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ABSTRACT: Femtosecond transient absorbance spectros-
copy was applied to the study of primary electron transfer
in single reaction center crystals from Rhodobacter
sphaeroides. Polarized transient absorption spectra of
individual crystals are shown to correlate with polarized
ground-state absorption spectra and to track cofactor
transition moment directions calculated from the crystal-
lographic structure. Electron transfer from the bacterio-
chlorophyll dimer to the bacteriopheophytin acceptor was
found to be multiphasic in crystals and ∼2-fold slower
than in solution. This work demonstrates the ability to
resolve ultrafast photosynthetic function in single crystals
and allows ultrafast function to be directly correlated with
structure.

Photosynthetic reaction centers (RCs)1 are pigment-protein
complexes that carry out the first light-induced chemical
reactions in photosynthesis and serve as a paradigm for
investigation of long-range electron transfer between non-
covalently linked donors and acceptors. Crystal structures
of bacterial photosynthetic RCs show two sets of bacterio-
chlorophyll (BChl), bacteriopheophytin (BPh), and quinone
(Q) cofactors that are associated primarily with either the
L- or M-protein subunits and are arranged in approximate
2-fold symmetry about the primary electron donor (P),
composed of an exciton-coupled pair of BChls (1-4).
However, the quantitative link between RC coordinate
structure and photochemical function remains to be estab-
lished because of the lack of time-resolved spectroscopic
studies of photochemical function in crystals. For example,
steady-state measurements of charge recombination kinetics
from P+Q- charge-separated states in Blastochloris Viridis
RCs were found to differ in solution and crystalline samples,
with crystals showing an additional slow, multisecond kinetic

phase that is not seen in solution (5). Indistinguishable
biphasic electron transfer between the reaction center quino-
nes (QA and QB) was assessed in crystalline and solution
states for the Rhodobacter (Rb.) sphaeroides RC (6),
although other solution phase studies with Rb. sphaeroides
differ by showing a faster kinetic phase on the microsecond
time scale and the absence of a slow millisecond kinetic
component (7, 8). Similarly, excited-state lifetimes of the
chlorophyll cofactor in the cytochrome b6f complex were
found to be 3-6-fold longer in crystals than in solution (9).
More generally, there is recognition of possible altered
enzymatic function in crystalline states (10, 11). These
considerations raise questions about how well the details
of photosynthetic structure can be correlated to time-
resolved function. Herein, we present the first femtosecond
spectroscopy studies for single crystals of the RC from
Rb. sphaeroides. Our results demonstrate a clear difference
between crystal and solution-state time-resolved function
and provide a direct measure of ultrafast photosynthetic
electron transfer that can be linked to RC coordinate
structure. Furthermore, these studies demonstrate unique
opportunities to exploit the fixed orientation of cofactors
within crystals to achieve site-specific resolution of
photosynthetic function within cofactor manifolds.

Figure 1a shows polarized ground-state absorption spectra
for a RC crystal from “wild-type” Rb. sphaeroides crystal-
lized in the P212121 unit cell and used for ultrafast experi-
ments, measured with light polarized either parallel (0°) or
perpendicular (90°) to the long axis of the needle-shaped
crystal (inset in Figure 1a). Analyses of the optical absorption
from single RC crystals have been made for the P43212
crystals of B. Viridis (12) but not from Rb. sphaeroides,
although preliminary spectra have been reported (13). The
polarized absorption spectra show pronounced changes in
both absorption peak positions and amplitudes. Peak shifts
are particularly significant since they reflect polarization-
resolved contributions of individual transitions within the
normally overlapping absorption bands of redundant cofac-
tors in L- and M-protein subunits. Calculations based on
crystal structures indicate that among the RC cofactors, the
two BPhs have the weakest intercofactor coupling (14-19)
and can be expected to have optical transitions aligned closest
to the directions expected for an isolated bacteriochlorin.
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Therefore, we utilized the transitions of two BPhs near 540
nm (Qx) and near 760 nm (Qy) as references to identify the
alignment of the coordinate unit cell axes with respect to
the experimental measurements. Magnitudes for polarized
optical absorption for the RC P212121 unit cell were
calculated from the transition moment, mb, and the polarized
light electric field, Eb, unit vectors as described in the
Supporting Information. Extinction coefficient-weighted
projections for each of the RC cofactor optical transitions,
ε(Eb mb)2, along a and c crystal axes are plotted with
wavelength positions according to cofactor peak assignments
(20-22) in Figure 1b. The alignment of the crystal unit cell
axes with the experimental 0° and 90° directions was
determined by the close agreement of the measured 0° and
90° polarized absorption patterns and the projection patterns
calculated for the BPh Qx and Qy transition moments along
the unit cell c and a axes, respectively.

The red-most absorption band arises from the lower energy
exciton component of P (P-) comprised of the exciton-
coupled Qy transitions for the two BChl molecules, PL and
PM, that form P (23). The polarized spectrum recorded for
P- is found to have a strong preferential absorption with
90° polarized light. In addition, the polarized crystal spectra
also showed a notable shift in the absorption peak position
for Ps that changed from 850 nm in the spectrum recorded
with 90° polarized light to 865 nm when measured with 0°
polarized light. The polarization-dependent shift in the
absorption peak for Ps is remarkable since it indicates that
the absorption band is composed of a combination of
transitions that are aligned with different projections along
the crystal axes. Low-temperature (24-27) and hole
burning (27, 28) spectroscopic measurements have demon-
strated the presence of a low-energy shoulder on the Ps
absorption band which has been identified as a (0-0) vibronic
transition followed by a progression of higher-energy vi-
bronic transitions that comprise the main absorption of
Ps (27, 28). We note that absorption spectra of pyrochlo-
rophyllide a in apomyoglobin single crystals showed polar-
ization-dependent Qy absorption peak shifts due to differences

in the coupling of the Qy vibronic levels with Qx transitions
(29). We suggest that the polarization-dependent shifts in
the absorption observed for Ps in RC crystals could similarly
reflect the vibronic structure of Ps.

Primary charge separation processes in quinone-reduced
singlecrystalswere investigatedbyfemtosecondpump-probe
spectroscopy. For comparison, charge separation processes
were also assessed for quinone-reduced RCs in solution,
and the results are presented in Figure S3 of the Support-
ing Information. The excitation wavelength was tuned to
844 nm as shown in Figure 1, which excites primarily
the Ps transition. Transient measurements are shown with
the probe polarization in the 0° (Figure 2a) and 90° (Figure
2b) directions and with the pump polarization fixed at 90°.
Companion measurements with the pump polarization at
0° are shown in Figure S4 of the Supporting Information.
The transient spectra show strong probe polarization
dependencies. The crystal transient absorption spectra
(insets in Figure 2) display a bleach of Qx ground-state
absorption of P at 595 nm as well as growth of the BPh-

anion band at 650-670 nm for both probe polarizations.
However, bleaching of the Qx transition of BPh around
540 nm is seen exclusively with the 90° polarized probe
(inset in Figure 2b). This observation is consistent with
experimental polarized ground-state spectra, and differ-
ences with the calculated projections demonstrate that the
BPhL Qx transition moment is shifted from the assumed
molecular position.

Transient spectra at early delay times also exhibit pro-
nounced dichroism. With 90° probe polarization, a raised
baseline and various absorption bands from 500 to 750 nm
are noticeable for the 0 and 1 ps transient absorption spectra,
compared to the mostly flat baseline, detected with 0° probe
polarization. Transient features at early times are related to
the P* excited state, and this strong dichroism implies that
the transition dipole of P* aligns preferentially along the c

FIGURE 1: Polarized ground-state absorption spectra of a single
photosynthetic reaction center crystal (P212121) from Rb. sphaeroi-
des. (a) Spectra with light polarized parallel (black line, 0°) and
perpendicular (red line, 90°) to the long axis of the crystal. The
laser pump spectrum is denoted with empty circles. The inset is a
digital camera image of a typical crystal. (b) Extinction coefficient-
weighted transition moment projections along a and c crystal axes.

FIGURE 2: Transient absorption spectra (insets) and kinetics for a
quinone-reduced RC crystal. Pump polarization was fixed at 90°
and transients measured with the probe at 0° (a) and 90° (b)
respectively. Red arrows in the insets mark the wavelengths for
kinetics measurements. The red solid lines are biexponential fits
convoluted with the pump pulse with fast component time constants
indicated in the figure.
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axis of the crystal. A similar dependence of probe polariza-
tion was also observed for pump polarization parallel (0°)
to the long axis (Figure S4 of the Supporting Information).
These results demonstrate the capability of isolating a single
transition among the cofactor manifold by using polarized
light to both pump and probe along fixed directions in the
RC and provide the opportunity to directly correlate function
to coordinate structures. Other polarization selection tech-
niques such as pump-probe anisotropy measurements in
solution (22, 23, 25) and linear dichroism with mechanically
aligned samples (21, 24) provide only one-dimensional
ordering that cannot be directly related to crystal structure.

The kinetics of the bleach of the BPh Qx band was fit with
a biexponential decay with 7.5 ( 0.5 ps (85%) and 56.7 (
2.0 ps (15%) time constants (Figure 2b) and the growth of
the BPh- anion band fit with biexponential rise times of 7.2
( 0.5 ps (90%) and 40 ( 2.0 ps (10%) (Figure 2a), indicating
that the time for transfer of an electron from P* BPh, is
heterogeneous, with an ∼7 ps transfer time for the fast
component in this RC crystal. Both the fast and slow kinetic
phases of the P* to BPh electron transfer are found to be
approximately 2-fold slower than the corresponding phase
measured in solution (Figure S3 of the Supporting Informa-
tion). Detection wavelength-dependent kinetics (30) and
biexponential emission decay kinetics from P* (31-33) have
previously been discussed to arise from a conformational
heterogeneity in the RC. The results presented here demon-
strate that the conformational heterogeneity persists in
crystals and must be contained within the thermal factors
for X-ray coordinate data. The kinetic deceleration appears
to uniformly affect both kinetic phases, suggesting a com-
mon, possibly energetic origin.

The ground-state dichroism shows that the pump
polarization can be used in single-crystal studies to
selectively excite otherwise degenerate optical transitions.
For a fixed probe polarization of 90°, transient spectra
corresponding to a pump polarization of 90° or 0° are
shown in Figure 2b and Figure S4b, respectively. Com-
parable transient spectra are observed for the two pump
polarizations at 844 nm, indicating that the same sequence
of excited states is created when exciting within the
different vibronic transitions of P. However, we have
observed different transient states with the 800 nm pump,
polarization-selective excitation of BChlL and BChlM.
These results will be reported elsewhere.

We have demonstrated the ability to carry out polarized
femtosecond pump-probe spectroscopy on single RC crys-
tals and have established a direct connection between ultrafast
photosynthetic function and structure in the crystalline state.
This approach offers opportunities to resolve energy and
electron transfer functions for selected cofactors within the
bacterial RC as well as with more spectrally complex
RC-light harvesting 1 and photosystem I and photosystem
II single-crystal samples.

SUPPORTING INFORMATION AVAILABLE

Experimental methods for crystallization, ground-state and
transient absorption spectroscopy, and calculations of transi-
tion moment projections. This material is available free of
charge via the Internet at http://pubs.acs.org.
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