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ABSTRACT: Electron paramagnetic resonance (EPR) was used to simultaneously study radiation-induced
cofactor reduction and damaging radical formation in single crystals of the bacterial reaction center (RC).
Crystals of Fe-removed/Zn-replaced RC protein from Rhodobacter (R.) sphaeroides R26 were irradiated
with varied radiation doses at cryogenic temperature and analyzed for radiation-induced free radical
formation and alteration of light-induced photosynthetic electron transfer activity using high-field (HF)
D-band (130 GHz) and X-band (9.5 GHz) EPR spectroscopies. These analyses show that the formation
of radiation-induced free radicals saturated at doses 1 order of magnitude smaller than the amount of
radiation at which protein crystals lose their diffraction quality, while light-induced RC activity was found
to be lost at radiation doses at least 1 order of magnitude lower than the dose at which radiation-induced
radicals exhibited saturation. HF D-band EPR spectra provide direct evidence for radiation-induced reduction
of the quinones and possibly other cofactors. These results demonstrate that substantial radiation damage
is likely to have occurred during X-ray diffraction data collection used for photosynthetic RC structure
determination. Thus, both radiation-induced loss of photochemical activity in RC crystals and reduction
of the quinones are important factors that must be considered when correlating spectroscopic and
crystallographic measurements of quinone site structures.

X-ray crystallography is a central tool for the determination
of macromolecular protein structures; yet synchrotron radia-
tion-induced effects to crystals remain a major concern for
protein crystallographers. X-ray radiation-induced free radical
formation and subsequent bond breakage and cofactor
oxidation state changes could result in modifications that alter
the native activity of the protein, with the resultant protein
structure reflecting a nonfunctional state. These concerns are
particularly significant for proteins containing catalytic metal
centers or redox-active cofactors (1-6). For example, an
X-ray absorption spectroscopic (XAS)1 study of the Mn4Ca
oxygen evolving complex in photosystem II (PSII) RC
crystals showed significant X-ray induced oxidation state and
structural changes to the metal cluster under radiation
exposure conditions typically used for obtaining crystal-
lographic data (7). Unlike XAS studies, wherein only metal
site changes are observable, electron paramagnetic resonance
(EPR) provides a means to look at radiation-induced radical
formation in the entire protein. The photosynthetic bacterial
reaction center (RC) (8, 9) is an excellent system for studying
the effects of radiation, as the protein contains several
potential radiation-reducible redox-active cofactors whose
radical formation can be directly monitored spectroscopically
after radiation exposure. We have applied EPR spectroscopy

to directly investigate the consequences of radiation on
photosynthetic function of the RC, an integral membrane
protein that converts light energy intochemical energy (10,11).

In the RC, sequential electron transfer occurs following
photoexcitation of a special pair of bacteriochlorophylls, P,
through a series of acceptors, terminating in the electron
transfer between two quinones, QA and QB. QB functions as
a two-electron, two-proton acceptor following successive
turnovers of RC photochemistry (12). QA

-QB f QAQB
-

electron transfer is a temperature-activated (13, 14), confor-
mationally gated reaction (15), and the dynamic, functional
positioning of QB as well as the nature of the conformational
gate has been the subject of much debate.

Severalcrystallographicstudiesof theRhodobactersphaeroi-
des RC have focused on the location of QB (9, 16-20), yet
no consensus about the functional relevance of the multiple
structurally determined quinone binding sites has been
achieved. Two distinct sites of QB, the “distal” and “proxi-
mal” positions, have been observed in R. sphaeroides RC
crystal structures, and movement of QB between these two
positions has been proposed to represent the conformational
gate for the interquinone electron transfer reaction (16).
Recent cryogenic crystallographic studies have confirmed a
distributed occupancy of the QB cofactor between distal and
proximal sites but have shown that the distribution between
the two sites is comparable in both light and dark structures
and is possibly modulated by pH (18, 21).

In contrast to crystallographic studies that show a multi-
plicity of QB binding sites and possible light-induced shifts
between them, spectroscopic studies of RCs in noncrystalline
state, including FTIR and optical measurements, have argued
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against a large-scale, light-induced shift in the position of
QB as a part of the first electron transfer gating mechanism
for RCs (22-24). Furthermore, high-field (HF) EPR experi-
ments have shown that no reorientation of QB

- or structural
changes in the protein environment near QB are observed
for distinct kinetic states of electron transfer (25). Questions
concerning the native position of the primary quinone
acceptor are also evident from spectroscopic studies. Analy-
ses of recent HF time-resolved EPR spectroscopic results
suggest that the orientation of QA

- is different than that of
QA determined from X-ray crystal structures (26, 27). Like
QB, the reduction state of QA and the ability of QA to accept
light-induced electrons are not known following X-ray
irradiation. The possibility of radiation damage to the protein
complicates correlation of X-ray data with details of light-
induced RC function.

Herein, we report the first EPR study of radiation-induced
effects in a photosynthetic RC crystal. One advantage of using
EPR is that the concomitant appearance of radiation damage
and loss of protein function at specific radiation doses can be
measured. The enhanced spectral resolution of HF EPR allows
complete resolution of the g-tensor components of the radical
species involved in light-induced electron transfer (28, 29), and
radiation-induced reduction or oxidation of cofactors would be
discernible with HF EPR. However, in order to see resolved
P+, QA

-, and QB
- signals with D-band (130 GHz/4.6 T) EPR,

the non-heme Fe2+ in RCs that is magnetically coupled to the
quinones must be removed and replaced with diamagnetic
Zn2+ (25, 30). Thus, to investigate radiation effects we have
prepared the first crystals of biochemically Fe-removed/Zn-
replaced RCs and have developed methods for radiating and
freeze-trapping these single crystals for cryogenic EPR mea-
surement of radiation-induced radical species. These experi-
ments provide insight into the effects of X-ray data collection
on redox cofactor structure and photosynthetic function and
show that loss of protein light activity and substantial radiation
damage occur at significantly lower doses than reported values
of radiation at which protein crystals lose their diffraction
quality.

MATERIALS AND METHODS

Protein Preparation and Crystallization. The non-heme
Fe2+ in RCs is magnetically coupled to the quinones, giving
rise to a broad [Fe2+QA]- EPR resonance centered at g ∼
1.8. In the absence of paramagnetic metal, the quinone EPR
signal narrows to that of a typical organic radical with gav

) 2.0045 and at high magnetic field can be resolved from
the P+ EPR signal. Zn2+ was substituted into the Fe site using
a modification to the procedure of Utschig (30), as recently
reported (25). To our knowledge, this is the first report of
the crystallization of biochemically Zn-replaced RCs. Whereas
biosynthetically prepared Zn-RCs contain ∼30% Zn (31),
biochemical replacement routinely yields >80% Zn
incorporation (25, 30).

Purified protonated RCs from R. sphaeroides R26 (OD803

∼ 25 cm-1 in 10 mM Tris-HCl, pH 7.8, 10 µM EDTA, 280
mM NaCl, and 0.045% LDAO) with 2 mM o-phenanthroline
and 0.9-0.95 M LiSCN were placed on ice. After 30 min,
1 mM ZnSO4 and 9 mM 2-mercaptoethanol were added, and
the solution was incubated an additional 30 min. LiSCN was
removed by overnight (>18 h) dialysis against 10 mM Tris-

HCl, pH 7.8, 10 µM EDTA, 280 mM NaCl, 0.045% LDAO,
and 6 g of Chelex 100 metal-chelating resin (Bio-Rad), with
two buffer changes. Four mol equiv of protonated ubiquinone-
10 from a 2.7 mM stock solution (1% LDAO) was heated
at 65 °C for 5 min for quinone solubilization. The quinone/
RC mixture was incubated for 30 min. This procedure results
in a high percentage of quinone incorporation at both QA

and QB sites (25). Samples were concentrated with microcon-
50 ultrafiltration devices (Amicon) to 22-30 mg/mL for
crystallization setup. Metal ion content was determined as
described previously (30).

Crystallization conditions were based on the procedure of
Pokkuluri (32) with slight modifications. Equal parts of a
concentrated RC solution and phosphate buffer (1.6 M
potassium phosphate, pH 7.5, 6.5% hexanetriol, and 4.0%
dioxane) were combined, and 25 µL of this solution was
used as sitting vapor diffusion droplets. The RC mixture was
equilibrated (at 22 °C) against a 1 mL reservoir of 1.6 M
phosphate, pH 7.5, in the dark. The first appearance of
crystals took at least 6 weeks. Rectangular prism-shaped
single crystals (0.2-1 mm size) were placed in either 4 mm
o.d. X-band or 600 µm o.d. D-band quartz EPR tubes, and
the tube ends were sealed.

Crystal Irradiation. A van de Graaff accelerator was used
to irradiate the RC crystals. An electron beam (e-beam) and
X-ray induce similar radiation effects that result in identical
types of radiation damage. Both e-beam and X-ray radiation
produce secondary electrons which deposit energy by creat-
ing small spurs (or clusters) of excited and ionized species.
The chemistry that results from these spurs accounts for the
majority of radiation-induced processes (i.e., bond breaking,
reduction, recombination) (33, 34). Thus, the degree of
radiation damage is not dependent on the source of radiation
and can be directly correlated to the amount of deposited
energy or dose of radiation. The use of electron irradiation
instead of X-ray irradiation was chosen primarily to simplify
sample handling and to shorten the accumulation time needed
to reach the required radiation doses. In the case of an
e-beam, irradiation can be done directly in EPR quartz tubes
that have a wall thickness of 500 µm. Such direct irradiation
is not possible with an X-ray beam due to the high absorption
of X-rays by quartz. Furthermore, irradiation with an e-beam
allows for easy transfer of the sample from the irradiation
facility to the EPR spectrometer without warming the protein
crystal.

Multiple crystal samples were used for these experiments;
each individual crystal was handled as detailed. For X-band
measurements, a single RC crystal was transferred into a
precooled 4 mm o.d. quartz EPR tube and then evacuated
and sealed. For D-band experiments, a D-band (o.d. 600 µm)
EPR tube containing a single RC crystal was placed in a 4
mm o.d. quartz EPR tube. The crystals were irradiated at 77
K with a 3 MeV e-beam from the van de Graaff accelerator.
Temperature was controlled by continuously spraying liquid
nitrogen on the EPR tube during irradiation. To avoid the
large EPR signal that is formed in irradiated quartz, the 4
mm tube was inverted during removal from the liquid
nitrogen stream and plunged into a dewar of liquid nitrogen
for transport to the EPR spectrometer. D-band tubes were
dropped from the 4 mm EPR tubes directly into a pool of
liquid nitrogen prior to insertion into the precooled D-band
cavity.

9252 Biochemistry, Vol. 47, No. 35, 2008 Utschig et al.



EPR Spectroscopy. X-band (9.5 GHz) EPR measurements
were carried out with a Bruker Elexsys E580 spectrometer
(Bruker Biospin Corp.) equipped with a standard rectangular
cavity. HF EPR measurements were performed on a home-
built pulsed/continuous wave D-band (130 GHz) EPR
spectrometer, as described previously (35), equipped with a
single mode cylindrical cavity TE011. Samples were trans-
ferred from liquid nitrogen to precooled microwave cavities
at 4 K (X-band) or 10 K (D-band). The temperature was
controlled with an Air Products (X-band) or Oxford (D-band)
temperature control system. To measure light-induced protein
activity, X-band EPR spectra were recorded at 4 K under
continuous illumination with a 300 W Xe lamp (ILC). A
400 nm cutoff filter was used to remove photons from the
UV spectral region, and a water filter (15 cm length) was
used to remove the IR contribution.

Dose Calculation. Dose calculations were conducted using
an electron gamma shower (EGSnrc) (36) computer code.
Electron flux of the 3 MeV electrons from the Van de Graaff
accelerator through the 6 mm diameter aperture was mea-
sured using a Faraday cup, and this number was used for
the calculations. The dose rate that results from these
calculations is 33 Gy per 100 nC electron pulse or 330 Gy/s
for 10 Hz repetition rate used in the experiment.

RESULTS AND DISCUSSION

The questions addressed herein concern the damage and
cofactor redox state changes that result from radiation
exposure to RC crystals during X-ray data collection and
how these effects potentially impact the interpretation of
structural details from crystal structures in terms of functional
significance. Our multifrequency EPR study provides new
information about the nature of the radiation-induced free
radical damage in RC crystals, the corresponding changes

in light-induced photosynthetic function, and the dose
dependencies at which these effects occur. To the best of
our knowledge, this is the first time that HF EPR has been
used to characterize the free radical products of exposure of
a biomolecule to ionizing radiation.

EPR spectra of irradiated RC single crystals show that, at
cryogenic temperatures, radiation exposure leads to the
creation of a variety of free radicals within the RC protein
environment. The nature of the radical species created in
biopolymers upon irradiation has been a subject of numerous
studies (2, 4, 37-42). Direct radiation-induced bond breakage
has been associated with the formation of spin-coupled
radical pairs that are held at fixed distances (43-45). In
addition, a range of isolated free radical species are generated
by radiation exposure. EPR studies of proteins have shown
direct radiation damage of the amide backbone (38) and the
migration of the solvated electron through large distances
along the peptide backbone before being trapped at specific
sites (4). Sites for damage accumulation include disulfide
bonds and aspartate, glutamate, tyrosine, and methionine
residues (2, 4, 39-41). Protein cofactors are also candidate
sites for solvated electron and free radical trapping. In the
RC, cofactor sites include the π-radical forming bacterio-
chlorophyll, bacteriopheophytin, and quinone groups (10, 11).
The advantage of HF EPR is that it offers the opportunity
to resolve sites of radiation-induced free radical accumulation
by resolution of molecular group specific g-tensors and to
distinguish between protein and cofactor trapping sites.

Figure 1A shows X-band EPR spectra of Fe-removed/Zn-
replaced RC crystals measured following radiation exposure
at 77 K with doses 0.03, 0.38, and 2 MGy, displayed in traces
labeled a thru c, respectively. A composite signal is seen to
grow in with increasing radiation dose. This signal is
composed of a central free radical signal flanked by high-

FIGURE 1: (A) X-band (9.5 GHz) EPR spectra recorded after different doses of radiation: (a) 0.03 MGy; (b) 0.38 MGy; (c) 2 MGy. For
comparison, a D-band (130 GHz) EPR spectrum recorded at the radiation dose of 2 MGy is shown as a dashed line. (In order to overlay
the spectra, the D-band spectrum was replotted using the X-band resonance field; the magnetic sweep range was unchanged.) (B) Theoretically
simulated D-band EPR spectra. (a) Spectrum of the radical with a zero-field splitting parameter D ) 97 G, which corresponds to a distance
of 6.7 Å between radicals. (b) Sum of two theoretically simulated spectra of radical pairs (corresponding to distances of 6.7 and 8 Å) that
demonstrates how the experimental D-band EPR spectrum (radiation dose of 2 MGy, shown as dashed line) can be built from a number of
radical pair spectra.
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and low-field tails that have a pattern of partially resolved
peaks. The partially resolved, split peak pattern is charac-
teristic of spectra associated with radical pairs in which the
two radicals are separated by a fixed distance (43-45). This
assignment can be confirmed by recording HF D-band
spectra. Structured EPR absorption associated with Zeeman
interactions within the EPR Hamiltonian will be shifted by
recording spectra at higher frequency, while splitting resulting
from spin-spin interactions will be frequency independent
(46). On Figure 1A a HF D-band EPR spectrum, measured
following a 2 MGy dose exposure, is plotted for comparison
to the corresponding X-band EPR spectrum. The D-band
spectrum shows a broadening of the central free radical
signals associated with frequency-dependent Zeeman broad-
ening. The structure of the spectral tails is frequency-
independent.

An analysis of the radical pair EPR signals is shown in
Figure 1B. Electron spin dipole-dipole interaction leads to
splitting of the EPR spectra. This dipole-dipole interaction
is characterized by the zero-field splitting parameter D and
can be extracted from the EPR spectra, as shown in Figure
1B (a). In the simplest model of the point-dipole approxima-
tion, the D-parameter allows for estimation of distances
between radicals according to the expression D ) (3g�e)/
(4r3), where g is the radical g-value, �e is the Bohr magneton,
and r is the distance between spins in a radical pair. The
simulated spectrum shown in Figure 1B (b) demonstrates
how the broadened splittings observed in the experimental
spectrum can result from overlapping spectra of radical pairs
having a distribution of separation distances. Note that
distinct peaks in the spectrum of radical pairs indicate that
the radicals are being held at fixed positions within the RC
structure. Furthermore, the radical pair separations are found
to be clustered around a discrete set of distances that are
largely uniform throughout the crystal sample and are
retained during the accumulated radiation dose at low
temperature. These discrete distances are 6.3, 7, and 8 Å, as
determined from the pronounced peaks in the experimental
spectrum.

In macromolecular X-ray crystallography, cryocooling
techniques are typically utilized to help minimize radiation
damage to the crystal with an ensuing loss of high-resolution
diffraction patterns. However, with the high intensity of third-
generation synchrotrons, radiation damage occurs even at
cryotemperatures (47). An X-ray dose of 20 MGy (Gy )
J ·kg-1) for cryocooled (77 K) protein crystals was deter-
mined by Henderson to result in a 50% reduction in
diffraction intensity and has been the benchmark radiation
dose used for protein crystallography studies (34). Note that
Henderson’s conclusions were derived from the results of
e-beam diffraction experiments (34). Recently, these conclu-
sions were confirmed from the results of experiments on
several protein crystals using third-generation X-ray syn-
chrotron sources (47).

The radiation-induced radical concentration at low tem-
perature saturates. This saturation behavior can be accounted
for by an increase of radical recombination rate with an
increase in radical concentration. We have followed the
generation of radicals after different doses of radiation and
observe that half-saturation of the formation of radiation-
induced radicals occurred at 0.6 MGy at 77 K (Figure 2).
No degradation of the crystal shape was observed by visible

inspection following a saturating dose of radiation; the crystal
remained intact. The color of the crystal, however, became
darkened and changed completely from dark blue to black
at doses higher than 0.2 MGy. Importantly, the dosage at
which we observe saturation of radiation damage, i.e., radical
formation, is more than 1 order of magnitude smaller than
the typical dose of radiation at which protein crystals have
been reported to lose their diffraction quality. The D-
parameters are conserved at each radiation dose (see Figure
1A), and hence, the distances between the radical pairs do
not change as the dose is increased and saturation occurs.
This observation confirms that a uniform protein structure
within the crystal is still conserved at doses that correspond
to saturation of radical formation. Our profile of the formation
of radicals is similar to the X-ray dose profile of damage to
the active metal site of PSII (7). Mn(II) content was used to
measure radiation damage to the oxygen evolving Mn4Ca
complex in PSII, and similar to our EPR results, the damage
occurred at 1 order of magnitude lower than the dose that is
commonly considered safe for protein crystallography.

Prior to radiation exposure, the activity of RC single
crystals can be observed as the light-induced appearance of
the charge-separated state P+QA

- in the X-band EPR
spectrum at low temperature. The amplitude of the light-
induced P+QA

- signal was used to assay the extent of
photosynthetic activity of RC single crystals and is shown
plotted as a function of radiation dose in Figure 2. Surpris-
ingly, RC light-induced activity was found to decay by half
after irradiation with a relatively low dose, 50 kGy (Figure
2). This dose, at which light-induced RC activity in the
crystalline environment decayed, is an order of magnitude
lower than the 0.6 MGy dose at which half-saturation of
radiation-induced radicals is observed and approximately 2
orders of magnitude lower than the dosage typically used
for protein crystallography (34, 47), i.e., presumably com-
parable to doses required for RC structure determination

FIGURE 2: Normalized amplitudes of light-induced protein electron
transfer activity (circles with bars) and radical accumulation
(triangles) plotted as a function of radiation dose. The electron
transfer activity of the RC was measured as the intensity of the
light-induced spectrum of the charge-separated state P+QA

- mea-
sured by continuous illumination of the RC crystal in the X-band
EPR cavity at 4 K (insert, solid line; crystal was irradiated with a
4.5 kGy dose) minus the spectrum recorded in the dark (insert,
dashed line). Errors in the signal amplitude measurements are
indicated with bars. Radical accumulation was measured by double
integration of X-band EPR spectra recorded as a first derivative of
the absorption. Irradiation of the crystal was carried out at 77 K.
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(9, 16-21). In addition, we note that a light-induced EPR
signal of the triplet state of the primary electron donor
bacteriochlorophyll special pair was not observed in the
inactivated samples. This triplet state is normally generated
by recombination of the radical pair P+H-, where H is the
primary bacteriopheophytin electron acceptor, when forward
electron transfer from H to to QA is blocked, e.g., by quinone
extraction or quinone reduction prior to photoexcitation (48).
The absence of a P-triplet EPR signal suggests that e-beam
irradiation modifies the RCs at the level of the primary donor,
i.e., special pair, P, and bacteriopheophytin, H, such that
triplet cannot form. These results indicate that both the
primary charge separation and sequential transfer to the
quinone acceptors are blocked following remarkably low
levels of radiation exposure. To determine whether or not
crystals regain light-induced activity after annealing, we
warmed two e-beam irradiated crystals to T ) 273 K. One
crystal had been irradiated with a dose of 0.15 MGy, the
second with a dose of 0.375 MGy. Both crystals regained
their photochemical activity after warming, as evidenced by
the light-induced EPR signal of P+QA

- observed at 4 K. In
contrast, two crystals that were irradiated with doses higher
than 1 MGy did not regain any light-induced activity after
warming to T ) 273 K. Thus, RCs irradiated with higher
doses are irreversibly damaged by the radiation and
nonfunctional.

Accordingly, we can discern two mechanisms for radia-
tion-induced inactivation of RCs. The first is a reversible
inactivation that occurs at radiation doses below 1 MGy and
presumably either involves the reversible formation of
trapped free radical states on protein sites that quench early
light-induced excited states or involves the direct reduction/
oxidation of the cofactors and consequential interruption of
normal light-induced electron transfer. The second mecha-
nism is an irreversible inactivation that occurs at radiation
doses above 1 MGy and presumably is linked to irreversible
critical bond breakage.

EVidence for Radiation-Induced Quinone Reduction. Evi-
dence for the radiation-induced reduction of quinone cofac-
tors can be demonstrated by HF D-band EPR measurements
following temperature warming protocols. Radiation expo-
sure leads to the creation of a high concentration of different
radicals and radical pairs whose EPR signals overwhelm EPR
signals from reduced/oxidized RC cofactors. Radical pair
EPR signals and shallowly trapped free radicals can be
removed by sample annealing at temperatures around the
glass transition (42, 43) The quinone sites, the final electron
acceptors in the RC, could act as electron “sinks” where the
radiation-induced photoelectrons are more stably trapped.

We observed substantial attenuation of low-temperature EPR
signals in irradiated crystal after warming to 190 K. Figure 3
shows a resulting D-band spectrum for a crystal having received
a 0.3 MGy dose. A residual signal persists after annealing to
temperatures up to 260 K. The positions of the g-tensor resolved
low-field peaks of the HF EPR signal in the 4.6360-4.6380 T
range are very specific for reduced quinones (25). Thus, we
assign the low-field signals as radiation-induced quinone anion
radicals. This assignment can be confirmed by comparison of
the radiation-induced spectrum to light-induced P+QA

- HF EPR
signals in Fe-removed/Zn-replaced RC, also shown in Figure
3. Residual free radical signals distinct from the quinone signals
are observed at higher field. The g-values of these signals are

consistent with the g-values of bacteriochlorophyll and bacte-
riopheophytin radical ions. However, the g-values of these
cofactor signals are close to the free electron g-value, and
numerous organic radicals (for example, residual amino acid
radicals that have not annealed) could contribute to the observed
signals in this spectral region. Thus, we are unable to differenti-
ate and identify these radicals. Importantly, however, HF EPR
provides direct evidence for the presence of reduced quinone
cofactors at low dose radiation exposure of RC single crystals.

Implications for RC Crystal Structure Interpretation. EPR
experiments show that the formation of radiation-induced
free radicals saturated at doses 1 order of magnitude smaller
than the amount of radiation at which protein crystals lose
their diffraction quality, while light-induced RC activity was
found to be lost at radiation doses at least 1 order of
magnitude lower than the dose at which radiation-induced
radicals exhibited saturation. These results suggest that
substantial radiation-induced modification of crystals occurs
during X-ray diffraction data collection and that the resultant
3D X-ray structure does not reflect the native state of the
RC, but rather a state inactive to electron transfer. Our results
show that the RC crystal structures must be considered as
structures containing reduced quinone cofactors and possibly
altered redox states on the bacteriochlorophyll and bacte-
riopheophytin acceptors as well. Consequences of radiation-
induced changes in cofactor redox states can be expected to
be the most significant for X-ray structures determined at
temperatures above the RC “glass transition” (>150 K) that
allows conformational relaxation to occur in response to
charge formation (49-54). While a large-scale movement

FIGURE 3: (a) High-field D-band (130 GHz) EPR spectrum of the
RC protein crystal recorded at 10 K after e-beam irradiation with
a 0.3 MGy dose at 77 K and 20 min annealing at 190 K. A
background signal from the radiation-induced paramagnetic center
in quartz was subtracted. (b) D-band (130 GHz) EPR spectrum of
the charge-separated state P+QA

- recorded in a RC solution. The
distinct spectral regions where the reduced quinone acceptors QA

-

and QB
- and oxidized primary donor P+ contribute are indicated

on top. Note, the g-value of the primary donor P+ is close to the
g-value of the free electron. In this region, numerous organic
radicals have appreciable EPR intensities. For this reason, the signal
from the irradiated crystal in this region cannot be directly assigned
to P+.
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of cofactors or side chains is not probable at low temperature,
some small-scale cofactor reorientation and displacement due
to a change in redox state (35, 55) as well as localized peptide
disorder from site-specific radiation damage (47) might
happen even at low temperatures. Ultimately, our data
suggest that multiplicities seen in the QB binding site in the
variousbacterialRCcrystal structures (16,17,19,20,32,56,57)
may result in part from radiation-induced variations in QB

reduction and protonation states.
In summary, EPR measurements show that a substantial

amount of radical formation occurs in RC crystals, and this
radiation damage happens at much lower doses than were
predicted to be a problem by the qualitative loss of diffraction
intensity. Thus, the dose safe for data collection of redox-
active proteins is lower than previously thought (34, 47), as
recently reported (7). A suite of spectroscopic and molecular
biology techniques, in addition to X-ray crystallography, are
necessary to truly delineate specific structure-function
relationships of the dynamic light-induced electron transfer
reactions in RC proteins.
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