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Experimental Methods 

Preparation of reaction center crystals: “Wild-type”, polyhistidine-tagged RCs were 

obtained from a strain of Rb. sphaeroides that lacked the light-harvesting II complex.  Cells were 

grown chemoheterotrophically (semi-aerobic, dark, 34 °C).(1, 2)  RCs were extracted from the 

cell membranes using the detergent lauryldimethylamine N-oxide (LDAO) and purified using 

Ni-NTA (nitrilotriacetic acid) immobilized metal affinity chromatography as previously 

described.(1, 2)  The detergent LDAO was replaced for octyl β-D-glucopyranoside (OG) by 

applying the RCs to an anionic exchange column,(3) and eluting the RC in a buffer containing 

0.8% (w/v) OG, 280 mM NaCl, 10 mM Tris, 1 mM EDTA and pH 7.8.  Crystallization in the 

needle-shaped orthorhombic (P212121) space group was accomplished by vapor diffusion in the 

presence of polyethy1ene glycol 4000.(4-6) 

Ground state absorption spectroscopy: Polarized ground state absorption spectra were 

acquired by a Nikon TE 200 inverted microscope equipped with an optical spectrograph 

(HORIBA Jobin Yvon Triax 190) and a liquid nitrogen cooled CCD (HORIBA Jobin Yvon 

CCD-3500V).  A long working distance microscope objective (100x, 6 mm working distance, 

Mikimoto) was used to focus a halogen white light source to a spot size of ~ 5 μm. Transmitted 

light was collected by a 20x objective and subsequently detected by the spectrograph and CCD 

combination.  The primary donor in the RC crystals was reduced by 50 mM ascorbic acid before 

the crystals were positioned within sealed rectangular capillaries with 0.05 mm x 1mm cross-

sections (VitroCom).   

Transient absorption spectroscopy: The photochemical functions of both RC crystals and 

detergent-solublized RCs in solution (0.8% n-octyl-β-D-glucopyranoside, 10 mM Tris, pH 7.8) 

were characterized by ultrafast pump-probe spectroscopy.  The experiments were performed with 



an amplified Ti:sapphire laser system that outputs 130 fs pulses at 1 kHz as previously described 

(9).  The probe pulse was a coherent white light continuum generated by focusing a small 

fraction (< 1%) of the amplifier output onto a sapphire window.  The broadband probe enables 

transient spectra (by maintaining constant probe delay and scanning a monochromator) or 

kinetics (by selecting a probe wavelength with a monochromator and scanning the delay line) to 

be obtained over the visible and near-infrared energies. The primary donor of detergent-

solublized RCs was reduced with 50 mM ascorbic acid prior to the measurements.  Samples were 

placed in a 2 mm path length sample cell with an optical density of ~ 1.0 at 800 nm and were 

bubbled with nitrogen gas.  The angle between polarizations of pump and probe beams was fixed 

at magic angle of 54.7° with a pump power of  150 nJ/pulse with light focused to a spot size of 

approximately 150 μm.  For measurements in crystals, rectangular capillaries containing pre-

reduced RC crystals were mounted on a rotating stage and were viewed with a camera.  In order 

to avoid damage to the crystals, the laser pump power was maintained at less than 50 nJ/pulse 

with light focused to a spot size of approximately 50 μm.  

Comparison of Ground-State Absorption and Crystal Coordinate Calculated Transition 

Moment Projections  

Projections for the cofactor optical transition dipole moments onto the orthorhombic crystal 

P212121 unit cell a, b, and c axes were calculated using coordinates from the Protein Data Bank 

entry 4RCR.(6)  The bacteriochlorophyll and bacteriopheophytin Qy and Qx directions were 

taken as lying along the pyrrole ring I to III and the pyrrole ring II to IV nitrogen-to-nitrogen 

directions, respectively (7).  Optical absorption contributed by the transition dipole moment for 

each cofactor, )()()( 2 λελ fmEA ⋅•=
rr

, is the dot product for the unit vectors for the light 

electric field, E
r

, and the cofactor transition dipole moment, mr , weighted by the extinction 



coefficient, ε, and lineshape function, )(λf , .  When the light field is aligned along the 

orthogonal axes of the crystal unit cell, a, b, c, the absorption can be expressed as the extinction 

coefficient weighted transition dipole projections: )(cos)( ,,
2

,, λεϑλ fA cbacba ⋅= .  The reaction 

center P212121 unit cell was reconstructed from the crystal coordinates using the Cambridge 

Crystallographic Database Center program Mercury 

(http://www.ccdc.cam.ac.uk/products/mercury/), and the Qx and Qy transition dipole projections, 

cba ,,
2cos ϑ , were calculated for each cofactor in the four reaction center complexes that comprise 

the unit cell.  The calculation confirmed that for the P212121 symmetry group, each of the four 

reaction centers in the unit cell makes an equivalent contribution along the unit cell directions.  

The calculated cofactor transition dipole moment projections were weighted according to their 

corresponding extinction coefficients (8) to provide an crystal coordinate-based index of 

predicted optical absorption along the unit cell principle axes directions.  Figure S1 shows the 

resulting weighted amplitudes for the BChl and BPh Qx and Qy transition moments projected 

onto a, b, and c crystal axis.  

Experimental polarized spectra measure along the crystal axes showed pronounced changes in 

absorption peak positions and amplitudes, although a priori, we do not know how the 

experimentally defined 0o and 90o measurement directions correspond to the crystallographic a, 

b, c directions.  The peak shifts are particularly significant since they reflect polarization-

resolved contributions of individual transitions within the normally overlapping absorption bands 

of redundant cofactors in L and M protein subunits.  For example, absorption spectra for 

detergent-solubilized RCs show a single unresolved peak near 540 nm at room temperature that 

is known to arise from the overlapping Qx absorptions of the BPhL and BPhM cofactors 

absorbing near 542 nm and 530 nm, respectively (10, 11).  The spectrum measured in crystals 



with 0° polarized light shows a BPh Qx peak at 530 nm that clearly reflects the predominant 

contribution of BPhM, while the spectrum recorded with 90° polarized light shows this peak to 

shift to 540 nm and the flattened shape suggests combined contributions of both BPhL and BPhM. 

The polarized spectra recorded for BPh Qy transition is found to have a strong preferential 

absorption 0° polarized light.    

We used a comparison of the measured dichroism for the BPhL and BPhM cofactors to those 

calculated from the crystal coordinates to identify the alignment of the unit cell a, b, c directions 

with respect to the experimental 0o and 90o measurement directions. A good agreement was 

found between experimental polarized absorption spectra (Figure 1a) and patterns for BPh Qx 

and Qy projections along the crystal a and c directions with 90° and 0° absorption spectra (Figure 

1b), respectively. Cofactor projections along the crystal b axis showed a pattern that is 

complementary to the pattern along the c axis, with BPhL making the predominant contribution 

in the Qx region and BPhM making the predominant contribution in the Qy region (Figure S1). 

We have also observed crystals exhibiting this ground state absorption pattern as shown in 

Figure S2, indicating that in different crystals we have measured the RC absorption along each of 

the principal axes of the P212121 space group. 

Following from this, correlations are also found between the BChlL and BChlM Qy projections 

and the polarized absorption patterns.  BChlL and BChlM are known to have overlapping Qy 

absorptions that are modeled to have different extents of mixing with transition dipoles and 

charge transfer states of P, causing the mixed Qy transitions to be shifted near to 800 nm and 810 

nm respectively.(7, 12-16)  The spectrum recorded with 90° polarized light shows at peak 

centered at 800 nm that can be expected to reflect an absorption dominated by BChlL.  With 0° 

polarized light the absorption peak shifts to 810 nm and can be understood to be an absorption 



dominated by BChlM.  The peak positions in the polarized absorption spectra are found to 

approximately track the expected projection of the BChlL and BChlM Qy directions.  

The red-most absorption band arises from the lower energy exciton component of P, P-, 

comprised of the Qy transitions for the two BChl, PL and PM , that form P.(17)  Models have 

taken into account the effects of coupling between all of the cofactor transition dipoles within the 

RC and charge transfer states between PL and PM.(7, 12-16)  The polarized spectra recorded for 

P- is found to have a strong preferential absorption with light polarized perpendicular to the long 

axis of the crystal.  In addition, the polarized crystal spectra also showed a notable shift in the 

absorption peak position for P- that changed from 850 nm in the spectrum recorded with light 

polarized perpendicular to the long axis of the crystal, to 865 nm when measured with light 

polarized parallel to the long axis.  The polarization-dependent shift in the absorption spectrum 

of P- was found to be variable when measured in different crystals with the peak position for P- 

measured in the perpendicular polarization ranging from 860 nm to about 848 nm.  This peak 

shift was also found to be reversible.  The reversible blue shift in P- absorption are reminiscent of 

reversible shifts seen for the absorption of P- for RCs in different detergent conditions,(18-21) 

and implies that similar changes in the environment surrounding P can occur upon crystallization 

and subsequent crystal handling.   

Primary Charge Separation in Solution  

Primary charge separation processes in solution were investigated by femtosecond pump-probe 

spectroscopy.  The excitation wavelength was tuned to 844 nm as shown in Figure 1, which 

excites primarily the P transition.  For the measurements of detergent-solubilized RCs in 

solution, the angle between polarizations of pump and probe beams was fixed at the magic angle 

of 54.7°.  Following excitation, RCs in solution show a rapid, pulse-width limited loss of the Qx 



ground state absorption of P at 595 nm, and slower subsequent loss of the ground state Qx 

absorption of BPhL at 540 nm and concerted growth of the BPh anion band at 650-670 nm that 

builds in with a 3.7 ( ±0.3) ps time constant (Figure S3).  These are well-characterized markers 

for the formation of the transient P+BPhL
– state (10, 11, 22-24).  In this sample, a slower 

approximately 100 ps decay is seen on the 665 nm transient that apparently reflects time-

evolution of the optical absorption of P+BPhL
– and not the depopulation of this state since there is 

no recovery of the ground state BPhL Qx absorption on this time scale.  The single wavelength 

transients measured at 545 nm were fit with a biexponential decay consisting of a 4.5 (± 0.3) ps 

decay component (90%) combined with a slower 20.0 (± 2.0) ps component (10%).  We note 

that variances in single wavelength kinetics associated with primary electron transfer processes 

in RCs have been discussed previously (23) and that emission decay kinetics from P* also show 

biphasic kinetics with the major kinetic component reported to be fit with a time constant in the 

range 2.6 ps to 4.1 ps (25-27).  Global fitting analyses have been used to provide a self-consistent 

measure of transient absorption kinetics (24, 28, 29).  The results presented here demonstrate that 

the RC solution before crystallization displayed absorbance transients consistent with a 3-4 ps 

primary electron transfer time to BPhL.    

 



Figure S1. Extinction coefficient weighted projection vectors along a, b
and c axis for a single photosynthetic reaction center crystal (P212121) 
from Rb. sphaeroides.  
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Figure S2. Polarized ground state absorption spectra of a single 
photosynthetic reaction center crystal (P212121) from Rb. sphaeroides.  (a) 
Spectra with polarized light parallel (red line, 0°) and perpendicular (black 
line, 90°) to the long axis of the crystal, respectively.     (b) Extinction 
coefficient weighted projection vectors along b and c axis. 
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Figure S3.  Transient absorption spectra (insets) and kinetics of detergent-solubilized 
RCs.  Kinetic traces were taken at 545 nm (open triangles) and 665 nm (open circles). 
The red solid lines are biexponential fits convoluted with the pump pulse with time 
constants resulted from the fits indicated in the figures. The RC (20 µM) were suspended 
in a solution containing 0.8% n-octyl-β-D-glucopyranoside, 10 mM Tris, pH 7.8, and 50 
mM sodium ascorbate.   
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Figure S4. Transient absorption spectra of a single RC crystal.  Polarizations of pump 
was perpendicular to the long axis (90°) and probe polarization was either parallel (0°)
(a) or perpendicular (90°) (b) to the long axis of the crystal. 
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