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ABSTRACT. Energy transfer and the primary charge separation process are studied as a function of excitation
wavelength in membrane-bound reaction centeRluddobacter sphaeroidés which the excitonically
coupled bacteriochlorophyll homodimer is converted to a bacteriochlorophyll-bacteriopheophytin het-
erodimer, denoted D [Bylina, E. J., and Youvan, D. C. (198&)c. Natl. Acad. Sci. U.S.A. 83226]. In

the HM202L heterodimer reaction center, excitation of D using 880 nm excitation light results in a 43 ps
decay of the excited heterodimer, D*. The decay of D* results for about 30% in the formation of the
charge separated state @, ~ and for about 70% in a decay directly to the ground state. Upon excitation
of the monomeric bacteriochlorophylls using 798 nm excitation light, approximately 60% of the excitation
energy is transferred downhill to D, forming D*. Clear evidence is obtained that the other 40% of the
excitations results in the formation oftQa~ via the pathway B* — Ba*Hao™ — D"Ha™ — D™Qa". In

the membrane-bound “reversed” heterodimer reaction center HL173L, the simplest interpretation of the
transient absorption spectra following B excitation is that charge separation occurs solely via the slow
D*-driven route. However, since a bleach at 812 nm is associated with the spectrum of D* in the HL173L
reaction center, it cannot be excluded that a state includiig Bvolved in the charge separation process

in this complex.

Reaction centers (RCspf photosynthetic organisms are and H. Subunits L and M each have five transmembrane
transmembrane pigmenprotein complexes, in which light  o-helices and bind 10 cofactors. These are four bacterio-
energy is used to create a charge-separated state betweerhlorophyll (BChl) molecules, of which two are monomeric
cofactors located on opposite sites of the membrane. Precis€B, and Bs) and two form an excitonically coupled dimer
information is available about the orientation of the cofactors (P), two bacteriopheophytin (BPhe) molecules @hd Hs),
and the protein surroundings for the RCs of the purple non- two ubiquinone molecules (Qand @), a non-heme iron
sulfur bactericRhodopseudomonasridis andRhodobacter atom, and a carotenoid molecule. Subunit H has one
(Rb.) sphaeroide (1, 2), and therefore, an attempt can be transmembrane-helix and a large globular domain. The
made to understand the mechanism of these electron-transfeBChl, BPhe, and ubiquinone cofactors are arranged in two
reactions in molecular terms. One way to achieve this is membrane-spanning branches around an axis of 2-fold
through the study of site-directed mutants, in which pig- symmetry that runs perpendicular to the plane of the
ment-protein interactions have been modulated and/or the membrane.
pigment composition changed3<6). The RC of Rb. Despite the almost 2-fold symmetry in the arrangement
sphaeroidegonsists of three protein subunits, termed L, M, of the cofactors and the large homology between the L and
M polypeptides, it appears that electron transfer only
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absorbance difference measurements around 1020 nm, wheref the consequences is that in the oxidized heterodimer D
Ba~ shows a distinct absorbance band, it is now becoming the plus charge is no longer approximately symmetrically
widely accepted that the statéB,~ is formed as a discrete  distributed between the two halves of the dimer, but is
intermediate in the electron-transfer pathway from P* to localized completely on the BChl hal2—32). The differ-
P™Ha~ (12—14). Analysis of kinetic data in terms of this  ence in redox potential between BChl and BPhe also causes
two-step electron-transfer model results in lifetimes-8F5 a lowering of the free energy of the internal CT state
ps for the electron-transfer P* P'B,~ and ~1—2 ps for Dscn™Depre and an increase of the free energy of the CT
the electron-transfer®,~ — PTHa~. However, not all of state Rcn Daepné” compared with the free energy of the more
the features of P* driven charge separation are completelydegenerate states s~ and R~Pg* in the WT RC. As a
understood, and many basic issues are still under debate, suctesult, in both heterodimer mutants the D* state is more
as the fact that the primary charge separation is uni- strongly coupled to the lowest internal CT stat@dip Depne )
directional, the role of an internal charge transfer (CT) state than it is the case for the analogous states in the WT RC.
in P*, the presence of coherent nuclear motion on the time Evidence for this stronger coupling comes from the D*
scale of electron transfer, the dynamic role of the protein in absorbance difference spectrum around 650 nm where the
stabilizing the charge separated products, heterogeneity ofBPhe anion present in thegB,"Dgpre State exhibits an
the RC population, and the energy levels of the stat@ P absorbance increas@§ 33—38), from Stark absorption
and PHa~ on different time scales (see, for review, refs measurements3g, 40), from vibrational spectroscopya®,
3-6). 38), and from theoretical simulation of the ground-state
Recently, the picture of primary events in the RC has absorbance and Stark spectrudi, (46). From a simulation
become even more complicated with the discovery that the of the optical absorbance spectrum of the HM202L RC, it
sequence of primary events described above is not the onlywas suggested that the internal CT staigddDgpre iS
route by which energy captured by the RC can result in the approximately degenerate with the lowest D* exciton state
formation of PHa~ (11, 15-23). These new routes of (46). The energy level of this CT state can be modulated by
primary charge separation involve the excited state of B the combination of the HM202L mutation with mutations
(and possibly also k) and have been suggested to involve that add or remove hydrogen bonds to the BChl or BPhe
the primary reactions & — P'Ba~ and B*/Hx* — part of D, respectively30, 38, 46). Despite the opposite
BatHa~. These new primary reactions are observed to take direction of the dipole of the CT state that is coupled to D*
place on a subpicosecond time scale, i.e., on a time scaldn the HM202L RC versus that in the HL173L RC, it was
before energy transfer fromaBto P has been completed. concluded from pumpprobe experiments that both RCs
In particular, RCs with the mutations YM210W and YM210L perform electron transfer along the A branch or2g)( As
have been instrumental in the identification of these new a consequence of this observation, it was proposed that
charge-transfer routes. At cryogenic temperatures, these RCa&isymmetry in the charge distribution of D* (or P*) is not
perform very slow P*-driven charge separation and therefore the major source for the unidirectional electron transfer in
allow the resolution of rapid B-driven electron transfer  the RC. The quantum yield (QY) for charge separation was
which, in the WT RCs, is commensurate with electron- decreased in both heterodimer RCs to 40% in the HM202L
transfer driven by P*. In the YM210W/L RCs, it was shown RC and 50% in the HL173L RC at room temperature
that PPBo~ and By"Ha~ are formed from R* on a following Qy excitation @3). At cryogenic temperature,
subpicosecond time scale without the involvement of P* as values of a similar magnitude were report&883)( A variety
an intermediate 18, 21). Both states formed from B of factors have been proposed to contribute to these lower
subsequently evolved to"Pla~ within several picoseconds.  QYs, including the faster decay of D* to the ground state,
In this work, we have studied the presence of alternative the slower rate for the primary electron-transfer reaction, and
charge separation routes in the BChl-BPhe heterodimer RCsincreased thermal repopulation of D* from the charge
in which one of the BChl molecules that is part of the P separated state83). The intrinsic lifetime for the primary
dimer is replaced by a BPhe. These changes in the cofactoreaction D*— D*H,~ calculated from the observed lifetime
composition are achieved by replacement of the histidine and QY has been estimated to be 45 and 80 ps at room
that ligands to the Mg of the P BChl (either HM202 or temperature and 80 and 180 ps at 77 K for the HM202L
HL173) by a nonliganding leucine residu24]. The BChl and HL173L RCs, respectivel\38). For the HM200LRb.
closest to the active A branch of cofactors is replaced by capsulatuRC, values of 30 ps at room temperature and 40
BPhe in the HM202L mutant, and the BChl closest to the ps at 77 K have been reported for the same procgss (
inactive B branch of cofactors is replaced in the HL173L This lowering of the primary charge separation rate is at least
mutant. Crystallographic studies have revealed that in both partly caused by the higher free energy of the statelD
heterodimer RCs the BPhe part of the heterodimer is orientedthat results from the increased midpoint potential of the'D/D
similarly as the corresponding P BChl in the WT RC and redox couple and is comparable to the slowing down of
that the protein surroundings of the special pair in the charge separation in other mutants that have a high redox
heterodimer is not significantly altere®%). Both het- potential for the P/P couple 8—6). The D/D" redox
erodimer RCs perform electron transfer from the excited state potential was determined to be 640 mV in the HM202L RC,
of the heterodimer primary donor (denoted D*) tG'Hh~ which is an increase of 140 mV relative to thésd00 mV
and subsequently to T,~ (26), but in both heterodimer  redox potential of the P /fPcouple in the WT RC30). The
RCs, the detailed properties of these processes are changeittrinsic lifetime for the decay of D* directly to the ground
dramatically. These changes appear to originate largely fromstate has been estimated to be 30 and 80 ps for the HM202L
the 200-300 mV higher redox-potential of the BPhe half and HL173L RCs, respectivel38), which is relatively fast
of the heterodimer than of the BChl pa®7j, of which one compared with the>200 ps lifetime for P* decay to the
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ground state in the WT RGJ. This relatively high internal measured with a power meter (Delta Developments), which
conversion rate of D* in the heterodimer RCs has been was calibrated for wavelength sensitivity. Excitation power
accounted for by the coupling of the exciton state with the was 400uW on an excitation surface of 1 émirhe optical
internal CT state, which promotes rapid internal conversion density of the sample was 0.3 at the wavelength of maximal
of D* (33). absorption at 77 K. The fluorescence emission spectrum was

In this work, we have studied the two heterodimer RCs Measured using the same setup and was corrected for the
to investigate the influence of the charge distribution in the Wavelength sensitivity of the detector.
ground and excited state of D on the energy and electron- Action Spectrum of Charge Separatidrne efficiency of
transfer processes following excitation of B, since in these charge separation (i.e.,'@a~ formation) as a function of
RCs a different environment has been created fpraBd excitation wavelength was measured as described ifi#ef
Bg. In the HM202L RC, R is located between two BPhe by scanning a vertically polarized excitation beam from a
molecules while, in the HL173L RC, it is located between a Ti-Sapphire laser (see above) between 750 and 910 nm and
BChl and a BPhe; the opposite is the case fgr IB both detecting the absorbance difference at magic angle induced
mutants, the BChl:BPhe heterodimer has)-positiveb- by the excitation beam using a double lock-in technict@. (
negative character in both the ground state (caused by theThe integrated bleach of the D absorbance between 850 and
permanent dipole moment of D) and in the excited state 930 nm corrected for the excitation intensity was used as a
[caused by charge resonance (CR) interaction of D* with measure for the relative QY of .~ formation. The
the internal CT state]. These/6~ charges on D are expected excitation power was 400W on an excitation surface of 1
to influence the energy level of a positive or negative charge cn?.
on the adjacent BBChl and, thus, to affect the free energy ~ Time-Resaled SpectroscopyTransient absorbance dif-
of states such as'®,~ and By*H,~ that participate in &*- ference spectra were recorded at magic angle using a
driven electron-transfer pathways that have been identified femtosecond laser spectrometer essentially as described in
in RCs that contain the BChl homodimer. For membrane- ref 18. The fwhm of the instrument response function (IRF)
bound HM202L heterodimer RCs, both steady-state andwas 350 fs, corresponding to a pulse width of 200 fs. The
time-resolved experiments were performed in order to study spectral bandwidth of the excitation pulse was 10 nm fwhm.
the efficiency of energy transfer and charge separation andData were collected over a spectral range extending over
the characteristics of the primary electron-transfer reactions130 nm centered at 800 or 900 nm. For each time series,
following excitation of D and of B. To compare the effect spectra were measured at9134 delay times between0.3
of the charge distribution of D on the processes driven by and 96-470 ps. Between 40 and 80 spectra were recorded
B*, pump—probe experiments with excitation of B are in the first 5 ps. In each wavelength region, between 1 and
described for the membrane-bound HL173L “reverse” het- 4 time series were recorded. The maximal absorbance of the
erodimer RCs. To prevent confusion, it should be noted that B absorbance band was typically 0.7, and typically 15% of
all previous studies which have investigated the heterodimerthe RCs were excited per pulse which resulted in a maximal
RCs with pump-probe spectroscopy involved either direct pleach of the D absorbance band of 0.02.
excitation of D around 870 nm or, in cases where the D pata AnalysisGlobal analysis of the data was performed
region was probed, (excitation around 582 N6, 33- a5 described in ret3 and 18, with the addition that the
38). wavelength dependence of time-zero due to group velocity

dispersion (GVD) was explicitly taken into account in the

MATERIAL AND METHODS analysis procedure. To achieve this, the rise and decay of
the optical Kerr signal in CSmeasured over the different
wavelength windows was analyzed simultaneously with a
by mismatch oligonucleotide-mediated site-directed mu- t_hird-order polyno_mial function to describe tr_]e variation of
tagenesis, using the procedures described ind2&nd43. time-zero of the instrument response function (IRF). The
Changes in DNA sequence were confined to codons L173 parameters of the pplynqmlal funct|on'and IRF obtained from
and M202. In both cases, the mutant RC genes were (€ €3 data were fixed in the analysis of the purrobe

expressed on a derivative of plasmid pRKEH1GE)(in a experiments of the RCs. The datasets measured over the

strain ofRb. sphaeroidestrain DD13 that lacks the structural different_wavelength regio_ns were scaled such_that the
genes for the light harvesting complexes, giving “RC-only” overlapping wavelength regions had the same amplitude. The

strains ¢4). Both mutant strains were grown under semi- spectra in Figures-25 are smoothed averages of the fitted
aerobic conditions in the dark: the preparation of RC-only results of the overlapping datasets and are corrected for IRF

membranes for spectroscopic measurements was as described'd GVD- Figures showing parts of the individual measured
in ref 45. spectra used for the analysis together with the result of the

fit are available as Supporting Information.

Sample PreparationConstruction of the HL173L and
HM202L mutant strains oRb. sphaeroidesvas achieved

Fluorescence Excitation Spectruiithe 77 K steady-state
fluorescence excitation spectrum of the HM202L RC was ResyLTS
recorded by scanning a Continuous Wave Ti-Sapphire laser
(Coherent), pumped by an Ar-ion laser (Coherent), between HM202L RC: Steady-State Fluorescence Excitation and
750 and 914 nm. The fluorescence was detected perpenAction Spectrum for DQ,~ Formation. Figure 1A shows
dicular to the excitation light magic angle through a 10 nm the 77 K fluorescence excitation spectrum and fluorescence
full-width at half-maximum (fwhm) interference filter cen-  emission spectrum of the HM202L RC with@ the neutral
tered around 950 nm using a polychromator charge coupledstate. The fluorescence excitation spectrum is compared with
device (CCD) setup (Chromex). Excitation power was the one minus transmission spectrum, and the two spectra
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Ficure 1: (A) Excitation spectrum of fluorescence detected at 950

nm (crosses) and 1-T spectrum (solid) of membrane-bound

HM202L RCs ofRb. sphaeroidest 77 K with Q\ neutral. The
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FiIGUre 2: Transient absorbance difference spectra of membrane-
bound HM202L RCs obtained at 1.5 ps (A) and 10 ps (B) after a
~200 fs excitation pulse centered at 798 nm (solid) and 880 nm
(dashed). The spectra are reconstructed from the global analysis
fit and are corrected for GVD and IRF. The spectra are scaled on
the basis of the bleach between 840 and 950 nm at 1.5 ps.

absorbance difference spectrum of @\~ (see Figure 1C
for a typical spectrum) following excitation at=% nm
intervals. The action spectrum in Figure 1B is again com-
pared to the one minus transmission spectrum, with both
spectra normalized on the signal of D in the region between
850 and 910 nm. Figure 1B shows that the excitations which
were missing in the fluorescence excitation spectrum do give
rise to D"Qa~ formation, which demonstrates that an alter-
native route of charge separation is operating in the HM202L
RC which does not involve the excited state of the hetero-
dimer, D*. The action spectrum further reveals that the QY
for charge separation is in fact higher following excitation
of B and H than upon excitation of D. The surprising

fluorescence emission spectrum of the RC, corrected for the conclusion from the data presented in Figure 1, panels A
wavelength sensitivity of the instrument, is depicted with the dotted and B, therefore, is that in the HM202L RC the direct path

line. (B) Action spectrum for DQa~ formation (triangles) and 1-T
spectrum at 77 K of membrane-bound HM202L RCs Rif.
sphaeroides (C) D™Qa~ minus DQ light-induced absorption

difference spectrum of membrane-bound HM202L RCs at 77 K as

detected upon modulated excitation.

of electron-transfer driven by A and/or B.* is more
efficient than the route of charge separation driven by D*.
HM202L RC: 77K Transient Absorbance Difference
Spectra, Dversus B ExcitationTo characterize the multiple
routes of charge separation in the HM202L RC that underlie

are normalized on the signal of D between 840 and 915 nm. the data in Figure 1, transient absorbance difference spectra
As reported previously for the analogous energy transfer from were recorded at 77 K after selective excitation of the D

H*/B* to P* in the YM210W, YM210F, YM210L, and
LM160H/FM197H RCs 17, 21), the efficiency of energy
transfer for H*/B*— D* is significantly less than 100% in
the HM202L RC. This efficiency of energy transfer to D*
can be estimated to be60% from B* and~70% from H*.

In the region around 800 nm, the absorption af &d Bs

and B absorbance bands. In Figure 2, absorption difference
spectra at a delay time of 1.5 and 10 ps after excitation of D
at 880 nm and excitation of B at 798 nm are compared. The
spectrum recorded 1.5 ps after excitation of D (Figure 2A,
dashed line) shows a bleach of the broad D absorbance band
and pronounced features in the region between 780 and 820

are partly resolved and, as in the WT RC, the shoulder aroundnm. This spectrum is attributed to D* with the bleaching

811 nm can be attributed tosB47). From the shape of the

between 850 and 950 nm being due to loss of D ground-

fluorescence excitation spectrum in the B band region, it is state absorbance and the presence of D* stimulated emission.

apparent that in particular a significant fraction of the
excitation energy residing onaBis not transferred to D,
which is fully in line with our original observation on the
YM210W RC (17). The complementary experiment, in
which the action spectrum for charge separatiof Q"

The band-shift-like features observed in the region between
780 and 820 nm could be interpreted as electrochromic shifts
of the B absorbance bands that might be caused by the
pronounced charge transfer (CT) character of D*. The
spectrum recorded 10 ps after D excitation (Figure 2B,

formation) was measured, is shown in Figure 1B. This action dashed line) is similar to the spectrum recorded 1.5 ps after
spectrum is calculated from the amplitude of the bleach of D excitation, although the amplitude of the signal has
the D absorbance band in the reversible light-induced decreased by approximately 15%. This indicates that very
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little of D* has been converted toa~ on this time scale by a sequence of exponentially decaying reactions, with
and that some D* has decayed to the ground state. increasing lifetimes, i.e., > 2 — 3... with7; < 75 < 73....
According to the fluorescence excitation spectrum and In this kinetic model, the first SADS is the product formed
action spectrum of DQa~ formation depicted in Figure 1, by the excitation pulse, the second SADS is formed from
panels A and B, excitation at 798 nm results for ap- the first SADS with a lifetimer;, the third SADS is formed
proximately 60% in energy transfer to D and for about 40% from the second SADS with a lifetime, and so on. The
in direct charge separation without the involvement of D*. last SADS spectrum describes the nondecaying end-spectrum.
In the absorbance difference spectrum obtained 1.5 ps afterSince it is not expected that branching or equilibrium
excitation of B at 798 nm (Figure 2A, solid line), the presence reactions take place upon direct excitation of D at 77 K,
of D* is observable as a bleach of the broad D absorbancethis irreversible kinetic model is probably close to the true
band. However, the pronounced band-shift-like features thatkinetic model for the experiments using 880 nm excitation.
characterize D* in the spectrum obtained after direct excita- This means that these SADS can be attributed to individual
tion of D (Figure 2A, dashed line) are now largely obscured species and that the associated lifetimes represent the intrinsic
by a strong negative signal at 801 nm, which is consistent lifetimes of the intermediates. In contrast, excitation at 798
with a bleach of the absorbance of the monomeric BChl nm of the HM202L RC probably results in a branched
molecules. In addition to these spectral features in the 800reaction, one branch involving charge separation driven
nm region, a bleach of BPhe absorbance is observed in thedirectly from B*, and the second involving energy transfer
difference spectrum at 756 nm. This demonstrates that thefrom B* to D followed by charge separation from D*.
fraction of excitations that is not transferred to D, 1.5 ps Consequently, the analysis with the sequential reaction model
after excitation, gives rise to a state in which both B and H as described above will result in SADS that represent
absorbance bands are bleached, which could very wellmixtures of the products of the two parallel pathways.
represent the formation of BHA~ (see below). In the The SADS resulting from a global analysis of the set of
spectrum recorded 10 ps after 798 nm excitation (Figure 2B, spectra obtained with 880 nm excitation and 798 nm
solid line), the strong bleach of the B absorbance band hasexcitation of the HM202L RC are depicted in panels A and
evolved into an electrochromic band shift of the B absorbance B and panels €F, respectively, in Figure 3. The lifetimes
band, whereas the bleach of the BPhe and D absorbancef the SADS are indicated, together with the assignments of
bands remains. The bleach of the BPhe and D absorbancehe states that contribute to the SADS. The D* state is formed
bands and the strong electrochromic shift of the B absorbancedirectly after excitation at 880 nm and is thus represented
band can be attributed to the presence 6HR ™, as for the by the first SADS (Figure 3A). The difference spectrum due
analogous state,~ in WT RCs. However, the spectrum to D* is characterized by a bleach of the broad D absorbance
recorded 10 ps after excitation of B must be a mixed state, band and by the characteristic pronounced band-shift-like
as it can be concluded from the 880 nm excitation experiment features between 780 and 820 nm discussed above. A lifetime
that very little of the D* formed by energy transfer from B*  of 43 ps describes the decay of D* to the end spectrum
will have decayed to DHA~ after only 10 ps. The presence (Figure 3B). This 43 ps lifetime is in reasonable agreement
of some contribution from D* in the spectrum obtained at with the 30 ps lifetime for D* decay reported by Laporte
10 ps after 798 nm excitation is indicated by the absorbanceand co-workers for isolated HM202L RCs at 77 R3).
increase at 808 nm superimposed on the negative red parComparison of the amplitudes of the bleach of the D ground-
of the D"H,~ band-shift signal (Figure 2B, solid line) which  state absorbance in the D* and @Qx~ SADS shows that
is characteristic for the “pure” D* spectrum obtained after the 43 ps lifetime describes mainly the decay of D* to the
880 nm excitation (Figure 2, dashed line). ground state and that the QY of' Q4™ formation from D*
Summarizing the results depicted in Figures 1 and 2, we is approximately 30%. A separate lifetime related to the
conclude that excitation of B using 798 nm excitation results intermediate formation of CHa~ could not be resolved,
partly in energy transfer to D and partly in a direct charge which can be accounted for by the fact thaf0% of the
separation process not involving D*. Clearly, the two ultrafast decay of D* is directly to the ground state and that the
processes must be competitive on a femtosecond time scaledifference between the ™.~ and D'Qa~ spectra is difficult
After 1.5 ps, this new charge separation process is characterto resolve at very lowAOD. The low QY of charge
ized by a bleach of B and H absorbance, that could be dueseparation also causes that the signal-to-noise ratio of the
to the radical pair state BHA~ which, at a delay of 10 ps, D*Qa~ end spectrum is not very high for the 880 nm
is converted into a spectrum characteristic forHa~. For excitation experiment. The 43 ps lifetime of D* and the 30%
further characterization and verification of this proposal, the QY of D*Qa~ formation result in an intrinsic lifetime of 61
result of a global analysis of the full set of transient ps forthe major process B* D and of 143 ps for the minor
absorbance difference spectra for both excitation wavelengthsprocess D*— (D*Hax™) — DTQa™.
is discussed below. Figure 3, panels €F, shows the SADS and associated
HM202L RC: Global Analysis of the Transient Absor- lifetimes arising from the global analysis of the set of
bance Difference Spectra with an leersible Sequential  difference spectra observed after 798 nm excitation. Excita-
Model. In this section, we will describe how the time tion of B at 798 nm is partially selective for,B(47) and
constants associated with the spectral changes induced byhus results in the formation of a B* state which is a mixture
excitation of the HM202L RC at 798 and 880 nm were of a major fraction of RB* and of a minor fraction of B*.
obtained from a global analysis of the full set of time- The difference spectrum of B* formed by the excitation pulse
resolved difference spectra using an irreversible sequentialis characterized by a strong negative feature at 802 nm caused
model. The irreversible sequential model assumes that theby bleach of the ground-state absorbance of the B BChls
time dependence of the light-driven process can be describecand stimulated emission from B* (Figure 3C). The shoulder
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Ficure 3: SADS and associated lifetimes of membrane-bound HM202L RCs at 77 K derived from a global analysis of the transient
absorbance difference spectra obtained after 880 nm (A, B) and 798 niff) (citation using an irreversible sequential model. For the
purpose of comparison, spectrum C has been multiplied by a factor of 0.2.

observed in the ground-state absorbance spectrum aroundan be explained by the transition B4a~ — D™Ha™. The

811 nm, which has been attributed tas B47), is not D* formed by energy transfer from B* is still present in the
completely bleached in this SADS of B*. The lifetime SADS of Figure 3E since, as is apparent from the 880 nm
associated with the decay of B* is 340 fs. The SADS of the excitation experiment, decay of D* takes place on a much
state(s) that is formed from B* in 340 fs shows a broad slower time scale. The transition of the mixture of D*
bleach of D absorbance around 900 nm, a strong bleach ofand DHa~ contributing to the SADS of Figure 3E to

B absorbance at 801 nm, and a bleach of BPhe absorbanc®"Qa~ (Figure 3F) is described by a 55 ps lifetime, similar
at 756 nm (Figure 3D). The bleach of D is caused by the to the lifetime found in the experiment with 880 nm
formation of D* following energy transfer from B*. The excitation.

band-shift signals in the region between 770 and 820 nm The quantum efficiency of charge separation upon B
that are also characteristic for the presence of D* (see Figureexcitation around 798 nm can be estimated from the maximal
3A) are largely obscured by an intense bleach of the B bleach of the B* SADS (Figure 3C) and the bleach of the D
absorbance that is apparently caused by that fraction of theabsorbance band in the™@s~ SADS (Figure 3F). The
excited B* population that has not transferred excitation extinction coefficient of the total B absorbance band is
energy to D. The bleach of B in Figure 3D is narrower and approximately 6.5 times higher than that of the D absorbance
blue-shifted compared to the full B absorbance band and thusband (in Figure 1 this ratio is somewhat less because one
seems indicative of a bleach o B47). Since also a bleach  minus transmission spectra are depicted). Since the individual
of BPhe is observed at 756 nm in the SADS of Figure 3D, B molecules do not absorb at the same wavelength, we
the bleach of B and H absorbance is attributed to the roughly estimate that each individual B absorbance band has
formation of By\™Ha~ from Ba*. Other states which could a maximal extinction coefficient that is approximately 4.5
account for a bleach of Band BPhe absorbance, such as times higher than that of the D absorbance band. Further-
Ha™Ba~, are highly unlikely given the unfavorable redox more, if we assume that the stimulated emission that
potentials of monomeric BChl reduction and BPhe oxidation contributes to the B* SADS has only a small Stokes shift
for such radical pairs?). In addition, uphill energy transfer  (~1 nm), the~18:1 ratio between the initial B bleach and
from B* to form Hag* should not be possible since fast the final D bleach converts to a QY of roughly 50%. A
uphill energy transfer from an excited state fluorescent similar value is obtained by comparison of the amplitude of
around 800 nm to a state absorbing at 760 nm should not bethe maximal D bleach in the SADS of Figure 3D (which is
possible, particularly at 77 K. A lifetime of 3.8 ps describes after the suggestedaBHA~ contribution has converted to
the evolution of the states contributing to the SADS in D*Ha™) and the final D bleach in the TR, spectrum. The
Figures 3D to a state(s) that has a difference spectrumQY values of approximately 30 and 50% for the 880 and
characterized by a band shift of the B absorbance band and798 nm pump-probe excitation experiments are in general
an increased bleaching of D (Figure 3E). The extra bleachingagreement with the relative QY values as estimated in the
of D plus the formation of the band shift in the 800 nm region action spectrum of DQ,~ formation in Figure 1B.
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Sequential SADS HL173L 798 nm exc. pathway not involving D*, one could propose that the
750 800 850 500 features observed between 770 and 820 nm in Figure 4B
|

are characteristic for D* in HL173L RCs. These absorbance
changes could represent overlapping electrochromic blue-
shift shifts of Bs and B, induced by the strong CT character
A 350 fs of D*, in which the positive signal of a blue-shift of B
positioned at 810 nm is overlapped with a negative feature
of a blue-shift of B, positioned at 802 nm4({). In this
respect, it should be noted that the D* state in the HM202L
mutant also appears to significantly affect the absorbance
properties of the monomeric BChls (see Figure 3A), albeit
B 60 ps in a spectroscopically different way. On the other hand,
contributions from a bleach of the monomeric BChl pigments
V\/ to this spectrum cannot be excluded. Since a strong bleach
of the red part of the B absorbance is observed in Figure
4B, one could suggest that a state involving, Buch as
BstHg™, D'Bg~, or Bg*, contributes to the “D*” SADS in
C o Figure 4B.
e\ In contrast with the results obtained with the HM202L
N/ T~ RC, it is unlikely that a significant amount \BHA"
contributes to the SADS shown in Figure 4B for the HL173L
RC, since the bleach of the B absorbance band peaks at the
red edge of the B absorbance band, and there is no clear
accompanying bleach of BPhe absorbantd.(

F 4: SADS and iated lifeti f b bound DISCUSSION
IGURE 4. and associated litetimes Oof membrane-ooun . . )
HL173L RCs at 77 K derived from a global analysis of the transient ~HM202L RCs: B* Drven Charge Separation lestigated
absorbance difference spectra obtained after 798 nm excitation usingdy a Target Analysis Using a Branched Kinetic Mod&s.
an irreversible sequential model. For the purpose of comparison, described in the Results, the steady-state fluorescence exci-
spectrum A has been multiplied by a factor of 0.2. tation spectrum, the action spectrum of @~ formation,
HL173L: Pump-Probe with Excitation of BTo inves- and the time evolution of the absorbance difference spectra
tigate further the effect of an a-symmetric dimer on the elec- after 880 and 798 nm excitation of the HM202L RC at 77
tron and energy transfer pathways, purmpobe experiments K have resulted in a picture for the electron and energy-
at 77 K with excitation of B at 798 nm were also performed transfer pathways in this RC. In general agreement with
on the “reversed” heterodimer RC containing the mutation previous reports (see the introductory portion of this article),
HL173L. The SADS of the HL173L RCs obtained from Wwe observe that excitation of D around 880 nm results in a
global analysis using an irreversible sequential model of the decay time of 43 ps for D* that is the result of the formation
dataset are shown in Figure 4, panels@ The B* formed  of the state DHA/D*Qa~ and decay to the ground state.
directly after the excitation pulse decays with a lifetime of Upon excitation of B, two pathways are initiated that both
350 fs (Figure 4A). The species formed following this decay start on a subpicosecond time scale, one pathway starts with
(Figure 4B) is characterized by a bleach of the broad D energy transfer to D and the other with a direct charge sepa-
absorbance band, a bleach of the red part of the B absorbancéation process. Because the two pathways operate in parallel,
band around 812 nm and an absorbance increase betweethe transient absorption difference spectra are at all times
765 and 790 nm. A lifetime of 60 ps describes the subsequentthe result of the contributions of both pathways. However,
formation of D'Qa~ with a 40% QY (Figure 4C) together itis clear that both pathways operate on different time scales,
with a decay of 60% of D* directly to the ground state, as and therefore, it should in principle be possible to separate
can be judged from the decrease in amplitude of the D both pathways in a so-called target analysis. In a target analy-
bleaching signal in the SADS of Figure 4, panels B and C. Sis, the data are fitted directly to a proposed kinetic scheme
The 40% QY of DQa~ formation and the lifetime of 60 ps (13, 53). In principle, the target analysis yields intrinsic rate
reported here for membrane-bound HL173L RCs at 77 K constants of the transitions and SADS of the individual
with 798 nm excitation is in reasonable agreement with a intermediates, and in this way, it can be tested if the chosen
40% QY of D'Qa~ formation and 100 ps lifetime reported model gives a consistent description of the experimental data.
by Laporte and co-workers3g) for detergent isolated In a complicated model, it is however not possible to
HL173L RCs at 77 K with @and 880 nm excitation. Also,  determine all the parameters of the transitions independently
the spectrum characterizing D* reported in 8&is similar and it is necessary to use information obtained from other
to the spectrum depicted in Figure 4B, exhibiting in particu- experiments to limit the number of free parameters.
lar, a strong bleach of the B band around 810 nm. The inter- To obtain the intrinsic rate constants and SADS of the
pretation of the different features observed in the spectrumtrue intermediates and to verify the proposed model, a target
of Figure 4B is however not completely clear. On the one analysis of the dataset obtained with 798 nm excitation was
hand, since there is a bleach of D absorbance in Figure 4Bperformed using the branched kinetic model depicted in
and no additional lifetime is observed that could describe Figure 5F. Since the model in Figure 5F contains more states
the formation of DH,~ via an alternative charge separation and transitions than can be revealed by a completely free fit

ARbsorbance (a.u.)

7|50 860 8%0 9[50
Wavelength (nm]
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Ficure5: (A—E) SADS of the membrane-bound HM202L heterodimer RCs at 77 K derived from a target analysis of the transient absorbance
difference spectra obtained after 798 nm excitation using the kinetic scheme depicted in Figure 4F. The assignments of the different SADS
to the various states in the scheme are indicated. The intrinsic lifetimes of the various transitions are indicated in Figure 4F. The lifetimes
in boxes were fixed parameters in the analysis (see text). For the purpose of comparison, spectrum C has been multiplied by a factor of 0.2.

of the data, the rates of the transitions B* D*, D* — in these wavelength regions. The spectral constraints resulted
D*Ha~, and D*— D were fixed according to information in only a 0.3% increase of the RMS error of the fit, i.e.,
from the other experiments. For the decay of B*, it is from 2.965 to 2.973 mOD.

assumed, in accordance with the fluorescence excitation The SADSs of B*, D*, BB"Ha~, DtHA™, and D'Qa~ that
spectrum depicted in Figure 1A, that the 340 fs decay of B* result from this target analysis are depicted in Figure 5,
describes, for 40%, B*> BAo™HaA™~ and, for 60%, B*— D*, curves A-E. The fitted intrinsic rate constants of the
which results in a 570 fs lifetime for the energy transfer transitions that were not fixed in the analysis are depicted
process B*— D*. To characterize the decay of D* the without boxes in the kinetic scheme of Figure 5F. The SADS
experimental results of the 880 nm excitation experiment of the five intermediates resulting from the target analysis
were used and the lifetime of the reactions B*D Ha~ of the data with the branched kinetic model are consistent
and D*— D were fixed to 143 and 61 ps, respectively, which with the proposed states. The SADS of B* (Figure 5A) shows
are calculated from the 43 ps lifetime for D* and the 30% a strong negative feature at 802 nm caused by a bleach of B
QY for charge separation. Two spectral constraints were alsoground-state absorbance and B* stimulated emission. The
applied to the fit: (i) that the SADS of the intermediate SADS of D* (Figure 5B) strongly resembles the D* spectrum
BaTHA ™ does not have amplitude above 840 nm and (ii) that as observed after direct excitation of D (Figure 3A), with
the SADS of the intermediate D* does not have an amplitude particularly good agreement between the characteristic band-
in the region between 720 and 770 nm. The latter seems ashift features in the region between 780 and 820 nm. The
reasonable approximation of the D* difference spectrum BatHa™ intermediate (Figure 5C) shows a bleach of the B
obtained directly after 880 nm excitation as depicted in and H absorbance bands, and this intermediate is converted
Figure 3A. The assumption that the statg"B.~ does not with a lifetime of 3.8 ps to DHa~. The D'Ha~ SADS

give rise to a significant signal in the wavelength region (Figure 5D) shows a broad bleach of D, an electrochromic
above 840 nm is not based on any direct experimental band shift of B and a bleach of the BPhe absorbance. There
evidence, but seems reasonable, given the broad and flais a small decrease in the apparent amplitude of thblefach
absorbance spectrum of D, which suggests that any possiblébetween the SADS of BHa~ and D'Ha~. A relatively
electrochromic band shift of D due to the presence of small amplitude of the Kkl bleach in the DHA~ state is a
Ba"™Ha~ would not have a large amplitude. It is important feature that is also observed in théH~ spectrum of WT

to remark that not applying these spectral constraints resultedRCs and might be the result of an overlap between the
in SADS with very large standard deviations of the spectral electrochromic band shift of the B absorbance bands and
parameters, indicating that at least some spectral constrainthe bleach of H. The transition DHao~ — DTQa™ is

was required to limit the number of free fitting parameters accompanied by a red-shift of the electrochromic bandshift
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of the B absorbance band and the development of anand co-workers measured the rise of D* fluorescenceasn Q
electrochromic shift of the H absorbance band (Figure 5E). reduced HM202L RCs at 80 K following excitation at several
Also some changes in the shape of the D absorbance bleachvavelengths in the H and B absorption bané$)( They
are observed between Figure 5, panels D and E. However,observed that this rise time was biexponential and could be
we do not consider these changes to be very significant; it described by lifetimes of 110 and 840 fs for energy transfer
is possible that these are the effect of the spectral constrainfrom B* to D*. From the wavelength dependence of the
that the B"Ha~ intermediate does not have an amplitude amplitude of both components, it was concluded that the 840
above 840 nm. The fitted lifetime for the transitior B~ fs lifetime was associated with the energy transfer reaction
— D*Qa" is strongly correlated with the fixed lifetime for  Ba* — D*, whereas the 110 fs lifetime described the energy
the decay of D* and was estimated to be between 70 andtransfer process 8 — D*. Upon Qu reduction BTHaA™
120 ps. The most interesting outcome of the target analysismight be significantly destabilized, because of the repulsion
is the resolution of the D* and BHa~ components between @~ and H.". In that case, it is possible that the
following B excitation, as this is something that is difficult process B*— BatHA™ no longer occurs in @ reduced
to achieve in any other way. The fact that a D* spectrum HM202L RCs. In this context, it should be noted that, in
can be resolved, which in all its major features resembles YM210W RCs, which also perform charge separation partly
the D* spectrum formed after direct excitation at 880 nm, via the formation of R*Ha™, it has been observed that the
from the target analysis of the data-set obtained with 798 pathway B*— Ba"Ha™ is abolished upon reduction ofaQ
nm excitation is a strong indication that the proposed parallel whereas the pathway B*> P*B,~ still operates (MEVB et
pathways do occur in the way that is depicted in Figure 5F. al., unpublished observation). Therefore, it is possible that

An estimation of the free-energy levels of the various King and co-workers were in fact looking at a pure energy
intermediates based on information from the literature and transfer process in Qreduced HM202L RCs, which resulted
the experiments described has also been indicated in Figurén a rise time of D* fluorescence that is in reasonable
5F. For D* the zero-zero transition can be estimated from agreement with the 570 fs lifetime that we attribute to energy
its red shifted fluorescence spectrum to be located at slightly transfer in our studies.
lower energy than that of P* in WT RCs, i.ex925 nm or According to the kinetic scheme of Figure 5F the intrinsic
1.34 meV. The energy level of B* (using 798 nm excitation) rate for electron transfer from D* toTH,~ at 77 K is about
is estimated to be at the position of maximum bleach (140 ps)®. Although, this charge separation process driven
assuming a small Stokes shift, i.e., at 802 nm or 1.54 eV. by D* is about 2 orders of magnitude slower than charge
We have not obtained an indication for the involvement of separation driven by P* in WT RCs, it is probably still too
the intermediate DBA~ in any of the electron-transfer fast to be explained by a direct coupling between D* and
pathways operating in the HM202L RC. However, the energy D*Ha~. Since a mechanism in which'B,~ is involved as
level of this state can be approximated according to the a true intermediate appears to be energetically unfavorable,
estimated 50 meV energy difference between P* arl,P one could consider the involvement of the intermediate
in WT RCs 62) and the 140 mV increase of the potential Ba*tHa~ in D*-driven charge separation. Such a mechanism
of the D/D' redox-couple compared with that of the P/P has been suggested for WT RCs on the basis of molecular
redox-couple in WT RCs30). This rough calculation places  orbital calculations whereby the probability of this mecha-
the free-energy level of TBA~ close to that of B*. This nism taking place was dependent on the amount of B* that
decrease in the free-energy gap between B* ang,D could could mix with P* 49, 50). The proposed transition from
slow the reaction B* — D*BA~ and thus explain why this  D*to Ba™Ha~ in the HM202L RCs is indicated with a dotted
reaction cannot compete with energy transfer and the reactionline in the kinetic model depicted in Figure 5F. Experimen-
B* — Ba*Ha™ on a subpicosecond time scale in the tally, it will be very difficult to verify if this transition takes
HM202L RC. place, since a slow 3650 ps population of B"Ha~ (with a

On the basis of molecular orbital calculations, the free- 30% QY) from D* followed by a fast 3.8 ps conversion of
energy level of R*Ha~ has been estimated to be either iso- Bao™Ha™ to D*Ha~ would lead to a very low population of
energetic with or below that of P* in WT RC49, 50). The the transient state BHa~. In the target analysis, no
permanent dipole moment present in the ground state of Dsignificant difference in the outcome of the results could be
in HM202L RCs, raises the possibility that tlde charge observed between an analysis using a kinetic scheme in
on the Qypne @djacent to the oxidized Bcould stabilize the  which D'Ha~ was formed directly from D* or via the
state B*Ha~, and so one might expect that the free-energy intermediate R*Ha~. However, arguments in favor of the
level of BaTHa™ is stabilized in the HM202L RC. According  proposal that the mechanism involving the reaction-B*
to this hypothesis the energy level of B4~ must be placed  BatHa~ (whereby some B¢ should be coupled to D*) does
somewhat below that of D* in the scheme of Figure 5F. The operate in the HM202L RCs are that the 798 nm B excitation
energy levels of DHa~ and of D'Qa~ are estimated experiment showed thataBHA~ could be populated on a
according to the estimated free-energy levels of (relaxed) subpicosecond time scale fromyB that BatHa™ formed
P*Ha~ and PQa~ in the WT RC §) and the 140 mV  from Ba* could convert to DHA~ with a 3.8 ps lifetime,
increase of the potential of the DfDredox couple in the  and that the mechanism which is currently accepted to
HM202L RC 30). describe primary charge separation in WT RCs in which

As described above, the intrinsic lifetimes for B* D* P™Ba~ is involved as a true intermediate is expected to be
energy transfer and B*> BoTHa™ electron transfer are 570  energetically not possible in the HM202L RC. In line with
and 850 fs, respectively, in Figure 5F in order to fit both the this proposal it may also be possible that a mechanism
340 fs decay of B* and the 60% efficiency of energy transfer involving the formation of R™Ha~ from P* also operates
from B* to D* upon excitation at 798 nm. Recently, King in mutant RCs in which the P/Predox potential has been
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greatly increased, but which still perform a relatively fast
P*-driven primary charge separatio#g).

CONCLUDING REMARKS

In this work we show that at least two different pathways
for electron transfer operate in HM202L heterodimer RCs
of Rb. sphaeroidesThe pathway driven by D* is slow and
inefficient due to a fast internal conversion from D* to the
ground state, while the alternative pathway, which is
selectively driven by B* is sufficiently fast to compete
effectively with energy transfer from B to D and results
in efficient charge separation. The time evolution of the
transient spectra clearly identifiea BHa~ as the first charge
separated state followingaBexcitation, which is converted
to D"Ha~ on a time scale of 4 ps. The operation of the “new”
path makes HM202L RCs more efficient in charge separation
following Ba or Ha excitation than following D excitation.

The success of the new path is clearly tuned by the properties

of the “special pair” dimer as manifested by the absence of
the formation of R™Ha~ upon 798 nm excitation of the
reverse heterodimer RC HL173L. To explain a decrease in
accessibility of R™Ha~ in the HL173L heterodimer RC, it
can be argued that the direction of the permanent dipole
moment in D, in which thé-positive charge is now at the
position most adjacent to Bcould destabilize the energy
level of BatHa™. These results demonstrate that in general
in photosynthetic RCs with a weakened special pair, such
as the Photosystem 2 RC of higher plarg4, 65), efficient
electron transfer may be initiated by the monomeric pigments
in the active branch, provided that certain thermodynamic
conditions are fulfilled.
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