Biophysical Journal Volume 66 February 1994 437-445 437

Time-Resolved Spectroscopy of Energy and Electron Transfer Processes
in the Photosynthetic Bacterium Heliobacillus mobilis
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ABSTRACT The kinetics of excitation energy transfer and electron transfer processes within the membrane of Heliobacillus
mobilis were investigated using femtosecond transient absorption difference spectroscopy at room temperature. The kinetics
in the 725- to 865-nm region, upon excitation at 590 and 670 nm, were fit using global analysis. The fits returned three ki-
netic components with lifetimes of 1-2 ps and 27-30 ps, and a component that does not decay within several nanoseconds.
The 1- to 2-ps component is attributed to excitation equilibration to form a thermally relaxed excited state. The 27- to 30-ps
phase corresponds to the decay of the relaxed excited state to form a charge-separated state. The intrinsic energy and elec-
tron transfer rates were estimated using the experimental results and theoretical models for excitation migration and trapping
dynamics. Taking into account the number of antenna pigments and their spectral distribution, an upper limit of 1.2 ps for the
intrinsic time constant for charge separation in the reaction center is calculated. This upper limit corresponds with the
trapping-limited case for excitation migration and trapping. Reduction of the primary electron acceptor A, was observed in
the 640 to 700 nm region using excitation at 780 nm. An instantaneous absorbance increase followed by a decay of about 30
ps was observed over a broad wavelength region due to the excited state absorption and decay of BChl g molecules in the
antenna. In addition, a narrow bleaching band centered at 670 nm grows in with an apparent time constant of about 10 ps,
superimposed on the 30-ps absorbance increase due to excited state absorption. Measurements on a longer time scale
showed that besides the 670 nm pigment a BChl g molecule absorbing near 785 nm may be involved in the primary charge
separation, and that this pigment may be in equilibrium with the 670 nm pigment. The bleaching bands at 670 nm and 785
nm recovered with a time constant of about 600 ps, due to forward electron transport to a secondary electron acceptor. En-
ergy and electron transfer properties of H. mobilis membranes are compared with Photosystem |, to which the heliobacteria

bear an evolutionary relationship.

INTRODUCTION

The primary processes of energy transfer and charge sepa-
ration in photosynthetic systems have been studied exten-
sively by various spectroscopic methods, in particular ul-
trafast time-resolved spectroscopy (Sundstrém and van
Grondelle, 1991). However, a detailed understanding of an-
tenna processes and how they are coupled to electron transfer
in photosynthetic reaction centers is still lacking.

The heliobacteria are a newly discovered group of non-
oxygen evolving photosynthetic bacteria (Gest and Favinger,
1983; Beer-Romero and Gest, 1987; Madigan, 1992). This
family of organisms has a photosynthetic apparatus with a
very simple structure, in that the antenna and reaction center
are organized as a single pigment-protein complex with ap-
proximately 35-40 antenna molecules per reaction center,
with bacteriochlorophyll (BChl) g as the major pigment
(Nuijs et al., 1985; Trost and Blankenship, 1989; Vos et al.,
1989; Van de Meent et al., 1990). Recent evidence indicates
that the heliobacteria probably contain a homodimeric core
protein complex (Liebl et al., 1993). This is in contrast to the
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heterodimeric protein complexes found in most other pho-
tosynthetic reaction centers. This combination of properties
suggests that the heliobacteria are the most primitive pho-
tosynthetic organisms yet examined.

The reaction center of the heliobacteria is broadly similar
to that of Photosystem I of oxygen evolving organisms
(Prince et al., 1985; Trost and Blankenship, 1989; Vos et al.,
1989; Van de Meent et al., 1990; Nitschke et al., 1990a; Trost
et al. 1992). Similar findings have also linked the reaction
center of green sulfur bacteria to Photosystem I (Prince and
Olson, 1976; Nitschke et al., 1990b; Biittner et al., 1992).
These organisms may be considered as bacterial models for
Photosystem I in the same way that purple bacteria are used
as models for Photosystem II (Michel and Deisenhofer,
1988). The BChl g antenna in the heliobacteria contains at
least three different spectral forms that can be distinguished
at low temperatures, named BChl g 778, BChl g 793, and
BChl g 808, respectively (Van Dorssen et al., 1985; Smit et
al., 1989). Absorption, fluorescence emission and excitation
measurements at room and low temperature have indicated
that efficient energy transfer takes place from the higher en-
ergy species BChl g 778 and BChl g 793 to the lower energy
BChl g 808 and from BChl g 808 to the primary electron
donor P798 (Van Dorssen et al., 1985; Smit et al., 1989; Van
Kan et al., 1989; Kleinherenbrink et al., 1992). Recent kinetic
studies have suggested that the processes of excitation energy
transfer within the antenna system and from the antenna to
the reaction center take place on a picosecond time scale
(Trost and Blankenship, 1989; Van Noort et al., 1992).
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In order to obtain detailed direct information about the
excitation distribution within the antenna and transfer to the
reaction center and about the initial charge separation pro-
cesses within the reaction center of heliobacteria, we have
studied membranes of Heliobacillus mobilis (H. mobilis) by
using femtosecond transient absorption spectroscopy.

MATERIALS AND METHODS

H. mobilis was grown anaerobically in a 13-liter bottle for 36 h at 37°C under
500 W of incandescent illumination from a 1-liter inoculum in Medium 112
(Gest and Favinger, 1983) plus 20 mM sodium pyruvate. Cells were har-
vested by continuous flow centrifugation and washed once with 20 mM
Tris-5 mM sodium ascorbate, pH 8.0, buffer. All buffers used were thor-
oughly degassed and stored under nitrogen. Membranes were isolated as
described earlier (Trost and Blankenship, 1989) by sonication and centrifu-
gation at 10,000 X g for 10 min, followed by ultracentrifugation of the
supernatant liquid at 200,000 X g for 2 h. The pelleted membranes were
resuspended in buffer to an absorbance above 150 at 788 nm.

For femtosecond transient absorption measurements, the stock mem-
branes were diluted in a buffer solution with 25 mM Tris, pH 8.0, 20 mM
ascorbate, and 100 uM phenazine methosulfate (PMS). For some experi-
ments, the secondary electron acceptors were reduced using a buffer solution
with 100 mM glycine, pH 11.0, 20 mM ascorbate, 100 uM PMS, and 50
mM sodium dithionite. Samples were loaded in a spinning cell with an
optical path length of 2.5 mm and a diameter of 18 cm. The absorbance of
the samples varied between 1.5 and 2.3 at 788 nm (2.5 mm path) depending
on the type of measurement. The sample cell was rotated at two revolutions
per second to ensure that a fresh area was exposed for each laser flash. The
excitation intensity was adjusted such that for each excitation pulse less than
0.25 photon was absorbed per reaction center. The number of photons ab-
sorbed by each reaction center per laser pulse was calculated (Cho et al.,
1984) using the measured pulse energy of 1.85 pJ per pulse focused on a
2-mm spot in the sample, and the estimated optical cross section of reaction
center at 590 nm, of 1.33 X 10~'° cm?. This was calculated using an assumed
extinction coefficient at 590 nm of 10* liter Mol~! cm™! along with a pho-
tosynthetic unit size of 35 BChl g per reaction center (Trost and Blanken-
ship, 1989; Van de Meent et al.; 1990). Control experiments at variable
pump intensities confirmed that the magnitude of the absorbance change
observed was directly proportional to and the kinetics were independent of
the pump intensity.

The laser pulse train used in the femtosecond spectral measurements was
provided by a single jet ultrashort pulse dye laser (Spectra-Physics Model
3500) synchronously pumped by a frequency-doubled, mode-locked cw
Nd:YAG laser (Spectra Physics Model 3800). Both laser pulse trains were
compressed using fiber compression techniques (Spectra-Physics Model
CP1 and Model 3695 pulse compressors). The laser pulse was then amplified
by a three-stage picosecond tunable dye amplifier (Continuum Model
PTA1000) pumped by a high repetition rate regenerative amplifier (Con-
tinuum Model RGA1000). The final output optical pulses from the laser and
amplifier system were 200 fs full width at half maximum at 590 nm, 200
wJ, at a repetition rate of 540 Hz (Taguchi et al., 1992).

The laser beam was split into a pump and probe beam, and the probe beam
was rotated 54.7° with respect to the polarization of the pump beam. The
pump beam was focused into the sample directly for the 590 nm excitation
measurements. For the 780- or 670-nm excitation, the pump beam was
focused into a 1-cm water flow cell to generate a white light continuum and
sent through a 10-nm band pass filter centered at 780 or 670 nm. The beam
was reamplified by a prism amplifier pumped by a 532-nm beam from the
regenerative amplifier.

The probe beam was split into two identical parts, as the probe and the
reference beams, respectively. A variable time delay of the probe and ref-
erence beam relative to the pump beam was provided by a computer con-
trolled translation stage. The probe and the reference signals were focused
onto two separate optical fibers coupled to a monochromator (Acton Re-
search Corporation model Spectra Pro 275). The spectra were acquired on
a dual array optical multichannel analyzer (Princeton Instruments models
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DPAA-1024 and ST121) at 0.14 nm per channel and were averaged over
10* laser shots at each time delay.

Data analysis was performed using locally written software. Decay as-
sociated spectra (DAS) were obtained by fitting transient absorption change
curves over a selected wavelength region simultaneously using Eq. 1

AOD(\, 1) = 2 A; (Vexp( — t/7i) @)

i=1

where AOD (A, ¢) is the observed absorption change at a given wavelength
(A) and time delay (¢); n is the number of kinetic components used in the
fitting; a plot of A(A) versus wavelength is called a decay associated spec-
trum, which represents the amplitude spectrum of the ith kinetic component,
which has a decay lifetime of 7;.

RESULTS
Q, band of BChl g, excitation at 590 nm

Transient absorption difference spectra of membranes of H.
mobilis were measured in the 725 to 865 nm @, band region
at room temperature upon excitation at 590 nm. The exci-
tation wavelength is near the Q, transition band of BChl g.
At this wavelength, most photons are absorbed by antenna
pigments. Excitation annihilation processes in the antenna
were judged to be negligible, based both on a calculation of
the expected number of photons absorbed per reaction center
and the observed independence of the observed kinetics to
changes of a factor of two of light intensity (see Materials and
Methods).

Fig. 1 A shows the time-resolved spectra at early times
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FIGURE 1 Time-resolved absorbance difference spectra of membranes
of H. mobilis at room temperature after laser excitation at 590 nm at (A) 0
ps, 0.15 ps, 0.3 ps, 0.45 ps, 0.75 ps, and 1.95 ps, and (B) 5 ps, 23 ps, 56
ps, and 105 ps.
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(0-2 ps). A photobleaching band developed initially around
794 nm during the first 0.45 ps and shifted to longer wave-
lengths at later times. The spectral shift was completed
within 2 ps and ended around 802 nm. It is probably due to
the redistribution of excitations among different spectral
forms of BChl g, with a possible contribution from intra-
molecular relaxation processes from upper excited states to
the thermally equilibrated lowest excited state. The time-
resolved spectra at later times (5, 23, 56, and 105 ps, in Fig.
1 B) show that the amplitude of the bleaching band decreased
and the peak shifted back to the blue. The maximum bleach-
ing was located at 798 nm at 105 ps and did not change at
later times. This band (100 ps and later) is due to the for-
mation of P798™, the oxidized primary electron donor (Fuller
et al., 1985; Nuijs, et al., 1985; Prince et al., 1985; Trost and
Blankenship, 1989; Nitschke et al., 1990a).

Transient absorption difference kinetics taken on a 150-ps
time scale in the wavelength range of 770830 nm were fitted
using global analysis. The results are shown in Fig. 2. The
decay profiles at three BChl g absorption wavelengths 778,
793, and 808 nm are illustrated in Fig 2 A. Two kinetic com-
ponents (0.7 ps and 26.8 ps) and a constant are needed to fit
the decay profiles adequately in the entire wavelength region.
The smooth lines in Fig. 2 A are the fitting results at the
corresponding wavelengths. The decay associated spectra of
the three kinetic components are shown in Fig. 2 B. The
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FIGURE 2 Kinetics and global analysis of absorption difference spectra
of membranes of H. mobilis at room temperature with 590 nm laser exci-
tation. (A) Decay profiles at 778 nm (upper), 793 nm (middle), and 808 nm
(lower) with theoretical fittings at corresponding wavelengths (smooth
lines). (B) Decay associated spectra from the fit with three kinetic com-
ponents: 0.7 ps (short dashed line, reduced by a factor of 2), 26.8 ps (long
dashed line) and constant (solid line).
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long-lived component is a photobleaching signal centered at
798 nm that represents the oxidized primary donor P798™.
Its spectral shape is very similar to the difference spectrum
measured at 105 ps after excitation (Fig. 1). The 0.7-ps com-
ponent has negative amplitude below 776 nm and a positive
amplitude at longer wavelengths (global analysis on data sets
with 0.15 ps time resolution also show this 1-2 ps rise com-
ponent). The 26.8-ps decay component shows the recovery
of a band peaking at 808 nm with a shoulder extending to 780
nm. The average time constant for this component obtained
from various data sets and fits is 28 = 5 ps. This is in good
agreement with measurements of fluorescence decay kinet-
ics, which gave a value of 25 ps (Trost and Blankenship,
1989). A similar decay time was also recently observed in
picosecond transient absorption experiments by van Noort
et al. (1992).

Q, band of BChi g, excitation at 670 nm

Kinetics in the same wavelength region were also examined
by exciting samples at 670 nm. At this wavelength, as much
as 50% of the absorption is due to pigments with maximum
Q, absorption at 670 nm, one of which functions as the pri-
mary electron acceptor Ao (Nuijs et al., 1985; Van Kan et al.,
1989; Van de Meent et al., 1991). The time-resolved spectra
at early times are broadly similar to those upon excitation of
the antenna at 590 nm, showing a broad bleaching centered
around 795 nm that shifts to 802 nm within 1-2 ps. The
spectra taken at later times show a decrease of the bleaching
and the band shifted back to the blue. The spectrum taken at
100 ps and later is centered at 798 nm and represents the
oxidized primary donor P798*.

Global analysis of the transient absorbance change in the
wavelength region 770 to 830 nm results in three kinetic
components shown in Fig. 3. A fast component with a time
constant of 0.7 ps, similar to the 0.7-ps component in Fig. 2,
is once again observed. The middle component shows a
bleaching band centered at 810 nm. The lifetime of this com-
ponent is found to be 27 * 4 ps from various data sets. We
may assume that it reflects the same process as the 28-ps
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FIGURE 3 Decay-associated spectra obtained from a three component
global fit of the transient absorption kinetics upon excitation at 670 nm. The
medium-dashed line, the long-dashed line and the solid line represent decay
components of 0.72 ps, 26.8 ps and a constant, respectively.
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component upon excitation at 590 nm (Fig. 1), i.e., energy
transfer from the antenna to P798 and subsequent charge
separation. The long-lived component is ascribed to the
charge separated state P798%.

Q, band of the primary acceptor A,, excitation at
780 nm

To obtain direct information about the formation of the pri-
mary charge separated state, kinetics were measured in the
670 nm band where the primary electron acceptor Ao, 8!-
hydroxy Chl a (Van de Meent et al., 1991), absorbs. Ab-
sorbance difference spectra in the 640 to 700 nm region were
measured upon excitation at 780 nm, in the Q, transition band
of BChl g (Fig. 4 A). An instantaneous absorbance increase
followed by a decay was observed over a broad wavelength
region. In addition, a narrow bleaching band peaking at 670
nm developed. The instantaneous rise of the absorption is due
to excited state absorption of the antenna when its ), band
was directly excited. The 670 nm bleaching has been as-
signed to the formation of Ag (5, 19). A Chl a-like breakdown
product of BChl g also absorbs in this region (Beer-Romero
et al., 1988) but is probably not associated with functional
reaction centers. It cannot be excited directly with 780 nm
excitation.

Global analysis over the 640—-700 nm wavelength region
gave three exponential components: a fast decay of 1.5-3 ps,
an intermediate decay of 29 ps, and a slow bleaching re-
covery that was determined to have a time constant of about
600 ps in a longer timescale measurement (see below). The
decay-associated spectra of the three components are shown
in Fig. 4 B. The long-lived component represents the bleach-
ing due to the reduced primary electron acceptor Ag. The
30-ps lifetime is the same as that of the antenna and agrees
with the kinetics observed by van Noort et al. (1992). An
analysis of the same data set, in which just the amplitude of
the 670 bleaching was plotted against time (after correction
at each time point for the broad absorbance increase due to
excited antenna BChl g) yielded a formation time of about
10 ps for the A bleaching, as shown in Fig. 4 C. Also shown
in Fig. 4 C is a theoretical fit to the 670 nm absorbance
change data. The theoretical fit involves an equilibrium be-
tween the 670 nm absorbing primary acceptor species (B)
and another species, C. The possible identity of C is con-
sidered in the Discussion.

Spectra measured on nanosecond time scale

Absorption difference spectra in the 670-nm and 800-nm
regions were also measured on a nanosecond timescale upon
excitation at 780 nm and 590 nm, respectively. Fig. 5 A
shows the difference spectrum in the 670-nm region upon
780-nm excitation, taken at 140 ps minus that taken at 2 ns.
The spectrum shows a narrow bleaching band centered at 670
nm, which is due to the formation and decay of Ay (see
above). The recovery of the 670-nm band shown in Fig. 5 C
was fit with one exponential decay of 594 ps plus a constant.
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FIGURE 4 (A) Time-resolved spectra in the 670 nm region with 780 nm
excitation, at -1 ps, 1 ps, 3 ps, 8 ps, 15 ps, and 50 ps. (B) Decay associated
spectra from a three-component fitting. (C) Solid circles: Amplitude of the
670 nm bleaching band as a function of time, as obtained after subtraction
of the broad absorbance increase across this spectral region. The data ob-
tained in this way represent the transient population of the reduced primary
acceptor Ao. The drawn curves represent the result of a fit using a simple
kinetic model (see inset) with three states (A, B, and C), involving an ir-
reversible process (A — B) with a time constant of 30 ps and a reversible
process (B — C). The curve through the data points represents the transient
population of state B, with the concentrations of A =1and B=C =0 at
t = 0. The time constant for step (A — B) was kept fixed at 30 ps to represent
the trapping of antenna excitations to form the charge separated state. The
time constants for the reversible reaction (B — C) were obtained from a fit
of the transient population of the reduced primary acceptor A, using the
equation for the transient population of B as given in Moore and Pearson
(1981) for this kinetic model.

A similar result was obtained by Nuijs et al. (1985) for H.
chlorum in the same wavelength region, and ascribed to re-
oxidation of Aj due to forward electron transport.

Upon addition of dithionite at high pH, the absorption
difference spectra at 100 ps and 2 ns were virtually identical
(Fig. 6 A). Under these conditions forward electron transport
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is inhibited and charge recombination between P798* and
Aj takes 17 ns (Kleinherenbrink et al., 1991). Fig. 6 B shows
spectra at 100 ps and 2 ns for a sample without dithionite.
The bleaching at 670 nm is completely developed by 100 ps
and has largely decayed by 2 ns. The rise time of the 670 nm
band was identical to that in the absence of dithionite (Fig.
4), which may indicate that the rate of charge separation in
the reaction center is not affected by reduction of the
secondary acceptor(s) (see Discussion).

Absorption changes are also observed on the nanosecond
timescale in the 800-nm region (Nuijs et al., 1985). Fig. 5 B
shows the subtraction of spectra taken at 150 ps and 2 ns
(inset), upon 590-nm excitation, which gives a bleaching
around 785 nm. The time trace at 790 nm shown in Fig. 5
D was obtained by taking the difference between decays at
790 nm and 800 nm in order to separate the kinetics of the
785-nm band from the main bleaching band of P798*. These
kinetics could be adequately fitted with a time constant of
610 ps, suggesting that they reflect the same process sampled
at 670 nm (see above). The absorption difference spectrum
in Fig. 5 B shows the recovery of a BChl g bleaching around
785 nm and clearly not a BChl g bandshift, as has been
suggested earlier (Kleinherenbrink et al., 1991). It decays
with the same kinetics as the 670-nm band when the electron
is transferred from A, to a secondary electron acceptor.

DISCUSSION

Estimation of the charge separation rate in the
reaction center

Our measurements on membranes of H. mobilis give a global
view of the spectral changes and kinetics at early times after
laser excitation. The decay of excitations in the equilibrated
antenna of H. mobilis due to trapping in the reaction center
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was found to have a time constant of about 30 ps. Equili-
bration of excitations over the different spectral forms of
BChl g in the antenna occurred within 1-2 ps, indicating that
energy transfer between neighboring pigment molecules is a
subpicosecond process. If the rates of energy transfer be-
tween the reaction center and neighboring antenna molecules
are equally fast, and if the number of nearest neighbors is the
same for antenna and reaction center pigments, the prob-
abilities for excitations to be on any of the pigments (in-
cluding the reaction center) are the same. This would result
in an excitation lifetime

T, =NT,

@)

where 7, is the time constant for the charge separation pro-
cess (P*Ao— P* Ag) in the reaction center, and N is the total
number of pigment molecules per reaction center. Assuming
N = 35 (Trost and Blankenship, 1989; Van de Meent et al.,
1990), this would yield a time constant for charge separation
T.s = 0.9 ps. However, the effective number of antenna pig-
ments per reaction center is probably lower than 35, since
spectral equilibration accumulates excitations mainly on
BChl g 793 and BChl g 808, i.c., the low energy pools of
antenna BChl g. Furthermore, we should take into account
the fact that the primary electron donor P798 absorbs at con-
siderably shorter wavelength than BChl g 808. This results
in an expression of the excitation lifetime (Trissl, 1993)

Tex = NeﬁTcsexp((E798 _Es()g )/kn (3)

where k is Boltzmann’s constant, T is the absolute tempera-
ture and a value for the effective number of antenna pig-
ments, N,z may be calculated using the equation
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spectra constructed from the spectra taken at (A)
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(B) 150 ps minus 2 ns using 590 nm excitation.
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FIGURE 6 Time-resolved absorbance difference spectra of membranes
of H. mobilis at room temperature at 100 ps (solid line) and 2 ns (dashed
line) after laser excitation at 780 nm. (A) Sample with 50 mM dithionite
added; (B) Sample with no additions.

The number of BChls in each of the 778-, 793-, and 808-nm
antenna pools, N;, can be found from the deconvolution of
the low temperature absorption spectrum of Heliobacterium
chlorum (Smit et al., 1989). The energies E; for each antenna
pool and the primary donor in Egs. 3 and 4 can be calculated
from the wavelength of their maximum absorption. In this
way a value Nz =~ 12 was obtained from Eq. 4, yielding
T.s =~ 1.2 ps from Eq. 3.

The above assumption of relatively fast energy transfer
among all pigment molecules and relatively slow charge
separation in the reaction center corresponds to the so-
called “trapping-limited” case, where an excitation visits
the site of the reaction center many times before it is
trapped by photochemistry (Pearlstein, 1982, 1984). How-
ever, it is not yet certain that this situation indeed applies
to the heliobacterial antenna-reaction center complex. Al-
though the antenna and photoactive pigments are associ-
ated with the same peptide, the distance between the pho-
toactive pigments and neighboring antenna pigments might
be larger than between neighboring antenna pigments.
Even a small increase in this distance could result in a sig-
nificant decrease in the corresponding energy transfer rate.
Furthermore, energy transfer from the bulk antenna to the
reaction center is thought to occur through BChl g 808,
and the overlap between BChl g 808 emission and P798
absorption (which is proportional to the energy transfer
rate) might well be considerably smaller than vice versa.
Therefore, it is possible that the energy transfer step from
the antenna pigments to the photoactive pigments is con-
siderably slower than hopping between neighboring an-
tenna molecules. Such a situation would correspond to a
“special trapping-limited” case (Sundstréom and van Gron-
delle, 1990; Otte et al., 1993), in which not charge separa-
tion itself, but the final energy transfer step into the reac-
tion center is the rate limiting process. Recently, the very
low escape probability to the antenna for excitations on the
reaction center of purple bacteria was explained by a simi-
lar reasoning (Otte et al., 1993).

Transient absorption kinetics upon direct excitation of re-
action center pigments should in principle allow us to de-
termine whether an excitation can escape from the reaction
center to the antenna. This would then allow us to distinguish
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between the trapping-limited case (high escape probability)
or the “special trapping-limited” case (low escape probabil-
ity). Our decay associated spectra upon direct excitation of
the primary acceptor at 670 nm (Fig. 3) show considerable
similarity between the spectral shape and relative amplitude
of the 30 ps decay component compared with that upon ex-
citation at 590 nm (Fig. 2), which would indicate a very high
escape probability for reaction center excitations. However,
the major part of the absorption at 670 nm is still due to
antenna pigments and degradation products (Beer-Romero et
al., 1988), making it difficult to accurately determine the
escape probability from the present data.

The above considerations make it useful to describe en-
ergy transfer and charge separation in terms of a model de-
veloped by Pearlstein (1982; 1984). In this model, the
antenna-reaction center complex is described as a regular
lattice of equidistant pigments. Under conditions where only
the antenna is excited and energy transfer between antenna
pigments is very fast, the model predicts an overall excitation
lifetime

7, =(@F) " N+1,(1+ N —1)1/) 5

in which g is the number of nearest neighbors to the pho-
toactive pigments (the coordination number, with a likely
value from 1 to 6), F, is the energy transfer rate to the pho-
toactive pigments from a neighboring antenna pigment,
and I, and I, are the overlap factors between the photoac-
tive pigment’s emission and the nearest neighbor’s absorp-
tion and vice versa. The parameter N represents the num-
ber of pigments per reaction center, for which the effective
value will be used, since the Pearlstein model does not ac-
count for spectral inhomogeneity. The term (gF,)"!N rep-
resents the “first passage time,” i.e., the average time
needed for an excitation to reach the reaction center site
for the first time. Taking typical values of N of 1040
(Trissl, 1993) and assuming that the rate of energy transfer
to the reaction center from neighboring pigments F, is very
high, (0.1 ps)~!, the first passage time becomes negligible
and Eq. 5 reduces to Eq. 3, the trapping-limited case. It be-
comes clear from Eq. 5 that the charge separation time 7
cannot be larger than the 1.2 ps found above for the
trapping-limited case, which may thus be taken as an up-
per limit. This means that the room temperature charge
separation rate in the reaction center of heliobacteria might
be faster than that in purple bacteria, which is found to be
about 3 ps in several species (Kirmaier and Holten, 1987).
Because information about the values of F, and ¢ in Eq. 5
is lacking, a lower limit for the charge separation time can-
not be given.

The primary charge separated state

The 670-nm bleaching band that appears upon excitation in
the O, band of BChl g (Fig. 3) originates from the formation
of Ap~(8'-hydroxy Chl a (van de Meent et al., 1991)), con-
sistent with the results of earlier measurements (Nuijs, et al.,
1985; Van Noort et al., 1992). The 30-ps component result-
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ing from global analysis of the kinetics in this region (Fig.
4) is consistent with the overall decay lifetime of the antenna
(Trost and Blankenship, 1989). However, there also appears
to be a faster phase to the decay in this region. This is shown
in Fig 4 B as a 1.6-ps phase in a global analysis of the data
in this wavelength region, and in Fig. 4 C as a 10-ps phase
in the data measured at 670 nm, after subtraction of the broad
absorbance increase across the region. Single wavelength fits
across the 670-nm band returned faster decay constants in the
center of the band than on the wings (data not shown). One
possible mechanistic explanation for the behavior at 670 nm
is illustrated in Fig. 4 C. If the reduced primary electron
acceptor reaches an equilibrium with another species, the
apparent time constant of its formation may be faster than the
30-ps rate constant of the process that forms the charge sepa-
rated state. The similarity of the kinetics at 670 nm and 785
nm measured on the nanosecond time scale (Fig. 5) suggests
that there are two decaying bleaching bands that reflect elec-
tron transfer from the primary electron acceptor to the next
electron acceptor. One possibility is that the equilibrium in-
dicated by the fit in Fig. 4 C is between the primary electron
acceptor and the 785-nm absorbing pigment. Additional ex-
periments are underway to test this idea.

The spectral shape of the 785-nm band (Fig. 5) indicates
that it is not likely to be due to an electrochromic shift of
BChl g, as has been suggested earlier (Kleinherenbrink et al.,
1991), in that the characteristic derivative shape of a spectral
bandshift is not observed. The absorbance changes appear to
be a simple bleaching of a spectral form of BChl g that ab-
sorbs around 785 nm. Both bands in Figs. 5 A and 5 B are
associated with the primary charge separated state, which
indicates that besides A, (8'-hydroxy Chl a (Van de Meent
et al., 1991)), a BChl g molecule might also be reduced in
the primary charge separation, or is very closely coupled to
the 670-nm pigment. Further research is currently underway
to investigate this point.

Comparison with Photosystem |

Because the heliobacteria have an evolutionary relation-
ship with Photosystem I (Prince et al., 1985; Trost and
Blankenship, 1989; Vos et al., 1989; Nitschke et al,
1990a; Van de Meent et al., 1990; Trost et al., 1992; Liebl
et al., 1993), it is of interest to compare our results and the
pathways and kinetics of energy and electron transfer in
the two systems. There are numerous spectroscopic studies
of excitation energy transfer and electron transfer pro-
cesses in Photosystem I with a variety of preparations con-
taining chlorophyll to P700 (the primary electron donor in
Photosystem I) ratios ranging from 10-200 (for reviews
see Sétif, 1992; Golbeck and Bryant, 1991). As in helio-
bacteria, the presence of antenna pigments makes it diffi-
cult to study the energy transfer and electron transfer pro-
cesses independently.

In order to determine the charge separation rate from the
observed decay time of antenna excitations after equilibra-
tion, assumptions have to be made about the mechanism of
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energy transfer and trapping. Several authors have concluded
that the rate of excitation trapping in Photosystem I is limited
by charge separation, on the basis of the relatively long over-
all trapping times compared with the energy transfer time
between antenna pigments (Owens et al., 1987; Turconi et
al., 1993; Holzwarth et al., 1993), and references therein.
Assuming trapping limited kinetics and using a spectral de-
composition method to calculate the effective antenna size,
Trissl et al. (1993) calculated a value of 2.3 ps for the charge
separation time in Photosystem I, i.e., slightly longer than the
value upper limit of 1.2 ps that we propose for heliobacteria.
A similar value has been estimated by Owens et al. (1987),
who concluded, however, that the kinetics were essentially
diffusion limited. Although the “special trapping-limited”
case (Sundstrom and van Grondelle, 1990; Otte et al., 1993)
has not been considered for excitation transfer and trapping
in Photosystem I (Owens et al., 1987; Turconi et al., 1993;
Holzwarth et al., 1993; Trissl et al., 1993), it should probably
not be ruled out as a possibility.

In Photosystem I, the acceptor Aq that is reduced in the
primary charge separation is a Chl a species absorbing
around 685—690 nm (Golbeck and Bryant, 1991). No in-
volvement of any other pigment besides P700 and Ag in
the primary charge separation has been reported, but a
shoulder at 670 nm has sometimes been observed in the
Aq~ difference spectrum (Shuvalov et al., 1986; Golbeck
and Bryant, 1991). In this respect it may be interesting to
note that the crystal structure of the Photosystem I core,
that has recently been published (Krauss et al., 1993), indi-
cated the possible presence of an accessory pigment
between P700 and A.

Forward electron transfer from A, to the secondary elec-
tron acceptor A; (phylloquinone) is thought to be excep-
tionally fast in Photosystem I, with a time constant of 32
ps (Shuvalov et al., 1986) or 21 ps (Hastings et al., 1994).
In H. mobilis, forward electron transfer from Ay was found
to occur with a much slower time of 600 ps, indicating that
the next electron acceptor might be different than in Photo
system I. Currently, there is contradictory evidence whether
a quinone functions as acceptor A; in heliobacteria (Trost
et al.,, 1992; Kleinherenbrink et al., 1993).

The heliobacteria probably contain a homodimeric pro-
tein core for the reaction center, consisting of two identical
copies of a single peptide (Leibl et al., 1993), whereas
Photosystem I contains a heterodimeric protein core
(Golbeck and Bryant, 1991). Whether or not the heterodi-
meric Photosystem I reaction center proteins give rise to
two potential pathways of electron transfer, with only one
being active, as is found in purple bacteria, is uncertain, al-
though this is widely assumed to be the case. The simplest
extrapolation to the heliobacteria suggests that these organ-
isms might contain two functional pathways of electron
transfer, although the symmetry of a homodimeric com-
plex could be broken by an asymmetric interaction with an
additional subunit. The presence of integral antenna pig-
ments in both the Photosystem I and heliobacterial com-
plexes makes the question of pathways of electron transfer
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difficult to answer, and a resolution of these important prob-
lems will require additional experiments using multiple
techniques.
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