10792 Biochemistry1998,37,10792-10797
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ABSTRACT. The excited states of bacteriochlorophyll (BChlwere studied by pumpprobe transient
absorption spectroscopy in reaction center core (RCC), Fenna-Matthews-Olson (FMO) araR&MO
complexes of the green sulfur bacteritrosthecochloris aestuariiExcitation at 790 or 835 nm resulted

in rapid equilibration of the energy between the B@mnolecules of the RCC complex: within 1 ps,

most of the excitations had relaxed to the lowest energy level (835 nm), as a result of strong interactions
between the BChls. Excitation of chlorophwl670 resulted in energy transfer to BGhhwith a time
constant of 1.2 ps, followed by thermal equilibration. Independent of the wavelength of excitation, the
decay at 835 nm could be fitted with a time constant of about 25 ps, comparable to the 30 ps measured
earlier with membrane fragments, which is ascribed to trapping in the reaction centers. Similar results
were obtained with the FMORCC complex upon excitation at 835 or 670 nm, but the results upon 790
nm excitation were quite different. Again an equilibrium was rapidly reached, but now most of the
excitations remained within the FMO complex, with a maximum bleaching at 813 nm, the same as observed
in the isolated FMO. Even after 100 ps there was no bleaching at 835 nm and no evidence for charge
separation. We conclude that there is no equilibration of the energy between the FMO and the RCC
complex and that the efficiency of energy transfer from FMO to the reaction center core is low.

The primary processes of trapping and electron transfer Up to now, time-resolved absorption measurements in the
in photosynthetic bacteria have been studied extensively bypicosecond domain have only been performed with mem-
means of ultrafast time-resolved spectroscopy. This appliesbrane fragments, containing the FMO antenna complex in
in particular to purple bacteria. Green sulfur bacteria have addition to the core complex3{-5). Among other things,
not been studied to such an extent. The main reasons arehe results indicated that the primary electron acceptor,
that, in contrast to the reaction center of purple bacteria, theanalogous to Aof photosystem I, is a pigment absorbing
reaction center core complex of green sulfur bacteria is near 670 nm, later identified as a chlorophyll (Chisomer
difficult to isolate in a photochemically active form and, (6), Chla670. The development of a fast and simple method
moreover, contains a considerable number of antenna pig-to isolate a purified core-reaction center complex in a
ments, which makes a spectroscopic study more complicatedphotochemically active and relatively stable form llowed
(D). us to study the excited state and electron-transfer dynamics

With respect to their photochemical characteristics, the in more detail than has been possible so far. The present
green sulfur bacteria, like the heliobacteria, resemble pho-study involves measurements of time-resolved absorbance
tosystem | of green plants. However, they have a much changes in the femto- and picosecond time region, applied
larger and also much more complicated antenna than mosto RCC, FMO-RCC, and isolated FMO complexes of
other photosynthetic organism®)( The major component,  Prosthecochloris aestuarii The experiments indicate that
the chlorosome, is located outside the membrane. A seconcdequilibration of the excitation energy between the B@&hl
component of the antenna system is the Fenna-Matthews-molecules of the core complex occurs within about 1 ps.
Olson (FMO} protein complex, which connects the chlo- Charge separation occurred with a time constant of about
rosomes to the membrane. Only the reaction center core25 ps. No energy transfer was observed between the FMO
(RCC) complex is an intrinsic membrane protein complex. and the core complexes.

Whereas the main pigment of the chlorosome is either

bacteriochlorophyll (BChl), d, or e, the FMO and RCC ~ MATERIALS AND METHODS

complexes contain BCl (2). The primary electron donor, Prosthecochloris aestuaristrain 2K, was grown anaero-
P840, is a BCha dimer (1). bically in a mixed culture as described by Holt et &).(

o L RCC complexes and 3FMERCC complexes were prepared
e ork was supporid by T Neterlands Oraanizaton 197 according to Francke et alf, The 3FMO-RCC complex
Research (SON) and by the European Community (Contract FMRX- contains, in addition to the core complex, about three FMO
CT 96-0081). trimers per reaction center [recent results may indicate a

* Author to whom correspondence should be addressed. ; ;
1 Abbreviations: A, primary electron acceptor; BChl, bacteriochlo- lower number g)]. The RCC complex is devoid of FMO

rophyll; Chl, chlorophyll; FMO complex, Fenna-Matthews-Olson prOteing but it contains the pscA and pSCB polypeptides, with
complex; P840, primary electron donor; RCC, reaction center core. approximately 17 BChh molecules/reaction center)( The
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Ficure 1. (A) Time-resolved difference spectra of the RCC Ficure 2: Kinetics of absorbance changes at 835 nm upon
complex upon excitation at 835 nm at 0 ps (solid line), 0.3 ps excitation at 835 nm. Fits were done with two exponential decay
(dashed line), and 0.4 ps (dotted line) after the onset of the pulse.constants of 0.8 and 22 ps and a constant value. The relative
(B) Spectra at delays 0.6 ps (solid line), 4.6 ps (dashed line), and amplitudes of the 0.8 ps, 22 ps, and the constant components were
85 ps (dotted line). The spectra were plotted with an offset@D3 1:0.75:0.6.
for clarity.
_ ) _ ] o ably due to ground-state depletion upon formation of singlet-
final preparations were dissolved in a buffer containing 20 eycited BChla, together with stimulated emission, while the
mM potassium phosphate (pH 6.5) and 2.5 mM Triton X-100 positive band at 807 nm may be ascribed to excited state
and had an absorbance of 86.6/mm at 835 nm, except  apsorption. During the first few hundred femtoseconds, the
where otherwise indicated. To all samp!es, 30 mM sodium main bleaching band had approximately the same spectral
ascorbate and 20M N-methylphenazonium methosulfate \yigth as the pump pulse, indicating that the excitations were
(PMS) were added to keep P840 reduced in the dark. Theconfined to those BChls that were initially excited. The
FMO complex was isolated according to Francke and AmeSZ pleaching then broadened very rapidly, reached a maximum
(10) and dissolved in 50 mM Tris/HCl and 200 mM sodium  pejght after 0.6 ps and subsequently decayed to a constant
chloride (pH 8.3). lIts concentration was adjusted to an yajye. The maximum bleaching was 3.8% of the absorbance
absorbance of 1/mm at 809 nm. at 816 nm.

Time-resolved transient absorption measurements were From the time-resolved spectra, the kinetics at 835 nm

performed with a home-built amplified dye laser system with ere derived, shown in Figure 2. The decay of the bleaching
continuum generation and optical multichannel analyzer qyid be fitted with time constants of 0480.3 and 22k 3
(OMA,) detection, operating at 10 Hz, described by Kennis s and an irreversible component. The time constant of about
(11). The time resolution was 300 fs. Wavelength-selective 5o ps may be ascribed to trapping in the reaction ceBjer (
excitation pulses were obtained by passing the continuumyyithin the error of the measurement, the excited-state
pulse through an amplifying dye-cell (pumped by a frequency- apsorption at 807 nm disappeared along with the 22 ps kinetic
doubled, Q-switched Nd:YAG laser) and subsequently decay component. The irreversible component may be
through a suitable interference filter with a band width of scriped to photooxidized P840, which is completely stable
7—13nm. LDS 698 was used for amplification around 670 on this time scale?). The value forAAgsgAeis at a delay

nm and LDS 821 for amplification in the 79®35 nm  f 100 ps was 0.013, which is about one-fourth of the number
region. Pump and probe pulses were polarized parallel to gptained with saturating continuous ligi(

eachl oth:[ehr ) Ln ;[hethcas%gf spectrallyt b;roaiih excge(lst?gd Figure 3 shows spectra obtained upon excitation at 790
wavelengins shorter than nm Were cut off with an nm. Since the preparation does not contain any FMO-

filter (Schott). At each delay a few thousand spectra were ; T o .
recorfjed an()j averaged. Wey corrected for the gfoup velocitypmtem’ excitation is again in the BCalof the core at t.h'S

X . . . ) . wavelength. At short delays, the spectra were quite different
dispersion by applying a third-order polynomial function from those obtained with 835 nm excitation, with a main
which was obtained by measuring the dispersion ia (13 bleaching near the wavelength of excitati’on 790 nm
13). The samples were put in a moving cuvette in order to However, within a few hundred femtosecon,ds, strongi

avoid accumulation of oxidized P840. The optical pathway bleaching bands at longer wavelengths developed, and after
was 1 mm. All measurements were performed &C2 about one picosecond, the spectrum resembled that obtained
upon 835 nm excitation. The kinetics at 835 nm showed an
approximately 25 ps decay and an irreversible component,

RCC Complex.Figure 1 shows time-resolved spectra of the latter again being ascribed to P840
the RCC complex upon excitation at 835 nm at different  Taken together, our experiments indicate that there is a
delays of up to 85 ps. A narrow bleaching at 835 nm is rapid equilibration of the energy among the excited B&hl
observed, together with a smaller one at 822 nm and amolecules. Upon 835 nm excitation, the equilibration is
positive band around 807 nm. The bleachings are presum-visible as a broadening of the bleaching around 835 nm

RESULTS
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FIGURE 3: (A) Time-resolved spectra of the RCC complex upon FIGURE 5: Kinetics of absorbance changes at 835 nm upon 670
excitation at 790 nm at delays 0.3 ps (solid line), 0.5 ps (dashed nm excitation fitted with a rise time of 1.2 ps, a decay time of 25
line), and 0.9 ps (dotted line). (B) Difference spectra at delays 4 ps and a constant component (solid lines). The dashed line
ps (solid line), 20 ps (dashed line), and 120 ps (dotted line); offset: (triangles) gives the kinetic trace at 671 nm, fitted with a decay of
—0.02. 1.2 ps and a constant component.

after which thermal equilibrium is established. The decay
at 835 nm could be fitted with a time constant of 25 ps and
an irreversible component, again ascribed to trapping in the
reaction center and to formation of P840

If we compare the absorption difference spectra for
excitation at the different wavelengths, 670, 790, and 835
nm, it is striking that these spectra, especially above 800
nm, are very similar to each other already at a delay-e 1
ps. The main difference is a persistent bleaching near 790
nm upon excitation at 790 nm, which is absent in the other
spectra. This band can probably be ascribed to a long-lived
excited state of some free BChl This is supported by
steady-state fluorescence measurements showing an emission
band at 800 nm (data not shown), which may be ascribed to
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) Figure 6 shows time-resolved spectra throughout the entire
Ficure 4: (A) Time-resolved spectra of the RCC complex upon

i A Qy region, obtained with broad-band excitation pulses

excitation at 670 nm at delays 0.6 ps (solid line), 1 ps (dashed .
line), and 2 ps (dotted line). (é) Diffeeen(ce spectr; at gelasys 7 ps centered at 820 nm. In the BCalregion, the spectra and
(solid line), 21 ps (dashed line), and 110 ps (dotted line); offset: the kinetics were similar, except for the amplitude, to those
—0.015. (Inset) 0.5 ps (solid line) and 100 ps (dotted line). earlier observed upon narrow-band excitation. A maximum
(Figure 1), while excitation at 790 nm is followed by a absorbance decrease at 835 nm of 0.14 was reached, which
growth of the bleaching bands at 835 and 815 nm and a rediS 16% of the absorbance at 816 nm. Again, a fast decay
shift of the latter one (Figure 3). The equilibration appears and a kinetic constant of about 25 ps were observed, together
to be largely completed within the first picosecond of With an irreversible component. From 640 to 750 nm, a
excitation. The 0.8 ps kinetic component may be representa—broad absorption increase was measured, on which a bleach-
tive of this process, but the transient spectra show that alsoind at 670 nm was superimposed. A broad positive band in
more rapid components are involved, which are only partly this region was earlier observed for membranesPof
resolved with the time resolution of our apparatus. aestuarii(3, 4). The bleaching around 670 nm was clearly

Figure 4 shows time-resolved spectra with excitation at Visible at 9 ps (Figure 6B) and did not decay significantly
670 nm, with selective excitation of ChI670. Around 670 on the time scale of the measurement. The time-resolved
nm, a rapid bleaching of the absorption band was observed,sPectrum at a delay of 120 ps in Figure 6B can be interpreted
part of which decayed with a time constant of 1.2 ps (Figure a@s the difference spectrum of the charge separated state
5A). The rise time at 835 nm was the same as the decayP840°Ao". The ratioAAsssAeis at a delay of 120 ps in this
time at 670 nm, indicating that at least part of the Cals ~ case was 0.058. This is in good agreement with the value
670 transfer their excitation energy efficient|y to BChl of 0.055 found by us with Saturating continuous illumination
The spectrum measured at an early time after excitation (solid (7)-
line in Figure 4A) indicates that this transfer occurs about FMO and 3FMG-RCC ComplexesTime-resolved mea-
equally to BChlsa absorbing near 820 and near 835 nm, surements were also performed on 3FMRCC and FMO
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FIGURE 6: (A) Time-resolved spectra of the RCC complex upon Ficure 8: Time-resolved spectra of the isolated FMO complex
excitation with a spectrally broad pulse (fwhm 30 nm) centered at upon excitation at 790 nm at different delays. (A) 0.1 ps (solid
820 nm, at delays 0 ps (solid line), 0.4 ps (dashed line), and 3.5 psline), 0.3 ps (dashed line), and 0.5 ps (dotted line). (B) 1.9 ps (solid
(dotted line). (B) Difference spectra (offset:0.13) at delays 9 ps  line), 20 ps (dashed line) and 95 ps (dotted line); offse.01.
(solid line), 30 ps (dashed line), and 120 ps (dotted line).

different results, however, were obtained with excitation
0.01 around 790 nm where the light is absorbed predominantly
by the FMO complex. An initial bleaching was formed near
795 nm, which rapidly shifted to 813 nm. This shift was
completed within 1 ps, after which the spectrum remained
essentially unchanged during the next 100 ps, except for a
slow decrease of the amplitude of the bleaching. Even at a
—0.03 o< gr o delay of 90 ps, no significant bleaching was observed at 835
| V/ B nm and no evidence for charge separation was obtained. If
J we compare these results with measurements on the isolated
FMO complex (see below), we estimate that at least 80% of
the excitations stay within the FMO complex for at least
100 ps.
-0.07 J Figure 8 shows time-resolved spectra measured with
L it a e tasas isolated FMO complexes. These spectra are very similar to
750 810 870 t_hose obtained With _the 3FM€RCC_3 co_mplex upon excita-
tion at 790 nm. Initially, a bleaching is formed at 795 nm,
wavelength (nm) followed by a shift to 812 nm, which is complete after 1 ps.
EfmURFG)Z:u Aogsé’;*é;‘gt‘i:gndﬂ%rgsr‘%i)5%‘6”(?3 )Ofa:]r:jeégﬁﬁﬁ?(%) .« We conclude that even at a time scale of 100 ps very little
delayes of 0?4 ps (solid lines), 4 ps (élashed Iiﬁes), and about 90 psenergy transfer oceurs from the FMO comp_lex to th_e core.
(dotted lines); offsets: Br0.03; C,—0.05. The absorbance for 1he same conclusion was reached earlier for isolated

measurements with excitation at 790 nm was 1.0/mm at the membranesy, 14) and for other FMG-RCC preparations
maximum. The corresponding spectra were enlarged two times. (14).

-0.01
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-0.05

complexes. Some of the results are shown in Figures 7 and
8. Figure 7 displays absorption difference spectra for the DISCUSSION
3FMO—RCC complex at three delays, following excitation Our time-resolved measurements show that excitation
at 835, 790, and 670 nm, respectively. Spectra and kineticsresults in rapid equilibration of the energy between the BChl
obtained upon excitation at 670 and 835 nm were similar to a molecules of the RCC complex. After about one pico-
those measured for the RCC complex, as was to be expectedsecond, an absorbance difference spectrum was obtained
since under these conditions excitation is mainly in the RCC which was essentially independent of the wavelength of
complex. Excitation at 835 nm resulted in a narrow excitation, with relaxation to the lowest energy level (835
bleaching, which broadened rapidly and decayed with nm). Following a pulse at 835 nm, the excitations were at
biexponential kinetics, which could be fitted again with time first confined to those BChls that were initially excited, and
constants of 0.8 and about 25 ps and an irreversible the equilibration was mainly reflected by a subsequent
component. Upon 670 nm excitation, the kinetics at 835 broadening of the bleaching band. Upon excitation at 790
nm were fitted with a rise time of 1.2 ps and a decay of nm, the initial bleaching at this wavelength was followed
about 25 ps to a constant value. by a shift of the excitation to lower energies. Excitation of
The above observations indicate that the photochemicalChl a 670 gave rise to rapid energy transfer to BGhI
and photophysical properties of isolated RCC complexes andfollowed by equilibration as described above. In all cases,
of those bound to the FMO antenna are the same. Quitethe equilibration was complete in-2 ps; a 0.8 ps kinetic
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component may be associated with this process, but fasterThe “final” difference spectrum, reached within about 1 ps,
components are clearly also involved. shows a maximum at 812 nn,(26).

The difference spectra obtained at a delay of about 1 ps The conclusions drawn from the measurements on the
(e.g., the solid line in Figure 1B) are reminiscent of those 3FMO—RCC complex upon excitation at 670 and 835 nm
observed in the LH2 antenna comp|ex of purp|e bactq_@i ( arein principle the same as for the RCC complex. However,
and in J-aggregated ), the excited-state absorption band €even at 100 ps after the pulse, the absorbance difference
indicating significant exciton interaction in the RCC complex. Spectrum obtained with 790 nm excitation is quite different
However, if we consider the bleaching due to the formation and closely resembles that obtained with isolated FMO
of P840 under the same conditions, it appears that the complexes. We conclude that there is no equilibration of
amplitude of the maximum bleaching in the excited state is the energy between the FMO protein and the RCC complex
about three times that of P84QFigure 1B). This number  and that the excitations stay within the FMO complex on
is significantly less than the corresponding one in purple the time scale of our measurements. Recent results indicate
bacteria {7), and taking into account that it contains a thatin solubilized FMG-RCC complexes part of the FMO
contribution by stimulated emission, it appears that the effect protein may be loosely and nonspecifically boujl (This
of exciton interaction on the extinction coefficient is not very may, atleast in part, explain the absence of substantial energy
large. This may be due, at least in part, to a lack of transfer from FMO protein to the RCC complex in these
symmetry, as in the FMO complet). and earlier {4) measurements, but it does not explain why

Irespective of the wavelength of excitation, a decay the same result was obtained with isolated membrabes (

component of about 25 ps was found at 835 nm, which we 14).
ascribe to trapping in the reaction center. This result may
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