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ABSTRACT: Excited-state and electron-transfer dynamics at cryogenic temperature in reaction center core
(RCC) complexes of the photosynthetic green sulfur bacteRuosthecochloris aestuarivere studied

by means of time-resolved absorption spectroscopy, using selective excitaton of bacteriochlorophyll (BChl)
a and of chlorophyll (Chl)a 670. The results indicate that the BCl®f the RCC complex form an
excitonically coupled system. Relaxation of the excitation energy within the ensemble caBt@i¢cules
occurred within 2 ps. A time constant of about 25 ps was ascribed to charge separation. Absorption
changes in the 670 nm region, where @870 absorbs, were fairly complicated. They showed various
time constants and were dependent on the wavelength of excitation and they did not lead to a simple
picture of the electron acceptor reaction. Energy transfer froma@l0 to BChla occurred with a time
constant of 1.5 ps. However, upon excitation of @18l70 the amount of oxidized primary electron donor,
P840, formed relative to that of excited BChlwas considerably larger than upon direct excitation of
BChla. This indicates the existence of an alternative pathway for charge separation which does not involve
excited BChla.

It is generally assumed that the reaction center of green For several years studies have been performed on the
sulfur bacteria resembles that of photosystem | of green energy- and electron-transfer dynamics in membranes of
plants ). However, for studies of energy relaxation and green sulfur bacteria by means of transient absorption in the
electron transfer, the reaction center core (RG&@mplex picosecond time range. Such membranes contain the Fenna
of green sulfur bacteria offers at least two advantages overMatthews-Olson (FMO) antenna complex in addition to the
the corresponding photosystem | core complexes. First of core complex. These experiments were done with nonselec-
all, the energy levels of the system involved in energy tive excitation at 532 nm and at room as well as at cryogenic
transfer are much better resolved, while the complex containstemperature3, 7, 8). Similar studies were also performed
fewer pigments. Second, the putative electron acceptor, awith FMO-containing preparations that were solubilized with
chlorophyllaisomer, Chla 670, absorbs in a spectral range detergents 1, 9). Now that a fast procedure for isolating
far away from that of the “antenna” bacteriochlorophylls photoactive RCC complexes from green sulfur bacteria has
(BChls) and the primary electron donor. been developedl(), more detailed studies of the dynamics

The RCC complex oProsthecochloris aestuarpresum- of energy transformation have become possible. Recently
ably contains a total of 16 bacteriochlorophyll (BClal) we performed time-resolved measurements with selective
molecules and 4 Chis 670 ). The primary electron donor  excitation of the BChlsa and Chisa 670 at 275 K (1).
P840, a dimer of BChh, is assumed to absorb at the low This paper reports the results of absorbance difference
energy side of the BChh Q, band (near 837 nm at low measurements at cryogenic temperatures. The experiments
temperature). The residual 14 BChlform the core antenna,  indicate that the RCC complex can be described in terms of
which absorbs between 780 and 840 nm. At least some ofan excitonically coupled system. Relaxation of the excitation
the Chla 670 molecules are closely associated with the energy within the ensemble of BChl pigments occurred
reaction center and may function as primary electron within 2 ps, and a time constant of about 25 ps is ascribed
acceptorsi, 3—5). Perhaps the four pigments are arranged to charge separation. Selective excitation of @hb70
in a similar fashion as are the corresponding Chls in resulted in the formation of a larger amount of P840
photosystem | ). relation to that of excited BChh than upon excitation of

BChl a, indicating the existence of an alternative pathway
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Ficure 1: Absorption spectrum of the RCC complex at 10 K (solid
wavelength (nm)

line) together with the spectra of the narrow band excitation pulses
used (dashed lines).

0.03

. _ 807nm  ©
mM potassium phosphate (pH 6.5) and 2.5 mM Triton

X-100. To all samples were added 30 mM sodium ascorbate 0.00
and 20uM N-methylphenazonium methosulfate (PMS) to
keep P840 reduced in the dark. To obtain clear samples at -0.03
low temperature, glycerol (66% v/v) was added.

Low-temperature time-resolved transient absorption mea-
surements were performed with a home-built amplified dye -0.08
laser system, operating at 10 Hz, described earigr12).
Excitation pulses were obtained by amplifying the white light
continuum in a dye cell. The light passed through a suitable Ficure 2: (A) Time-resolved difference spectra of the RCC
interference filter for narrow-band excitation and an RG780 gﬁ?ﬂg'% ?]t n%oc};n%g?;deaﬁcggtsior?mwg gesl»gegtg?lgSbfosadsgﬁésﬁn(gf
fllter (Schott) for spectrally broad exclltatlon in the near- 1.5ps (dash)ed line), and 2.5 ps (aotted Iir)lle) after tﬁe E)nset of tz{e
infrared. LDS 698 and LDS 821 (Exciton) were used for pise  (B) Spectra at delays of 11 ps (solid line), 21 ps (dashed
excitation around 670 nm and in the 78840 nm region,  |ine), and 500 ps (dotted line). The spectra were plotted with an
respectively. The time resolution was 300 fs unless otherwiseoffset of —0.05 for clarity. The time resolution was 600 fs. (C)
indicated, and the accuracy of the wavelength calibration wasKi_”el'fiCS cl):f_tabsorl_t:ja?ce changez at Sozh(triangles) ar;d |8d37 nm
+1 nm. Pump and probe pulses were polarized at the magicgco'gcstesr)& of 27(Sp°s' angzsz:g‘r’]esignt%%%ggn o ponential decay
angle with respect to each other. All measurements were
performed at 10 K, using a helium flow cryostat (Utrecs-
LSO, Tartu, Estonia). The concentration of the sample was
adjusted to an absorbance of about 0.5 at 837 nm at low

tempgrature; the op_tlcal pathway was O.5_mm. .. excitation of essentially all BCh& Q transitions of the
Millisecond flash-induced absorbance difference kinetics complex. A rapid spectral evolution with time is seen,

were megsgred by using a singlg—beam Sp‘E’CtrOphOtor,mateFeﬂecting downward energy relaxation within the exciton
(13). Excitation flashes were provided by a tunable optical ahifold. All spectra show three bands but with different
parametric oscillator (OPO) (6 ns pulse duration, 6 Nm ;mpjitydes. At 0.5 ps after excitation the main bleaching was
bandwidth) pumped by a Nd:YAG laser, a xenon flashlamp 5 50 nm, but the amplitude of this band decreased rapidly,
combined with suitable interference filters (fwhm: -102 and already in the difference spectrum at 1.5 ps a band at

nm), or the frequency-double_d output of a Q'SV‘.”tCheq Nd: 837 hm had developed into the largest bleaching band. This
YAG laser (15 ns pulse duration, 532 nm). The intensity of 1hq reached its maximum bleaching at 2.5 ps, and subse-
the excitation flashes was varleq by means of n_eutral dens'tyquently the signal decayed with a time constant 023
filters and measured with a calibrated photodiode. ps to a constant value (Figure 2C). The maximum bleaching
at 837 nm amounted to 11% of the absorbance at this
wavelength; it is obviously due to excited-state formation
Figure 1 shows the low-temperature absorption spectrumassociated with the transition at 837 nm in the absorption
of the RCC complex oP. aestuarij together with the profiles  spectrum, together with the generation of stimulated emission
of the narrow-band pulses (centered at 799 and 837 nm) usedrom the excited state. The signal amplitude was linear with
for excitation. Broad band pulses centered at 825 and 672intensity, indicating that exciton annihilation did not occur.
nm were also used. The absorption spectrum is almostThe positive band at 807 nm, which was also observed at
identical to that published earliet@). In the near-infrared  room temperaturel{), may be assigned to excited-state
region at least six bands can be discerned due jo Q absorption, due to a transition from the singly excited to the
transitions of BChla, located at 797, 800, 810, 820, 831, doubly excited exciton level. This band is much higher and
and 837 nm, as determined from the second derivative narrower than that associated with monomeric B&(i14,
spectrum. Four different bands can be distinguished in the 15), which is a strong indication for exciton interactions
region 666-680 nm corresponding to,@ransitions of Chl between the BChlIs1@). Similar excited state absorption
a 670 (H. P. Permentier, personal communication). bands have been observed in difference spectra of the LH2

0 150 300 450
delay (ps)

Absorption difference spectra obtained upon broad-band
excitation (786-840 nm) at different delays after a pulse
are shown in Figure 2. The pulses caused nonselective

RESULTS
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Ficure 3: Absorption difference spectra of the charge-separated FIGURE 4: Time-resolved spectra of the RCC complex upon
state. (A, solid line) Spectrum obtained with excitation with a 15 excitation at 799 nm: (A) at delays of 0.1 ps (solid line), 0.3 ps
ns 532 nm laser pulse. The other spectra were obtained by averagindgdashed line), and 0.7 ps (dotted line); (B) 2 ps (solid line), 22 ps
the signals in the time range of 15800 ps with various  (dashed line), and 500 ps (dotted line); offse@.015.

wavelengths of excitation. (A, dashed line) Broad band excitation

E:gnterleg l"?‘t 8)22 e (t"’.‘s n 't:'%ge 2) andd(?édgtteﬁ “Sel‘.) at)67tzsgr?' small fraction of the bleaching at 799 nm had a very long

, solid line) Excitation ai nm an , dashed line) a e o :

nm. The amplitudes and positions of the band near 837 nm Were“f.et'me’ seen by an agdltlonal bleachlng on the P840
normalized. difference spectrum (Figure 3B). This effect was also

observed at 275 K and was attributed to a small amount of

light-harvesting complex of purple bacterit7( 18) and of BChl a absorbing near 799 nm which is disconnected from
the FennaMatthews-Olson (FMO) complex of green sulfur  the functional BChk (11). The other excited states of BChl
bacteria 19, 20). Model studies with the FMO complex have & had also been observed with broad-band excitation (Figure
shown that the oscillator strengths of the various transitions 2). One of these is characterized by a bleaching at 820 nm,
and consequently the shape of the light-induced difference Which may be ascribed to BClal 820 and which is most
spectra are strongly affected by exciton coupling. Neverthe- Prominent in the spectra taken at 0.3 and 0.7 ps. The other
less, these transitions are dominated by the site energies ofPne, with a main bleaching band at 837 nm and a strong
the individual pigments and one may therefore associate a€xcited-state absorption at 807 nm, represents the lowest
particular transition with a single BClalmolecule. In view  energy level (BChia 837). This state was formed with a

of the overal similarity of the steady-state and excited-state time constant of 0.4 ps (not shown). The signals at 837 and
absorption spectra, we assume that the same applies to th807 nm decayed to a constant value with a time constant of
RCC complex. We shall therefore in the following discuss 25 ps, the same as observed upon broad-band excitation.

spectra in terms of spectral forms of BChl rather than in Thus, as at room temperaturgl), relaxation in the core
terms of transitions in the manifold of exciton states. antenna is more than an order of magnitude faster than charge

The spectrum of the constant component is shown in Separation.
Figure 2B and with better signal-to-noise ratio, obtained by  Figure 5A,B shows absorbance difference spectra upon
averaging the spectra in the time range of 4500 ps, in excitation at 837 nm. The difference spectrum that formed
Figure 3. The spectrum lacked the excited-state band at 807immediately upon excitation was essentially that of the lowest
nm and was very similar to that of a 40 ms decay component energy state. The kinetics at 837 nm as well as at 807 nm
(Figure 3A, solid line) that has been ascribed to recombina- showed a fast decay component of10.3 ps and a slower
tion of P840 with the first iron—sulfur center, E (10). This one of 22+ 3 ps (Figure 5C) to a constant value. Figure 3B
indicates that the constant component is due to P&4al shows the spectrum of the constant component. Apart from
that the 27 ps kinetic component reflects the primary charge @ relatively strong band at 837 nm, it was similar to that
separation. As noted earliet@), the low-temperature dif-  obtained with broad-band excitation; we therefore ascribe it
ference spectrum of P840 oxidation is quite complicated, to photooxidation of P840. It is of interest to note here that,
probably due to electrochromic effects of P84hd changes  as at 275 K 11), the bleaching band at 837 nm showed a
in exciton interaction. The excited-state difference spectrum rapid broadening after excitation. The half-width was 4.0
that precedes the charge separation did not change apnm initially (0.4 ps); it was 5.3 nm at 0.6 ps, and reached a
preciably after 2.5 ps, except for amplitude. constant value of 6.2 nm at 6.3 and 13 ps (Figure 6). We

Difference spectra obtained upon narrow-band excitation conclude that rapid energy transfer occurs between long
at 799 nm are shown in Figure 4. The difference spectra Wavelength BChis with approximately equal energy levels;
resemble those earlier obtained at 2751K)( except that  this process may cause the 1 ps kinetic component mentioned
the bands are somewhat better resolved. At least three@bove.
different excited states of BChlcan be discerned. The first Experiments were also done with a sample that had been
one was very short-lived and is most clearly seen in the cooled in the light. In this case, PMS was omitted and the
spectrum measured at 100 fs. It consisted of a bleaching atconcentration of ascorbate was lowered to 20 mM. Excitation
799 nm, with perhaps some smaller bands at other wave-was again at 837 nm. The excited-state difference spectra
lengths and is apparently mainly due to excitation of BChls (not shown) were essentially the same as those of the
a 797 and 800. The signal decayed again in about 0.5 ps. Aprevious series, but the difference spectrum at-1510 ps
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Ficure 5: (A) Time-resolved spectra of the RCC complex upon
excitation at 837 nm at delays of 0.1 ps (solid line), 0.4 ps (dashed wavelenlglgth (nm)
line), and 0.6 ps (dotted line). (B) Difference spectra at delays of i
6.3 ps (solid line), 22 ps (dashed line), and 500 ps (dotted line); 0.00 =5
offset,—0.045. (C) Kinetics of absorbance changes at 807 (triangles) i A E
and 837 nm (circles). Fits (solid lines) were made with two 669nm o
exponential decay components of 1 and 22 ps and a constant value. -0.02 - & & o> ooy
The relative amplitudes of the 1 ps, 22 ps, and constant components < | % 837 nm gé
were 0.61:1:0.27 at 837 nm and 0.55:0:13 at 807 nm, respec- % ?
tively. 0041 Y o, -0
Q7207
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FIGURE 7: Time-resolved spectra upon excitation at 672 nm (fwhm
of the excitation pulse: 25 nm): (A) measured at delays of 0.2 ps
(solid line), 0.6 ps (dashed line), and 3 ps (dotted line); (B) spectra
averaged from 3 to 17 ps (solid line), 22 to 80 ps (dashed line),
and 95 to 500 ps (dotted line), offseD.02; (C) difference spectra
recorded in the near-infrared at delays of 0.8 ps (solid line), 2 ps
(dashed line), and 7 ps (dotted line); (D) at 35 ps (solid line) and
500 ps (dashed line), offset0.045; (E) kinetics of absorbance
. , changes upon excitation at 672 nm. Triangles: detected at 669 nm.
The fit (solid line) was done with a decay constant of 1.5 ps and
828 832 836 840 844 a constant value. Circles: Kinetics at 837 nm, fitted (dashed line)
wavelength (nm) with a rise constant of 1.5 ps, a decay of 25 ps, and a constant
value. The time resolution was 600 fs.

AA (rel.)

FIGURE 6: Spectra obtained at different delays with excitation at

837 nm, normalized and plotted on an extended scale. Spectra wereshowed a bleaching centered at 669 nm (Figure 7A). The
recorded, in order of increasing bandwidth, at 0.4 ps (fwhm: 4.0 9 . - 9 ' ;
nm), 0.6 ps (fwhm: 5.2 nm), 6.3 ps (fwhm: 6.2 nm), and 13.3 ps Pand developed within the time resolution of the apparatus;

(fwhm: 6.3 nm). its shape was the same as that of the absorption band,
indicating that all four spectral forms of Clal 670 were

showed an about two times smaller bleaching at 837 nm, equally excited. Part of the bleaching reversed again with a
indicating that at least in part of the reaction centers P840 time constant of 1.5 ps (Figure 7E). The remaining signal
was in the oxidized state before the pulse. Excited B&hl was blue-shifted with respect to the initial signal: it appeared
837 showed a main decay component of13 ps. It thus to consist of three bleaching bands, at 660 nm (shoulder)
appears that the excitations are quenched even more strongland 666 and 675 nm. The amplitude of the signal did not
by the oxidized than by the “open” reaction center. The same change appreciably after 3 ps and appeared to be stable
has been observed in heliobacter®)( during at least 1.5 ns.

Difference spectra and kinetics obtained upon excitation  Difference spectra in the near-infrared upon excitation of
of Chl a 670 are shown in Figure 7. The initial spectrum Chla670 are shown in Figure 7C,D. They are not basically
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different from those obtained upon broad-band excitation of 7.

A

BChl a, with bands at 837, 820, and 807 nm, the last one -0.06 |- o, &
positive. This indicates that at least part of the excitations I o % °
on Chla 670 are rapidly transferred to BChland in fact PN °

the bleaching at 837 nm developed with a time constant of 5 - o

1.5 ps, the same as observed in the decay at 669 nm (Figure < 0.03 . 2

7E). Nevertheless, comparison of the difference spectra at i
0.8, 2, and 7 ps indicates that some of the excitations are
not transferred directly to BChd 837 but via one or more A
BChl a transitions with intermediate energies. The bleaching - A
at 837 nm decayed with the usual time constant o223 ;

ps to a constant level. The spectrum of the constant
component, averaged over the time range-1800 ps, is
plotted in Figure 3A (dotted line). Its shape is very similar ©
to the spectrum obtained with broad-band excitation in the
near-infrared and is obviously due to P8468lowever, even 0.01 F ¢
a cursory inspection of Figure 7C,D shows that the amplitude v oo

of the P840 signal is unusually large as compared to the
maximum amplitude of the signal of excited BChl837.
This phenomenon can also be seen in similar difference
spectra obtained at 275 K (Figure 4 of refl). We
investigated this effect in a more quantitative way by
comparing the amplitude of the constant component with v
that of the decay component of about 25 ps at 837 nm. It 000 fFe .
turned out that upon excitation in the near-infrared region 0 2 4 6
(799 nm, 837 nm, or broad-band) the ratio of these two

amplitudes varied between 26 and 29%, whereas that upon _ _ _ _
excitation at 672 nm was 66%. Ficure 8: Amount of P840 decaying with a time constant of 40

. - ms at 10 K, measured upon various excitation wavelengths as a

The above observations would seem to indicate that fynction of the relative number of absorbed photons. (A) Excitation
approximately half of the excitations on Chl 670 are with OPO: 800 nm (circles); 820 nm (up triangles); and 835 nm
processed in an alternative, direct pathway for charge (squares). (B) Excitation with a xenon flashlamp: 600 nm (down
separation, not involving excited BCH 837. Possible  triangles); 670 nm (diamonds).
mechanisms will be discussed in the next section. However,
we first wanted to exclude a more trivial explanation, namely
that significant loss of energy would occur upon excitation
of BChl a but not of Chla 670. Although our preparation
was considerably more active photochemically than most or
all other preparations of similar composition described in
the literature 10), damage during the isolation procedure 5
could not be excluded, and the observation of long-lived
excited and strongly fluorescing spectral forms of B@hl
(Figures 4 and 5; H. P. Permentier, personal communication)
could support this notion. Therefore, we compared the
relative efficiencies for light absorbed by Chlb70 and by 1
the various spectral forms of BCalin bringing about charge 640 650 660 670 680 690
separation, as shown in the experiments of Figure 8. The wavelength (nm)
extent of charge separation was measured as the amount oficure 9: Absorbance difference spectra in the @870 region
B e o O O e s i 31 SAa wale it o 110 & s
Light-induced absorbance changes at 837 nm were measurefk 1% 10 9 5 75 20 S 22, 153 pe (dotted fine) and
W|th_var|ous excitation wavelengths as a function of the 5435 500 ps (detdashed line).
relative number of absorbed photons. The measurements
were done with two different excitation sources. Experiments BChl a. If anything, Chla 670 appears to be somewhat less
of Figure 8A were performed with an OPO laser and of efficient than BChla. Thus, our observations indicate that
Figure 8B with a xenon flashlamp using different wave- excitation of Chla 670 provides a direct way to bring about
lengths of excitations in the and Q absorption bands of  charge separation without involving excited BGhlthere
the BChlsa (at 600, 800, 820, and 835 nm) and in the Chl is no significant loss of energy upon excitation of the BChls
a 670 band (at 670 nm). Figure 8A,B indicates that the a as the fluorescence experiments might suggest.
amplitude of the signal at 837 nm divided by the number of  The absorbance difference spectra in the@8if0 region
absorbed photons is independent of the wavelength ofwere dependent on the wavelength of excitation. Figure 9
excitation. We conclude that for a given number of absorbed shows spectra obtained upon broad-band excitation of BChl
photons the amount of charge separation (PB#0the same  a. The spectra, with a negative band below 670 nm and a
for excitation in the Chlk 670 and in the various forms of  positive signal at longer wavelengths, resemble those earlier

AAi?a37

0.00 £

AA837 / A837

rel. number of absorbed photons

0.003

-0.003
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obtained at longer times after a flasf, (12) or with with our measurements. The 22 ps component may be
continuous illuminationZ3). However, the spectra measured ascribed to charge separation, but since the photon echo
shortly after the pulse showed a much broader absorptiontechnique measures the lifetime of the initially excited state,
increase at wavelengths longer than 670 nm. The develop-this would imply that this number represents the true time
ment of the difference spectra with time showed various constant for this process. In other words, the transfer-to-trap-
kinetic components. The positive and negative signals at 670limited model would apply.

and 666 nm, respectively, formed relatively fast with atime o pasis of earlier evidencs, @, 7), it has been assumed
constant of 4 ps, but other features developed more slowly.ihat chia 670 is the primary electron acceptor. In this
At intermediate times a negative band near 660 nm evolved, cqnnection it may be remarked that absorption and CD
the negative band at 666 nm considerably strengthened, andyecra (H. P. Permentier, personal communication) indicate

finally the positive band at 670 nm sharpened, so that in ¢ the protein structure near the G670 binding sites is
this respect the difference spectrum measured after 200 PShighly conserved betweeR. aestuarii and Chlorobium
more closely resembled that measured in the millisecond a”dtepidum much more so than in the BCll region @7)

second range2(, 23). Note that the bands at 660 and 666
nm are also present in the difference spectra of Figure 7B
but with larger amplitude. We tentatively attribute them to
reduction of the primary electron acceptor.

suggesting an essential role for G670 in photochemistry.
'However, in contrast to observations with the related reaction
center of heliobacteria, where low-temperature illumination
produces a clear-cut and simple difference spectrum with a
bleaching band at 665 nn2§), the results obtained by us
with the RCC complex ofP. aestuariiare more complicated.

Our experimentS, like those earlier done at 275]]{)( As Figure 9 ShOWS, excitation in the BCAhI region first
clearly indicate that the BChks of the RCC complex form ~ produced a spectrum with a negative band at 666 nm and a
an exciton coupled system. The lowest exciton level is broad positive band at 67700 nm. This spectrum was
characterized by a bleaching at 837 nm, a weaker negativeformed rapidly (4 ps), and we have no ready explanation
band at 820 nm, and a positive band, signifying excited- for this phenomenon. Then an additional bleaching occurs
state absorption, at 807 nm. Excited states with higher energy with bands at 660 and 666 nm which could well be explained
formed upon short-wavelength excitation, relax at rates which by a reduction of Chla 670 resulting from the charge
appear to be about the same as those measured at 275 Kgeparation, but the amplitude is relatively small, as was also
(11): within 2 ps essentially all energy is located at the observed at 275 K1(1). It should be kept in mind, however,
lowest excited-state level. As discussed earlier, we assumethat the negative band produced upon photoreduction of
that this state is mainly associated with a discrete BLhl ~ bacteriopheophytin in the reaction center of purple bacteria
species, BChh 837. Excited BChla 837 decays in about IS quite weak tooZ9). Finally, in the time range of several
25 ps, and the resulting difference spectrum is clearly due hundreds of picoseconds, the positive band at 670 nm
to the charge-separated state, with a bleaching band reflectingharpens so that the resulting spectrum more closely re-
the presence of the oxidized primary electron donor, P840 sembles the spectrum measured at later tir2ds @At the

The rate at which P840formed after a pulse was found ~Same time the negative band at 660 nm appears to shift to
to be remarkably independent of temperat@gel(l). This shorter wavelengths. This spectral change might signify a
rate can be interpreted in two ways, depending on the transfer of electrons to a secondary electron acceptor.
trapping model used. In the diffusion-limited model, which  Illlumination at 672 nm produced a larger P84§ignal
was assumed to apply to purple bacteBi4, @5), the rate of relative to that of excited BChh 837 (Figure 7). This
charge separation is determined by the rate of energy transfeindicates the presence of an additional pathway for charge
to the reaction center, and since energy transfer between theseparation. To be efficient, the initial step of this process
core antenna BChls is quite fast, the rate-limiting step in should occur with approximately the same time constant as
our case would be energy transfer from B@td37 to P840, that for energy transfer to BChl together giving an 1.5 ps
i.e., the so-called transfer-to-trap-limited mod25) would exponential decay of excited Cld 670. Two possible
be valid. mechanisms for this additional pathway may be envisaged:

In the trap-limited model excited P840 would be in rapid (i) Direct energy transfer occurs from excited Gh670 to
equilibrium with excited BChl 837 (and at higher temper- P840, followed by charge separation, P84Q — P840
ature also with other BChls), and the rate of conversion of A,. Such a scheme, of course, would require that the trap-
excited P840 to P840would be determined by the rate limited model for energy transfer does not apply, since
constant for charge separation and the equilibrium constantotherwise the excitations would diffuse back from excited
between excited P840 and core antenna BChls. In this caseP840 to BChla 837. (ii) Charge separation occurs by a
the 25 ps decay of the bleaching at 837 nm would contain aprocess involving Chh 670 as a primary photochemical
significant contribution of excited P840, whereas in the reactant, e.g. by a reaction (assuming @hb70 to be
diffusion-limited model this contribution may be very small. identical to A) P840 A* — P840" A, analogous to what

It is of interest to compare our results with those obtained has been proposed by van Brederode e88|.31) for purple
by Nowak et al. 26) by means of accumulated photon echo bacteria. Both schemes appear to be compatible with our
measurements at 1.2 K. Decays observed at 837 nm includedxperimental results and are supported by the difference
components of 1.5, 22, and about 300 ps. Faster componentspectra obtained in the 670 nm region, where a negative
were dominating the kinetics at shorter wavelengths. The signal is observed with bands at 660, 666, and 670 nm which
300 ps component can only be of minor quantitative shows hardly any decay in the time range-1%00 ps. This
importance, whereas the other two are in good agreementsuggests that the bleaching is due to a chemical intermediate

DISCUSSION
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rather than an excited state of Gh%70. Both schemes would
imply a low yield of BChla fluorescence upon excitation

of Chla 670, but this effect would be hard to observe because

of the presence of strongly fluorescing BChl pools,

mentioned earlier. It may be noted here that precisely this

effect was observed ikleliobacterium chlorum32), sug-
gesting that the “additional pathway” for charge separation

does also exist in heliobacteria. This point is presently under

investigation in our laboratory.
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