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ABSTRACT: It is generally accepted that electron transfer in bacterial photosynthesis is driven by the first
singlet excited state of a special pair of bacteriochlorophylls (P*). We have examined the first steps of
electron transfer in a mutant of tlhodobacter sphaeroidesaction center in which charge separation

from P* is dramatically slowed down. The results provide for the first time clear evidence that excitation

of the monomeric bacteriochlorophyll in the active branch of the reaction centgrdf®es ultrafast
transmembrane electron transfer without the involvement of P*, demonstrating a new and efficient
mechanism for solar energy transduction in photosynthesis. The most abundant charge-separated
intermediate state probably iSBa~, which is formed within 200 fs from B and decays with a lifetime

of 6.5 ps into PHA~. We also see evidence for the involvement of a'Ba~ state in the alternative
pathway.

In photosynthesis, the conversion of light energy into reactions selectively along one of the two near-symmetric
electrochemical energy takes place in membrane-spanningoranches of cofactors (see Figure 1). It is clear that this
pigment-protein complexes termed reaction centers (RCs). energy transduction process involves the transfer of an
In Rhodobacter (Rb.) sphaeroides purple photosynthetic  electron from a pair of bacteriochlorophyll molecules (the
bacterium, the excitation of one of the pigments of the primary donor, P) located on one side of the membrane to a
bacterial RC gives rise to a sequence of electron transfermolecule of ubiquinone located on the opposite side of the

membrane. The general features of this picosecond (ps)
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at 77 K in membrane-bound YM210W RCs is extremely
slow and is associated with a time constant for P* decay of
~400 ps 8, 15) as compared to 2 ps in wild-type (WT) RCs
(9). The reasons for the slow electron transfer in this, and
related mutants, have been discussed in detail elsewttere (
16). The general view is that the free energy of the state
P*Ba~ has been raised in the slow M210 mutants, such as
YM210W, thereby making the first electron transfer event
energetically less favorabld g, 16, 17). The decrease in
the primary electron transfer rate results in a diminishing of
the efficiency of PQ,~ formation to 80% at room temper-
ature and 60% at cryogenic temperatures, relative to WT
RCs B8). For RCs in which Qs reduced, the quantum yield
for PtHa~ formation is between 25 and 509, (15). Any
alternative route for electron transfer from*Bmust start
with a process that occurs on a subpicosecond time scale, if
the route is to compete with the100 fs energy transfer
from Ba* to P (4—6). In this work, we have investigated
membrane-bound YM210W RCs in detail using ultrafast
laser spectroscopy. By comparing the effects of direct
excitation of P at 880 nm, with excitation of the,B
monomeric bacteriochlorophyll at 799 nm, we have estab-
lished that an alternative route for charge separation indeed
exists in this mutant.

MATERIALS AND METHODS

0.4

Sample Preparation.The construction of the mutant RC
bearing the change YM216- W has been described
previously ((6). The mutated RC genes were expressed in
a strain ofRb. sphaeroidethat lacks the genes for the LH1
and LH2 antenna complexes, producing a strain which had
. : | - — an antenna-deficient, RC-only phenoty3®)( The experi-

700 0 800 850 900 950 mental material was intracytoplasmic membranes prepared
Wavelength {nm) from cells of the RC-only mutant strai81). The RC-only
Ficure 1: (A) Schematic of the arrangement of the cofactors membranes were mixed withh70% glycerol containing
present in theRb. sphaeroideRC. The structure of the complex 25 mM potassium phosphate, pH 7.8. Experiments were
has been solved to high resolution by X-ray crystallogra@g ( performed in 1 and 3 mm cuvettes. The OD of the RC-

29). Four bacteriochlorophylls (P Ps, Ba, Bg), two bacteriopheo- . . .
phytins (Hh, Hs), and two ubiquinones (Q Qs) are arranged in only membranes in the maximum of thé806 nm absorption

two near-symmetrical branches that span the membrane. For clarity,Pand was approximately 0.9 for both types of cuvettes.
the phytol tails of the cofactors have been omitted. The remaining Laser System_The experimenta| system consisted of a
cofactors are a molecule of carotenoid and a non-heme iron atomlaser spectrometer as describeddt)( The 799 and 880 nm

(not shown). The position of tyrosine (Y) M210 in the structure of S | I f hite liah .
the wild-type RC is also shown. In the experiments presented here €XCitation pulses were selected from a white light continuum

this residue was mutated to tryptophan, as described previouslyusing interference filters and were amplified in two dye cells
(19). (B) 77K absorption spectrum of RC-only membranes from (Styryl 9M and LDS 867, for 799 and 880 nm pulses,
?bi ofrmﬁﬁoz\énrggtﬁ?ti hzgg ?c?fg::ct)élrr:a;?e F}gg'itc'g?es g O]:isthgrthh respectively). The repetition frequency of the laser system
wavelengths of laser excitation used in this study. ‘ evyas 30 Hz, which was suﬁlcu_ently slow t? avoid accumula-
tion of the YM210W RCs in the PQa~ state [which

Recenﬂy’ we have concluded that the pigments present inrecombines to the ground state in less than 20 ms at 77K
the active branch of the RC, i.e.aldnd By, are only partially ~ (8)]. The 799 nm excitation pulse had a full width at half-
effective in transferring their energy to P at cryogenic maximum (FWHM) of 10 nm, and predominantly excited
temperature (77 K) in a mutateRb. sphaeroidesRC the active branch monomeric bacteriochlorophyil Brhe
(YMZ]_OW) G) This conclusion was based upon measure- 880 nm excitation pulse had a FWHM of 20 nm, and directly
ments of the excitation spectrum of the steady-state fluo- €xcited P. All spectra were recorded using probe light at
rescence emission from P* in this RC. The contributions Magic angle relative to the vertically polarized excitation
of Ba and H. were |arge|y absent from the excitation ||ght For the various measurements, the excitation energy
spectrum. However, the action spectrum o§R~ formation ~ at the sample was between 1 and A2JBper pulse, and the
demonstrated that the excited state energy that was notdiameter of the spot illuminated by the excitation pulse was
transferred from B* and Hy* to P was still effective in 300p¢m At this excitation density, between 10 and 20% of
driving electron transfer. The implication of these findings the RCs were bleached.
was that an alternative route of transmembrane electron About 250 shots were averaged per delay position both
transfer may exist in this mutant which involves*Bnd Ha*, with and without the excitation light on the sample. Each
and which bypasses P*. Electron transfer from P* 16" dataset consisted of a total of 41 or 67 time-gated spectra
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FiIGURE 2: Transient absorbance difference spectra obtained at 1.3 ps, 5 ps, 9 ps, 17 ps, 51 ps, and 180 pslaf@tds §F\WHM)
excitation pulse centered at 799 nm (solid spectra) or at 880 nm (dotted spectra). The spectra are reconstructed from the global analysis.

measured up to a maximum of 305 ps after the excitation decrease of the value of the largest time constant. The
pulse. Datasets were collected over four different wavelength scaling of the PQa~ spectrum was chosen such that the three
windows for 799 nm excitation (725855 nm, 775905 nm, latest spectra were fitted optimally. The slowest time
825-955 nm, 645-775 nm) and three wavelength windows constants depend somewhat on the scaling of this end
(700-830 nm, 755-885 nm, 826-950 nm) for 880 nm spectrum. The datasets, which were sometimes measured
excitation. In each wavelength windows-3 time series of  on different days and with a slightly different excitation
spectra were collected. When the fitted position of time zero, density and sample concentration, were scaled such that the
which equals the maximum of the instrument response overlapping wavelength regions had the same amplitude.
function, for these datasets was identical within 30 fs, the After this scaling, the SADS of the different datasets
datasets were averaged before further analysis. The groupmverlapped very well. The spectra in Figure 2 and 3 are
velocity dispersion was tuned to be optimal by changing the smoothed averages of the fitted results of the overlapping
amount of prism in the probe pathway and measuring the datasets.
CS; birefringence signal between two crossed polarizers. The
group velocity dispersion (GVD) varied for the different RESULTS AND DISCUSSION
130 nm wavelength windows betweer5 and 5 fs/nm, In Figure 2 we show absorption difference spectra of the
resulting in a maximum dispersion of about 300 fs relative YM210W membrane-bound RC at 77 K for various time
to time zero for the outer wavelength windows. The delays after excitation of Band partial excitation of Bat
instrument response function of the setup determined from 799 nm. At each point in time, the spectra are compared
the CS signal was 420 fs FWHM. The instrument response with those obtained following direct excitation of P at
resulting from the analysis of the data over all wavelength 880 nm. If it were the case that, as is generally assumed,
windows was identical to this value within 15%. all excitation energy residing on B* is transferred on a
Data Analysis. The datasets obtained with the same subpicosecond time scale to P, then the two sets of spectra
excitation wavelength were analyzed simultaneously with should have looked very similar; i.e., after a few hundred
linked kinetics and instrument response function using the femtoseconds, the spectral evolution in the YM210W mutant
method of global analysis with an irreversible sequential should be insensitive to the wavelength of excitation. This
model with four or five increasing lifetimesl8, 16, 22). clearly was not the case. The spectra obtained with direct
The amplitude and spectral shape of each species-associategxcitation of P are entirely consistent with a slow evolution
difference spectrum (SADS) and the position of time zero of the P* state to the ®Q,~ radical pair (Figure 2, dotted
were not linked. The magic angle*®,~ difference curves). Attime delays of 1.3, 5, 9, and 17 ps after the 880
spectrum measured with double lock-in detecti8h Was nm excitation pulse, only P* contributes to the time-gated
added as an extra spectrum at a time delay of 10 ns, sincespectra: there is a strong negative feature from 860 to 950
the last measured spectrum at 305 ps still contained anm due to the bleaching of the P ground state absorbance
considerable amount of P*-stimulated emission for both the band and the presence of P*-stimulated emission. At 808
799 nm excitation and the 880 nm excitation datasets. Notnm, there is a positive feature which is also characteristic
doing this revealed one time constant less together with afor P* (1). Only at later times (51 and 180 ps dotted in
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Ficure 3: Results of a global analysis using a sequential model with four or five increasing lifetimes (re2 + 3 — 4 — 5) of
transient absorbance difference spectra of the YM210W RC-only membranes obtained after 88omna@ 799 nm (FJ) excitation.
The lifetimes of the SADS are depicted in the figures. Panels E and K depict an overlay of spe@ramdl FJ, respectively. For
comparison, spectrum F has been multiplied by a factor of 0.2.

Figure 2), spectral characteristics for charge separation starfifetimes, i.e., 1—2—3—4—5 (13, 16, 22). The species-
to be observed, i.e., the formation of bandshift and bleaching associated difference spectrum (SADS) from this analysis
signals in the B and H absorbance region. In contrast, directsummarize the spectral evolution. For example, the third
excitation of B, at 799 nm results in difference spectra that SADS is formed from the second SADS with a lifetimge
contain contributions from B and H, even on a short time and decays withs; thus, it dominates the real spectral data
scale (Figure 2, solid curves). The spectrum at 1.3 ps showsat times arounds. At intermediate times between and
a very strong bleach of the B absorbance band, and there ist3, where the second SADS has partly decayed into the third
a bleach in the H absorbance region superimposed on theSADS, the delta absorbance spectra are linear combinations
excited state absorbance (see also Figure 4). Also stimulatedf the two successive SADS. The first SADS represents
emission and P absorbance bleaching are observed in théhe spectrum at time zero, and the last SADS represents the
spectrum at 1.3 ps, indicating that also energy transfer from end spectrum. We note that for a target analysis of the data,
B* to P* has occurred. However, in comparison with the P which could lead to the right kinetic scheme to describe this
band excitation experiment, the amount of stimulated emis- complex system including reversible and branching reactions,
sion is much lower after excitation of the B band at 799 more kinetic and energetic information is necessary. For
nm, indicating that part of the bleaching does not arise from that reason, we will base our first description of the radical
the formation of P*, but rather from another state involving pairs involved in electron transfer following 799 nm excita-
P, most likely P. At 9 and 17 ps, the bleaching in the B tion on the time evolution of the spectra shown in Figures 2
absorbance region has changed to a spectrum with anand 3. It should, however, be noted that the SADS resulting
electrochromic bandshift that is characteristic for the forma- from this analysis represent mixtures of the true states and
tion of P*HA™. At these times, the P absorbance bleaching that the lifetimes are a complicated function of the intrinsic
signal has also further increased compared to the signal atrate constants The function of the global analysis in this
1.3 ps, indicating that in the spectrum after 1.3 ps a fraction work is to use a simple kinetic scheme to throw further light
of radical pairs was present that did not involve P and that upon the identity of the radical pairs involved in the
during a time scale of-315 ps led to the formation of some alternative pathway(s) that Figure 2 clearly shows are
additional P. operating in the YM210W mutant. The global analysis also
The time constants associated with the spectral changegives an indication of the timescale over which these
described in Figure 2 were obtained from a global analysis processes are occurring.
of the full set of time-resolved difference spectra, using an  SADS are shown in Figure 3AE for 880 nm excitation
irreversible sequential model with four or five increasing and in Figure 3FK for 799 nm excitation. Only slow
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charge separation from P* is observed in Figure 2 on direct
excitation of P with 880 nm pulses, this being reflected in
the global analysis by two components of 80 ps and 500 ps
(Figure 3B and Figure 3C). Since P*-stimulated emission
is observed in all SADS, except for the end spectrum (Figure
3D), it can be concluded that P* is in equilibrium with the
charge-separated states formed. The 80 ps component
describes a process in which P* partly decays and an
electrochromic bandshift characteristic forHR ~ formation
is formed (Figure 3C). It should be noted that simultaneous
analysis over different wavelength windows and addition of
the P Qa~ end spectrum (see Materials and Methods) were 700 750 800 850 900 050
necessary to reveal this kinetic component. For some Wavelength (nm)
Combmat'ons of dqtasets, the rate constant of this ProCess ke 4: Comparison of the inverted ground state absorbance
varied by up to 2 times the standard error of 20 ps. The spectrum of membrane-bound YM210W RCs (solid line) and the
spectrum of this species, however, hardly differed between SADS of the species formed from B* with a lifetime of 200 fs
the different analyses. The difficulty in revealing this (dotted line, Figure 3G). The spectra are normalized on the blue
component can be explained by the fact that the formation side of the P absorbance band and P bleaching signal, respectively.
of PTHA™ from P* is slower than the decay fromA,~ to particular the P* excited state absorption, which makes it
P*Qa~. Therefore, the contribution of'Pls~ is rather small difficult to assign this feature to eitheratbr Hg. It is also
in this mutant in all of the time-gated spectra. The 500 ps possible that this feature has another origin, for example, a
component reflects further decay of P* and the development small electrochromic bandshift offabsorbance caused by
of the electrochromic bandshift signal that is characteristic the presence of B. The early charge-separated state shown
for the formation of the PQ,~ radical pair. On a faster in Figure 3G then evolves with a time constant of 6.5 ps
time scale, we also see a 2.5 ps process involving a blueinto a state with the spectroscopic characteristics of the
shift or loss of stimulated emission in the 89850 nm P*Ha~ radical pair (Figure 3H, see also the solid spectra at
region, and a decrease of the positive feature at about 8085, 9, and 17 ps in Figure 2). This 6.5 ps time constant also
nm (Figure 3A,B). This process may be attributed to reflects an increase of the bleaching of P in the P absorption
evolution of P* into a state with more charge transfer region, although the amount of P*-stimulated emission does
character 18—20). An overlay of spectra 3AD, showing not increase. This suggests additional bleaching of the P
the evolution of the system following 880 nm excitation, is ground state absorbance band, perhaps through the formation
given in Figure 3E. of P* following electron transfer from P to B, i.e., the
Excitation of the YM210W RC at 799 nm results in the reaction PR*Hx~ — P™BaHa~. Figure 3K shows an
formation of B*, which represents a mixture of predomi- overlay of spectra +J.
nantly Bs* and some B* and is manifested by a bleach at We conclude from the data in which the RCs were excited
approximately 804 nm (Figure 3F). In this bleaching signal, at 799 nm that a charge-separated state is formed frgm B
both ground state bleaching and stimulated emission arewhich in turn gives rise to efficient™,~ formation. This
present. B* then undergoes a raptd200 fs) evolution into intermediate state involves a bleaching of theaBsorbance
a state that has a lifetime of 6.5 ps. The state formed afterband. At least two more pigments contribute to this state;
200 fs is characterized by a bleaching of the blue side of the one is P, and the second is a component other than P. In
B absorption band at 802 nm, a bleach of the P band, and aprinciple, direct charge separation from the excited state B
bleach in the H region at 753 nm (Figure 3G and Figure 2, could lead to the formation of the radical pairsB~ or
solid spectrum at 1.3 ps). Superimposed on the bleachedBa™HA~. As we see a strong bleaching of Bnd P and a
absorbance band at 802 nm, the small absorbance increasesmall bleaching of the H absorption band in the state that
characteristic for P* at 808 nm is observed. In Figure 4, evolves from B* (see the solid 1.3 ps spectrum in Figure
we compare the SADS spectrum from Figure 3G with the 2, spectrum 3G in Figure 3, and Figure 4), it seems that the
inverted ground state absorbance spectrum at 77 K. Theproduct of the subpicosecond electron transfer frogh iB
spectra are normalized on the blue side of the P absorbance mixture of these radical pairs, or that a more complex
band. The comparison shows that the persistent bleach indescription is appropriate (see below). Experiments are in
the SADS at 802 nm is blue-shifted from and narrower than progress in spectral regions where the different pigments can
the B absorption band, and can be assigned to the disapbe detected more selectively to further solve the initial steps
pearance of the ground state absorption gfdsie to the of the alternative electron transfer mechanism. Electron
formation of either R* or By~. The ground state absorbance transfer from H~ to Qa is reflected in the time constant of
band of P also bleaches in spectrum G in Figure 3. This 30 ps and is associated with a red shift of the electrochromic
bleach contains a much smaller contribution from P*- shift of the B absorbance band and partial formation of the
stimulated emission than is found when P is excited directly electrochromic shift of the H absorbance band that is
(Figure 3G compared with Figure 3A, this difference is also characteristic for the state"®,~. No significant changes
clearly seen in the data shown in Figure 2). This demon- in the P band region are associated with this lifetime. The
strates that part of the bleach of the P ground state bandslowest lifetime in the global analysis of the data is 400 ps
following 799 nm excitation arises not from the formation and describes a process in which a relatively small amount
of P*, but rather from another state involving P, most likely of P* that is formed decays to™®,~. This P* has been
P*. The bleach in the H absorption region in spectrum G is formed by energy transfer from the fraction of*g 8) that
small and is mixed with other spectral components, in is created by the 799 nm excitation pulse and by energy
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transfer from B* that competes with direct charge separa- the excited states of the bacterial reaction center have
tion. The resulting 400 ps process observed here is identicalunexpected dynamic properties that certainly require a variety
to the dominant 500 ps process seen on direct excitation ofof new experiments combined with new theory to be fully
P. characterized. In support of our findings, we note that a
For the reasons outlined above, the data in Figures 2 androute of electron transfer involving radical pair states such
3 lead us to the conclusions that two alternative pathwaysas B\tHa~ has been proposed previously on the basis of
for charge separation may be operating in YM210W RC. molecular calculations2@—25). It would seem from our
These have the form of RBHA — P"Ba"Ha and PB*H A results that there are some latent possibilities for light-driven
— PBATHA™. The first of these schemes produces part of transmembrane electron transfer in the bacterial RC that can
the bleach of the P band seen in the SADS of the 6.5 psbe revealed and/or developed through site-directed mutagen-
lifetime species (Figure 3G). The second scheme is indicatedesis. It may be possible that this (these) alternative pathway-
by the bleach of the H absorption band that is seen (s) also operate(s) in wild-type RCs at room temperature. In
superimposed on the P* excited absorbance in Figure 3Ga recent study, the time-resolved difference spectra of WT

and the additional bleach of the P band that evolves from RCs of Rhodobacter sphaeroidewere measured as a
this state with a lifetime of 6.5 ps (Figure 3H), which is function of excitation wavelengtl26). Notable differences

attributed to transfer of the electron hole frorg™8o P. The

were observed in the evolution of the excited state on a

data in Figure 4 allow us to make a rough estimate of the subpicosecond time scale, with the relative amount of P*
efficiency of these proposed alternative pathways of chargeformed after 1 ps depending on the excitation wavelength.
separation. Figure 4 compares the SADS of the state that isln particular, 800 and 760 nm excitation yielded-18%

formed in 200 fs from R* with the ground state absorbance

less P* than direct excitation of P. Although the authors of

spectrum, normalized on the blue side of the P absorbanceref 26 did not arrive at a firm conclusion concerning the
band where there is no contribution from stimulated emission. origin of this phenomenon, they discussed the possibility of
We assume that the bleach of the B band seen in the SADSdirect charge separation fromyBas one explanation. Our

arises from either B" or B5~ in the two pathways described

experiments may be consistent with a significant yield of

above, and that Bcontributes 50% to the area of the B charge separation from\Bat room temperature in WT RCs,
absorbance band. From the comparison in Figure 4, it cansince we do not expect that the energy transfer or the rate of
be seen that 25% of the B absorbance band is bleached afteelectron transfer from B is very dependent on temperature,

the 200 fs process, which equates to 50% of thebBnd.

although other changes associated with the YM210W muta-

However, this value is an overestimate as a comparison oftion may have made the alternative pathway more efficient
Figure 3H with Figure 3G reveals that the bleaching of the in the YM210W mutant.

P band has only reacheeB6% of its maximal extent in the

To close, in addition to exhibiting the versatility of the

SADS of this 6.5 ps lifetime component. Therefore, the pacterial RC, our findings may also have implications for

percentage bleaching @, is closer to 50%*86% 43%,

the mechanism of charge separation in the oxygen-evolving

leading to the conclusion that 57% of the B* formed passes photosystem Il RC of higher plants. In this complex, it is
its energy to P, driving conventional slow electron transfer, likely that a multimer of weakly coupled pigments is a more
while 43% directly drives the alternative pathways of electron appropriate description for the primary donor of electrons,

transfer with lifetimes on the order of 200 fs. If we further

rather than a chlorophyll dimeR{). The results presented

assume that the additional bleaching of the P band (14% ofhere clearly show that the species that drives transmembrane
the overall total) seen following the 6.5 ps decay (Figure electron transfer in photosynthesis does not necessarily have

3H, cf. Figure 3G) does represent the reactiopn B~ —
P*BaHA™, then we assign a yield of 14% of the overall
formation of P to the alternative pathway RBH, —
P*BatHa™, leaving 29% of the charge separation in the
system to the route PBH A — P"Ba"Ha. Put another way,

of the 43% of the total RCs performing charge separation
via the alternative pathway, one-third conducts the reaction
via PBstHA~ while two-thirds proceeds via Ba Ha.
Although this estimate only represents a rough approxima-
tion, it serves as a useful purpose in providing an indication
of the efficiency of the direct route of charge separation
relative to energy transfer to P. Finally, it should be noted
that the part of B which is excited by the 799 nm excitation
pulse probably has a 100% vyield of energy transfer t@)P (
Therefore, the relative efficiency of the alternative pathways
starting from exclusively B* will be higher than the 43%
estimated in our calculations above.

Conclusions Our results show unequivocally that at least
one alternative pathway for charge separation can be
demonstrated irRb. sphaeroidefRCs in addition to the
heavily-studied reaction driven by P*. In the YM210W
mutant, the alternative pathway has a high yield, occurs on

a subpicosecond time scale, and competes successfully with

energy transfer from B to P. Our work demonstrates that

to be the excited state of a pigment dimer, nor does it have
to be located at the periplasmic ‘end’ of the transmembrane
chain of redox cofactors.
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