26 mg from a 1 L culture),
which is disadvantageous for our future study using isotope
labeling and mutation. Therefore, we used the His tag system in
this study as follows.

The gene of Xenopus (6—4) PHR containing a His tag at the
N-terminus was inserted at the Ndel and Xhol sites of the pET-
28a expression vector (Novagen). E. coli BL21(DE3) trans-
formed with the vector was added to 1 L of LB mediumina3L
flask and grown at 25 °C until the ODgg, reached 1.25—1.5.
The culture was then adjusted to 1 mM isopropyl S-D-
thiogalactopyranoside, incubated for 24 h, and then harvested
by centrifugation. The pellet was frozen at —80 °C, thawed,

dx.doi.org/10.1021/bi300530x | Biochemistry 2012, 51, 5774—5783
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Figure 2. Light-induced difference UV-—visible spectra of the
redissolved sample of Xenopus (6—4) PHR at 277 K. (a) Difference
spectrum from a 450 nm light illumination (an interference filter) of
FAD®™ for 4 min, where FADH® was formed as shown by broad
positive absorption at 500—700 nm. Note that FADH™ was also
produced under these illumination conditions, and the relative
amounts of FADH® and FADH™ produced were estimated to be
0.49 and 0.51, respectively, by using their individual molar extinction
coefficients (see the text). (b) After the illumination described for
panel a, the sample was illuminated with >550 nm light for 1 min,
which provided the FADH™ minus FADH® difference spectrum. (c)
Sum of spectra a and b (red line) that coincides with the FADH™
minus FAD difference spectrum obtained by illumination of FAD* at
>450 nm for 4 min (black line). One division of the y-axis corresponds
to 0.04 absorbance unit.

resuspended in lysis buffer [SO mM sodium phosphate, 200
mM NaCl, and S mM imidazole (pH 8.0)], and sonicated. Cell
debris was removed from the lysate by ultracentrifugation at
17700 rpm for 1 h. The cell-free extract was loaded onto a
TALON Metal Affinity Resin column (TAKARA), and the
fusion protein was eluted with elution buffer [SO mM sodium
phosphate, 200 mM NaCl, and 500 mM imidazole (pH 8.0)].
The sample was then applied to a HiTrap Heparin HP column
(GE Healthcare) and eluted with a linear gradient from 0.2 to 1
M NaCl. The protein expressed in E. coli does not bind a
second chromophore, such as MTHE.® A 5 L culture of E. coli
yielded 11 mg of (6—4) PHR, which is 8.5 times larger than the
amount produced by the previous preparation method using
the GST tag system. When the purified (6—4) PHR was stored,
it was kept at —80 °C in S0 mM Tris-HCl buffer (pH 8.0)
containing 200 mM NaCl and 5% (w/v) glycerol.

We used redissolved samples for UV—visible and FTIR
spectroscopy, as established in the previous study." First, we
placed 2 uL of the sample solution containing 1 mM (6—4)
PHR in 50 mM Tris-HCI buffer (pH 8.0) and 200 mM NaCl
on an IR window (BaF,) and dried it. We then placed 0.4 uL of
the S0 mM Tris-HCl buffer (pH 8.0) containing 200 mM NaCl
directly onto the dried film and sandwiched that window with
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another IR window. (6—4) PHR in D,0O was prepared by
diluting the (6—4) PHR with the same buffer prepared in D,O
and concentrating with the Amicon YM-30 device (Millipore)
three times. The same procedure was used except for using
D,O buffer for the preparation of redissolved samples.

UV-Visible and FTIR Spectroscopy. UV—visible and
FTIR spectra of the redissolved samples were measured using
V-550DS (JASCO) and FTS-7000 (DIGILAB) sgectropho-
tometers, respectively, as reported previously.”'*~*' Samples
were placed in an Oxford Optistat-DN cryostat mounted in the
spectrophotometer, which was also equipped with a temper-
ature controller (ITC-4, Oxford). The illumination source was
a high-power 300 W xenon lamp (MAX-302, ASAHI
SPECTRA), and illumination at 450 nm (MZ0450, ASAHI
SPECTRA), >550 nm (XF593, ASAHI SPECTRA), 300—400
nm (C-40B, Toshiba), or >450 nm (VY-45, Toshiba) was
provided. The 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. Six to eight difference spectra obtained in this way
were averaged for each difference spectrum.

In this study, the N-terminal His tag was not removed, and
we thus tested whether His-tagged Xenopus (6—4) PHR
provides spectra similar to those in the previous report.'?
Figure S1 of the Supporting Information compares light-
induced difference FTIR spectra of His-tagged Xenopus (6—4)
PHR in this study (red line) with the reported spectra (black
line) for photoactivation (Figure Sla of the Supporting
Information, FADH™ minus FAD®) and photorepair [Figure
S1b of the Supporting Information; repaired DNA minus (6—
4) PP]. Red and black spectra coincide well, and the
reproduced spectra demonstrate identical structural changes
for the two different preparations.

B RESULTS

Capturing FADH®: Light-Induced Difference UV-—
Visible and FTIR Spectra of (6—4) PHR at 277 K. We
previously illuminated the redissolved sample of FAD™, the
resting state of (6—4) PHR, with >450 nm light and obtained
FADH" at 277 K.'® Under such photoactivation conditions, we
did not detect significant absorption near 600 nm, characteristic
of FADH®. In contrast, we observed the appearance of a broad
absorption at 500—700 nm and 277 K by illuminating FAD* of
(6—4) PHR (redissolved sample) for 4 min at 450 nm, by using
an interference filter (Figure 2a). This clearly shows formation
of FADH? at 277 K.** It should be noted that the photoproduct
is not only FADH?® but also FADH™. On the other hand, the
absence of the FAD®™ specific 350—400 nm bands on the
positive side implies no accumulation of FAD*~.'* Thus, the
result in Figure 2a can be interpreted as follows; illumination
converts FAD™ into FADH® by coupled electron and proton
transfer reactions, with some species being further reduced to
FADH™. According to the extinction coeflicients of various
redox states of Xenopus (6—4) PHR reported by Schleicher et
al,** relative absorbances of 1, 0.54, and 0.24 at 450 nm and 0,
0.40, and 0 at 580 nm were determined for FAD®, FADH?®, and
FADH™, respectively. From these values, we estimated the
positive components of the spectrum in Figure 2a to be 49%
FADH® and 51% FADH™. These values will be used to obtain
the “pure” difference FTIR spectra below.

After the spectrum of Figure 2a was obtained by 450 nm light
illumination, we continuously illuminated the sample for 1 min

dx.doi.org/10.1021/bi300530x | Biochemistry 2012, 51, 5774—5783



Biochemistry

with >550 nm light, which is absorbed by only FADH* (Figure
2b).** As a result, FADH® is photoconverted as evidenced by a
negative broad band at 500—700 nm. FAD** is involved neither
as the reactant nor as the product, as seen from the absence of
its characteristic peaks at 448 and 475 nm in Figure 2b. It is
likely that FADH® is dominantly converted into FADH™ by an
electron transfer.” This interpretation is further supported by
the spectral analysis in Figure 2¢. The sum of spectra a and b in
Figure 2 (red line in Figure 2c) coincides very well with the
FADH™ minus FAD* spectrum (black line in Figure 2c)
obtained by illuminating FAD®™ with >450 nm light. Both
spectra agree with the reported FADH™ minus FAD®
spectrum.” It should be noted that visible absorption at
500—700 nm is characteristic of cation or neutral radicals of
Trp and Tyr,”> > as well as flavins. However, such signals are
not apparent in the present static measurements at 277 K, as it
is evident from the FADH™ minus FAD® spectrum coinciding
with the baseline at >500 nm (Figure 2c). The S00—700 nm
band present in the static measurements at 277K (Figure 2a)
instead represents the FADH® intermediate produced during
the reduction of FAD* to FADH™.

Using identical sample and experimental conditions from
UV—visible spectroscopy, we next applied difference FTIR
spectroscopy to the redissolved sample of (6—4) PHR. Figure
3a shows the light-induced difference FTIR spectrum upon
illumination of FAD of (6—4) PHR at 450 nm. From the
analysis in the UV—visible region (Figure 2a), the product is a
mixture of 49% FADH® and 51% FADH". Figure 3b represents
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Figure 3. Light-induced difference FTIR spectra of the redissolved
sample of Xenopus (6—4) PHR at 277 K. (a) Difference spectrum
generated by 450 nm light illumination (an interference filter) of
FAD® for 4 min (condition identical to that for Figure 2a), where the
product consists of 49% FADH® and S1% FADH™. (b) After the
illumination for panel a, the sample was illuminated with >550 nm
light for 1 min (condition identical to that for Figure 2b), which
provided the FADH™ minus FADH® difference spectrum. (c) Sum of
spectra a and b (red line) that coincides with the FADH™ minus
FAD® difference spectrum obtained by illumination of FAD™ with
>450 nm light for 4 min (black line). One division of the y-axis
corresponds to 0.008 absorbance unit.
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the difference FTIR spectrum obtained by illumination with
>550 nm light, matching the illumination conditions used for
Figure 2b. Therefore, Figure 3b corresponds to the FADH™
minus FADH® spectrum. The smaller amplitude in Figure 3b
relative to that in Figure 3a probably results from photo-
conversion of half the FADH®. The red spectrum in Figure 3¢ is
the sum of spectra a and b of Figure 3, which coincides very
well with the FADH™ minus FAD* spectrum (black line in
Figure 3c) obtained by illumination of FAD* with >450 nm
light. Both spectra also coincide with the reported FADH™
minus FAD difference FTIR spectrum.'?

Isolation of FAD®": Light-Induced Difference UV-—
Visible and FTIR Spectra of (6—4) PHR at 200 K.
Conversion from FAD® to FADH® occurs through both one-
electron and one-proton transfer reactions. If only an electron
transfer takes place, FAD®™ is produced from FAD®. The
stability of this anion radical is highly dependent on the protein
environment. In particular, the amino acid closest to the Nj
position of FAD is important.” In insect specific CRY,
functioning as the photoreceptor of the circadian clock, Cys
near N favors FAD®™ even at room temperature.14 However,
most members of the PHR/CRY family possess Asn or Asp and
typically stabilize FADH® rather than FAD*~.** A hydrogen
bonding network anchored to FAD Ny by Asn or Asp likely
promotes efficient proton transfer. In Synechocystis CRY-DASH,
another PHR homologue, mutation of the corresponding Asn
to Cys stabilized FAD*™.'® (6—4) PHRs also possess Asn at this
position, and FAD*~ is not detected in Xenopus (6—4) PHR at
room temperature (Flgure 2), consistent with the previous
reports."> However, one might expect separation of the electron
and proton transfers by lowering temperature, and that was
indeed the case.

At 200 K, the light-induced difference UV—visible spectrum
(Figure 4) upon illumination of FAD* of (6—4) PHR exhibits
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Figure 4. Light-induced difference UV-—visible spectra of the
redissolved sample of Xenopus (6—4) PHR at 200 K. FAD* was
illuminated with 300—400 nm light for 20 min, and its difference
spectrum is entirely different from Figure 2a. A positive peak is
characteristic of the formation of FAD®". One division of the y-axis
corresponds to 0.015 absorbance unit.

a positive peak at ~380 nm, which is characteristic of the
difference spectrum between FAD®~ and FAD.'® This
spectrum indicates that FAD®" is formed and stable in Xenopus
(6—4) PHR at low temperatures, but neither FADH® nor
FADH™ accumulates. At 200 K, a broad positive feature can be
observed at 500—700 nm, yet the analysis in Figure S2 of the

dx.doi.org/10.1021/bi300530x | Biochemistry 2012, 51, 5774—5783
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Supporting Information shows that, at most, the level of
FADH® is <5%. Thus, the spectral feature at 500—700 nm
cannot be explained by FADH® alone (Figure S2 of the
Supporting Information) but likely indicates the involvement of
cation or neutral radicals of Trp and/or Tyr in the positive side
of Figure 4. The formation of a Trp cation radical visible at 200
K would be consistent with an important role for the
tryptophan triad chain in the electron transfer reaction: if the
farthest Trp donates the electron to FAD, then the difference
UV—visible spectrum (Figure 4) would contain the signal of
the Trp cation radical. Previous pulsed radiolysis studies
reported that cation and neutral radicals of Trp show
absorption maxima at 560 and 510 nm,** which are in good
agreement with the positive spectral feature (Figure 4). The
molar extinction coefficients of cation (&4, = 2300 M~! cm™)
and neutral (£550 = 3000 M~ cm™") radicals of Trp are ~4—5
times smaller than that of FAD™ in (6—4) PHR (g,5, = 11200
M~ em™).” Thus, low-temperature UV—visible spectroscopy
might suggest the presence of the electron donor, possibly Trp
from the triad. In contrast, in the case of SCRY-DASH, DTT
was needed for the conversion from FAD®* to FAD*", where
the broad positive feature at 500—700 nm was absent.'® This
observation strongly supports our interpretation. Because UV—
visible difference spectroscopy established the experimental
conditions for trapping FAD®", we then applied FTIR
spectroscopy at 200 K.

Light-Induced Difference FTIR Spectra of the Four
Redox States of (6—4) PHR. Figure Sa corresponds to the
FAD*™ minus FAD* difference FTIR spectrum measured at
200 K. Then, the FADH® minus FAD* difference FTIR
spectrum (Figure Sb) was obtained by subtracting the spectrum
in Figure 3¢ from that in Figure 3a using the result of the UV—
visible analysis (Figure 2a, 49% FADH® and 51% FADH™ as the
product). The FADH™ minus FADH® difference FTIR
spectrum in Figure Sc was reproduced from Figure 3b after
the amplitude had been scaled (divided by 0.49). The FADH™
minus FAD™ difference FTIR spectrum in Figure Sd was
reproduced from Figure 3c. In this way, we were able to obtain
difference FTIR spectra among four redox states. It should be
noted that, except for Figure Sc, the scale of the amplitude in
Figure S is normalized for the FAD™ specific negative band at
1715 cm™.'® The blue spectra in Figure S exhibit identical
measurements in D,O.

Figure 5 shows that the bands at 1489, 1535, and 1397 cm™!
are specific to FAD*~, FADH®, and FADH", respectively, and
can therefore be used as marker bands for future analysis.
Frequencies of FAD®™ at 1715, 1690, 1578, and 1545 cm™
(negative bands in Figure Sa,b,d) can be ascribed to the C,=O,
C,=0, C4a—N5, and C,;,=N; stretching vibrations of ﬂavm,
respectively.”*™>! A previous theoretical study suggested that
the 1625 cm™" band of FAD*~ (Figure 5a) and the 1535 cm™
band of FADH® (Figure Sb) originate from C,=O and C,j,=
N; stretching vibrations of flavin, respectivel}r.32’33 Thus, strong
peaks can be assigned for the vibrations of flavin, but vibrations
of protein are possibly involved in the difference spectra, as
well.

Protonated Carboxylic COOH Stretching Vibrations at
1800—1700 cm™'. C=0 stretching Vibrations of protonated
carboxylic acids appear in the 1800—1700 cm™ reglon and are
spectrally downshifted by 5—15 cm™ in D,0.>* Because there
are no other vibrations in this region except for the C,=O
stretching vibration of flavin, detailed analysis of protonated
carboxylic acids is possible. We observed only a negative peak at
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Figure 5. Light-induced difference FTIR spectra of the redissolved
sample of Xenopus (6—4) PHR in H,O (black line) and D,O (blue
line). (a) FAD* was illuminated with 300—400 nm light for 20 min at
200 K (condition identical to that of Figure 4), and light-minus-dark
difference spectra correspond to the FAD*™ minus FAD* spectra. The
obtained spectra were magnified 4.05-fold, so that the negative band at
1715 cm™" exhibits the same amplitude as that in the FADH™ minus
FAD® spectrum (d). (b) FADH® minus FAD spectra calculated from
those in panels a and c of Figure 3 (black line) with the contribution of
FADH™ removed (see the text). The calculated spectra were magnified
2.04-fold, so that the negative band at 1715 cm™" exhibits the same
amplitude as that in the FADH™ minus FAD* spectrum (d). (c)
FADH™ minus FADH® spectra reproduced from Figure 3b, but with
the amplitude magnified 2.04-fold to show the same molar reaction.
(d) FADH™ minus FAD* spectra reproduced from the black line in
Figure 3c. From the normalizations shown above, panels a—d show the
same molar reaction with each other. One division of the y-axis
corresponds to 0.0065 (above) or 0.012 (below) absorbance unit.

1715 cm™", which shifted to 1714 cm™ in D,O (Figure Sa,b,d).
As mentioned, the FAD™ specific band orlgmates from the
C,=O stretching vibration of the isoalloxazine ring.” ® The lack
of other bands indicates that there are no structural changes for
protonated carboxylic acids among four redox states. It should
be noted that one proton is gained by the flavin from FAD®*/
FAD®~ to FADH*/FADH". A protonated carboxylic acid is a
good candidate for the proton donor, and in fact, for
photoreduction of plant CRY, a negative FTIR band at 1735
cm™' suggested that a carboxylic acid is the FAD proton
donor.*® Unlike plant CRY, in the case of (6—4) PHR,
protonated carboxylic acid is not the proton donor. 13
Consistent with the FTIR results, plant CRY anchors the
redox-active FAD N5 position with a hydrogen bond to the
carboxyhc acid Asp,*® whereas PHRs conserve this position as
Asn.®

dx.doi.org/10.1021/bi300530x | Biochemistry 2012, 51, 5774—5783
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Involvement of Trp and/or Tyr: The 1500—-1000 cm™

Frequency Region. If Trp in the triad is the electron donor
for the formation of FAD*™, the FAD®*™ minus FAD®* difference
FTIR spectrum at 200 K (Figure Sa) also contains the
vibrations of Trp** on the positive side and Trp on the negative
side. Previous theoretical calculations of the indolyl radical
cation suggested the ;)resence of the normal modes at 1459,
1074, and 1040 cm™".* Thus, the positive peaks at 1489, 1060,
and 1046 cm™' in Figure Sa are good candidates for Trp**
vibrations that can be tested by isotopic labeling in the future.

A common peak pair in Figure 5 is observed at 1227
(=)/1215 (+) em™, which is upshifted by 3—5 cm™, not
downshifted, in D,0. When Tyr functions as both a hydrogen
bond donor and acceptor, the Tyr vibration exhibits such a
characteristic feature for H/D exchange.®® The frequency
change at 200 K for the FAD*™ minus FAD®* difference FTIR
spectrum (Figure Sa) indicates that this change accompanies
the primary electron transfer. The peak pair at 1227 (—)/1215
(+) em™ is similarly observed in the FADH® minus FAD™
difference FTIR spectrum (Figure Sb), but the amplitude is
smaller (46% of Figure Sa). This suggests that the structural
change, possibly because of Tyr, is partially relaxed by the
subsequent proton transfer. The peak pair is also observed in
the FADH™ minus FADH? difference FTIR spectrum in Figure
Sc, whose amplitude is even smaller (39% of Figure Sa). As a
consequence, the amplitude of the peak pair in the FADH™
minus FAD* difference FTIR spectrum (Figure Sd) is 85% of
Figure Sa. From these results, two Tyr residues may be involved
in the photoactivation reaction, where both change their
hydrogen bonding structures from FAD™ to FAD®™ but neither
is an electron donor. Upon formation of FADH?®, the structure
of one Tyr is preserved, while the other is restored. Then,
FADH™ formation changes the structures of two Tyr residues
again. If instead a Tyr radical were formed, its signal would
appear at ~1500 cm™".*** Because this signature band of the
Tyr radical is not present in these spectra (Figure Sa—d), the
data instead provide support for our alternative interpretation.

Secondary Structure Perturbations at 1700—1600
cm™". Amide I, the C=0 stretching vibration of the peptide
backbone, appears in this frequency region.*' The unique
spectral features are obtained for each difference FTIR
spectrum, and the enlarged spectra are shown in Figure S3 of
the Supporting Information. It should be noted that this region
contains other vibrations such as those of flavin and/or side
chains of proteins. In general, amide I is little influenced by H—
D exchange, and the spectral downshift by >3 cm™ in D,0
does not originate from amide I. For instance, the bands at
1688 (=), 1672 (+), and 1666 (+) cm™ in the FAD®™ minus
FAD® difference FTIR spectrum (Figure 5a) do not originate
from amide I, but those at 1633 (—) and 1625 (+) cm™' may
contain amide I vibrations. A previous study showed that the
bands at 1688 (—) and 1625 (+) cm™" originate from the C,=
O stretching vibrations of FAD®™ and FAD®", respectively.*”
Therefore, the positive band at 1625 cm™ mainly originates
from the C,=0O stretching vibration of flavin. However, from
the presence of the peak pair at 1633 (—) and 1625 (+) ecm™,
and the weak H—D effect for the negative band at 1633 cm™, it
is possible that the FAD®" minus FAD* difference FTIR
spectrum contains the amide I vibration at these frequencies.
The peak pair at 1633 (—)/1625 (+) cm™ is characteristic of
the amide I vibration of the f-sheet conformation.

The FADH® minus FAD difference FTIR spectrum (Figure
5b) shows the negative band at 1690 cm™", which is most likely
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to be the C,=O stretch of FAD."** Also, a previous study
showed that the twin positive peaks at 1663 and 1654 cm™
should comprise the C,=O stretching vibration for FADH®.**
On the other hand, twin positive peaks at 1663 and 1654 cm™"
are insensitive to H/D exchange, though their amplitudes were
considerably decreased. Therefore, the bands probably
originate from amide I vibrations, with a frequency character-
istic of a-helical conformation.*® Thus, the primary electron
transfer (FAD®~ formation) is accompanied by structural
perturbation of the f-sheet, and the subsequent proton transfer
(FADH® formation) increases the level of a-helical con-
formation.

Figure Sc apparently shows that the FADH™ minus FADH®
difference FTIR spectrum is highly sensitive to H/D exchange.
Nevertheless, it should be noted that the spectral features are
similar between H,O and D,O. The negative peak at 1661
cm™ is largely reduced in D,0, but the amplitudes of the peak
pairs at 1661 (—)/1645 (+) ecm™ in H,0 and 1661 (—)/1643
(+) em™! in D,O are similar. This suggests the amide I origin,
and the apparent decrease in the magnitude of the negative
1661 cm™ band in D,0 may be due to the baseline drift. The
positive peak at 1625 cm™" looks H/D unexchangeable, though
the amplitude is decreased. Amide I changes can be more
clearly observed in D,0. Because amide I vibrations at 1660—
1650 and 1640—1620 cm™" are characteristic of a-helix and -
sheet, respectively, the secondary electron transfer (FADH™
formation) accompanies structural changes that decrease the
level of a-helical conformation and increase the level of fS-
strand conformation in (6—4) PHR. These secondary structural
changes of the protein backbone need not be in the same
region.

In summary, the primary electron transfer (FAD®~
formation) is accompanied by structural perturbation of the
P-sheet, but no significant changes in a-helicity. The
subsequent proton transfer (FADH® formation) causes a
transient increase in a-helicity. Secondary structural rearrange-
ment of an a-helix or a-helices may be needed for the proton to
be taken up by FAD. Subsequently, the final electron transfer
(FADH™ formation) is accompanied by a decreased a-helicity
and an increased level of f-strand conformation. As a
consequence, when we compare the fully oxidized (FAD")
and reduced (FADH") states, there are no changes in a-helicity
but significant perturbations in j-sheet conformation.

Structural Similarity of FAD*~ and FADH™. Figure 6
compares the FAD*~ minus FAD* (red line) and the FADH™
minus FAD (black line) spectra, which are reproduced from
Figure S. As one can clearly see, the two spectra are similar,
including the amide I vibration. This implies structural
similarity between FAD®” and FADH™; these chemical
structures of FAD are different but carry negative charge. The
FAD®~ specific band at 1489 cm™ and the FADH™ specific
band at 1397 cm™" presumably originate from FAD. A previous
study suggested that the bands at 1489 (+) and 1397 (+) cm™*
originate from the C=N stretching vibration and the in-plane
rocking mode for Ng-H, respectively.””*

In the amide I region, there are common positive peaks at
1674, 1665, 1652, and 1625 cm™" for both FAD®~ and FADH™.
This observation together with different amide I signals for
FADH® and FAD* (Figure Sb) strongly suggests that the
negative charge at the chromophore is important for the
structure of (6—4) PHR. In other words, the protein structures
of four redox states in (6—4) PHR can be classified into three
confomations: FAD®, FADH®, and FAD*/FADH".

dx.doi.org/10.1021/bi300530x | Biochemistry 2012, 51, 5774—5783
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Figure 6. Comparison of the FAD*~ minus FAD* (red) and FADH™
minus FAD™ (black) difference FTIR spectra of Xenopus (6—4) PHR,
which were reproduced from the black lines in panels a and d of Figure
S, respectively.

Spectral Comparison between (6—4) PHR and CRY-
DASH. Despite striking similarities among homologous
members of the CRY/PHR family, their functional diversity
remains puzzling. We previously reported the FAD®™ minus
FAD®* and FADH™ minus FAD® spectra of the DASH-type
cryptochrome from Synechocystis (CRY—DASH).18 Because we
now have the difference FTIR spectra of the four redox states of
Xenopus (6—4) PHR, it is intriguing to compare these spectra
with those of CRY-DASH. Figure 7 shows overlaid FAD®~
minus FAD* (a) and FADH™ minus FAD* (b) FTIR spectra
for (6—4) PHR (black line) and CRY-DASH (green line).
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Figure 7. Comparison of light-induced difference FTIR spectra of
Xenopus (6—4) PHR (black) and SCRY-DASH (green). (a) FAD*~
minus FAD® difference FTIR spectra. (b) FADH™ minus FAD®
difference FTIR spectra.

Negative FAD specific peaks at 1715, 1690, 1578, and 1545
cm™' are common between Xenopus (6—4) PHR and SCRY-
DASH and can be ascribed to the C,=O, C,=O, C,,=Nj,
and C;5,=N; stretching vibrations of FAD, respectively.zs_31
Similarly, the FAD*~ specific peak at 1489 cm™ for (6—4)
PHR is commonly observed for SCRY-DASH (Figure 7a),
while the FADH™ specific peak at 1396 cm™ is commonly
observed for both (Figure 7b). These bands probably originate
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from the flavin chromophore, and common peaks for each
redox state are reasonable."®

In contrast to the conservation of chromophore bands
between CRY-DASH and (6—4) PHR, the protein bands are
different. The peak pair at 1227 (—)/1215 (+) cm™ for (6—4)
PHR, possibly because of Tyr, was not clearly observable for
SCRY-DASH. In Raman data of Vibrio cryptochrome 1,
another type of CRY-DASH, however, the 1227 cm™! band
characteristic of FADH® was observed.”> This suggests that
SCRY-DASH does not contain the corresponding Tyr residue.
On the basis of sequence and three-dimensional analysis, the
possible candidates for the Tyr residues in (6—4) PHR are
Y254, Y295, Y296, and Y412.*° To identify the signal, further
experiments, such as mutation analysis, are required; however,
these tyrosines are 4—8 A from FAD and are not present in the
SCRY-DASH sequence.

A prominent spectral difference can be seen in the amide I
region between (6—4) PHR and CRY-DASH. In the case of
CRY-DASH, a negative peak at 1663 cm™’, observed for the
FAD®™ minus FAD* and FADH™ minus FAD spectra (green
curve in Figure 7), is unexchangeable for D,0.'® This strongly
suggests structural perturbation of a-helicity upon formation of
FAD®” and FADH™ from FAD® in CRY-DASH, but not in
(6—4) PHR. For the FAD®™ state, the 1609 cm™' band for
CRY-DASH is much lower in frequency than for (6—4) PHR
(1625 cm™). For the FADH™ state, the peaks at 1675, 1647,
1627, and 1601 cm ™ are all insensitive to H/D exchange18 and
thus can be assigned for the amide I vibration. These results
suggest that structural changes of the protein are larger in CRY-
DASH than in (6—4) PHR and this might reflect the functional
difference between the sensor and enzyme.

B DISCUSSION

There are four different redox states for the FAD chromophore
of PHR: a fully oxidized form (FAD®), an anion radical form
(FAD®"), a neutral radical form (FADH®), and a fully reduced
form (FADH™). The enzymatically active state of PHR is
FADH™, and two photons are needed for the activation: FAD™
is first converted to FADH"® by light-induced one-electron and
one-proton transfers and then to FADH™ by light-induced one-
electron transfer. In this work, we studied the detailed
activation process of Xenopus (6—4) PHR using UV—visible
and FTIR spectroscopy. By lowering the temperature (200 K),
we successfully trapped FAD*~, where electron transfer occurs
but proton transfer does not. We then observed FADH" after
the subsequent proton transfer reaction via 450 nm
illumination at 277 K, where the FADH™ signal in the
difference FTIR spectra could be deconvoluted, by using the
results from UV—visible spectroscopy. We finally obtained the
FAD®™ minus FAD®, FADH® minus FAD®, and FADH™
minus FAD® spectra, from which any difference spectrum
among the four redox states can be calculated. Detailed
structural analysis requires band assignments using isotope
labeling and site-directed mutagenesis, as we performed for
bacteriorhodopsin**** and the LOV domain,***’ while we
discuss the molecular mechanism of the activation of (6—4)
PHR based on our FTIR results below.

Environment of the Flavin Chromophore in (6—4)
PHR. Light-induced difference FTIR spectra contain signals
from both the chromophore and the protein. In general, the
former is predominant, as has been shown for retinal proteins*®
and LOV domains,*”*° which is also the case for (6—4) PHRs
and CRYs. Frequencies of FAD™ at 1715, 1690, 1578, and 1545

dx.doi.org/10.1021/bi300530x | Biochemistry 2012, 51, 5774—5783
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cm™ (negative bands in Figure Sa,b,d) can be assigned to the
C,=0, C,=0, C,,=Nj, and C;;,=N; stretching vibrations
of flavin, respectively.”~>' The bands at 1489, 1535, and 1397
cm™!, being specific to FAD®”, FADH®, and FADH",
respectively, can also be ascribed to the vibrations of the flavin
chromophore. The 1489 cm™ band of FAD®" possibly
originates from the C=N stretching vibrations in the
isoalloxazine rin§,32 while the ring vibration of Trp®" may
also be involved.”” A previous theoretical study suggested that
the 1625 cm™" band of FAD®~ (Figure Sa) originates from the
C,=O stretching vibration of flavin. A recent theoretical
calculation of lumiflavin (LF) reported that the ring vibration
mainly consisting of C=N stretches in isoalloxazine (1545
cm™") is slightly downshifted in the neutral radical (LFH®) and
split into two differently downshifted and much weaker bands
in the anion radical (LF*~).>* Therefore, the band at 1535 cm™
can be ascribed to the C=N stretching vibration in FADH".
The H/D unexchangeable band at 1397 cm™! of FADH™
possibly originates from ring vibrations of the flavin
chromophore.” In fact, this band is observed for FADH™ of
CRY-DASH (Figure 7). Thus, in the CRY/PHR family, the
strong FTIR peaks can be assigned to flavin vibrations. Similar
frequencies for FAD between solution and protein environ-
ments suggest that the structural properties of the flavin
chromophore are maintained in (6—4) PHR.

Electron and Proton Transfer Reactions in (6—4) PHR.
Photoactivation of (6—4) PHR is accompanied by electron and
proton transfer processes distinct from the DNA repair
reaction. The primary electron transfer converts FAD™ into
FAD*™, followed by a proton transfer to form FADH®, and
finally FADH™ is formed by the secondary electron transfer.
There must be two electron donors and one proton donor for
activation from FAD®, whereas none of them has been
identified for (6—4) PHR. With regard to the primary electron
transfer, an important role of the tryptophan triad chain has
been suggested. In the case of E. coli CPD PHR, substitution of
the most distant Trp of the triad chain disturbs the electron
transfer,” and (6—4) PHRs structurally conserve the tryptophan
triad chain with some modification. The presence of visible
absorption at 500—700 nm (Figure 4) and FTIR bands at 1489,
1060, and 1046 cm ™" (Figure Sa) suggests the involvement of
radical species, possibly Trp®*.

One proton is gained by flavin in the conversion from FAD®~
to FADH®. Successful isolation of the primary electron transfer
and proton transfer at 200 K implies that the proton transfer is
accompanied by conformational changes in the protein.
Protonated carboxylic acids are good candidates for the
donor of the proton to the FAD, and in fact, a negative
FTIR band observed at 1735 cm™" suggested that a carboxylic
acid is the FAD proton donor for photoreduction of plant
CRY.>® However, Figure 5 shows the absence of such bands for
(6—4) PHR, indicating that protonated carboxylic acid is not
the proton donor. Consistent with the FTIR results, plant CRY
anchors the redox-active FAD Nj position with a hydrogen
bond to the carboxylic acid Asp,>® whereas PHRs conserve this
position as Asn.” At present, the proton donor and secondary
electron donor to FAD in (6—4) PHR remain to be identified.
It should be noted that unlike other CRY/PHR family
members, including CRY-DASH, (6—4) PHR can form
FADH™ stably without a reducing agent such as DTT, implying
that light energy is sufficient for overcoming the potential
barrier for forming FADH™. Although the identification of the
proton and secondary electron donors awaits further
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investigation, our FTIR spectra provide the analytical basis of
future study.

Secondary Structural Changes during the Activation
of (6—4) PHR. The structure of (6—4) PHR has a typical
CRY/PHR fold, consisting of an N-terminal &/ domain and a
C-terminal a-helical domain, containing the active site FAD.
Our spectral analysis of the amide I vibration reveals that the
primary electron transfer (FAD®~ formation) in Xenopus (6—4)
PHR is accompanied by perturbation of the p-sheet
conformation, but no significant changes in a-helicity. The
subsequent proton transfer (FADH® formation) causes a
transient increase in a-helicity that is reversed by the secondary
electron transfer (FADH™ formation), which also enhances the
f-sheet conformation. As a consequence, when we compare
fully oxidized (FAD) and reduced (FADH") states, there are
no significant changes for o-helicity, but more noticeable
perturbation for the f-sheet conformation. Small changes in a-
helicity in (6—4) PHR may be characteristic of activation of this
enzyme.

Relatively small structural changes for (6—4) PHR are
supported by the spectral resemblance between the FAD®~
minus FAD®™ (200 K) and FADH™ minus FAD™ (277 K)
difference FTIR spectra (Figure 6). At 200 K, protein structural
changes are limited compared to those of higher temperatures,
whereas similar spectra, particularly on the amide I bands,
suggest local structural perturbation around the FAD
chromophore. The lack of the signal in the a-helix for (6—4)
PHR, unlike CRY-DASH, in Figure 7 may also support this
argument. In the previous paper, we compared the FADH™
minus FAD®® spectra in the absence and presence of
oligonucleotides containing the (6—4) photoproduct.'
Although the two spectra were very similar, we reported an
additional negative peak at 1653 cm™" only in the presence of
the damaged DNA. This suggests that structural perturbation
takes place only in the DNA-bound form of (6—4) PHR. The
spectral analysis for the photoactivation in the presence of the
(6—4) photoproduct is thus intriguing. In addition, one might
expect the possibility that FAD®” could have DNA repair
activity, because of the structural similarity between FAD*™ and
FADH".

H CONCLUSION

We examined different FAD redox states of (6—4) PHR by
UV—visible and FTIR spectroscopy and successfully obtained
difference FTIR spectra among four redox states of FAD.
Spectral analysis of the C=O stretching vibration of
protonated carboxylic acids shows the lack of the signal upon
the proton transfer reaction, implying that carboxylic acids are
not proton donors. The involvement of structural changes in
Trp and Tyr is suggested by the UV—visible and FTIR analysis
of FAD®™. The spectral analysis of the amide I vibration reveals
that the primary electron transfer (FAD®~ formation) is
accompanied by perturbation of the [-sheet conformation,
but not a-helicity. The subsequent proton transfer (FADH®
formation) causes a transient increase in a-helicity that is
reversed by the secondary electron transfer (FADH™
formation), which also perturbs the f-sheet conformation. On
the basis of the obtained difference FTIR spectra, isotope
labeling and various mutants of (6—4) PHR will provide a
detailed molecular mechanism for the photoactivation of this

enzyme.
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FTIR spectral comparison of the present His-tagged sample in
this study and the previous sample preparation using the GST
tag" for the photoactivation and photorepair process (Figure
S1), an estimate of the possible involvement of FADH" as the
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