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DNA apophotolyase from Anacystis nidulans: 1.8 A
structure, 8-HDF reconstitution and X-ray-induced

FAD reduction

DNA photolyase is a unique flavoenzyme that repairs UV-
induced DNA lesions using the energy of visible light.
Anacystis nidulans photolyase contains a light-harvesting
chromophore, 8-hydroxy-5-deazaflavin (8-HDF), and flavin
adenine dinucleotide (FAD) which, in contrast to the 8-HDF
chromophore, is indispensable for catalytic activity. This work
reports the crystallization and structure at 1.8 A resolution of
DNA photolyase devoid of its 8-HDF chromophore (apo-
photolyase). The overall three-dimensional structure is similar
to that of the holoenzyme, indicating that the presence of
8-HDF is not essential for the correct folding of the enzyme.
Structural changes include an additional phosphate group, a
different conformation for Argl1 and slight rearrangements of
Met47, Asp101 and Asp382, which replace part of the 8-HDF
molecule in the chromophore-binding pocket. The apophoto-
lyase can be efficiently reconstituted with synthetic 8-hydroxy-
5-deazariboflavin, despite the orientation of Argll and the
presence of the phosphate group in the 8-HDF pocket.
Red light or X-rays reduced the FAD chromophore in
apophotolyase crystals, as observed by single-crystal spectro-
photometry. The structural effects of FAD reduction were
determined by comparison of three data sets that were
successively collected at 100 K, while the degree of reduction
was monitored online by changes in the light absorption of the
crystals. X-ray-induced conformational changes were confined
to the active site of the protein. They include sub-angstrom
movements of the O(2) and N(5) atoms of the flavin group as
well as the O’ atoms of the surrounding amino acids Asp380
and Asn386.

1. Introduction

The UV component of solar radiation causes DNA damage,
which is detrimental to the living cell as it interferes with the
correct replication and transcription of DNA. The major
products of UV irradiation of DNA are cyclobutane dimers
formed between adjacent pyrimidine bases in the same DNA
strand, which can be repaired by DNA photolyase. This
enzyme utilizes light energy (300-500 nm) to split the cyclo-
butane ring of the dimer. DNA photolyase is a monomeric
protein of approximately 50 kDa with stoichiometric amounts
of two non-covalently bound chromophores. The first chro-
mophore is FADH™, which is essential for catalysis, while the
second chromophore only plays a role in light-harvesting and
can be either 5,10-methenyltetrahydrofolate (MTHF) or
8-hydroxy-5-deazaflavin (8-HDF). Two distinct photochemical
reactions are mediated by DNA photolyase. The actual DNA-
repair reaction, commonly referred to as photoreactivation,
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Table 1
Data-collection and refinement statistics.

Values in parentheses are for the last resolution shell.

Data collection DATAT1f} DATA2% DATA3¢} DATA4% DATAS DATAGE DATAT7§
Resolution range (A) ) 20.0-2.3 20.0-2.3 20.0-2.3 20.0-2.3 20.0-2.3 20.0-2.3 20.0-1.75
Resolution range, last shell (A) 2.38-2.3 2.38-2.3 2.38-2.3 2.38-2.3 2.38-2.3 2.38-2.3 1.81-1.75
Total No. observations 114746 114879 115071 119038 118066 118365 305896
No. unique reflections 21712 21671 21636 21372 21264 21794 51041
Completeness 1 > 1o (%) 87.8 (73.6) 87.6 (73.6) 87.5 (72.4) 85.4 (68.6) 85.0 (66.7) 87.1 (70.4) 90.2 (79.2)
Riergell (%) 5.7 (22.6) 5.5(23.1) 55(232) 9.3 (27.3) 9.4 (29.2) 7.7 (23.2) 6.1 (39.0)
Unit-cell parameters

a=b(A) 89.33 89.74 90.01

c (A) 133.40 133.82 134.78
Refinement

Resolution (A) 20.0-2.3 20.0-2.3 20.0-1.80

Rtt (%) 20.7 20.6 19.0

RireeTT (%) 26.0 24.1 21.1

Model (No. atoms) 4067 4072 4255

Protein (No. residues) 474 474 475

Cofactor FAD FAD FAD

Solvent molecules (waters/POZ’) 223/1 228/1 416/21%
PDB code lowm lown lowo lowp lowl

+ Data were collected at beamline BL44B2, SPring-8 with monochromatic X-rays of 1.00 Awavelength. The corresponding spectra recorded before each diffraction data-set collection
are indicated in Fig. 4(a): DATA1, squares; DATA2, circles; DATA3, triangles. # Data were collected from at beamline BL44B2, SPring-8 with monochromatic X-rays of 1.00 A
wavelength from a crystal devoid of the FADH' state. The corresponding spectra are indicated in Fig. 4(b): DATA4, squares; DATAS5, circles; DATAG, triangles. § Data were collected
at beam station ID09, ESRF with X-rays of 0.75 A wavelength. 9§ Ryerge = > [1; — (I)|/D_(I;), where I; is the observed intensity and (I;) is the average intensity over symmetry-

equivalent measurements. ff R = Z!IF(,],SI -

‘Fcalc”/z |Fops|- Riree is the same as R, but for a 5% subset of all reflections that were never used in crystallographic

refinement. #f One additional PO}~ molecule was placed in this model close to the surface of the protein (not in the 8-HDF pocket).

involves the absorption of a photon by the second chromo-
phore (8-HDF or MTHF) and energy transfer from the second
chromophore to FADH™. This is followed by electron transfer
to the pyrimidine dimer, which results in monomerization and,
finally, back electron transfer, restoring the catalytically active
flavin (Yasui & Eker, 1999; Sancar, 2003).

The second photochemical reaction is the photoreduction
of the semi-reduced FADH" chromophore to FADH™, also
referred to as photoactivation, as DNA photolyase is only
active with the FAD chromophore in the fully reduced form.
This reaction can be monitored by the decrease of the low-
intensity band of the neutral semiquinone form (FADH’)
above 500 nm, with maxima at 588 and 634 nm. Time-resolved
absorption spectroscopy on Anacystis nidulans DNA
apophotolyase showed that the light-induced reduction of the
FADH' form is associated with the formation of at least two
short-lived amino-acid radicals in the protein (Aubert et al.,
1999). Both amino-acid radicals can decay by relatively slow
charge recombination with FADH™; however, in the presence
of an external electron donor this recombination does not
occur and the enzyme is left in its active fully reduced state.
The amino-acid radicals involved in these electron-transfer
reactions have been attributed as tryptophan and tyrosine
residues from their respective transient absorption spectra,
but they have not yet been assigned to any specific amino-acid
residue in the protein.

The crystal structures of the DNA photolyases from
Escherichia coli, A. nidulans and Thermus thermophilus have
been solved at atomic resolution, indicating an N-terminal o/
dinucleotide-binding domain and a C-terminal helical domain
(Park et al., 1995; Tamada et al., 1997; Komori et al., 2001).
Here, the crystallization and structure of A. nidulans

apophotolayse as well as the holoprotein reconstitution from
the apoprotein and 8-HDF are reported for the first time. In
addition, studies on the effect of X-ray exposure on the redox
state of the FAD chromophore in photolyase crystals during
data collection at 100 K were carried out. The absorption and
the structural changes calculated from three successively
collected data sets were monitored, showing sub-angstrom
conformational changes in and around the flavin group of
DNA photolyase.

2. Materials and methods
2.1. Purification and crystallization of photolyase

Recombinant DNA photolyase from the cyanobacterium
A. nidulans was overexpressed and purified from E. coli as
described previously (Miki et al., 1993). As E. coli cells are
unable to synthesize 8-HDF, purification results in apo-
photolyase containing the FAD chromophore only. Recon-
stitution of apophotolyase was studied using synthetic
8-hydroxy-5-deazariboflavin (Eker et al., 1989). The isolation
and purification of holophotolyase from A. nidulans cells has
been described elsewhere (Eker et al, 1990). For crystal-
lization, apophotolyase was concentrated to 30 mgml™' in
10% ammmonium sulfate, 10 mM potassium sulfate pH 7.0
and 5mM 2-mercaptoethanol by the use of a Centricon
centrifugal filter device (Millipore) with a 30 kDa cutoff.
Subsequently, protein crystals were obtained by the hanging-
drop vapour-diffusion method: the sample was equilibrated at
277 K against the same buffer containing 22% ammonium
sulfate as described elsewhere (Miki et al., 1993). Crystals were
frozen in liquid nitrogen after bathing at 277 K in a cryo-
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protectant consisting of the precipitant containing 10%(v/v)
and subsequently 30% (v/v) glycerol for a few seconds.

2.2. X-ray crystallographic analysis

A 18 A resolution data set was collected from DNA
apophotolyase (DATA7) at 100 K at the European Synchro-
tron Radiation Facility (ESRF), using the monochromatic
mode (0.75 A) at beam station ID09 (Wulff et al., 1997).
Further X-ray diffraction studies (DATA1-6) were carried out
using synchrotron radiation with a typical dose of 8 Xx
10" photons s™' at the bending-magnet beamline BL44B2,
SPring-8, Japan (Adachi et al., 2001). Data were collected with
a MAR CCD165 area detector using monochromatic X-rays
of 1.00 A. The crystals belong to the tetragonal space group
P432,2, with unit-cell parameters a = b = 90.01, ¢ = 134.78 A.
Diffraction data sets of apophotolyase (DATA1-3) and
apophotolyase devoid of the semiquinone form of FAD
(DATA4-6) were collected at 100 K from a single crystal. An
angular range of 60 images was used with a 1.0° oscillation
angle and an exposure time of 10 s, except for DATA3 and
DATAG6, which had a 20s exposure time. Data sets were
processed with HKL2000 (Otwinowski & Minor, 1997) and
CCP4 software (Collaborative Computational Project,
Number 4, 1994). Molecular replacement and rigid-body
refinement were carried out using the program CNS (Briinger
et al., 1998). The atomic coordinates of the DNA holophoto-
lyase from A. nidulans (PDB code 1qnf) were used as a
model. Further structure refinement with CNS included the
simulated-annealing protocol and individual B-factor refine-
ment. The data-collection and refinement statistics are shown
in Table 1. The root-mean-square deviation (r.m.s.d.) between
DNA apophotolyase (DATA7) and holophotolyase (1qnf) was
calculated using the program LSOMAN (Kleywegt & Jones,
1994).

2.3. Reconstitution of photolyase

DNA apophotolyase was incubated with excess 8-hydroxy-
5-deazariboflavin for 4h at 277K and separated from
unbound chromophore on a size-exclusion spin column (Bio-
Spin 6, Bio-Rad) in order to obtain the absorption spectrum of
reconstituted photolyase. The ratio of photolyase-bound
chromophores was calculated from the absorption spectrum
after heat denaturation for 10 min at 343 K followed by
centrifugation.

The kinetics of reconstitution were determined by
measuring the quenching of chromophore fluorescence on
binding to apophotolyase,

ky
E+C = EC, 1)
k2

E is apophotolyase, C is free chromophore and EC is recon-
stituted photolyase. In order to simplify the kinetic equation
describing equilibrium (1) an at least 30-fold molar excess of
apophotolyase was used, yielding

[C] = [Cly(k, + K, [Ely) expl—(k, + ki [Ely)dl/(ky + K, [E]y), (2)

[C]o and [E]y are the concentrations at time ¢ = 0. [C] and [C]
were measured as the fluorescence intensity. Kinetic data were
fitted to (2) by non-linear regression, yielding values for k; and
k, and the complex association constant K, = k,/k,. Fluores-
cence spectra and time courses were measured with a LS50B
(Perkin—Elmer) luminescence spectrometer at 283 K.

200 pm

(b)

Figure 1

A. nidulans DNA photolyase crystals. (a) An assembly of A. nidulans
DNA apophotolyase crystals grown after one week of incubation at 277 K
and (b) a single P4;2,2 crystal isolated from the assembly and frozen in a
cryoloop at 100 K in the presence of precipitant containing 30% (v/v)
glycerol. The white spot on the crystal arises from the light beam of the
spectrophotometer during monitoring. The dimensions of the crystal are
approximately 50 x 50 x 250 pm.

Figure 2

The 8-HDF chromophore-binding pocket in holophotolyase and
apophotolyase. Residues with a significantly changed conformation in
apophotolyase are depicted as a ball-and-stick model in black (C atoms),
blue (N atoms), red (O atoms) and yellow (S atom). The dense colours
indicate the apoprotein and the light colours the holoprotein with the 8-
HDF chromophore. The additional phosphate molecule in apophotolyase
is depicted in purple (P atom) and red (O atoms). The backbone is
depicted as a grey wireframe.

Acta Cryst. (2004). D60, 1205-1213
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2.4. Light-induced reduction of crystals

DNA apophotolyase crystals were mounted from the
precipitant containing 30% (v/v) glycerol in a cryoloop on the
goniometer head of the spectrophotometer. Crystals were
illuminated for 2's at 293 K with 20 mW helium-neon CW
laser light at 633 nm (NEC Corporation, Tokyo, Japan), which
was guided to the crystal by an optical fibre and a goniometer
head with an adjustable fibre holder. The power density of the
red laser light at the site of the sample was approximately
4 W cm™2 A 600 series Oxford Cryosystems nitrogen-stream
cooler was used to cool the crystal to 100 K directly after
illumination. The spectra presented in Fig. 4(a) were recorded
with a PC2000 2048-element linear CCD-array fibre-optic
spectrometer (Oceanoptics Inc., Dunedin, USA). Monitoring
light was focused on the crystal by the use of two reflective
objectives (focal spot diameter < 50 um). For a detailed
description of this spectrophotometer, see Bourgeois et al.
(2002).

2.5. X-ray-induced reduction of crystals

Crystals were irradiated by X-rays at 100 K using a mono-
chromatic beam of 1.00 A wavelength. The typical X-ray dose
at the sample position at BL44B2 was 8 x 10" photons s .
The diameter of the focused beam at the sample
position is 0.22 mm, leading to a photon flux of
2 x 10" photons mm*s~'. Accordingly, one DNA apo-
photolyase crystal and one apophotolyase crystal devoid of
the semiquinone form of FAD were exposed to X-ray
doses of 1.2 x 10" photons mm™? (DATA1 and DATA4),
24 x 10" photons mm 2 (DATA2 and DATAS) and
48 x 10" photons mm > (DATA3 and DATAG6). The
absorption spectra were recorded online at SPring-8 prior to
the collection of each X-ray diffraction data set. These spectra
were corrected for light scattering by A" correction (Jagger,
1967). During the transfer between microspectrophotometer
and diffractometer, crystals were kept at liquid-nitrogen
temperature. As a control experiment, crystals were reduced
chemically by soaking for 10 s in precipitant in the presence of
100 mM of the reducing agent sodium dithionite. The basic
setup for the spectrophotometer used to generate the spectra
has been reported by Sakai et al. (2002). In this study, the
monochrome monitoring light was replaced by white light
from a tungsten lamp to measure the full spectra and focused
at the sample position to a spot diameter of 100 pm.

3. Results
3.1. Crystallization of DNA apophotolyase

Crystals of DNA apophotolyase formed large assemblies
after incubation for one week at 277 K (Fig. 1a). The crystals
belong to the tetragonal space group P432,2, with unit-cell
parameters a = b = 90.01, ¢ = 134.78 A. These values differ
only slightly from those observed for the holoprotein P432,2
crystals at room temperature (a = b =91.71, ¢ = 135.54 A; Miki
et al., 1993). The dimensions of the single crystals that were
isolated from the assemblies for spectroscopy and X-ray

diffraction studies were approximately 50 x 50 x 250 pm
(Fig. 1b). In spite of the presence of the reducing agent
2-mercaptoethanol in the initial precipitation mixture, slow
oxidation of the flavin chromophore occurred, resulting in a
colour change of the crystals from blue to green. Therefore,
the crystallized photolyase contains both the oxidized and
semi-reduced form of FAD, as is evident from the reference
absorption spectrum in Fig. 4(a). The oxidized form of FAD
exhibits characteristic absorption bands at 364 nm (not
shown) and 448 nm, with the 448 nm band having fine struc-
ture at 428 and 474 nm. This spectral structure, which is also
evident at room temperature, becomes more highly resolved
at low temperature. In addition, the shoulder in the absorption
at 4998 nm and the maxima at 585 and 634 nm indicate the
presence of the semi-reduced form of FAD (Eker et al., 1990).

3.2. Structure of DNA apophotolyase at 1.8 A resolution

The refined atomic structure appeared to be similar to that
of the holoprotein (Tamada et al., 1997), indicating that the
presence of the 8-HDF chromophore is not essential for
correct folding of the protein. The root-mean-square deviation
over 473 C* atoms between DNA apophotolyase (DATA7)
and holophotolyase is 0.39 A. The most striking differences in
conformation were found at the 8-HDF-binding site (Fig. 2).
An additional phosphate ion is present in the empty 8-HDF-
binding pocket. The side chain of the Argll residue moves
away from Asp382 by a distance of approximately 4 A into the
pocket, where it tightly interacts with the phosphate ion (2.8 A
distance). In addition to the conformational change of Argll,
slight rearrangements were observed in the side chains of
Met47, Asp101 and Asp382, as depicted in Fig. 2. In addition,
the conformation of Trp286 varied considerably between
different DNA apophotolyase crystals (data not shown). This
residue, which is highly conserved among DNA photolyases, is
located at the solvent-accessible surface near the active site
and its conformational flexibility is thought to be of impor-
tance for creating the cavity for pyrimidine-dimer binding for
access to the FAD chromophore (Komori et al., 2001).

3.3. Reconstitution of DNA photolyase

Photolyase purified from A. nidulans cells contains
8-hydroxy-5-deazariboflavin and FAD chromophores in a
molar ratio of 1.0 (Eker et al., 1990), but is hardly fluorescent.
Denaturation increases the fluorescence intensity approxi-
mately 25-fold owing to the strong fluorescence of the released
8-hydroxy-5-deazariboflavin chromophore, which is quenched
when bound to photolyase (Fig. 3a). This offers the possibility
of studying the kinetics of reconstitution by measuring the
decrease in fluorescence as a function of time after mixing
8-hydroxy-5-deazariboflavin with apophotolyase (Fig. 3b). A
rather slow but almost complete quenching of fluorescence
was found. Fitting the time course of the fluorescence decrease
into (2) (see §2.3) yielded the kinetic constants for the
reconstitution process: k; = 58 x 10°M's™' and
k,=1.5 x 10~*s7! yielding the complex association constant
K,=4x10"M~"
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The absorption spectrum of apophotolyase shows only low
absorption of the FAD semiquinone radical, but after recon-
stitution with excess 8-hydroxy-5-deazariboflavin a large
absorption band (Amax = 436 nm, &, = 53 000 M~ ecm ™) is
present, indistinguishable from the absorption spectrum of
photolyase obtained from A. nidulans cells (Fig. 3¢). From the
absorption spectrum of denatured reconstituted photolyase, a
molar ratio of 8-hydroxy-5-deazariboflavin:FAD of 1.1 was
obtained. These results show that the presence of the Argll
side chain and a phosphate ion the 8-HDF pocket in
A. nidulans apophotolyase does not hamper efficient recon-
stitution with its natural chromophore 8-hydroxy-5-deaza-
riboflavin.

3.4. Photoreduction of DNA apophotolyase crystals

Photoreduction of apophotolyase was studied in crystalline
DNA apophotolyase. In this experiment, a crystal was cooled
to 100 K in the presence of 2-mercaptoethanol as an external
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electron donor and the dark spectrum was measured (Fig. 4a).
Illumination with red laser light of 633 nm under these
conditions did not lead to any change in the absorption
spectrum. This is in accordance with the finding that in solu-
tion the light-induced accumulation of FADH™ does not occur
in A. nidulans photolyase at temperatures below 230 K
(C. Aubert and P. Mathis, personal communication), possibly
owing to the temperature-dependence of the reaction with the
exogenous electron donor 2-mercaptoethanol. However, red-
light illumination of the crystal at room temperature for 2 s,
followed by freezing to 100 K, led to a decrease in absorption
in the 440-660 nm region (Fig. 4a). These changes indicate the
light-induced conversion of the neutral semiquinone form
FADH' with absorption maxima at 498, 485 and 634 nm to the
fully reduced form FADH™, while photoreduction of the
oxidized form FAD is virtually absent.

3.5. Structure and absorption changes by X-ray-induced FAD
reduction

The absorption spectra of DNA apophotolyase crystals
indicated that the absorption in the 400-700 nm region slowly
decreases upon exposure to X-rays. To study the conforma-
tional changes associated with these spectral changes, three
independent X-ray diffraction data sets were collected from
two crystals. In addition, the corresponding absorption spectra
were recorded on these two crystals prior to the collection of
each data set. One crystal contained the FAD chromophore in
the FADox and the FADH' form (Fig. 4c) and one crystal was
devoid of chromophore in the FADH' form (Fig. 4d). Expo-
sure of these two crystals to X-rays clearly shows a dose-
dependent decrease of the absorption bands of FADox
(Figs. 4c and 4d) as well as FADH" (Fig. 4c). As a control
experiment, a separate crystal was incubated in mother liquor

0.75

0.50

Absorbance

0.25

(1ii)
1 [ 1
300 400 500 600 700
Wavelength (nm)

(c)

In vitro reconstitution of apophotolyase. (a) Fluorescence spectra of native (i) and heat-denatured (ii) authentic A. nidulans photolyase. Excitation and
emission were at 420 and 468 nm, respectively. (b) Time course of fluorescence quenching owing to reconstitution of 8-hydroxy-5-deazariboflavin (6 nM)
and apophotolyase (1027 nM) added at time zero. Excitation was at 420 nm and emission at 468 nm. The final fluorescence reached after ~2.5 h is also
shown (dotted line). (¢) Absorption spectra of recombinant A. nidulans apophotolyase before (iii) and after (iv) reconstitution with 8-hydroxy-5-
deazariboflavin. The absorption spectrum of authentic A. nidulans photolyase isolated from A. nidulans cells (dashed line) is shown for comparison.
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with the reducing agent sodium dithionite in order to check
the effect of chemical reduction on the absorption spectrum.
The spectrum of a chemically reduced DNA apophotolyase
crystal (Fig. 4b) shows similar spectral changes compared with
the reference spectrum as those observed upon exposure to
X-rays (Figs. 4c and 4d). They include the reduction of
FADox, evident from the decrease of the 448 nm absorption
band, as well as the reduction of FADH’', indicated by the
decrease of absorption in the 490-660 nm region (Fig. 4b).
Prolonged incubation in the presence of sodium dithionite
further reduced the remaining oxidized form of FAD in the
crystal (data not shown).

Conformational changes associated with the X-ray-induced
reduction of the FAD chromophore in DNA apophotolyase at
100 K were revealed by comparison of data sets collected from
a single crystal. Although differences could not be identified
directly in the refined atomic models, comparison of electron-
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Optical density
=
LFS)
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(c)

600 650 700

Figure 4

density maps of the crystal before and after X-ray irradiation
by means of difference Fourier maps show significant peaks
that are confined to the FAD-binding site in DNA apo-
photolyase (Figs. 5a and 5b). These electron-density difference
peaks are shown in more detail in Figs. 5(¢) and 5(d), in which
the FAD-binding site of the protein has been displayed. Three
combinations of negative and positive electron-density peaks
are present in both maps, indicating that they are associated
with the conversion of FADox to the fully reduced state. They
include a number of slight displacements of approximately
0.2 A in the structural models for the O(2) and the N(5) atom
of FAD, as well as for the O° atom of Asn386, which moves
toward the N(5) atom. In addition, the reduction of the
FADH" form, indicated by features that are exclusively
present in Fig. 5(c), leads to a displacement in the refined
model of 0.2 A for the O atom of Asp380 , which moves away
from the N(3) atom in the isoalloxazine ring of FAD.

m Reference
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Reduction of crystals by light, dithionite and X-rays. (a) Photoreduction: light-absorption spectra were recorded at 100 K before (squares) and after
(circles) illumination with 633 m He—Ne laser light for 2 s at 293 K. (b) Chemical reduction: spectra were recorded at 100 K without (squares) and after
(circles) incubation of a crystal for 10 s at 293 K in mother liquor with 100 mM sodium dithionite. (¢) X-ray-induced reduction of an apophotolyase
crystal with the chromophore in the FADox and FADH' states. Spectra were recorded on the same crystal before collection of diffraction data sets
DATAI1 (squares), DATA?2 (circles) and DATAS3 (triangles). The latter two spectra were corrected for light scatter. (d) X-ray-induced reduction of an
apophotolyase crystal devoid of the semiquinone form of the FAD chromophore. Spectra were recorded on the same crystal before collection of
diffraction data sets DATA4 (squares), DATAS (circles) and DATAG (triangles). The latter two spectra were corrected for light scatter. Only one out of
every ten data points has been displayed in all spectra for reasons of clarity.
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4. Discussion

In this study, we describe the crystallization of DNA
apophotolyase, which appeared to crystallize under very
similar conditions and in the same symmetry group as the
holoprotein (Miki et al., 1993). In line with this, differences in
the apoprotein crystal structure are confined to the 8-HDF
pocket. These findings show that the presence of the 8-HDF
chromophore is not a prerequisite for correct folding of the
protein. This is an important validation of the relevance of the

observed intraprotein electron-transfer reactions in A. nidu-
lans devoid of the 8-HDF antenna cofactor (Aubert et al.,
1999, 2000). Notwithstanding the structural rearrangements in
the 8-HDF pocket, we showed that in vitro reconstitution of
apophotolyase with 8-hydroxy-5-deazariboflavin is efficient,
with an association constant K, = 4 x 10’ M~'. This is an
important result as it opens the possibility of studying energy
transfer with modified flavins. The K, value explains why,
despite the low concentration of both apophotolyase (Eker et
al., 1990) and 8-hydroxy-5-deazariboflavin (Eker ef al., 1989),

a reasonable amount of holophotolyase is

= found in the living cell.

In addition, this study describes the
reduction of A. nidulans DNA apophoto-
s lyase crystals by X-rays and associated
conformational changes. Initial experi-
ments were aimed at the identification of
N conformational changes resulting from

— photoreduction of the FAD cofactor by

exposure to 633 nm laser light (for spectra,
see Fig. 4a). This type of experiment could
not be carried out on a single frozen crystal,

as light-induced accumulation of FADH™

does not occur at low temperatures.
Besides, an increase in the temperature of
the nitrogen stream around the crystal for
the purpose of photoreduction after X-ray
diffraction data collection strongly affects
the X-ray diffraction properties of the
crystal. Therefore, comparison of data sets
of flash-frozen crystals kept in the dark and
after exposure of 633 nm light pulse for 2 s
at room temperature were carried out.
However, this multiple-crystal strategy did
not lead to the identification of structural

changes associated with photoreduction, as

it was not possible to discriminate between
the very small light-induced conformational
changes and the differences resulting from
non-isomorphism among crystal samples
(evident from the disagreement between
scaled data sets). In addition, the slow
reduction of FADox and FADH" induced
by X-rays further complicated the correct
interpretation of these data sets. Recently,
Berglund and coworkers have reported an
elegant method of dealing with the latter
problem using a multiple-crystal data-

()
Figure 5

Structural changes upon exposure of DNA apophotolyase to X-rays. (a, b) Difference Fourier
electron-density maps of the entire protein and (c, d) stereoviews of the FAD-binding site,
showing the negative and positive electron-density peaks. The maps were calculated at 2.5 A
resolution. The contour levels are —4.00 (red) and 4.00 (blue). The figures were constructed
with the programs MOLSCRIPT (Kraulis, 1991), RASTER3D (Merritt & Murphy, 1994) and
CONSCRIPT (Lawrence & Bourke, 2000). () and (c) indicate difference maps calculated with
structure-factor amplitudes Fpatas — Fpata:1 (Table 1). (b) and (d) indicate difference maps of
a crystal devoid of the semiquinone form of FAD with amplitudes Fpatas — Fpatas4- See Fig. 4

for the corresponding absorption spectra and X-ray doses.

collection strategy based on a systematic
spread of the X-ray dose over many crystals
(Berglund et al, 2002). However, this
method also requires the collection of data
sets from different crystals, which appeared
not to be suitable for the non-isomorphic
DNA apophotolyase crystals used in this
study. Therefore, the observed radiation-
induced decay of FADox and FADH' in a
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single crystal at low temperatures was used here to elucidate
the structural changes associated with changes in the redox
state of the FAD cofactor of DNA photolyase. The observed
decay of these redox states as indicated in Figs. 4(c¢) and 4(d)
was interpreted as a result of reduction. This interpretation
was further substantiated by incubation of crystals in the
presence of the reducing agent sodium dithionite, which led to
similar changes in the absorption properties of DNA
apophotolyase crystals (Fig. 4b). The reduction of a redox-
active group in a protein crystal by X-rays at cryogenic
temperatures and associated structural changes have also been
observed in a number of metalloproteins (Chance et al., 1980;
Schlichting et al., 2000). This effect is interpreted as a reduc-
tion by radiolytically produced electrons, derived from the
solvent for example, that drive the reaction. Radiolysis from
X-rays has been reported to cause specific structural changes,
including the breakage of disulfide bridges and the decar-
boxylation of acidic residues (Burmeister, 2000; Weik et al.,
2000).

Irradiation of DNA apophotolyase crystals at low
temperature led to a number of interesting structural changes
that can be observed as combinations of negative and positive
density in the Fourier difference maps (Fig. 5). The conversion
of FADox to its fully reduced form leads to a slight movement
of O(2) relative to the isoalloxazine ring and a possibly
correlated movement of the O° atom of Asn386 and the N(5)
atom in the isoalloxazine ring. More extensive movements
in the isoalloxazine ring of FAD have been reported for
thioredoxin reductase (Lennon et al., 1999). In this enzyme the
ring is planar in the oxidized form, but makes a 34° ‘butterfly
bend’ about the N(5)—N(10) axis in the reduced form. The
strengthening of a hydrogen bond with N(5) upon reduction is
a common phenomenon in flavoproteins and plays a role
in the stabilization of reduced FAD. For example, in flavo-
doxins it has been observed that reduction of the flavin
mononucleotide group is associated with the flipping of a
Gly-Asp dipeptide in the protein, where the carbonyl oxygen
of the Gly accepts a hydrogen bond from N(5) in the semi-
quinone and hydroquinone forms (Ludwig et al., 1997). In the
present study it is shown that the O’ atom of Asn386 moves to
a slightly closer contact of 3.3 A with the N(5) atom in the
isoalloxazine ring. The O° atom of Asn386 is also in 3.4 A
contacting distance with the N° atom of Trp390, which is the
homologue of Trp382 in E. coli photolyase, the electron donor
to FAD (Byrdin et al., 2003; Cheung et al., 1999). It is tempting
to speculate that Trp390 takes part in the so far unidentified
electron-transport pathway, as the earliest amino-acid
radical observed so far upon light excitation of A. nidulans
DNA photolyase is a tryptophan radical (Aubert ef al., 1999).
One additional set of features that can be designated to
the reduction of FADH' include the movement of the O°
atom of Asp380 away from the N(3) atom in the
isoalloxazine ring (Fig. 5c). However, at this point it is not
clear whether the observed structural changes upon
FADH' reduction in DNA photolyase reflect to some
extent the changes occurring during the process of photo-
activation.
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