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Photosynthetic reaction centers convert the energy content of light into a transmembrane potential
difference and so provide the major pathway for energy input into the biosphere. We applied
time-resolved Laue diffraction to study light-induced conformational changes in the photosynthetic
reaction center complex of Blastochloris viridis. The side chain of TyrL162, which lies adjacent to the
special pair of bacteriochlorophyll molecules that are photooxidized in the primary light conversion event
of photosynthesis, was observed to move 1.3 angstroms closer to the special pair after photoactivation.
Free energy calculations suggest that this movement results from the deprotonation of this conserved
tyrosine residue and provides a mechanism for stabilizing the primary charge separation reactions of
photosynthesis.
ll photosynthetic reaction centers share a
conserved functional core and are believed
to have evolved from a single common
ancestor. In the reaction center of the purple
bacterium Blastochloris viridis (RCvir) (1), transmembrane subunits H, L, and M support four
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bacteriochlorophylls, two bacteriopheophytins, a
bound menaquinone (QA), a mobile ubiquinone
(QB), and a single nonheme iron, creating an
electron transfer chain that spans the membrane
(Fig. 1A). Photoexcitation of a strongly interacting pair of bacteriochlorophyll molecules, the

A

“special pair” (P), promotes the movement of an
electron to the primary and secondary quinone
acceptors, QA and QB, respectively (black arrows, Fig. 1A). After the reduction of P+ from
the tetraheme cytochrome c subunit (red arrows,
Fig. 1A), the absorption of a second photon by
the special pair triggers a second electron transfer to Q B–, which is protonated from the cytoplasm and released as ubiquinol (QH2) into the
membrane. Coupled cyclic electron transfer reactions involving the integral membrane cytochrome
bc1 complex and soluble cytochrome c2 ensure that
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Fig. 1. Structural and spectral overview of RCvir. (A) Structure of RCvir
illustrating the four subunits (C, H, L, and M) and the cofactors: the special
pair (P960), bacteriochlorophyll (BChl), bacteriopheophytin (BPhe), QA,
QB, nonheme iron (Fe2+), and hemes 1 to 4. Light-driven charge-separation reactions are
indicated with black arrows, and the reduction of P+ from the C subunit (tetraheme
cytochrome c subunit) is indicated with red arrows. (B) Absorption spectrum recorded from a
single RCvir crystal before (black) and 3 ms after (red) photoactivation. Dotted lines interpolate over
damaged pixel elements of the detector. The reduction of the absorption peak near 960 nm (the
special pair absorption maximum) indicates that 30 T 5% of the reaction center molecules within the
crystal were in the P+ photoactivated state. a.u. indicates arbitrary units.
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subunit was also observed in crystals of the same
reaction center after prolonged illumination with
bright light (3). Time-resolved Laue diffraction
provides a direct approach for observing protein
conformational changes in real time at room
temperature. This method has captured lightinduced electron density changes in myoglobin:
carbon monoxide complexes (4, 5) and photoactive yellow protein (6, 7), although similar
studies of a photosynthetic reaction center did
not reveal any structural changes (8).
In this work, we used time-resolved Laue
diffraction (9) to probe light-driven conformational changes occurring at room temperature in

Fig. 2. Experimentally observed electron density changes in RCvir. (A) Long-distance stereo overview of
the Flight – Fdark difference Fourier electron density map recorded 3 ms after laser photoactivation (green
mesh, positive density; red mesh, negative density; contoured at 4.0 s). (B) Close-up stereoview of the
difference Fourier map near the special pair. Complementary positive and negative electron density
changes (contoured at 4.0 s) indicate the movement of TyrL162 toward P+.
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RCvir crystals grown from a lipidic-sponge phase
matrix (10). Time-resolved single-crystal microspectrophotometry (9) established that the
photooxidized P+ state persisted with 30 T 5%
occupancy 3 ms after exposure to green light
(Fig. 1B), and these crystals diffracted to 2.5 Å
resolution when exposed to a single polychromatic x-ray pulse train of 86-ms duration
(fig. S2). Table S1 summarizes the Laue diffraction data and refinement statistics processed to
2.95 Å resolution for both the resting state (laser
off, Fdark) and 3 ms after photoactivation (laser
on, Flight), and fig. S3 illustrates the 2Fobs – Fcalc
electron density map. An overview of the experimental Flight – Fdark difference Fourier electron
density map is shown in Fig. 2A. As with an earlier
Laue diffraction study on RCvir (8), no significant difference density features arise to suggest a
movement of ubiquinone within the QB pocket,
perhaps because of variable QB occupancy in this
crystal form (10).
Both the strongest positive (green) and negative (red) difference electron density peaks
(table S2) are associated with the side chain of
Tyr162 of the L subunit (TyrL162) (Fig. 2B). Paired
negative and positive difference density features
are the fingerprint of conformational change and
reveal that the side chain of TyrL162 reorients
toward P+ in the photoactivated state. These features are also the most reproducible difference
density peaks observed in maps recovered from
three independent crystals (table S2 and fig. S4A),
and they persisted after diffraction data from all
three crystals were merged (table S2 and fig. S4B).
Theoretical difference Fourier maps calculated
to 2.95 Å resolution from the photoactivated and
resting-state models reproduced these difference
density features (fig. S5), and the crystallographic
occupancy was 35 T 5% for the new conformation, consistent with spectroscopic characterization of the P+ state (Fig. 1B).
TyrL162 is strictly conserved in purple bacterial reaction centers (11, 12) and lies between
the special pair of bacteriochlorophylls and the
highest potential heme c559 (heme 3, Fig. 1A)
of the cytochrome c subunit. Its side chain hydroxyl group forms a H-bond interaction with a
water molecule (Wat501), which in turn is coordinated by two other water molecules and the
hydroxyl group of SerM188 (Fig. 3A). Structural refinement of the photoactivated state
(table S1) established that the hydroxyl oxygen
of TyrL162 undergoes a 1.3 Å movement toward
P+ (Fig. 3B), effectively bringing it into steric contact with the L-branch bacteriochlorophyll of P
(fig. S6). This conformational change also creates
new H-bond interactions of TyrL162 with the
hydroxyl group of ThrM185 and Wat10 (Fig. 3B).
A possible movement of Wat501 that would
preserve its H bond to TyrL162 could not be
refined because of spatial overlap with the restingstate model.
Photooxidation of the special pair changes the
electrostatic environment of TyrL162, and this
must drive its movement toward the transient
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the tetraheme cytochrome c subunit is reduced
from the periplasm (fig. S1). As a consequence,
two protons are pumped for every photon absorbed,
and the resulting transmembrane potential difference is primarily harvested by adenosine triphosphate (ATP) synthase to regenerate ATP.
Protein conformational changes are believed
to participate in the function and regulation of
photosynthetic reaction centers. X-ray diffraction
studies of crystals of the Rhodobacter sphaeroides
reaction center (RCsph) illuminated at room temperature before rapid freezing implicated a substantial
movement of QB upon its reduction to semiquinone (2). A concerted movement of the H

631

positive charge, which implies that TyrL162 is
negatively charged in the photoactivated state.
Conversely, it is energetically unfavorable to
bury an isolated charge within the low dielectric
environment of a cellular membrane, such that
the photooxidized special pair could be stabilized by the creation of a nearby phenolate anion.
The transient formation of H-bond interactions by
TyrL162 with ThrM185 and Wat10 (Fig. 3B)
would also stabilize its deprotonated form. Molecular dynamics trajectories demonstrate that the
deprotonated form of TyrL162 adopts a confor-

mation 1.1 Å closer (on average) to the photooxidized special pair than when it is protonated
(Fig. 3, C and D) and 1.3 Å closer than that adopted
without photoactivation, consistent with our structural findings. We thus conclude that the photooxidation of P to P+ changes the chemical environment
of TyrL162 such that its deprotonated form becomes favored. Fourier transform infrared spectroscopy studies of electrochemically oxidized
reaction centers have observed a difference signal
at 1532 cm−1 for RCvir (1526 cm−1 for RCsph) that
was interpreted as arising from conformational or

Fig. 3. Modeled lightB
A
P960
P960
induced structural changes
SerM188
ThrM185
in RCvir and their deThrM185
pendence on the protoWat10
nation state of TyrL162.
(A) Resting-state conTyrL162
formation of TyrL162. A
SerM188 Wat501 TyrL162
chain of water molecules
(red spheres) stretches
from TyrL162 toward the
protein’s surface via
GluC254
SerM188 and GluC254.
(B) Refined movement of
D
TyrL162 (blue) overlaid
C
on its resting-state conP960
formation (gray). In the
photoactivated conformation, TyrL162 forms
ThrM185
H-bond interactions with
ThrM185 and Wat10. (C)
Snapshots from molecular
SerM188
dynamics trajectories
TyrL162
showing a reorientation
+
of TyrL162 toward P
observed when TyrL162 is
deprotonated (blue) but
not when protonated (gray). (D) Histogram plot showing the frequency with which a given minimum
distance from the TyrL162 side chain to the photooxidized special pair occurs when TyrL162 is protonated
(green) or deprotonated (red) and for the nonilluminated state (black). Histograms were extracted from
the final 30 ns (after 10-ns equilibration) of molecular dynamics trajectories.
Fig. 4. Structural overlay of photosystem II (green, PDB entry 1S5L)
and RCvir (brown) near the special
pair. TyrL162 lies between the highpotential heme of the cytochrome c
subunit (heme 3) and the special pair
of RCvir (brown, P960), whereas TyrZ
lies between the oxygen-evolving
center (OEC) and the special pair of
photosystem II (green). Arrows indicate the movement of electrons as
the photooxidized special pair is
reduced.
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hydrogen bond changes of a tyrosine residue located near the special pair (13). Although this
feature might also be taken to indicate TyrL162
deprotonation, its unique assignment is challenging
because the prosthetic groups also contribute a
strong difference signal in this region (14).
The free energy required for the transfer of the
hydroxyl proton of TyrL162 to the carboxylate
moiety of GluC254 (Fig. 3A) was also calculated
from molecular dynamics trajectories of both the
resting (P:QA) and the photoactivated (P+:QA–)
states with the tetraheme cytochrome c subunit
both fully oxidized and fully reduced. From these
trajectories, we observe that the energy requirements for proton transfer were lowered upon
photoactivation by the same amount independent of whether the cytochrome subunit was
oxidized or reduced [46 T 3 kJ mol−1 and 47 T 6
kJ mol−1, respectively (fig. S7)]. These values
correspond to a relative change of 8 T 1 pKa units
(where Ka is the acid dissociation constant)
such that, should the resting-state pKa values of
TyrL162 and GluC254 be close to their reference
values of 9.8 and 4.3, respectively (15), spontaneous proton transfer would occur. Moreover, the
water-mediated hydrogen bond network that
connects these two groups (Fig. 3A and fig. S8)
also provides an efficient channel for conducting
a proton into the bulk (pH = 8.1) via the solventexposed GluC254, such that TyrL152 could
spontaneously deprotonate even if its resting pKa
value was significantly elevated. In this manner,
the excess positive charge on P+ induces a proton
transfer from TyrL162 in a direction opposite to
that of the electron transfer, illustrating how coupled electron-proton transfer reactions arise in
photosynthetic energy conversion. This principle
could be translated into future synthetic systems
for artificial photosynthesis (16, 17).
Spectroscopic studies of TyrL162 mutants of
RCsph have established that this aromatic residue
strongly influences the binding affinity of the
soluble cytochrome c2 to photooxidized RCsph
(18, 19), and this effect correlates with the kinetics of electron transfer to the special pair (19).
For RCvir , which has a permanently bound tetraheme cytochrome c subunit, the mutation of
TyrL162 has considerably less effect on the rate
of electron transfer from heme c559 to P+ (11),
and the specific differences could be explained
in terms of a super exchange mechanism with the
residue at L162 mediating the electron transfer
(20). This electron transfer reaction, however, is
drastically inhibited below 215 K in the wildtype RCvir , and both the extent of inhibition and
its temperature dependence are strongly perturbed
by mutation of TyrL162 (12). This remarkable
temperature sensitivity has been interpreted in
terms of a loss of mobility of TyrL162 at low
temperature (21, 22) or resulting from the suppression of unspecified structural reorganizations
associated with the oxidation of heme c559 (12).
Our observation that TyrL162 changes conformation in response to photooxidation of P+ adds
credence to suggestions that the specific orienta-
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tion (21) and protonation state (22) of TyrL162
may be important for the mechanism of electron
transfer, and the transient creation of a negatively
charged tyrosyl group between heme c559 and P+
could stabilize the oxidized form of the cytochrome subunit (12).
From the temperature dependence of the
P+:QA– → P:QA charge recombination reaction,
it was proposed that structural changes occurring in response to electron transfer decrease
the free energy gap between P+ and QA– of RCsph
by about 12 kJ mol−1 (23). Similar measurements
of the pH dependence of the RCvir charge recombination reaction showed the P+:QA– state
to be stabilized by a chemical group with an approximate pKa of 9 (24). Prolonged exposure to
bright light is also known to reversibly stabilize
the P+:QA– state of RCsph, slowing the charge
recombination reaction by up to three orders of
magnitude (3, 25, 26). Light-induced deprotonation and conformational switching of TyrL162
could contribute to all three stabilization effects,
because the creation of a phenolate anion in immediate proximity to the special pair effectively neutralizes the energetic penalty associated
with the buried positive charge on P+.
Electron paramagnetic resonance spectroscopy studies of RCsph mutants that increase the
midpoint potential of the special pair have shown
that TyrL162 can form a (deprotonated) tyrosyl
radical in response to charge separation (27),
confirming that TyrL162 can be deprotonated by
photooxidation of the special pair. Photooxidation
of photosystem II also creates a tyrosyl radical
(TyrZ•) (28, 29), which oxidizes the manganese
cluster and leads to the synthesis of molecular
oxygen from water. Crystal structures of photosystem II (30) reveal that TyrZ lies between the
oxygen-evolving center and the special pair in a
position functionally analogous to that occupied
by TyrL162 of RCvir (Fig. 4). Our findings suggest that the deprotonation and coupled conformational switching of TyrL162 may have aided
the spontaneous formation of tyrosine radicals
in an ancient reaction center, thereby creating
the chemical potential to extract electrons from
clusters of manganese atoms (31) and ultimately oxidize water to oxygen.
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John C. Detter,9 Russell Fletcher, 2 Daniela S. Gerhard,10 David Goodstein,1 Tina Graves,11
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The western clawed frog Xenopus tropicalis is an important model for vertebrate development that
combines experimental advantages of the African clawed frog Xenopus laevis with more tractable
genetics. Here we present a draft genome sequence assembly of X. tropicalis. This genome encodes more
than 20,000 protein-coding genes, including orthologs of at least 1700 human disease genes. Over
1 million expressed sequence tags validated the annotation. More than one-third of the genome consists
of transposable elements, with unusually prevalent DNA transposons. Like that of other tetrapods, the
genome of X. tropicalis contains gene deserts enriched for conserved noncoding elements. The genome
exhibits substantial shared synteny with human and chicken over major parts of large chromosomes,
broken by lineage-specific chromosome fusions and fissions, mainly in the mammalian lineage.
frican clawed frogs (the genus Xenopus,
meaning “strange foot”) comprise more
than 20 species of frogs native to SubSaharan Africa. The species Xenopus laevis was
first introduced to the United States in the 1940s
where a low-cost pregnancy test took advantage
of the responsiveness of frogs to human chorionic gonadotropin (1). Since the frogs were easy
to raise and had other desirable properties such as
large eggs, external development, easily manipulated embryos, and transparent tadpoles, X.
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laevis gradually developed into one of the most
productive model systems for vertebrate experimental embryology (2).
However, X. laevis has a large paleotetraploid
genome with an estimated size of 3.1 billion
bases (Gbp) on 18 chromosomes and a generation time of 1 to 2 years. In contrast, the much
smaller diploid western clawed frog, X. tropicalis,
has a small genome, about 1.7 Gbp on 10
chromosomes (3), matures in only 4 months, and
requires less space than its larger cousin. It is thus
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