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ABSTRACT: Absorbance difference kinetics were measured on quinone-reduced membrane-bound wild type
Rhodobacter sphaeroidesreaction centers in the wavelength region from 690 to 1060 nm using 800 nm
excitation. Global analysis of the data revealed five lifetimes of 0.18, 1.9, 5.1, and 22 ps and a long-lived
component for the processes that underlie the spectral evolution of the system. The 0.18 ps component
was ascribed to energy transfer from the excited state of the accessory bacteriochlorophyll (B*) to the
primary donor (P*). The 1.9 ps component was associated with a state involving a BChl anion absorbing
in the 1020 nm region. This led to the conclusion that primary electron transfer is best described by a
model in which the electron is passed from P* to the acceptor bacteriopheophytin (HL) via the monomeric
bacteriochlorophyll (BL), with the formation of the radical pair state P

+BL
-. An analysis assuming partial

direct charge separation from B* [Van Brederode, M. E., Jones, M. R., and Van Grondelle, R. (1997)
Chem. Phys. Lett. 268, 143-149] was also consistent with the data. Within the framework of a five
component model, the 5.1 and 22 ps lifetimes were associated with charge separation and relaxation of
the P+HL

- radical pair state respectively, providing a description which adequately accounted for the
complex kinetics of decay of P*. Alternatively, by assuming that the 5.1 and 22 ps components originate
from a single component with a multi-exponential decay, a simpler analysis with only four components
could be employed, resulting in only a small increase (7%) in the weighted root mean square error of the
fit. In both descriptions part of the decay of P* proceeds with a lifetime of about 2 ps. The relative
merits of these alternative descriptions of the primary events in light-driven electron transfer are discussed.
Similar measurements on YM210H mutant reaction centers revealed four lifetimes of 0.2, 3.1, and 12 ps
and a long-lived component. The 3.1 and 12 ps lifetimes are ascribed to multi-exponential decay of the
P* state. The differences with the WT data are discussed.

The reaction center (RC) of purple bacteria is responsible
for the conversion of light energy into a transmembrane
electrical potential. The structures of the RC from two
species of purple bacteria,Rhodopseudomonas (Rps.)Viridis
andRhodobacter (Rb.) sphaeroides, have been solved to high
resolution (1, 2). They reveal an assembly of protein
subunits and redox cofactors that are arranged around an axis
of approximate 2-fold symmetry. The primary donor of
electrons (P) is a pair of excitonically-coupled bacteriochlo-
ropyll a (BChl) molecules positioned close to the periplasmic
face of the protein. The remaining redox cofactors, two
monomeric BChls (B), two molecules of bacteriopheophytin
a (H), and two ubiquinones (Q), are arranged around the
symmetry axis in two branches that span the membrane
dielectric. Excitation of P initiates a sequence of electron
transfer reactions that result in the separation of charge across
the inner membrane of the bacterium. Only P and the branch

of redox cofactors most closely associated with the L subunit
of the RC (P, BL, HL and QA) are involved in the transmem-
brane electron transfer process (3-5). The role of the
bacteriochlorin cofactors on the M subunit branch (BM and
HM) is unclear.

In wild type RCs it is generally assumed that electron
transfer is driven from the first singlet excited state of the
primary donor (P*), with the first clearly-resolved charge
separated state being the radical pair P+HL

-. Experiments
have shown that the lifetime of P* is approximately 3.5 ps
in detergent-solubilized RCs (4) and approximately 4.5 ps
in membrane-bound RCs (6, 7). Time-resolved difference
absorption spectroscopy can be used to follow the sequence
of events in the first steps of transmembrane electron transfer.
Such spectroscopy has shown that the decay of P* into the
charge-separated state P+HL

- is accompanied by the ap-
pearance of an electrochromic bandshift of the 800 nm
absorption which is thought to arise from the formation of
an electric field between the P+ and HL

- radicals that affects
the absorption properties of the intervening BL BChl. The
time-resolved spectra also show a bleach at 760 nm,
attributed to the loss of ground state absorbance of HL (3),
and the appearance of the absorption band of an anionic
species at 670 nm (8-10). All three spectral features
develop with approximately the same time constant as the
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decay of P*. However, extensive studies have shown that
primary electron transfer is a complex process, and a number
of questions concerning the details of the reaction mechanism
remain to be answered. First, a wavelength dependence of
the kinetics of the bandshift of the B absorption band has
been observed (11). An additional time component has been
assigned in this spectral region, and also around 1020 nm
(12), that was attributed to the formation of BL

- as an
intermediate in the electron transfer process (8, 9). Further-
more, fluorescence emission from P* has been found to decay
with multiple time constants that extend from a few to
hundreds of picoseconds (7, 12-20).
Much of the discussion concerning the first step in electron

transfer in the bacterial RC has addressed the relative merits
of two mechanisms that treat the role of the accessory BChl,
BL, in different ways. The first of these, often referred to
as the superexchange mechanism, considers electron transfer
from P* to HL to be a single-step reaction, with BL involved
as a virtual intermediate that enhances the electronic overlap
between P and HL (4, 5). The second mechanism involves
the formation of the radical pair P+BL

- as a discrete, but
short-lived, intermediate in a two-step reaction from P* to
P+HL

-. The complexity of the optical changes accompany-
ing primary electron transfer has lent much support to the
idea that such intermediate charge separated states play a
role in the reaction, and direct evidence for the formation of
the P+BL

- radical pair state has been presented (6, 8, 9, 12,
18, 21, 22).
A second point concerns the possible contribution of

electron transfer from BL
- or BM

-, not involving P*. In aRb.
sphaeroidesmutant, YM210W, which exhibits ultraslow
electron transfer from P* in approximately 400 ps, at 77 K
about 40% ultrafast charge separation without the involve-
ment of P* was clearly observed upon excitation of B (23,
24). In this alternative electron transfer pathway in ap-
proximately 6.5 ps clearly the formation of P+HL

- was
observed. On the basis of the time-gated spectra directly
after the 0.2 ps ultrafast B* relaxation process we sug-
gested that in this electron transfer pathway P+BL

- and
B+HL

- are directly formed from B* which are then con-
verted to P+HL

-. Similar electron transfer mechanisms
might be operating in wild type RCs at room temperature,
as was suggested by (20) on the basis of 15-20% less P*
stimulated emission formed upon excitation in the H and B
band compared to excitation of the P band.
A third point of discussion has been the role of the protein

environment in the electron transfer process. The exclusive
use of the L cofactor branch for electron transfer has been
ascribed to an effect of the protein (25-27) and site-directed
mutagenesis has been used in attempts to activate the inactive
cofactor branch, but with limited success (5, 26-31). The
protein is also believed to influence the electron transfer
process through its role as a glassy host for the redox
cofactors participating in the reaction. Variation in the
kinetics of electron transfer, such as deviations from mono-
exponential behavior, could arise from slight variations in
the structure of the protein-cofactor matrix which give rise
to static inhomogeneity (11, 19, 32-37). In a different view
of the role of the environment of the RC cofactors, the protein
is envisaged as reacting to the ongoing electron transfer
process, providing a dynamic environment within which
electron transfer takes place. In this model, the charges

residing on the two halves of the radical pair are solvated
by the protein, leading to a decrease in the free energy of
the radical pair with time and an increase in the free energy
gap between the P* state and the charge separated state (18,
20, 38-40). Multi-exponential decay of the P* state is
viewed as arising from a decreased probability with time of
recombination from the charge separated state to the P* state,
as the free energy gap between the two increases. In support
of this dynamic solvation model, it is apparent that estimates
of the size of the free energy gap derived from experiments
conducted on the sub-nanosecond time scale are invariably
smaller than estimates from data collected on longer time
scales, an effect ascribed to relaxation of the P+HL

- radical
pair (33, 38). However, there is still some debate over
whether additional components in the kinetics of P* decay,
on the time scale of tens of picoseconds, result from similar
relaxation processes. It is also worth noting that these two
roles for the protein are not mutually exclusive.
The data presented in this report address the role of BL in

the primary electron transfer reaction, and the complexity
of the decay of the P* state. Time-resolved absorption
difference spectroscopy over the wavelength range 690-
1060 nm has been applied to wild type membrane-bound
Rb. sphaeroidesRCs, in order to resolve the optical changes
associated with the first step of the electron transfer process.
The wavelength range investigated includes the region (960-
1060 nm) in which absorption from BL

- would be expected
to be found (19, 20). A preliminary analysis of the 960-
1060 nm data set has been presented elsewhere (41).
Experiments were also conducted with membrane-bound RCs
bearing the mutation Tyr M210fHis. The data are exam-
ined by global and target analysis and are discussed in terms
of the mechanism of primary electron transfer, and the
relative merits of models invoking static distributions and
relaxation processes as explanations for the complex decay
of the P* state.

MATERIALS AND METHODS

Samples of membrane-bound RCs fromRb. sphaeroides
strain RCO1 and a YM210H mutant (42) were prepared as
described previously (7, 42). Time-resolved absorption
changes were measured in a rotating sample cell with 1.2
nJ pulses that excited the sample at 800 nm with a 250 kHz
repetition rate resulting in an average power of 300µW. Both
excitation and probe pulses were vertically polarized. The
spectral changes were probed with a white light continuum
generated from the same Ti-sapphire-based laser system
(19). Under these conditions, and with a relatively large spot
size of 100µm, 2-3% of the RCs were excited per excitation
pulse. RCs were kept in an active state by pre-reduction of
the quinone molecules with 100 mM sodium ascorbate (7).
The probe wavelength was selected using a band-pass filter
before the sample and a monochromator between the sample
and the photodiode detector. This method of wavelength
selection together with the fact that at various wavelengths
the resolution of the monochromator was altered to increase
the light intensity on the photodiode resulted in a small
amount of wavelength imprecision and a reduced spectral
resolution. Consequently a typical kinetic trace was an
average over 5 nm.
A total of 97 kinetic traces were measured for wild type

membranes in the wavelength range 690-1060 nm. Data
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in the range 960-1060 nm were collected over a 20 ps time
window with an instrument response of 0.18 ps (full width
at half-maximum, FWHM). Data in the range 690-960 nm
were collected over a 100 ps time window with an instrument
response (FWHM) between 0.48 and 0.69 ps. Data collected
for the YM210H mutant consisted of 55 kinetic traces in
the 725-1050 nm range on a time scale of 50 ps with an
instrument response (FWHM) of 0.44 ps. The instrument
response was described by a Gaussian shape with two
parameters for location and width. The location parameter
was estimated for each trace, whereas the width parameter
was estimated for each data set (consisting of consecutively
measured traces). The data were analyzed using a global
analysis program that is described in detail elsewhere (19,
43). Target analysis was performed in two ways: firstly,
with compartmental models including back reactions which
described the concentrations of the different species. Sec-
ondly, the multiexponential character of the P* stimulated
emission decay was investigated. This result was then related
to a heterogeneous, sequential compartmental model without
back reactions. Details are described below.

A note should be made at this point concerning the scaling
of the data. Since the filters, bandwidths, and wavelengths
changed somewhat from trace to trace, the data were scaled
afterwards in such a way that the later parts of the traces
resemble the time gated spectra of the same preparations
studied in (7). For wavelengths from 945-1060 nm the P+

spectrum from (44) was used to scale the estimated end
spectrum (shown in Figure 2E or Figure 4D), assuming that
this represents P+. Since the detection was not at magic
angle some polarization effects (1, 19, 45) may be present
in our spectra after this scaling. However, in particular for
P and B these effects are expected to be small. The smooth
curves drawn in the spectra were calculated using the
approximating spline routine CSSCV (46).

RESULTS

Global Analysis of Light-Induced Absorption Changes in
Membrane-Bound Wild Type RCs

In Figure 1 measured kinetics are shown at 775, 825, 925,
and 1010 nm. The complexity of the absorption changes at
these key wavelengths shows that a number of different
processes contribute to the spectral evolution of the system.
The kinetic data at all 97 wavelengths were analyzed glob-
ally yielding five lifetimes of 0.18, 1.9, 5.1, and 22 ps and
a long-lived component. The contributions of each of these
components to the fit to the raw kinetic data are depicted
in Figure 1. The decay-associated difference spectra
(DADS) are shown in Figure 2A-E and are overlaid in
Figure 2F. The errors in the amplitudes of these spectra
were small, and are indicated by the vertical lines in Figure
2A-E.
The 0.18 ps component (dotted in Figure 1, DADS in

Figure 2A) exhibited an intense bleach around 810 nm an a
broad absorbance increase around 870 nm. This component
can (at least for a large part, see below) be assigned to the
energy transfer process B*fP*, which occurs following
excitation of the system in the B Qy band at 800 nm (47,
48). The 1.9 ps component (dot-dashed in Figure 1, DADS
in Figure 2B) showed a rather broad absorption increase
around 800 nm, and a bleach centered at approximately 1020

nm. This component gave a large contribution to the kinetic
traces at 775 and 1010 nm (dot-dashed traces in Figure
1A,D). The 5.1 ps component (solid in Figure 1, DADS in
Figure 2C) had a spectrum around 800 nm which had the
opposite sign to that of the bandshift in the end spectrum
(Figure 2E) and showed a broad bleach to the red of 860
nm which we assign to the stimulated emission from P*.
The 22 ps component DADS (Figure 2D) showed an overall
resemblance to the 5.1 ps DADS (Figure 2C) but had an
amplitude that was a factor of 6 smaller. The contribution

FIGURE 1: Global analysis of (normalized) kinetics in membrane
bound wild typeRb. sphaeroidesRCs measured at 775, 825, 925,
and 1010 nm. Insets show residuals of a fit with five mono-
exponential decays. The contributions of these decays to the fit
are depicted by different line types. Key: 0.18 ps (dotted), 1.9 ps
(dot-dashed), 5.1 ps (solid), 22 ps (chain dash), and long-lived
(dashed). The sum of these contributions is also represented by a
solid line through the measuring points. Note that the range and
density of these points differ between the traces. The time base
from -1 to +1 ps (relative to the maximum of the instrument
response) is linear, and from 1 to 100 ps is logarithmic.
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of the 22 ps component to the kinetics in the P* stimulated
emission region is shown by the chain-dashed traces in Figure
1C,D. Below 810 nm the DADS of the 22 ps component
differed somewhat from the DADS of the 5.1 ps component
(Figure 2D, cf. Figure 2C).

Global Analysis of Light-Induced Absorption Changes in
Membrane-Bound YM210H Mutant RCs

The optimum fit to the YM210H data yielded four
lifetimes of 0.2, 3.1, and 12 ps and a long-lived component
(Figure 3), and the corresponding DADS are shown in Figure
4. The 0.2 ps component can be ascribed to energy transfer
from B* to P*, in line with the 0.18 ps component seen in
the analysis of the wild type RC. The 3.1 ps and 12 ps
components had similar DADS to the 5.1 and 22 ps
components seen in the WT data (Figure 4B,C compared
with Figure 2C,D). We therefore ascribe the 3.1 and 12 ps
lifetimes to multi-exponential decay of the P* state. How-

ever, in the 1000-1050 nm region the 3.1 ps component
shows a larger bleach than the 12 ps component (compare
dot-dashed and solid lines in Figure 4E).

DISCUSSION

Target Analysis of the WT RC Data with a Reaction
Scheme InVolVing Radical Pair Relaxation

The global analysis of the wild type membrane bound RC
data yielded five lifetimes and corresponding DADS. The
0.18 ps component was already attributed to the energy

FIGURE2: Decay-associated difference spectra (DADS) from global
analysis with lifetimes of 0.18 ps (DADS divided by 5), 1.9 ps,
5.1 ps, 22 ps (DADS multiplied by 3), and long-lived. Vertical
lines indicate plus or minus standard error in amplitude. Note that
for clarity the amplitudes of the 960-1060 nm data set have been
multiplied by 5. Key: 0.18 ps (A, dotted), 1.9 ps (B, dot-dashed),
5.1 ps (C, solid), 22 ps (D, chain dash), and long-lived (E, dashed).
An overlay of the spectra is shown in (F); relative scaling is as for
A-E. FIGURE 3: Global analysis of (normalized) kinetics in membrane-

bound YM210HRb. sphaeroidesRCs measured at 790, 810, 925,
and 1010 nm. Insets show residuals of a fit with four mono-
exponential decays. The contributions of these decays to the fit
are depicted by different line types. Key: 0.2 ps (dotted), 3.1 ps
(dot-dashed), 12.0 ps (solid), and long-lived (dashed). The sum of
these contributions is also represented by a solid line through the
measuring points. The time base from-1 to+1 ps (relative to the
maximum of the instrument response) is linear, and from 1 to 100
ps is logarithmic.
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transfer process B*fP*, which occurs after excitation at 800
nm. The 1.9 ps DADS (Figure 2B) showed a negative
contribution centered at 1020 nm. This is similar to the data
presented by Zinth and co-workers (6, 12) who described a
0.9 ps component with a negative amplitude around 1020
nm in detergent-solubilized, wild typeRb. sphaeroidesRCs.
In accord with the conclusions in (6, 12), the 1020 nm bleach
and the 1.9 ps component in the present study are ascribed
to BL

- as part of a P+BL
- radical pair state. We also note the

1.5 ps lifetime reported in a study of the 500-940 nm
spectral region by Holzwarth and Mu¨ller (18), which was
also ascribed to the P+BL

- state. The discrepancy in
lifetimes (0.9 and 1.5 ps, cf. 1.9 ps in the present study) is
possibly attributable to the reduction of QA in our studies,
but not in the experiments described in (6, 12, 18). The
overall decay of P* was also found to slow down upon
quinone reduction (7, 19). We ascribe the 5.1 ps lifetime to
primary charge separation and thus arrive at the partial kinetic
scheme B*f P* f P+BL

- f P+HL
-. To accommodate the

22 ps lifetime we assume a relaxation of the second charge-
separated state P+HL

-. To account for the multi-exponential
nature of the decay of the P* (stimulated) emission we

introduce back-reactions (18, 39, 40). Thus we arrive at
the full kinetic scheme B*f P* a P+BL

- a (P+HL
-)1 f

(P+HL
-)2.

To estimate the rate constants for the backward reactions
we follow the same procedure as in ref 18. The decay part
of the 925 nm kinetics (Figure 1C) is assumed to represent
P* decay, which according to the above kinetic scheme is
triexponential. The amplitudes of the P* decay in seventeen
traces measured between 920 and 940 nm were estimated
to be 1.9 ps (15%), 5.1 ps (70%), and 22 ps (15%). From
these three lifetimes and relative amplitudes the reciprocals
of the inter-compartmental rates shown in Figure 5 were
calculated (49). Target analysis with the five-component
kinetic scheme described above resulted in the same lifetimes
and residuals as calculated in the global analysis. The
species-associated difference spectra (SADS) (Figure 6) were
consistent with the expected spectral properties of the
intermediate states specified in the scheme. In particular,
Figure 6C shows the 810 and 860 nm bleach, together with
the positive band at 1020 nm, that would be expected for
the radical pair state P+BL

- (5, 8, 9, 12, 18). Note the
difference of the 1020 nm band with the SADS of Figure
6D,E in the overlay Figure 6F. The SADS of the second
state, supposedly P*, showed stimulated emission in the 900
nm region superimposed on the bleach of the P Qy absorption
band at 870 nm, and excited state absorption below 830 nm
(Figure 6B). The amount of bleach of the P-band is the same
for the three charge separated states (Figure 6C,D,E over-
laid in Figure 6F). This is in contrast to the analysis of
Holzwarth and Mu¨ller (18), where a similar model yielded
a decrease of the P Qy bleach on going from the P+BL

- state
to the P+HL

- state, which is inconsistent with the observed
high quantum yield of charge separation.
The free energy differences estimated from this model

are 24 meV between P* and P+BL
- and 37 meV between

P+BL
- and (P+HL

-)1. These free energy differences were
somewhat smaller than, respectively, 41 and 50 meV
estimated in ref 18 from a similar analysis. These differences
arise mainly from the faster forward reaction rates obtained
in that study, resulting in lifetimes of 1.5 and 3.1 ps in ref
18 compared with 1.9 and 5.1 ps in the present study. The
smaller free energy differences may be attributable to the
use of QA-reduced RCs in the present work. Reduction of
QA would be expected to raise the free energy of radical

FIGURE4: Decay-associated difference spectra (DADS) of membrane-
bound YM210H reaction centers from global analysis with lifetimes
of 0.2 ps (DADS divided by 5), 3.1 ps, 12.0 ps, and long-lived.
Vertical lines indicate plus or minus standard error in amplitude.
Note that for clarity the amplitudes of the 1000-1050 nm data
have been multiplied by 5. Key: 0.2 ps (A, dotted), 3.1 ps (B,
dot-dashed), 12.0 ps (C, solid), and long-lived (D, dashed). An
overlay of the spectra is shown in (E); relative scaling is as for
A-D.

FIGURE 5: Compartmental scheme for energy transfer and charge
transfer in the bacterial reaction center. Reciprocals of the inter-
compartmental rates are written next to corresponding arrows. The
lifetimes of this model, with the given time constants, are the same
as those obtained from the five-component global analysis fit.
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pair states such as P+BL
- and P+HL

-, decreasing the energy
gap with P*.

Target Analysis of the WT RC Data with a Branched
Reaction Scheme InVolVing Charge SeparationVia B*

Motivated by our observation of an efficient alternative
pathway of charge separation via B* at 77 K inRb.
sphaeroidesRCs of the YM210W mutant (23, 24), of the
heterodimer and of the wild type (Van Brederode et al.,
unpublished observations), we added a parallel B*f

P+BL
- path with a rate of 1/ps. Such a process would then

also be consistent with the observed 15% decrease of P*
emission upon 800 nm excitation (relative to 860 nm
excitation) measured at room temperature (20). The SADS
of this target analysis (Figure 7) were similar to those from
Figure 6, except for an increase of the P*-stimulated emission
and changes of the presumed P* and P+BL

- bands in the 800
nm region. In particular the BL bleaching was more

consistent with the expected spectral properties (dot-dashed
in Figure 7). As a consequence, we believe that such a
reaction scheme is very possible, also at room temperature.

Target Analysis of the WT RC Data with Three
Mono-Exponential Decays and One Multi-Exponential
Decay

The differences between the two putative P+HL
- SADS

(Figure 6D,E) were not very great. More data on different
time scales, preferably with direct excitation of P and both
with and without pre-reduction of QA, will be needed to test
whether such a relaxation process is strictly required to
provide an accurate description of the multi-exponential
nature of the P* stimulated emission decay. Several research
groups have observed that the decay of stimulated and
spontaneous emission from P* is best described by a bi-
exponential decay, or by a distribution of rate constants, and
a variety of models have been presented to account for this
that do not invoke radical pair relaxation (11, 19, 32-37).
Given this, we examined whether a four component model
could also provide an adequate description of the data. For
one component a distribution of lifetimes is mimicked by a
sum of four exponentials with fixed lifetimes of 2.5, 5, 10,
and 20 ps. The three relative amplitude parameters of this
sum have to be estimated. Note that we use here the term
target analysis to express that our target is the multiexpo-
nential decay of one of the components. However, since
all components decay independently we still speak of DADS.
Moving from a model with five mono-exponential decays
and corresponding DADS to a model with three mono-
exponential decays, one four-exponential decay and corre-
sponding DADS reduced the number of free parameters
significantly, replacing one DADS of 97 parameters by three
amplitude parameters for the four-exponential. The fit of
the target analysis to the kinetic data at the four sample
wavelengths is shown in Figure 8 and should be compared
with the fit to the same data shown in Figure 1. Although

FIGURE6: Species-associated difference spectra (SADS) from target
analysis with lifetimes of 0.18, 1.9, 5.1, and 22 ps and long-lived.
The compartmental scheme used in the target analysis is shown in
Figure 5. Vertical lines indicate plus or minus standard error in
amplitude. Note that for clarity the amplitudes of the 960-1060
nm data set have been multiplied by 5. Key: B* (A, dotted, SADS
divided by 5), P* (B, solid), P+BL

- (C, dot-dashed), (P+HL
-)1 (D,

chain-dash), and (P+HL
-)2 (E, dashed). An overlay of the spectra is

shown in F. Scaling is as in Figure 2.

FIGURE7: Species-associated difference spectra (SADS) from target
analysis with compartmental scheme shown in Figure 5, except
for a parallel B*f P+BL

- path with a rate of 1/ps in addition to
the B* f P* path with a rate of 4.65/ps. Note that for clarity the
amplitudes of the 960-1060 nm data set have been multiplied by
5. Key: B* (dotted, SADS divided by 5), P* (solid), P+BL

- (dot-
dashed), (P+HL

-)1 (chain-dash), and (P+HL
-)2 (dashed). Scaling is

as in Figure 2.

Global and Target Analysis of RC Kinetics Biochemistry, Vol. 36, No. 38, 199711365



the fit illustrated in Figure 8 was still quite good, small trends
in the residuals were visible; compare the insets in Figure 1
to those in Figure 8. The weighted root mean square (rms)
error increased by 7% relative to the five-component fit. For
comparison, a global analysis (results not shown) in which
the four-exponential decay was replaced by a single mono-
exponential decay resulted in an increase of the weighted
rms error by 16% relative to the five-component fit.
Compared to the fit with five components, the short lifetimes
do not change, and the four-exponential decay component

is estimated to consist of 2.5 ps (amplitude 26%), 5 ps (54%),
10 ps (10%), and 20 ps (10%) which is skewed toward the
longer lifetimes. Clear changes have now become visible
in the DADS of the 1.9 ps component, compare Figure 9B
with Figure 2B. In the near-infrared a nicely shaped band
has appeared because the stimulated emission amplitude that
was present in the DADS of Figure 2B has disappeared. It
can be shown analytically (see Supporting Information) that,
assuming a heterogeneous sequential model without back
reactions, the DADS of the 1.9 ps component is proportional
to the difference between the SADS of P+HL

- and P+BL
-.

Assuming that HL
- does not absorb around 1020 nm, the

band centered at this wavelength in Figure 9B represents
the shape of the BL

- absorption band. The amplitude in the
900-950 nm region is almost zero. This analysis strongly
suggests that the P+BL

- population decays with 1.9 ps, and
that if this state is involved in equilibria, then its population
becomes so small that it is no longer detectable with the
present signal to noise ratio. Furthermore, the 26% ampli-
tude of the 2.5 ps part of the four-exponential decay clearly
indicates that short lifetime components are present in the

FIGURE 8: Target analysis of (normalized) kinetics in membrane
bound WT RCs measured at 775, 825, 925, and 1010 nm. Insets
show residuals of a fit with one four-exponential decay plus three
mono-exponential decays. The contributions of these decays to the
fit are depicted with different line types. Key: 0.18 ps (dotted),
1.9 ps (dot-dashed), four exponential consisting of 2.5 ps (amplitude
26%), 5 ps (54%), 10 ps (10%), and 20 ps (10%) (solid) and long-
lived (dashed). The sum of these contributions is also represented
by a solid line through the measuring points. Note that the range
and density of these points differ between the traces. The time base
from -1 to +1 ps (relative to the maximum of the instrument
response) is linear, and from 1 to 100 ps is logarithmic.

FIGURE9: Decay-associated difference spectra (DADS) from target
analysis with with one four-exponential decay plus three mono-
exponential decays. Key: 0.18 ps (A, dotted, DADS divided by
5), 1.9 ps (B, dot-dashed), four-exponential consisting of 2.5 ps
(amplitude 26%), 5 ps (54%), 10 ps (10%), and 20 ps (10%) (C,
solid) and long-lived (D, dashed). Vertical lines indicate plus or
minus standard error in amplitude. Note that for clarity the
amplitudes of the 960-1060 nm data set have been multiplied
by 5. An overlay of the spectra is shown in E. Scaling is as in
Figure 2.
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P* decay, which is corroborated by the 15% amplitude of
the 1.9 ps P* decay found with the scheme from Figure 5,
and which is in accordance with the 30% amplitude of the
1.5 ps P* decay reported in ref 18.

Comparison of Global Analysis Results from
Membrane-Bound WT and YM210H Mutant RCs

It was noticeable in the YM210H data that the relative
amplitude of the 12 ps component of the P* decay was
significantly larger than that of the 22 ps component in the
corresponding data for the WT complex. This can be seen
by comparing Figure 4C with Figure 2D, remembering that
in the latter the DADS was multiplied by 3 for the purpose
of comparison. This pattern of shorter lifetimes but a greater
relative amplitude for the slowest component of P* decay
in the YM210H membranes is consistent with our findings
in a previous report, where a multi-exponential fit was made
to kinetic data recorded at 920 nm in wild type and YM210H
membrane-bound RCs (without pre-reduction of QA) (19).
Analysis of these single wavelength data yielded lifetimes
(and percentage amplitudes) of 2.1 ps (40%) and 8.2 ps
(60%) for the YM210H membranes as compared with 3.9
ps (90%) and 16.1 ps (10%) for wild type membranes.
The global analysis of the YM210H data did not yield a

lifetime equivalent to the 1.9 ps lifetime seen in the wild
type data, which we attribute to a P+BL

- radical pair state
(vide supra). We tried to resolve another fast lifetime using
a model with three mono-exponential decays and one four-
exponential decay (with fixed lifetimes), analogous to the
previous section. The four-exponential decay component is
estimated to consist of 3 ps (amplitude 29%), 6 ps (38%),
12 ps (18%), and 24 ps (15%) which is again skewed toward
the longer lifetimes. We now find an additional component
with a lifetime of 2.2 ps. Its DADS (dot-dashed in Figure
10) contains a bleach around 1020 nm. Note that this DADS
resembles the difference of the 3.1 ps and 12 ps DADS of
Figure 4B,C. Analogous to the band centered at 1020 nm
in Figure 9B (vide supra), this probably is evidence for a

P+BL
- intermediate, with a lifetime close to the shortest

lifetime of P* decay. Measurements with a higher signal to
noise ratio are necessary to further support this.

Implications of Our Findings for the Mechanism of
Primary Charge Separation from P* in WT RCs

The data and analysis presented in this report are aimed
at addressing two key questions concerning the mechanism
of the first step of light-driven electron transfer in RCs. The
first concerns the much debated role of the accessory BChl
BL, and specifically the proposal that the P

+BL
- radical pair

state is formed as a true intermediate during electron transfer
from P* to P+HL

- (5, 6, 8, 9, 12, 18). The analysis
presented in this paper is entirely consistent with the view
that the P+BL

- state is formed as a detectable intermediate,
with in our case a lifetime of 1.9 ps in QA-reduced,
membrane-bound wild typeRb. sphaeroidesRCs. The
SADS of the P+BL

- intermediate state had the expected
features, with a bleach of the B and P Qy absorption bands
at 810 and 860 nm, respectively, and formation of an anion
absorption band at 1020 nm (Figure 6C,F). Note also the
nicely shaped band around 1020 nm in Figure 9B.
The second question we have sought to address concerns

the origin of the complex decay of the P* state. The most
favourable fit to the full set of experimental data from 690-
1060 nm required five lifetimes. A combination of the model
for RC kinetics from (5, 6, 8, 9, 12, 18) and the idea of
radical pair relaxation (5, 18, 38-40) gave a five-component
kinetic scheme (Figure 5) that offered a satisfactory descrip-
tion of the data. The SADS of the two excited states and
three radical pair states involved in this scheme were
consistent with what is known about the spectra of these
states. However, whether or not five components with
different spectra were absolutely needed for an adequate
description of the data could not be decided, because the
differences in the SADS for radical pair states (P+HL

-)1 and
(P+HL

-)2 were not large enough to identify these as discrete
components with sufficient certainty. Decreasing the number
of components used in the global analysis from five to four
(one of these being a multi-exponential decay) reduced the
quality of the fit to the experimental data, causing a 7%
increase in the weighted rms error. However, this simplified
fit was still quite good (see Figure 8) and so may be
acceptable. Several compartmental schemes are possible for
this four component model, involving heterogeneous kinetics.
However, more accurate measurements of the RC dynamics
(in particular the P* emission) at different temperatures,
excitation wavelengths, and over several time scales are
needed to decide how to include the aspects of relaxation
and distributed kinetics or heterogeneity. Finally, we have
shown that a target analysis including the direct process B*
f P+BL

- bypassing P* is a viable possibility (Figure 7). In
the near future we will further substantiate the decay
processes following excitation of B* at room temperature.

SUPPORTING INFORMATION AVAILABLE

Analytical derivation that, assuming a heterogeneous
sequential model without back reactions, the DADS of the
1.9 ps component in Figure 9B is proportional to the
difference between the SADS of P+HL

- and P+BL
- (2 pages).

Ordering information is given on any current masthead page.

FIGURE 10: Decay-associated difference spectra (DADS) of
membrane-bound YM210H reaction centers from target analysis
with with one four-exponential decay plus three mono-exponential
decays. Key: 0.2 ps (dotted, DADS divided by 5), 2.2 ps (dot-
dashed), four exponential consisting of 3 ps (amplitude 29%), 6 ps
(38%), 12 ps (18%), and 24 ps (15%) (solid) and long-lived
(dashed). Note that for clarity the amplitudes of the 1000-1050
nm data have been multiplied by 5. Scaling is as in Figure 4.
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SUPPORTING INFORMATION

Interpretation of the 1.9 ps DADS from Figure 9B.

Our aim is here to show analytically that, assuming a sequential model B* → P* → P+BL
–

→ P+HL
– → without back reactions, but with heterogeneous decay of P*, the DADS of the

1.9 ps component is proportional to the difference between the SADS of P+HL
– and P+BL

–.

Apart from the global analysis with independent decays ( ), (where  is the

number of components, in our case four) the simplest kinetic model is the unbranched,

unidirectional model ( ). These models are also termed parallel and

sequential. In the sequential model back-reactions are ignored on the assumption that the

energy losses are large enough that the reverse reaction rates are negligible. Note that it is

assumed that there are no losses in the chain . The sequential model

can be solved to yield (e.g. [50]):

Eq. S.1

where  is the concentration of component l (from the sequential model),  is the

concentration of component j from the parallel model (with decay rate ) and the amplitudes

 of the exponential decays are defined by  and for :

Eq. S.2

Because of the equivalence of the sequential and parallel model in describing the system we can

write for all wavelengths λ and times t:

Eq. S.3

where c and ε are  (column) vectors, containing the concentrations and difference spectra

of the components, and the subscripts S and P refer to the sequential and parallel model,

respectively (the superscript T stands for transposed, thus  is a row vector).

Eq. S.1 expresses  in terms of :

Eq. S.4

where the right triangular matrix B contains elements  defined in Eq. S.2. Inserting Eq. S.4
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into Eq. S.3 we find:

Eq. S.5

which expresses the DADS  as a linear combination of SADS . In particular, we can use

the elements of the one but last component described in the sequential model of Eq. S.2. We

then find:

Eq. S.6

Now assuming a four compartmental sequential model ( ) we have for the third DADS

Eq. S.7

Since in the sequential model B* → P* → P+BL
– → P+HL

– → the rates  and  we

have approximately

Eq. S.8

Suppose (in a wavelength region where HL
– does not absorb) that the final spectrum  is due

to P+ only, and that the third SADS  is due to P+ and BL
–, then the third DADS  will be

proportional to minus the spectrum of BL
–. Finally, we introduce heterogeneity of the charge

separation rate  only. As long as  we can consider this as a linear combination of

systems for which Eq. S.8 holds. Thus the third DADS is still proportional to the difference of

the fourth and third SADS. This, admittedly, lengthy argument thus allows us to interpret the

DADS in Figure 9B as the negative of the shape of the spectrum of BL
–.
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