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the observed relationships between recruitment/
survival and mismatch (21), and projected the
population forward in time under the same three
scenarios of climate change as described in (27).
For each scenario, predicted changes in PM were
first calculated using output from models of great
tit and caterpillar phenology described in (27) and
then used as inputs to the current simulation mod-
el. The simulations showed that a gradual decline
in population size would result if PM increases
over the next century (assuming no evolutionary
response and the same DDC in recruitment rates
as observed in the historical data), with the decline
being strongest under the most extreme scenario of
climate change (Fig. 3A). When DDC in recruit-
ment rates was ‘turned off’ in the simulations, the
rate of population decline for each scenario became
substantially stronger (Fig. 3B). This demonstrates
that DDC modulates the impacts of mismatch on
population growth by partially buffering the pop-
ulation from otherwise more rapid declines.

We found that increasing phenological mis-
match driven by climate change had little effect
on population growth rates over a study period
of almost four decades, despite intensifying di-
rectional selection on laying dates. Population
numbers therefore remained stable even though
late spring temperatures increased by 3.7°C (21).
Density dependence within the life cycle par-
tially buffered population growth rate against the
negative effects of environmental change, in ef-
fect dampening the demographic cost of direc-
tional selection. Indeed, theory suggests that the
magnitude of the lag load will depend on the
form and strength of density regulation, as well
as the magnitude of stochastic environmental fluc-
tuations (28). The DDC mechanism we describe
here is therefore likely to be of general importance
in a wide range of species. For example, Wilson
and Arcese (29) found that the population growth
of song sparrows was not affected by year-to-year
variation in the timing of breeding, despite the latter
being strongly correlated with climate. They sug-
gested, but did not demonstrate explicitly, thatDDC
in recruitment rates could explain this uncoupling.
Similar buffering mechanisms might also play a
role in dampening the effects of climate change on
density-regulated mammal populations, although
reductions in mean fitness may be unavoidable
when large phenological changes occur (30).
Further studies characterizing the lag load in wild
populations with different life histories will be
crucial to understanding and predicting climate
change impacts on population dynamics. Evolu-
tionary adaptation will be critical for persistence
in the long run (27), but our results imply that con-
siderable directional selection might be demo-
graphically tolerable on decadal time scales without
immediate population declines, effectively buying
time for microevolution to restore adaptation.
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Simultaneous Femtosecond X-ray
Spectroscopy and Diffraction of
Photosystem II at Room Temperature
Jan Kern,1,2 Roberto Alonso-Mori,2 Rosalie Tran,1 Johan Hattne,1 Richard J. Gildea,1
Nathaniel Echols,1 Carina Glöckner,3 Julia Hellmich,3 Hartawan Laksmono,4 Raymond G. Sierra,4
Benedikt Lassalle-Kaiser,1* Sergey Koroidov,5 Alyssa Lampe,1 Guangye Han,1 Sheraz Gul,1
Dörte DiFiore,3 Despina Milathianaki,2 Alan R. Fry,2 Alan Miahnahri,2 Donald W. Schafer,2
Marc Messerschmidt,2 M. Marvin Seibert,2 Jason E. Koglin,2 Dimosthenis Sokaras,6
Tsu-Chien Weng,6 Jonas Sellberg,6,7 Matthew J. Latimer,6 Ralf W. Grosse-Kunstleve,1
Petrus H. Zwart,1 William E. White,2 Pieter Glatzel,8 Paul D. Adams,1 Michael J. Bogan,2,4
Garth J. Williams,2 Sébastien Boutet,2 Johannes Messinger,5 Athina Zouni,3 Nicholas K. Sauter,1
Vittal K. Yachandra,1† Uwe Bergmann,2† Junko Yano1†

Intense femtosecond x-ray pulses produced at the Linac Coherent Light Source (LCLS) were used for
simultaneous x-ray diffraction (XRD) and x-ray emission spectroscopy (XES) of microcrystals of
photosystem II (PS II) at room temperature. This method probes the overall protein structure and
the electronic structure of the Mn4CaO5 cluster in the oxygen-evolving complex of PS II. XRD
data are presented from both the dark state (S1) and the first illuminated state (S2) of PS II.
Our simultaneous XRD-XES study shows that the PS II crystals are intact during our measurements
at the LCLS, not only with respect to the structure of PS II, but also with regard to the electronic
structure of the highly radiation-sensitive Mn4CaO5 cluster, opening new directions for future
dynamics studies.

One of the metalloenzymes most critical
for sustaining aerobic life is photosys-
tem II (PS II)—a membrane-bound pro-

tein complex found in green plants, algae, and
cyanobacteria—that catalyzes the light-driven
water oxidation reaction. The oxidation equivalents
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generated by the absorption of four photons by
the PS II reaction center are stored in the four
consecutive redox states of a Mn4CaO5 clus-
ter, known as the Si (i = 1 to 4) states. The
accumulated energy is used in the concerted oxi-
dation of two molecules of water to form dioxy-
gen (1), returning the catalyst to the most reduced
S0 state in the Kok cycle (Scheme 1). Due to its
efficient catalysis of the demanding four-electron
and four-proton chemistry of water oxidation,
the Mn4CaO5 cluster has been a model system
for synthesizing inorganic water oxidation cat-
alysts (2, 3).

The structure of PS II in its dark stable state
(S1) was studied extensively using x-ray diffrac-
tion (XRD) measurements on cryo-cooled crys-
tals (4–7) at synchrotron radiation (SR) sources
with resolutions ranging from 3.8 to 1.9 Å. One
inherent limitation of XRD measurements on
this system, however, is the high radiation sensi-
tivity of the Mn4CaO5 cluster. An increase of
the average metal-ligand and metal-metal dis-
tances is observed in the XRD data as compared
with the extended x-ray absorption fine structure
(EXAFS) data that were collected below the
threshold of radiation damage [reviewed in (8)],
indicating that the structure of the cluster is
either altered or disrupted. Such specific damage
(photoreduction of the metal center) (9, 10) oc-
curred despite the fact that all XRD measure-
ments were carried out at cryogenic temperatures
of 100 to 150 K. It is now generally recognized
that for some other redox-active metallopro-
teins, it is difficult to obtain intact structures with
SR-based XRD, even at cryogenic temperatures
(11, 12). Recently, a new approach to protein
crystallography was demonstrated at the X-ray
Free-Electron Laser (XFEL) of the Linac Coherent
Light Source (LCLS), with ultrashort x-ray pulses
of high intensity enabling collection of diffrac-
tion data at room temperature (RT) before the
onset of radiation damage in various systems
(13–18).

Whereas XRD is powerful in determining the
overall protein structure, various x-ray spectros-
copy techniques can provide critical comple-
mentary information about the active site due to
their element and chemical sensitivity (8, 19–22).

To understand the intricate interplay between
protein and metal cofactors that allows complex
reactions, it is desirable to combine both ap-
proaches in time-resolved studies under func-
tional conditions.

Among the various spectroscopic methods,
nonresonant x-ray emission spectroscopy (XES)
probes occupied electron levels (see Fig. 1, bot-
tom right). In particular, the Kb1,3 line is a probe
of the number of unpaired 3d electrons, hence
providing information about the oxidation and/or
spin state (22). Experimentally, XES performed
using an energy-dispersive x-ray spectrometer
(23) is particularly well suited for such combined
shot-by-shot studies, as excitation energies above
the 1s core hole of first-row transition metals are
also ideal for XRD; therefore, neither incident
nor emitted photon energy need to be scanned.
Although it has been demonstrated that the shot-
by-shot approach can probe the atomic struc-
ture of intact proteins at high resolution (17),
the question has remained whether ultrabright
femtosecond pulses can also probe the intact
electronic structure of active centers such as the

Mn4CaO5 cluster. This is by no means obvious,
because, in contrast to XRD, in which radiation-
induced damage leads to loss of diffractivity, such
a self-termination of the signal is not expected
in XES, and electronic structural changes hap-
pen on a much faster time scale than a Coulomb
explosion. Recently, we used solutions of Mn
model systems (24) in a liquid jet (25) at LCLS
to demonstrate the feasibility of RT femtosecond
Kb XES.

Building on the feasibility of these sepa-
rate femtosecond XRD studies of PS II (18) and
femtosecond XES results, we have designed
an experimental setup for simultaneous XRD
and XES data collection at the LCLS. We used
XES to determine the electronic-state integrity
of the Mn4CaO5 cluster. Simultaneously, we
used a visible-laser pump (centered at 527 nm)
and an x-ray laser probe to collect RT XRD
measurements of the S2 state, and we compared
our results with the XRD data from the dark
S1 state. The schematic of the setup is shown
in Fig. 1 (26). Suspensions of PS II microcrys-
tals (5 to 15 mm in the longest dimension) were

1Physical Biosciences Division, Lawrence Berkeley National Lab-
oratory, Berkeley, CA 94720, USA. 2Linac Coherent Light Source
(LCLS), SLAC National Accelerator Laboratory, Menlo Park, CA
94025, USA. 3Max-Volmer-Laboratorium für Biophysikalische
Chemie, Technische Universität, D-10623 Berlin, Germany.
4PULSE Institute, SLAC National Accelerator Laboratory, Menlo
Park, CA 94025, USA. 5Institutionen för Kemi, Kemiskt Biologiskt
Centrum, Umeå Universitet, Umeå, Sweden. 6Stanford Synchro-
tron Radiation Lightsource (SSRL), SLAC National Accelerator
Laboratory, Menlo Park, CA 94025, USA. 7Department of Physics,
AlbaNova, Stockholm University, S-106 91 Stockholm, Sweden.
8European Synchrotron Radiation Facility, F-38043 Grenoble
Cedex 9, France.

*Present address: Synchrotron SOLEIL, F-91192 Gif-Sur-Yvette,
France.
†Corresponding author. E-mail: vkyachandra@lbl.gov
(V.K.Y.); bergmann@slac.stanford.edu (U.B.); jyano@lbl.
gov ( J.Y.)

Scheme 1. Reaction cycle of wa-
ter oxidation at the Mn4CaO5 clus-
ter in PS II. h, Planck’s constant; n,
frequency.

Fig. 1. Setup of simultaneous x-ray spectroscopy and crystallography experiment at the CXI
instrument of LCLS. The crystal suspension is electric-field–focused into a microjet that intersects
the x-ray pulses. XRD data from a single crystal are collected downstream with a CSPAD detector,
and XES data from the same crystal are collected at ~90° to the beam via a multicrystal XES
spectrometer and a compact position-sensitive detector (PSD). A Nd-YLF laser (527 nm) is used to
illuminate the crystals. The timing protocol (top left) consists of a fixed time of flight Dt between
the optical pump and x-ray probe. The schematic of the energy dispersive spectrometer is shown
(bottom right), as well as the MnII and MnIV oxide Kb1,3 spectra and an energy-level diagram for
XES (bottom middle).
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injected into the coherent x-ray imaging (CXI)
chamber (27) at LCLS using an electrospun
liquid microjet (25) to intersect the x-ray pulses
(~50-fs pulse length, peak x-ray dose of ~150
megagray per pulse). We used a Cornell-SLAC
pixel array detector (CSPAD) (28) to collect
XRD data. Mn Kb1,3 XES data were collected
simultaneously from the same sample using an
energy-dispersive spectrometer at ~90° to the
beam direction and a small CSPAD (26).

The dark-adapted PS II microcrystals showed
diffraction spots to 4.1 Å in the best cases (fig.
S1). Within 5 hours of run time (corresponding
to nearly 2,200,000 x-ray shots), we collected
90,000 shots identified as potential hits (16 or

more strong Bragg peaks). Out of these, 4663
shots were indexed and integrated (tables S1
and S2). We processed the diffraction data to a
resolution of 5.7 Å to generate the electron den-
sity map shown in Fig. 2, A and B [the 5.7 Å
cutoff was chosen on the basis of the multiplicity
and completeness (tables S1 and S2)]. How-
ever, we indexed Bragg spots to 4.1 Å resolu-
tion, and the signal strength, as measured by
I/s(I) (the ratio of the spot’s peak intensity to its
standard deviation), was still 1.9 out to 5 Å re-
solution (table S2).

The improved resolution of the electron den-
sity compared with that reported earlier at 6.5 Å
resolution (18) is manifested in a more detailed

map allowing for better tracing of the trans-
membrane helices and of the loop regions in the
membrane extrinsic areas of the complex facing
the inner compartment of the thylakoid (lumen)
and the cytoplasm (stroma). There is good agree-
ment between the 5.7 Å resolution electron den-
sity from the XFEL data (Fig. 2A) and previously
collected (6) SR data [Protein Data Bank iden-
tification number (PDB ID) 3bz1] truncated at
5.7 Å. Despite slight nonisomorphism between
the XFEL and SR data sets, the maps have an
overall correlation coefficient (CC) of 0.36 (a CC
of 0 means no correlation; a CC of 1 indicates
full correlation).

The influence of the phasing model on the
electron density omit maps was tested by exclud-
ing heavy elements (see supplementary mate-
rials and fig. S2). The use of random or uniform
structure factors instead of the experimental data
did not generate any density peaks in the omit
maps in the region of the Mn4CaO5 cluster, con-
firming that the density observed is from the
experimental data (fig. S3). It is similar to the
density obtained from the SR data but is slightly
more compact (Fig. 2B).

Figure 3A shows the Kb1,3 x-ray emission
spectra from PS II crystals collected simulta-
neously with the XRD data. The spectra aver-
age ~20,000 shots, recorded at 7-keV incident
energy, that we identified as crystal hits from
the XRD data. To illustrate the sensitivity of
this measurement, we estimated that the vol-
ume of sample probed by x-rays for this spectrum
is ~0.3 nl, containing a total of 2 × 10−12 molMn.
A spectrum using only data from crystals that
yield indexable diffraction patterns was com-
puted as well (fig. S4). Both spectra coincide in
peak position and shape and differ only in the
signal-to-noise (S/N) ratio due to the different
number of samples used for each of them. The
spectrum of PS II crystals matches very well with
the spectrum from dark-adapted PS II solution
(S1 state) (8.9 mM Chl, 1 mM Mn, 375,000 in-
dividual shots) collected with the same setup
at the CXI instrument (Fig. 3B). This implies
that the Mn cluster is in the same high-valent
state (Mn2

IIIMn2
IV) in both micrometer-sized

crystals and solution and that the crystallization
procedure did not alter the native PS II S1 state.

We used the SR solution data collected at
8 K and at RT to compare the shape and energy
position of the spectra. The RT SR spectrum rep-
resents a completely photoreduced (damaged)
PS II (Fig. 3C, pink), where all Mn is reduced to
MnII and the Kb1,3 peak is shifted toward the
position found for MnIICl2 in aqueous solution
(Fig. 3C, gray). The 8-K SR spectrum is from
an intact PS II S1 state (Fig. 3C, light blue). It is
evident that the XFEL PS II XES data at RT
are identical to the intact S1 state spectrum. Note
that we used roughly the same x-ray dose for
the XFEL and the SR measurements at RT (total
number of photons per sample spot for the SR
data and the number of photons per shot for
the XFEL data). The result clearly demonstrates

Fig. 2. Structure deduced from diffraction of micrometer-sized crystals of PS II using sub–50-fs
x-ray pulses at RT at LCLS. (A) 2mFo-DFc electron density map for the PS II complex in the dark S1 state
obtained at LCLS. One monomer of the protein is shown in yellow, and the electron density is contoured
at 1.2s (blue mesh; shown for a radius of 5 Å around the protein). (B) Detail of the same map in the area
of the Mn4CaO5 cluster in the dark S1 state, with mesh contoured at 1.0s (gray) and 4.0s (blue). Selected
residues from subunit D1 are labeled for orientation; Mn is shown as purple spheres and Ca as an orange
sphere (metal positions taken from PDB ID 3bz1).
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Fig. 3. Femtosecond XES of PS II. (A) Two-dimensional (2D) Kb1,3 x-ray emission spectra from
microcrystals of PS II collected with a PSD at the CXI instrument using sub–50-fs pulses of about 2 to
3 × 1011 photons per mm2 and pulse. (B) X-ray emission spectra of a solution of PS II (green curve)
and single crystals of PS II (red dashed curve) in the dark state, both collected at the CXI instrument,
obtained from the 2D plot in (A) by integration along the horizontal axis. (C) X-ray emission spectra
of PS II solutions in the dark state collected at the CXI instrument at RT (green) or collected using SR
under cryogenic conditions with a low x-ray dose (“8K intact,” light blue) or SR at RT under photo-
reducing conditions (“RT damaged,” pink). The spectrum from MnIICl2 in aqueous solution collected
at RT at the CXI instrument is shown (gray) for comparison.
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that the femtosecond x-ray pulses, under the con-
ditions presented here, can be used to obtain
the intact x-ray emission spectrum of the highly
reduction-sensitive, damage-prone Mn4CaO5 clus-
ter of PS II at RT. The XES data prove that the
XRD data and the electron density are from PS II
with a fully intact Mn4CaO5 cluster in the S1
state (Mn2

IIIMn2
IV) under the conditions of the

current experiment.
The confirmation of an intact Mn4CaO5 clus-

ter in PS II at RT allowed us to explore the il-
luminated state (S2 state) with a visible-laser
pump followed by an x-ray laser probe pulse.
The crystals were illuminated in situ using the
527-nm output of a Nd–yttrium-lithium-fluoride
(Nd-YLF) laser with a delay time between op-
tical and x-ray exposure of 0.4 to 0.5 s (26). Ad-
vancement of the PS II sample into the S2 state
was tested independently with a similar illumi-
nation setup coupled to a membrane inlet mass
spectrometer (MIMS) using water labeled with
oxygen-18. Analysis of the labeled O2 produced
as a function of the number of laser flashes
showed that an S2 state population of ~80% was
achieved with one flash (Fig. 4A and supple-
mentary materials).

Using the same illumination conditions for
PS II microcrystals at the CXI instrument, we ob-
tained ~4300 indexed diffraction patterns within
a collection time of 53 min (corresponding to
~380,000 shots). Out of these, 1850 diffraction
images were included in the data set (XFEL-
illuminated) with a final resolution of 5.9 Å.
The statistics for both XFEL-dark and XFEL-
illuminated data sets are given in tables S1 to
S3. In parallel with the XRD, we also collected

XES data for these crystals. The resulting spec-
trum from 362 illuminated microcrystals recorded
with an incident energy of 7 keV is shown in
Fig. 4B (XFEL S2). Despite the lower S/N ratio
of the S2 state spectrum, because of the fewer
number of crystals sampled (a factor of ~50),
the spectrum matches well with the x-ray emis-
sion spectrum obtained for crystals in the S1
state. Detection of the expected shift (~60 meV)
in the x-ray emission spectrum between the S1
and S2 states (20) requires a much better S/N
ratio. However, it is evident that the XFEL S2
state spectrum is different from the damaged
spectrum, which clearly demonstrates that the
Mn4CaO5 cluster is not photoreduced by our
optical illumination pump protocol or the x-ray
pulse.

The RT electron density maps of the dark and
illuminated states are similar within the error
of the resolution, with an overall CC of 0.77.
An isomorphous difference map computed be-
tween the dark and illuminated data set showed
no statistically significant peaks (Fig. 4C and
figs. S5 and S6), and closer inspection of the
region of the Mn4CaO5 cluster (Fig. 4C) and
the stromal electron-acceptor side of the com-
plex (fig. S5B) did not reveal any interpretable
features in these regions. This shows that our
illumination conditions do not lead to decay or
changes in the crystal quality. More important-
ly, this finding suggests that there are no large
structural changes taking place between the S1
and S2 states. Although the S1-S2 transition is
accompanied by a number of changes in car-
boxylate and backbone vibration frequencies, as
detected by infrared spectroscopy (29, 30), the

associated structural changes are most likely too
small to be detected by the resolution achieved
in the present study.

In summary, we have established that simul-
taneous XRD and XES studies using ultrashort,
ultrabright x-ray pulses at LCLS can probe the
intact atomic structure of PS II microcrystals and
the intact electronic structure of its Mn4CaO5

cluster at RT. This technique can be used for fu-
ture time-resolved studies of light-driven struc-
tural changes within proteins and cofactors and
of chemical dynamics at the catalytic metal cen-
ter under functional conditions. We expect that
this method will be applicable to many metal-
loenzymes, including those that are known to be
very sensitive to x-ray photoreduction and radia-
tion damage, and over a wide range of time scales,
starting with femtoseconds.
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Insect Morphological Diversification
Through the Modification of Wing
Serial Homologs
Takahiro Ohde, Toshinobu Yaginuma, Teruyuki Niimi*

Fossil insects living some 300 million years ago show winglike pads on all thoracic and abdominal
segments, which suggests their serial homology. It remains unclear whether winglike structures
in nonwinged segments have been lost or modified through evolution. Here, we identified a ventral
lateral part of the body wall on the first thoracic segment, the hypomeron, and pupal dorsolateral
denticular outgrowths as wing serial homologs in the mealworm beetle Tenebrio molitor. Both
domains transform into winglike structures under Hox RNA interference conditions. Gene
expression and functional analyses revealed central roles for the key wing selector genes, vestigial
and scalloped, in the hypomeron and the denticular outgrowth formation. We propose that
modification, rather than loss, of dorsal appendages has provided an additional diversifying
mechanism of insect body plan.

Insect ventral appendages, such as antennae,
mouthparts, legs, and cerci, are serially ho-
mologous; they share anatomical and devel-

opmental features (1), despite morphological
and functional differences along the body axis.
The only known dorsal appendages in modern
insects, however, are wings and their derivatives
on the second and third thoracic segments. Wing-
like structures might have originally appeared
on all thoracic and abdominal segments, and
subsequently been repressed by Hox genes,
which specify segment identities, in all but two
thoracic segments (2). In the red flour beetle
(Tribolium castaneum), RNA interference (RNAi)
of theHox gene Sex combs reduced (Scr) ortholog
induced ectopic elytra formation in the pro-

thorax (T1, the first thoracic segment) (3).
Furthermore, ectopic pairs of wings formed in
abdominal segments when the Hox genes Ultra-
bithorax (Ubx) and abdominal-A (abd-A) were
repressed simultaneously (3). To explore putative
wing serial homologs (WSHs), we examined
the transformation from nonwing structure to
wing by comparing weakly and strongly affected
Hox RNAi phenotypes in the mealworm beetle
(Tenebrio molitor), which is better suited to mor-
phological analysis because it has a larger body
than T. castaneum.

We initially isolated the T. molitor Scr homo-
log (Tm-Scr), and repressed its function by in-
jecting double-stranded (ds) RNA into late-stage
larvae (Fig. 1A). As in T. castaneum, ectopic elytra-
like tissues formed on the first thoracic segment
(T1) after Tm-Scr RNAi treatment (Fig. 1C),
whereas dsRNA of the gene for enhanced green
fluorescent protein (egfp) had no effect on adult
phenotype (Fig. 1B). To identify the part that

transformed into elytra-like tissue, we compared
the phenotypes of egfp dsRNA–treated T1 with
mildly and severely affected Tm-Scr RNAi T1.
The T. molitor prothoracic tergum (pronotum) ex-
tends to the ventral side and forms the posterior
collar of the procoxae (4). This ventral region of
the pronotum is termed the hypomeron (Fig. 1E,
left). The severe phenotype showed almost com-
plete transformation (Fig. 1, H, K, and N versus
Fig. 1, F, I, and L), whereas the mild phenotype
showed incomplete transformation (Fig. 1, G, J,
and M). The latter may represent an interme-
diate morphology between nonwing structure
and wing. The mild phenotype showed cleft for-
mation on the dorsolateral sides (arrowheads
in Fig. 1, G and M), and morphological changes
in the lateral body wall from the cleft to the ven-
tral side, which corresponds with the hypomeron.
The hypomeron elongated to form ectopic elytra-
like structures in severely affected T1. From this
observation, we conclude that Tm-Scr RNAi in-
duced transformation from hypomeron into the
wing, which suggests that the hypomeron is a
WSH in the T1.

Larval RNAi of T. molitor Ubx and abd-A
(Tm-Ubx and Tm-abd-A) resulted in the forma-
tion of six additional pairs of wings on the first
to sixth abdominal segments (Fig. 1D). We could
not determine whether the ectopic wing is meso-
thoracic elytra-like or metathoracic membranous
wing–like, because vein formation is insufficient,
and severely affected adults die before com-
plete sclerotization. We investigated which abdom-
inal structures transformed into ectopic wings
when both T. molitor Ubx and abd-A homologs
(Tm-Ubx + abd-A) were knocked down. T. molitor
pupae have paired denticular outgrowths of the
body wall on the dorsolateral side of the first to
seventh abdominal segments (Fig. 1E, right, and
R). The jaws on the anterior and posterior sides
of the projecting flange are strongly sclerotized
and toothed to form the gin-trap, a protective
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