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The energy-transfer process within the isolated BSOO-850 pigment-protein complex of the purple bacterium Rhodobacter 

sphaeroides has been studied by means of spectral hole-burning. The band at 800 nm is inhomogeneously broadened because holes 
could be burnt into it. The widths of these permanent holes are independent of wavelength and temperature between 1.2 and 30 
K. The BChl SOO+BChl850 energy-transfer time deduced from these widths is 2.3k0.4 ps for the isolated complex, and also for 

chromatophores at I .2 K 

1. Intruduction 

The function of the light harvesting (LH) or an- 
tenna complexes in the photosynthetic apparatus is 
to absorb the incident light and transfer the excita- 
tion energy to the photochemical reaction centers 

(RC). In the latter the energy is trapped and the 
charge separation occurs. There are many LH-com- 
plexes per RC, which increases the effective cross 
section for light absorption. The energy-transfer pro- 
cess from the antenna to the RC usually takes place 
in less than one hundred picoseconds and has an ef- 
ficiency higher than 90% [ 1,2]. 

Although the three-dimensional structure of an- 
tenna pigment-protein complexes from purple bac- 
teria has not been determined yet, much is known 
about their organization and energy-transfer dynam- 
ics [2]. The antenna complexes of purple bacteria 
are located in the intracytoplasmic membrane and 
contain bacteriochlorophyll (BChl) and carotenoid 
pigments non-covalently bound to hydrophobic a- 
and P-polypeptides. These pigment-protein com- 
plexes form a network that extends over the whole 
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membrane [ 1,2]. Rhodobacter sphaeroides consists 
of two main types of antenna complexes, LH, and 
LH2. The first one, also called B875, surrounds and 
interconnects the RCs [ 3 1. The other complex, LH2 
or 8800-850, is peripheral to LH, [ 31 and can be 
isolated from the membrane [ 41. The amount of LH2 
relative to LH, is a strong function of light intensity 
during growth. The ratio of BChl 850 to BChl 800 
pigments [ 5 1, as well as that of BChl to carotenoid 
molecules [6,7] in the LH2 complex, is 2: 1. 

The singlet energy-transfer time between the two 
complexes B800-850 and B875 in chromatophores 

has been reported to be about 40 ps at room tem- 
perature and 77 K [8,9], whereas the overall trans- 
fer among B875 complexes and from these to the re- 
action center takes about 190 ps for closed RCs (P’ ) 
[9,10],andabout60psforopenRCs(P) [lo-121. 

Within the LH2 complex, a much faster time has 
been reported for the energy transfer from BChl 800 
to BChl 850 molecules. This time had first been es- 
timated from the relative steady-state fluorescence 
intensities of the bands at 800 and 8 50 nm of the iso- 
lated complex to bc of the order of a few picoseconds 
[ 51. Subsequent transient absorption experiments 
with picosecond time resolution at 800 nm yielded 
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a transfer time of less than 1 ps at room temperature 
for the isolated B800-850 complex [ 13,141, whereas 
at 77 K a value of 2? 1 ps was claimed for both the 
isolated complex [ 141 and the chromatophores with 
closed RCs [ 91. These transfer times were calculated 
by deconvolution from a 10 ps laser pulse. A similar 
decay time of about 1-2 ps was estimated from pi- 
cosecond-fluorescence measurements (apparatus re- 
sponse function of 15 ps) on chromatophores at 77 
K [ lo,12 1, but the results were not very reliable [ lo]. 
On the other hand, from femtosecond pump-probe 
experiments ( 150 fs laser pulses, excitation at 800 
nm) performed on the isolated B800-850 complex, 
one has inferred a transfer time of less than 100 fs 
[ 15 1. This extremely short time constant was thought 
to result from extensive excitation annihilation [ 141 
due to the very high pulse intensity used in ref. [ 151. 

The controversial results obtained by picosecond 
and femtosecond time-resolved experiments, and the 
rather large inaccuracy of the values reported for the 
BChl 800+BChl 850 transfer time due to instru- 
mental limitations in the picoseconds measure- 
ments, represented a challenge to re-investigate this 
process by spectral hole-burning (HB) [ 161. The 
purpose of our work is to check whether the spectral 
band at 800 nm is inhomogeneously broadened and, 
if so, to demonstrate that HB is a suitable technique 
for obtaining a reliable lower limit of this energy- 
transfer time. 

Thus far, spectral hole-burning has seldom been 
used to determine energy-transfer times in photo- 
synthetic pigment-protein antenna complexes. Stud- 
ies have been reported for phycobilisomes from the 
blue-green alga (cyanobacterium) Masticogladus 
laminosus [ 171, the BChl a protein complex from 
the green photosynthetic bacterium Prosthecochloris 
aestuarii [ 181, and the Chl a and Chl b pigments in 
the PSI-200 complex of photosystem I [ 191. 

Here we present hole-burning experiments per- 
formed on the 800 nm absorption band of the iso- 
lated antenna complex B800-850 between 1.2 and 
30 K, and the intact chromatophores at 1.2 K of the 
purple bacterium Rb. sphaeroides. From the hole- 
widths, which are entirely determined by population 
decay from the BChl800 excited state, we have ob- 
tained an energy-transfer time from BChl800 to BChl 
850 of 2.3kO.4 ps. 

232 

2. Experimental 

Rhodobacter sphaeroides strain 2.4.1 was grown as 

described in ref. [20]. Chromatophores were pre- 
pared from cells by sonication, and diluted in a buffer 
solution containing 20 mM tris-HCl (pH8). 

The B800-850 complex was isolated from chro- 
matophores using the detergent lauryldimethylam- 
ine N-oxide (LDAO) following the method of Frank 
et al. [ 211. The preparation was done in the dark at 
4” C to avoid formation of uncoupled BChl a, which 
emits at 790 nm. Concentrated solutions of the iso- 
lated complex were diluted with 20 mM tris-HC1 
buffer (pH8) and 0.1% LDAO. In order to obtain 
glassy samples of good optical quality without strain 
at liquid-helium temperatures, the solutions of both 
the chromatophore and the isolated complex were 
diluted with x60% glycerol. The 4 mm thick sam- 

ples at 1.2 K had an optical absorbance at 800 nm 
of ODE 1.2 (see fig. la). Cooling of the samples from 
room temperature to liquid-helium temperature was 

performed in less than one minute, in the dark. 
Absorption spectra at 1.2 K were obtained by ir- 

radiation of the sample with a halogen lamp. The 
transmission signal was detected through a 0.85 m 
double monochromator (Spex 1402, resolution z 3 
cm-‘) and subsequently divided by a reference 
spectrum of the solvent (glycerol, buffer and 0.1% 
LDAO). Fluorescence spectra at 1.2 K were re- 
corded with the monochromator by selectively ex- 
citing the 800 nm band with a cw dye laser (Spectra 
Physics, model 375, dye Styryl 8, bandwidth z 1 
cm-‘, amplitude stabilized to 0.5% by an E.O. 

modulator). 
Holes were burnt with the same cw dye laser fo- 

cused on the sample (spot size about 3 mm2). Burn- 
ing powers were varied from P= 20 mW/cm’ to 400 
mW/cm2, and burning times were chosen from t = 50 
to 2000 s. To obtain relative hole depths of x l-2% 
at 1.2 K, burning fluences of about 10 J/cm2 were 
needed, whereas N 200 J/cm* were necessary to ob- 
tain hole depths of N 10-l 5%. At 30 K, burning flu- 
ences up to E 300 J/cm2 were used. The holes were 
subsequently probed by scanning the laser, atten- 

uated by a factor 50-l 00, over the spectral region of 
the hole and detecting the signals by three methods: 
(1) The fluorescence intensity was recorded with a 
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Fig. 1. (a) Absorption and (b) fluorescence spectra between 780 

and 900 nm of the BSOO-850 pigment-protein complex of Rho- 

dobacrer sphaeroides at 1.2 K. The fluorescence was selectively 

excited at 795 nm. In the latter spectrum the intensity at i < 820 
am has been amplified by a factor of 60. No fluorescence narrow- 

ing is observed. 

cooled photomultiplier (EM1 9658R) at 1> 850 nm 
(using a cut-off filter, Schott RG850/6 mm) for the 
isolated complex, and at jl= 890 nm (using the 
monochromator) for the chromatophore. (2) The 
transmission through the sample was measured with 
a photodiode (EG&G, model HUV-4000) in com- 
bination with a lock-in amplifier (EG&G, Brook- 
deal, model 9503). (3) In addition, at 7’<2 K the 
holes were probed by photoacoustic spectroscopy 
(PAS) via resonant detection of second sound in su- 
perfluid 4He [22]. 

The holewidths, rhole, were plotted as a function 
of burning fluence, Pt. To obtain the homogeneous 
linewidth, r,,,,, the extrapolated value of &,ie for 
Pt+O was used, and subsequently deconvoluted from 
the laser bandwidth. We have assumed a Lorentzian 
profile for the homogeneous line and a Gaussian 
lineshape for the laser, which yields a Voigt profile 

for the hole shape. The homogeneous linewidth was 
obtained from the relation ~,,o,e=2~hom@fi~,aler_ 
The bandwidth of the laser, r,,,,,, was determined 
from a hole-burning experiment on BChl a in trie- 
thylamine. The value of r,,,, =: 100 MHz in this sys- 
tem [23] is negligible as compared to the value of 

= 35 GHz. Thus, 
:::: = &/Q~,,,. 

the holewidth directly yields 

For temperatures between 1.2 and 4.2 K, a con- 
ventional 4He bath cryostat was used. The temper- 
ature was varied by means of the helium vapour 
pressure, and it was measured simultaneously by a 
calibrated carbon resistor and by the vapour pres- 
sure (accuracy of ? 0.01 K). Above 4.2 K, a gas-flow 
cryostat (Leybold-Heraeus) was used in which the 
temperature of the gas was stabilized by an elec- 
tronic unit [ 241. The temperature was measured by 
a calibrated carbon resistor via a Wheatstone bridge 

(accuracy of -to.05 K). 

3. Results and discussion 

3.1. Absorption and fluorescence spectra at 1.2 K 

The absorption spectrum of the isolated B800-850 
pigment-protein complex of Rb. sphaeroides at 1.2 
K between 750 and 900 nm is shown in fig. la. It 
consists of two bands with maxima at about 800 and 
850 nm and integrated intensities of 1: 2, respec- 
tively. From this ratio, and assuming that the ab- 
sorption coefficients of both types of molecules are 
comparable, one would conclude that there are twice 
as many BChl 850 than BChl 800 molecules in the 
complex. The same conclusion was reached in ref. 
[ 5 ] from the temperature dependence of the ratio of 
the BChl 800 and BChl 850 emission yields. At 1.2 
K, the widths of the two absorption bands are 150 
and 280 cm-’ (see fig. la), about halftheir values at 
room temperature [ 81. Notice further in fig. la that 
the BChl 800 band is asymmetric. The wing on the 
long wavelength side is very steep, probably due to 
zero-phonon line absorption, whereas that on the 
high-energy side rises smoothly, which we attribute 
to the presence of phonon sidebands and low fre- 
quency vibrations. 

The changes in shape and width observed by low- 
ering the temperature from z 300 to 1.2 K suggest 
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that the BChl 800 band is inhomogeneously broad- 
ened. In order to prove it, we carried out two types 
of experiments: steady-state fluorescence line-nar- 
rowing (FLN) and spectral hole-burning (HB). The 
latter is discussed in section 3.2. The FLN experi- 
ments at 1.2 K were performed with a dye laser 
(bandwidth z 1 cm-‘) at a number of fixed wave- 
lengths between 780 and 805 nm while the fluores- 
ence spectrum was scanned with a double mono- 
chromator (resolution z 3 cm-‘). An example is 
given in fig. lb. It shows no indication of fluores- 
cence line-narrowing. Only two broad emission bands 
appear in the spectrum: a very weak one with a max- 
imum between 800 and 805 nm, and a two orders of 
magnitude stronger one at 880 nm. The former arises 
from BChl 800 molecules excited in the 800 nm re- 
gion, with possibly some contribution from free BChl 
a, while the latter is due to emission from BChl 850 
pigments via energy transfer from BChl800. We have 
observed that both the width and position of these 
bands were independent of the excitation wavelength. 

ns for the fluorescence-decay time from uncoupled 
BChl a [ 10,12,25 1, we obtain an energy-transfer time 
of about 3.5 ps. This value is of the same order as 
that previously estimated in ref. [ 51, where the car- 
otenoid band (at = 590 nm) was excited instead of 
the BChl 800 as in the present work. It should be re- 

marked that the values of the integrated fluorescence 
intensities and the fluorescence-decay time of BChl 
800 are rather inaccurate, and that the energy-trans- 
fer time obtained in this way is only an indication of 

its order of magnitude. 

We think that the absence of steady-state fluores- 
cence line-narrowing in the 800 nm band is not a 
consequence of this band being homogeneously 
broadened (see section 3.2), but probably has to be 
atlributed to considerable electron-phonon coupling 
or to energy transfer among BChl800 molecules. This 
transfer process should then be faster than any com- 
petitive population decay process from the excited 

state. The same type of argument can be used to ex- 
plain the broad 880 nm fluorescence band: either the 
energy transfer from BChl 800 to BChl 850 mole- 
cules is uncorrelated in wavelength, and/or the 
transfer time among BChl 850 pigments is faster than 
the direct decay from the excited BChl 850 mole- 
cules to their ground state of about 1 ns [ 13,251. 
Broad and structureless fluorescence spectra asso- 
ciated with fast energy transfer have also been ob- 
served in the biliprotein C-phycocyanin [ 261. 

On the other hand, if we would assume that the 
BChl 800 band at 1.2 K is homogeneously broad- 
ened and entirely determined by energy transfer from 
BChl800 to BChl850, its width Tz 150 cm-’ would 
correspond to a time z= (2S-’ z 35 fs. This value 
is about two orders of magnitude smaller than that 
estimated from steady-state fluorescence spectra [ 51, 
picosecond-absorption [ 13,141 and picosecond-flu- 
orescence [ 10,121 experiments. The 35 fs time con- 
stant, however, would not be in contradiction with 

the results obtained by the femtosecond pump-probe 
experiments of ref. [ 15 ] mentioned in section 1. The 
dilemma of the energy-transfer time can be solved by 
spectral hole-burning, as we shall show below. 

The absorption and fluorescence spectra obtained 
for the chromatophores at 1.2 K (not shown) are 
qualitatively similar to those of the isolated B800- 
850 complex. The difference in the absorption spec- 
trum is an additional broad band at z 885 nm, whose 
origin is the B875 complex present only in the intact 
membrane [ 51. This complex gives rise to a fluo- 
rescence spectrum with a broad and relatively strong 
band at 905 nm, a weak band at 880 nm due to BChl 
850, and a very weak band at = 805 nm due to BChl 
800. 

3.2. Hole-burning (HB) in BChl800 

An estimate of the BChl 800-+BChl 850 energy- We succeeded in burning holes into the BChl800 
transfer time can be made by comparing the inte- absorption band at low temperatures, which proves 
grated fluorescence intensities of the two BChl bands, that this band is inhomogeneously broadened. The 
assuming a specific value for the fluorescence de-ex- holes are permanent (they live longer than 12 h). 
citation time from BChl 800 to the ground state [ 51. The holewidths were found to be independent of 
The relative areas of the two bands in the fluores- burning wavelength between 79 1 and 804 nm, within 
cence spectrum of fig. lb (excited at 795 nm) lead an uncertainty of +25 GHz. Three of these holes, 
to a ratio of the BChl800 to BChl850 emission yields burnt and probed at 1.2 K and detected by fluores- 
of @soo/@,SO EZ 0.004 1 at 1.2 K. Taking a value of 0.85 cence excitation, are shown in fig. 2. Their widths 
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Fig. 2. Top: absorption spectrum of the BChl 800 band of the 
B800-850 antenna complex at 1.2 K. Bottom: holes burnt into 
this band at three different wavelengths, at 1.2 K. The crosses 
represent data points. The solid lines are Lorentzian fits to the 
data, which yield holewidths of about 140 GHz. The holewidths 
were found to be independent of wavelength between 791 and 
804 nm. 

are about 140 GHz. The hole-burning efficiency 
seems to decrease towards shorter wavelengths, which 
may be attributed to contributions from phonon 

sidebands and low-frequency vibrations that absorb 
on the high-energy side of the inhomogeneously 
broadened absorption band. This effect has previ- 
ously been observed for organic molecules embed- 
ded in glassy hosts [ 161. 

Although the hole-burning mechanism in the 
B800-850 complex has not been confirmed yet, we 
think that it may be a conformational change of the 
BChl 800 molecule with respect to its protein envi- 

ronment. It is known that the intensity of the 800 nm 
band in this complex is very sensitive, for example, 
to the presence of the detergent lithium dodecyl sul- 
fate [ 271. Within this band, we have not observed 
the absorption of a photoproduct after burning. The 
reason could be either that the photoproduct absorbs 
outside the band, or if it absorbs inside the band, that 

its absorption signal is weak and broad. Since we did 
not see permanent holes deeper than 15Oh, the pho- 
toproduct associated with such a hole, if shallow and 

broad, would escape detection. 
Preliminary hole-burning experiments on the BChl 

850 band of the B800-850 complex at 1.2 K so far 
have been unsuccessful. Burning was performed at 
wavelengths between 850 and 860 nm (dye Styryl9) 
with fluences up to 6000 J/cm’ (two to three orders 
of magnitude higher than for the BChl800 band). A 
change, if at all, of less than 3% over the whole ab- 

sorption band was detected, but no holes observed. 
These HB results indicate that a very fast (in the 
femtosecond regime) energy-transfer process prob- 
ably occurs among excited BChl 850 molecules be- 
fore they decay to the ground state in about 1 ns 
[ 13,251. A transfer rate of less than 1 ps between 

BChl 850 molecules had also been suggested from 
picosecond-absorption experiments [ 13,141. 

In order to determine the homogeneous linewidth, 
r,,,, of BChl800 we have measured the holewidth, 
rhole, as a function of burning power, P, and burning 

time, 1 [24,28]. It was verified that the holewidth 
did not change with detection method (see section 

2). In fig. 3, rhole is plotted as a function of burning 
fluence, Pr, at 1.2 K. Notice that the slope of the line 
traced through the data by a least-square fit proce- 
dure is rather small. The line extrapolates to 155 ? 25 

GHz for Pz-0. Such a type of plot has been made 
at a number of temperatures between 1.2 and 30 K. 
We should mention that the burning fluences needed 
in these HB experiments were about four to five or- 
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Fig. 3. Holewidth, r,,,,,, as a function of burning fluence, Pt, at 
I .2 K. The line is a least-square fit to the data points. It yields an 

extrapolation value of Whole= I55 k 25 GHz for PI-to. 

ders of magnitude higher than those used for BChl 
a [ 231 and free-base porphin [ 24 ] in glasses. This 
can be understood in terms of the much broader holes 
(by a factor of about 1Oj) burnt into the 8800-850 
complex, in addition to a lower burning efficiency of 
the antenna complex. 

The value of rho,,,, which was obtained by decon- 
volution of the extrapolated holewidth from the laser 
profile, as described in section 2, has been plotted in 
fig. 4 as a function of temperature. The homogene- 
ous linewidth, which amounts to f,,, = 69 + 10 GHz, 
shows no temperature dependence. It should be 
mentioned that holes become more difficult to burn 
with increasing temperature, and that we did not ob- 
serve permanent holes at temperatures above 35 K. 

We have also performed hole-burning experiments 
on the intact chromatophores of lib. sphaeroides at 
1.2 K to check whether the dynamics were not mod- 
ified by the isolation procedure. The value of r,,,,, 
at 1.2 K, plotted in fig. 4 as a black dot, agrees, within 
the accuracy, with that obtained for the isolated 
B800-850 complex. 

3.3. Interpretation of the HB results 

From the widths of the holes burnt into the BChl 
800 absorption band of the B800-850 complex oi 

120 

rhom 
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2:L 
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Fig. 4. Homogeneous linewidth, &,,,, as a function of tempera- 

ture, between 1.2 and 30 K, for the isolated BSOO-850 complex 

(open circles), and the intact chromatophores (black dot). 

r,,, = 69 2 10 GHz is independent of temperature. 

Rb. sphaeroides at low temperatures, we have ob- 
tained the homogeneous linewidth, r,,,, and the op- 
tical dephasing time, T,, 

(1) 

Tl is the population decay time of the excited state 
and T: the pure dephasing time determined by ther- 
mally induced fluctuations of the optical transition 
frequency (e.g. phonon scattering). The first term 

includes direct de-excitation to the ground stale and 
all energy-transfer processes that occur from the ex- 
cited state of BCltl 800. 

The fluorescence de-excitation of uncoupled BChl 
800 has been reported to be rflso0=0.85 ns [ 10,251, 
which yields a contribution to the homogeneous 
linewidth of (2~~s~~~) - ’ x 190 MHz. This value is 
negligible compared to the experimentally obtained 

value r,,, N N 70 GHz. Another term that can be ne- 
glected in eq. ( 1) is (xTf )-I, because we have not 
observed any temperature dependence of r,,,, be- 
tween 1.2 and 30 K. If we assume that this contri- 
bution is of the same order as for BChl a in organic 
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glasses at 1.2 K, it would be at most (UT)-‘- 1 
GHz [ 231. Thus, the homogeneous linewidth of the 
800 nm band in the complex is entirely determined 
by T,-energy-transfer times. 

Two energy-transfer processes may, in principle, 
play a role: BChl SOO+BChl 800, and BChl 
800+BChl 850. From the high degree of polariza- 
tion observed for the picosecond-transient decay at 
800 nm, and the fast decrease of polarization with 
time at 850 nm, it was concluded that the rate of BChl 
800-t BChl800 transfer is lower than or equal to the 
rate of BChl 800-+BChl 850 transfer [ 13,141. Fur- 
thermore, if one assumes a Fiirster-type transfer, as 
in ref. [ 13 1, one would expect a wavelength-depen- 
dent energy-transfer rate within the 800 nm band at 
low temperatures, with a rate decreasing towards 
longer wavelengths, thus, an energetically downhill 
excitation transport, Since we have not observed a 
dependence of the holewidth on wavelength, at least 
within the accuracy of our experiments, we likewise 
conclude that the transfer time of BChl 800-BChl 
850 has to be shorter than that of BChl 800+BChl 
800. From the value of r,,, = 69 _+ 10 GHz, we then 
obtain T, = (2rcr,,,) -’ = 2.3 + 0.4 ps for the transfer 
time form BChl 800 to BChl 850, independent of 
temperature between 1.2 and 30 K. 

Very recently, femtosecond transient absorption 
experiments (with a time resolution of 240 fs) on 
the isolated BSOO-SSO/LDAO complex of Rb. 
sphauoides 2.4.1 have been reported by Trautman 
et al. [ 291. From these experiments, performed by 
excitation of the carotenoid band at 5 10 nm with very 
low-intensity femtosecond laser pulses, the energy- 

transfer time from BChl 800 to BChl 850 was de- 
termined to be 2.5 ps ( + 10%) at room temperature. 
It is of interest to note that this group observed an 
excitation-intensity-dependent picosecond decay 
time, which they ascribed to excitation annihilation 

within the complex [ 291. 
We are surprised that our value of 2.3+0.4 ps ob- 

tained by hole-burning at 800 nm at low tempera- 
tures agrees so well with that obtained by these fem- 
tosecond pump-probe experiments with excitation 
at 5 10 nm at room temperature I29 1. The apparent 
independence of the transfer rate on temperature, 
between 1.2 and 300 K, is remarkable and should 
have consequences for the energy-transfer model used 
for the interpretation of the results. This point needs 

further investigation. 

Our data are also consistent with the previous es- 
timates of l-2 ps obtained by picosecond-absorption 
experiments at 77 K and room temperature [ 13,141, 
and by picosecond-fluorescence-decay measure- 
ments [ 10,121, but do not agree with the previously 
reported femtosecond pump-probe measurements 
with high-intensity laser pulses that yielded a time 
constant of less than 100 fs [ 15 1. 

In summary, our results demonstrate that spectral 
hole-burning is a powerful technique for determin- 
ing energy-transfer times of the order of a few pi- 
coseconds with an accuracy better than 20% in pig- 
ment-protein complexes at low temperatures. 
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