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Femtosecond spectroscopy of photosynthetic light-harvesting 
systems 
Graham R Fleming* and Rienk van Grondellet 

Observing the elementary steps of light-harvesting in real 
time is now possible using femtosecond spectroscopy. 
This, combined with new structural data, has allowed a fairly 
complete description of light-harvesting in purple bacteria and 
substantial insights into higher plant antenna systems. 
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Abbreviations 
3PEPS three-pulse photon echo peak shift 
BChl bacteriochlorophyll 
CD circular dichroism 
Chl chlorophyll 
RC reaction center 

Introduction 
In order to harvest solar light, photosynthetic organisms 
are equipped with a light-harvesting antenna system. 
Photons absorbed by the antenna pigments are transferred 
to the photosynthetic reaction center (Re) with great 
speed. Once absorbed by the RC, the excitation energy 
is efficiently converted into a stable charge separation. 

Since the basic description of energy transfer and trapping 
processes by Duysens [1,2] in the early 1950s, it has been 
clear that the elementary steps of the light-harvesting 
process are extremely rapid. Only recently, however, has it 
become possible to make direct experimental observations 
on the timescale of individual energy transfer steps; and 
currently energy migration can be investigated in the 
range of tens of femtoseconds to many nanoseconds. 
Application of femtosecond laser spectroscopy has been 
greatly stimulated by the remarkable successes in struc- 
ture determination of several important light-harvesting 
complexes in recent years. For example, the peripheral 
light-harvesting complex (LHCII) of green plants [3], the 
peripheral light-harvesting (LH2) complex of Rhodopseu- 
domonas (Rps.) acidophila [4,5°°], the LH2 of RhodospiHllum 
(Rs.) molischianum [6°°], and the core of Photosystem 1 
(PSI) of cyanobactcria [7 "°] have all been determined. All 
these are intrinsic membrane proteins, and, together with 
the known structures of the bacteriochlorophyll (BChl) a 
protein of green sulphur bacteria [8], the phycobilipro- 
teins [9], and the recently resolved structure of the 

peridinin-carotenoid protein of dinoflagellates [10 °°] - -a l l  
membrane-attached light-harvesting sys tems--we now 
have a multitude of structures available which exhibit 
amazing variation which will allow us to greatly extend our 
knowledge of the process of excitation energy transfer and 
the underlying physics. 

In this review, we describe the considerable recent 
progress in understanding the purple bacterial antenna 
system and outline the current views on green plant and 
cyanobacterial systems, for which the structural data do not 
yet allow for fully detailed modeling. 

D i s o r d e r e d  v e r s u s  o r d e r e d  l i g h t - h a r v e s t i n g  
s y s t e m s  
Although the various structures now known exhibit a 
wide spread in organizational motifs, one striking aspcct 
stands out. Comparing bacterial and plant light-harvesting 
systems, the bacterial peripheral, LH2, and core, LH1, 
antenna are structures with a ve~  high degree of sym- 
metry (see Figure 1), whereas LHCII  and even more so 
PSI appear spatially (i.e. positionally and orientationally) 
much more disordered. One of the major reasons for 
this variation is, of course, the size of the elementary 
building block. In LH1 and LH2, this is a pair of small 
transmembrane polypeptides, ot and 13, which carries two 
and three BChls, respectively. Assembly into a larger 
system will always lead to a structure with a high degree 
of symmetry. 

In contrast, the PS1 core consists of a single pair of large 
polypeptides, the PsaA and PsaB gene products, which, 
together with a large number of smaller subunits, forms 
the PSI core that binds - 100 chlorophylls. LHCII  seems 
to be an intermediate case. Although monomeric, LHCI1 
still appears quite disordered in comparison with the LH1 
and LH2 rings; the basic unit of LHCII  is a trinaer of 
an -25  kDa protein that exhibits perfect C3 symmetry. 
The other apparent difference between plant and bacterial 
light-harvesting systems is the pigment density. In LH1 of 
purple bacteria, the density is two BChl ot-polypeptides 
per 12kDa; in LHCII  of green plants, 12-14 Chls occur 
per 2 5 k D a - - a  factor of three more. A similar variation 
applies in PSI. Thus, in plant light-harvesting systems, 
the various opportunities to bind Chl molecules have been 
exploited optimally. 

Finall-y, although PS1 differs greatly from the LH1-RC 
core of purple bacteria, it also has a fundamental similarity. 
As should be apparent from Figure 1, in the LH1-RC 
core the rate-limiting step for trapping photons is energy 
transfer from any of the light-harvesting pigments to the 



Femtosecond spectroscopy of photosynthetic light-harvesting systems Fleming and van Grondelte 739 

Figure 1 
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A model for the light-harvesting and photon trapping machinery in the photosynthetic membrane of a purple bacterium. The view is along the 
membrane plane and only the bacteriochlorophyll pigments are shown. The primary electron donor (the special pair, P) of the RC is indicated 
by an arrow. The LH2 (smaller gray rings) and RC structures are based on crystallography. The LH1 structure (large b~ack ring) is modeled 
truing the size of the RC protein (not shown) and the c~ I] unit of the LH2 structure. Note that no special orientation requirements are needed for 
effective transfer from LH2 to LH1. Carotenoids present in both structures are not shown. 

special pair (the primal" electron donor, consisting of a 
pair of strongly interacting bacteriochlorophyll molecules) 
in the RC. In this scenario, the trapping efficiency is 
highest when as many antenna sites as possible are able to 
transfer to the RC, and this is clearly optimized within a 
ring. In PS1, crudely speaking, the pigments are organized 
in a band around the electron transfer chain, and, on 
average, they are all at a distance o f -  2-3 nm; however, 
within this structure, the number of contact sites has 
also been optimized, leading to efficient trapping. The  
symmetry itself is not important, rather the avoidance of 
quenching centers (e.g. stacked dimers) and the location 
of the maximum number of pigments close to the site 
where the primary charge separation occurs are important. 
In order to avoid undesirable oxidation or reduction of the 
antenna by the primary electron donor, however, the bulk 
of the antenna molecules are kept at a distance > 2 n m  
from the components involved in the electron transfer. 

An additional feature of all Chl and BChl antenna 
complexes resolved to date is the presence of carotenoid 
molecules. These  serve photo-protective, light-harvesting 
and often structural roles. 

B a c t e r i a l  a n t e n n a s  
Energy transfer in the peripheral, LH2, and core, LH1, of 
photosynthetic purple bacteria 
The recently resolved structures of LH2 of Rps. acidophila 
[4] and Rs. molischianum [6 °°] have revealed the highly 
symmetric pigment-protein ring, displaying C9 symmetry 
in the case of Rps. acidophila and C8 symmetry for 
Rs. molischianum. Although only a low-resolution structure 
is available for LH1 [11], it is evident that LH1 is also 
organized as a ring, most probably with 16-fold symmetry. 
The  RC structure can be nicely fitted into the proposed 
LH1 ring [11,12"]. 

Both for LH1 and LH2, the basic building block of 
the structure is a heterodimer of two small (5-6kDa) 
polypeptides, a and 13. Both consist of a single trans- 
membrane helix with a highly conserved histidine that 
ligates the BChl approximately one third of the way 
along the a-helical stretch. Thus, in the LH1 and LH2 
pigment-protein rings, the basic element is a BChl dimer. 
For LH1, the o~13-BChl 2 subunit can be purified; it is called 
B820 after its absorption maximum and retains many of the 
essential spectral properties of LH1 [13]. For LH2, such 
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a subunit cannot be obtained. In LH2, and most probably 
in LH1, the heterodimeric subunits associate into a ring 
with the 0t-polypeptides on the inside, the [3-polypeptides 
at the outside, and the pigments sandwiched between the 
two concentric rings of polypeptides. As a result of the 
formation of the ring, the absorption shifts to -870 nm for 
LH1, and to - 8 5 0 n m  for LH2, although in the latter case 
other absorption maxima are also found for some species 
(820 nm, 830 nm), depending on the presence or absence 
of hydrogen bonds [14,15]. The  [~-polypeptide of LH2 
binds a second pigment, nearer to the cytosolic side of the 
complex, and in LH2 of Rps. acidophila these BChls form 
a nine-membered ring which absorbs at - 8 0 0 n m  and is 
positioned at a distance of - 1.7 nm from the B850 ring. 

Electronic structure 
Within the B850 ring of dimers, all distances between 
the pigments are very s imilar- -somewhat  less than 1 rim. 
Nevertheless, within the ctl3 subunit, the electron density 
seems continuous, whereas electron density due to the two 
neighbouring BChls on adjacent subunits is discontinuous. 
The reason for this is that the ]3-polypeptide BChl is 
clearly bent. One further important point is that within 
the ct[3 subunit, overlap between the two BChls occurs 
between chlorin tings I, as in the special pair of the RC, 
where as overlap between BChls on adjacent subunits is 
between chlorin rings III. As a consequence, one may 
view LH2 and most probably LH1 as 'rings of interacting 
directs'. This concept is supported by many experimental 
observations (see below; and e.g. [16°]). The BChls in 
the B850 ring of LH2 and in the B870 ring of LH1 
all have their Qy transition dipole almost parallel and 
their Qx transition dipole perpendicular to the membrane 
plane. The estimated excitonic coupling between BChls 
in a subunit is - 2 5 0 c m  -1 [17"',18"]; the coupling is 
somewhat less between BChls on adjacent subunits. In 
contrast, the pigments in the B800 ring ate 'monomeric', 
the distance between two neighbours is -2.1 nm, and the 
corresponding dipole-dipole coupling is - 2 0 c m  -1. The  
interaction between pigments in the B800 ring and the 
pigments in the B850 ring is of a similar magnitude. The  
B800 rings in LH2 are almost flat in the plane of the 
membrane, those in the LH2 of Po. molischianum are tilted 
away from the membrane plane by - 3 0  °. Finallx; the LH2 
rings of Rps. acidophila and Rs. mo/ischianum contain two 
carotenoids per ot]3 subunit. 

LH1 and LH2 have been subjected to a large num- 
ber of spectroscopic studies, notably, polarized light 
spectroscopy (circular dichroism [CD], linear dichroism) 
[19], a variety of line-narrowing techniques (holeburning 
[20,21,22"',23"1, site-selective fluorescence [24,25]), and 
infrared and Raman spectroscopies. In addition, using 
structural information, several of the spectroscopic features 
have been modeled [17"',26°',27°']. From these studies, 
two opposing views have emerged which we will discuss. 

In the first view, LH1 and LH2 are considered to be 
rings of interacting directs, in which many of the essential 

spectroscopic features, including the dramatic red shift, 
largely originate from within a dimer. The  excitonic 
interaction between neighbouring subunits within the ring 
is considered to be a relatively weak perturbation, that 
is, relative to the intradimer cxcitonic interaction, the 
possible (and so far unknown) contribution from electron 
exchange arising from ring I overlap, the intrinsic energetic 
disorder and the electron-phonon or electron-vibration 
coupling. The  spectra of all photosynthetic pigment- 
proteins are now known to be strongly inhomogeneously 
broadened, and estimates of the amount of inhomoge- 
neous broadening range from 200-500cm -1. In addition, 
the electron-phonon coupling is estimated to be of the 
same order of magnitude. The  general idea behind the 
'ring of dimers' model is that, following excitation, any 
phase relation between excitations on different dimers 
is rapidly destroyed, either dynamically, because of the 
coupling to vibrations or phonons, or as a consequence of 
the interference of the pure eigenstates due to energetic 
disorder. 

In the alternative view, the spectroscopic features are 
totally determined by the set of excitonic eigenstates 
of the full ring. In this model, the excitonic interaction 
between adjacent BChls is the dominant term that 
completely determines the red shift observed upon 
formation of the ring. The lowest state of the exciton 
manifold is almost optically forbidden, because of the 
inplane orientation of the Qy transition dipoles, and 
all the oscillator strength is equally divided between 
two orthogonal transitions slightly above the lowest one. 
Experimental evidence to support this model includes 
holeburning experiments [21,22"°,23"], the interpretation 
of the low-temperature absorption spectrum [17"'], and 
estimates of the absorption cross-section of the major 
transition at 850nm or 870nm [28°',29]. We are of the 
opinion that the latter view is less accurate, mainly because 
it ignores all the nonexcitonic contributions that all have 
the effect of destroying the fully delocalized coherent 
states. In addition, as we show below, the ring of dimers 
model provides a simple and elegant explanation for many 
of the dynamic results. 

Intraring energy transfer 
From a variety of spectroscopic studies (for a review, see 
van Grondelle eta/. [30]), the energy transfer dynamics 
within LH1 and LH2 have been concluded to be ultrafast. 
With the advent of femtosecond laser spectroscopy, in 
particular using Ti:Sapphire lasers, many of the elementary 
energy transfer steps have been resolved in time. The  
B800--+B850 energy transfer at room temperature takes 
-700-800fs  for LH2 from Rb. sphaeroides, and this time 
constant is not very species dependent [31-35,36°',37"]. 
The energy transfer time is only weakly dependent on 
temperature, being - 1  ps at 77K and - 2 p s  at 4K. The 
B800--+B850 energy transfer has been modeled in terms 
of a F6rster process [31,33,34]. The  weak temperature 
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dependence of this energy transfer step suggests the 
involvement of some vibronic level of B850 or possibly 
of the higher excitonic states of the B850 ring [22"°,37°]. 
Previously, efficient energy transfer was concluded to 
occur within the B800 ring from fluorescence polarization 
experiments [19]. More recently, a time constant of 
-0 .5-1 ps has been estimated for energy transfer between 
neighbouring B800 rings from polarized pump-probe 
spectroscopy [34,35,38°°]. 

For energy transfer within the B850 and B875 rings, 
single-site lifetimes of the order of a few hundred 
femtoseconds have been estimated, for example, from an 
analysis of the efficiency of singlet-singlet annihilation 
[39]. In addition, the observation that within a few 
picoseconds transient absorption changes were almost 
fully depolarized has been interpreted as subpicosecond 
energy transfer among B850 rings in LH2 and B870 
rings in LH1 [40,41]. The  energy migration in B850 
and B870 has been recorded directly using fluorescence 
depolarization [42,43°°], and using equilibration of the 
transient absorption spectrum [44]. Both studies used a 
similar interpretation based on hopping between dimers 
in a ring. The site energies of the dimers were taken at 
random from an inhomogeneous distribution o f - 4 0 0  cm -1 
width, and average hopping times o f - 1 0 0 f s  were 
obtained. The  fluorescence anisotropy decays faster in 
LH2 than in LH1, and in this model this arises simply 
from the smaller ring size of LH2 (larger angle change per 
hop). The  model could be extended to low temperatures 
where the site energy variation impedes the energy 
transfer over more than a few sites [45°°]. Remarkably, 
Chachisvilis et al. [46] and Bradforth et al. [42] found that 
oscillations at 105 cm -I, assigned to vibrational wavepacket 
motion, dephased significantly slower than the observed 
depolarization timescale, suggesting vibrational coherence 
transfer [47] in the energy transfer process. 

As discussed above, the extent of exciton delocalization 
in LH1 and LH2 has been extensively debated. Key 
quantities are the electronic coupling between the BChls, 
the electron-phonon coupling (reorganization energy and 
timescale), the temperature, and the disorder. From 
the difference in position between the pump-induced 
bleaching (ground state to one-exciton state) and pump- 
induced absorption (one-exciton state to two-exciton 
state), Sundstrtim and coworkers [48°,49 °] estimate a 
delocalization length of 4+2  molecules in LH1 and LH2, 
more or less independent of temperature. A measurement 
of the superradiance in LH1 and LH2 gave an even 
smaller number [50°°]. On the other hand, an ultrafast 
decay in the transient absorption and emission of LH2 
was taken as an indication for relaxation between fully 
delocalized states [51°]. An incisive discussion of how 
delocalization influences different observables has been 
given by Leegwater [52 °] and more recently by Meier 
et al. [53°°]. 

In an attempt to provide experimental characterization 
of the electron-phonon coupling, Jimenez et al. [54 °°] 
carried out three-pulse photon echo peak shift (3PEPS) 
measurements on LH1 and LH2. They  concluded that 
on a 50fs timescale fluctuations in the environment 
and vibrations lead to the dynamic localization on a 
dimeric subunit of LH1 and LH2. A similar conclusion 
was drawn from the ultrafast reorganization, as observed 
by the formation of the Stokes' shift in a few tens 
of femtoseconds [55°]. In the peak shift decay, this 
initial phase was followed by an exponential phase that 
was interpreted as a loss in the rephasing capability of 
the system due to energy transfer. During the energy 
transfer, the system samples all the various environments 
that contribute to the inhomogeneous broadening, and, 
as a consequence, the information about the original 
environment is lost. Again, the model that assumes 
hopping on an inhomogeneously broadened ring of dimers 
gave a fit to the results. The  homogeneous broadening 
was estimated to be - 2 0 0 c m  -1, the inhomogeneous 
b r o a d e n i n g - 5 0 0 c m  -I, and the hopping time -100fs .  
This interpretation is very much supported by a 3PEPS 
experiment on the LH1 subunit, B820, in which the 100 fs 
phase in the peak shift decay ascribed to energy transfer 
was absent and replaced by a nondecaying component 
arising from inhomogeneous broadening [56°°]. The 
striking similarity between the 3PEPS of LH1 and B820 
further supports the idea that excitations in these antenna 
complexes are delocalized over only a dimer unit. 

Carotenoids 
Energy transfer from carotenoid to BChl in LH2 of 
Rb. sphaeroides can occur on a timescale of a few 
100 fs [57]. Recent fluorescence upconversion experiments 
demonstrated that, in LH1 and LH2 of Rb. sphaeroides, 
the $2 lifetime of sphaeroidene is shortened to - 5 5 f s  
for the former and 80fs for the latter. This should be 
compared with a 150-250 fs internal conversion time from 
$2---)S 1, dependent on the solvent [58°]. For a B800-830 
complex of Chromatium purpuratum, Gillbro and coworkers 
[59 °°] report an S2--~BChl (Qx) transfer time of 100fs and 
S1---)BChl (Qy) transfer times of 3.8 ps and 0.5 ps for the 
carotenoid that transfers to B830 and the carotenoid that 
transfers to B800, respectively. 

Interring transfer 
In the intact bacterial photosynthetic unit, the energy 
transfer from one LH2 to another, and from LH2 to 
LH1, takes place on a timescale of a few picoseconds 
[60-62,63°]. Assuming Ftirster energy transfer between 
BChls on neighbouring rings, this would imply a closest 
distance o f -  3 nm between the two pigment-protein rings. 
Long before the crystal structure of LH2 became available, 
it was realized that the rate-limiting step in excitation 
trapping was the step from the L f t l  pigments to the 
special pair in the RC. A transfer time o f - 3 5 p s  was 
obtained for the LH1 to special pair energy transfer fL64], 
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and this was interpreted as a distance of 4.5 nm between 
the special pair and the LH1 ring, in good agreement 
with models suggested for the LH1-RC core, assuming 
that LH1 is organized as a ring of 16 ¢~-BChl 2 subunits 
with a structure as in LH2 of Rps. acidophila [12",65*°]. A 
summary of the timescales is given in Figure 2. 

Green plant  and cyanobacter ia antennas 
LHCII 
L H C I I  is the major light-harvesting pigment-protein of 
higher plants and algae and is responsible for the binding 
o f - 5 0 %  of all Chl on earth. It serves to feed excitation 
energy into the minor light-harvesting complexes, CP29, 
CP26, CP24, and into the core of Photosystem 2 (PS2) 
which eventually is used for charge separation. L H C 2  
is a member  of a family of light-harvesting complexes 
which includes the various forms of L H C I I  and the minor 
light-harvesting complexes. T he  basic unit of all these 
complexes is a membrane protein o f - 2 5  kDa, which is 
known to fold into a structure with three transmembrane 
helices: A, B and C. 

In LHCII ,  the monomeric subunit binds 7-8 Chl a, 
5-6 Chl b, 2 luteins, 1 neoxanthin and substoichiometric 
amounts of  violaxanthin. In its native form L H C I I  is a 
trimer, and in 1994 the structure of the trimer of L H C I I b  
was resolved to a resolution of 3 - 4 a  by K0hlbrandt 
and coworkers [3] using cryoelectron microscopy. At the 

current resolution, Chl a and Chl b are indistinguishable. 
In addition, the phytol tails of the Chls cannot be 
observed, and, as a consequence,  the orientation of the Qx 
and Qy transition dipoles within each of the chlorin planes 
is not known. In the proposed model, the assignment of 
the Chl as and Chl bs is based on the following argument. 
After excitation, there is a small but finite chance that a 
triplet is formed selectively on one of the Chl as because of 
the assumed fast Chl b to Chl a energy transfer. As one role 
of the carotenoids is to quench these Chl a triplets with 
high efficiency to prevent the formation of harmful oxygen 
radicals, the Chl as must be positioned in van der Waals 
contact with the luteins. T h e  seven Chls in the core of 
LHCII ,  which all make close contact with the luteins, have 
been therefore assigned to the seven Chl as: the remaining 
Chls to Chl b. In view of recent reconstitution experiments 
with LHCII ,  it may be possible that some of the binding 
sites are promiscuous and can be occupied by either a Chl 
a or a Chl b. L H C I I  exhibits intense CD spectra, indicative 
of Chl a-Chl  a and Chl b--Chl b cxcitonic interactions; the 
interaction between Chl as and Chl bs is most probably 
weak. 

A variety of picosecond and femtosecond studies have 
been performed to explore the dynamics of energy transfer 
within LHCII .  In a pioneering fluorescence upconversion 
study by Eads et al. [66], the dominant time constant for 
energy was estimated to be 0.5+0.2 ps. In a low-intensity 

Figure 2 
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A summary of the timescales for energy transfer in purple bacteria. Note the slow, final step (35 ps) from LH1 to the special pair in the RC. 
Not shown are carotenoid to BOhl transfer times which are of the order of 100fs in LH2. The B875 and B850 molecules are shown as dimers 
(ovals), whereas the B800 molecules are shown as monomers (diamonds). 
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pump-probe  study, a slower Chl b--+Chl a energy transfer 
time in the range of a few picoseconds was obtained in 
addition to the ultrafast process [67]. Transient absorption 
with shorter pulses [68] revealed Chl b--+Chl a energy 
transfer times of 160fs and also the slow process of 
5 + 2 p s  similar to the results of Kwa et al. [67]. In a 
fluorescence upconvetsion study by D u e t  a/. [69], two 
lifetimes in the rise in presumably Chl a fluorescence 
were detected upon excitation at 650 nm, + 250 fs and 5 ps, 
in rather good agreement with the pump-probe  results. 
On the other hand, P~lsson et al. [70] using one-colour 
pump-probe,  detected a major 500 fs and a minor 2-3 ps 
Chl b-+Chl a transfer time, and, despite the superior 
time resolution, they could not distinguish any transfer 
component  faster than 500 fs. More recently, Visser et al. 
[71"],  and later Connelly et al. [72 °] resolved all three 
phases in the Chl b--+Chl a energy transfer: 180fs, 600fs 
and - 5 p s ,  with a relative anaplitude ratio of 40%, 40% 
and 20%, respectivel'~: A study on L H C I I  monomers 
demonstrated that all three decay times are associated with 
Chl b--+Chl a energy transfer within a monomeric unit of 
L H C I I  (FJ Kleima et al., unpublished data). According to 
Visser e ta / .  [7l*'], in the trimer all the energy transfer 
occurred to the major red absorbing species at 676nm. 
Connelly eta/.  [72"] concluded from their data, which was 
obtained with an excellent signal-to-noise ratio, that the 
175 fs component  probably partly reflected energy transfer 
between 'blue '  and ' red '  Chl bs [73]. Measurements of 
singlet-singlet and singlet-triplet annihilation suggest that 
intermonomer energy transfer occurs on a timescale of 
10-20 ps [68,71"]. 

"Very recently, Gradinaru et a/. (unpublished data) have 
studied the Chl b--+Chl a transfer in one of the minor 
light-harvesting complexes, CP29. In CP29, six of the 
Chl a and two of the Chl b binding sites are conserved 
[74"], suggesting a pigment stoichiometry of six Chl a : t w o  
Chl b : one lutein : one neoxanthin : one violaxanthin. The  
kinetics in CP29 contain many components similar to 
those in L H C I I  and most probably reflect the same 
energy transfer processes. Specifically; Gradinaru e t a / .  
(unpublished data) could assign a slow, 2-3ps  energy 
transfer phase to a Chl b absorbing at 650 nm - -  most 
probably Chl b5 in the L H C I I  a s s i gnm e n t - - a nd  a fast, 
0.2-0.3 ps energy transfer phase to a Chl b3. 

Carotenoid to Chl energy transfer in L H C I I  is highly 
efficient. Recently, two conflicting reports appeared on the 
dynamics and pathway of carotenoid to Chl a transfer. 
Peterman et al. [75 *°] argued that no direct carotenoid to 
Chl b transfer occurred, while carotenoid to Chl a energy 
transfer took place in - 2 2 0  fs. In contrast, Connelly et al. 
[76"'] claimed that the carotenoids exclusively transferred 
energy to Chl b, followed by Chl b--+Chl a energy transfer. 
The  latter would be inconsistent with the assignment by 
Ktihlbrandt and coworkers [3], where only close contacts 
between Chl as and carotenoids exist. 

PS1 
The  core of PS1 is the most complex photosynthetic 
light-harvesting plus electron transfer system for which 
a structure is now available [7"']. The  functional unit 
of the PSI core of Synechococcus elongatus consists of 11 
subunits, including the two major subunits PSaA and 
PSaB, each having a molecular weight o f - 8 0 k D a  with 
known sequcnce, and each binding - 1 0 0  Chl as, 10-25 
carotenoids and three FeS clusters. The  structure has been 
resolved to 4 ~, and the positions o f -  90 Chls have been 
determined. As in the case of LHCII ,  no information 
about the direction of the Qv and Qx transition dipoles 
is available. The  core of P~;1 is characterized by 22 
transmembrane helices, 11 for each large subunit, which 
exhibit C2 symmetry around an axis that passes through 
the centrally located special pair of the electron transfer 
chain, P700, and the FeS cluster E The  electron transfer 
chain is embedded  in a structure of  ten transmembrane 
helices, five from each subunit, the arrangement of which 
is strongly reminiscent of that of the L and M subunits in 
the purple bacterial RC. All the other 90 antenna Chl as 
are dispersed in a band around this core and, for a large 
part, are associated with the remaining six transmembrane 
helices on each of the large subunits. For all the Chls 
except two, the distance to any of the pigments in the 
electron transfer chain exceeds 1.6nm, making energy 
transfer slow (10-20 ps). Two chlorophylls are found that 
seem to connect the antenna with the second and third 
pair of Chls of  the electron transfer system, and it has been 
suggested that these form a special entry for excitation 
energy. A remarkable sequence analogy exists between 
the antenna part of the large PSI subunits and the core 
proteins of PS2, CP47 and CP43, and for that reason it has 
been suggested that the pigment-protein arrangement of 
the six outer transmembrane helices and their associated 
Chls may be a good model for the PS2 core. 

Trapping in PSI is fast (20-25 ps), and charge separation 
is essentially irreversible [30,77,78]. Using ultrafast fluo- 
rescence depolarization, Du et al. [79] estimated that the 
major hopping process within PS1 occurs on a timescale 
of 100fs. On a timescale of a few picoseconds, the 
excitation energy is seen to equilibrate between a pool 
of very red pigments, absorbing at - 7 2 0 - 7 3 0 n m ,  and 
the major PSI core pigments. The  process of  energy 
transfer to P700 must occur at the same rate as this 
equilibration between core and red pigments as, even at 
very low temperatures where escape from the red states 
is impossible, a reasonably high quantum yield for charge 
separation is still observed upon excitation of the core 
pigments [80,81"]. This has led to a model in which 
essentially all sites within the PSI core are more or less 
equally efficient in transferring their energy to P700 (or 
any other pigment of the electron transfer chain) and 
which may be viewed as the 3D version of  the 2D ring to 
special pair energy transfer model that seems to operate for 
purple bacteria [82]. In our view, it is highly unlikely that 
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the two Chls that were proposed to act as a special entry 
for excitation energy indeed have that role. They  have 
more rapid energy transfer to the pigments in the electron 
transfer chain but are simply outnumbered by all the other 
Chls. A simple simulation of the trapping kinetics in PSI 
shows that leaving out the pair of connecting Chls hardly 
changes the trapping time. 

The  process of energy migration and charge separation 
cannot be experimentally separated in PSI. Kumazaki et 

al. [83•], Trinkunas and Holzwarth [84 °] and White et al. 

[85 •°] have used modeling to extract the intrinsic electron 
transfer rate. In a very recent study using a PSI mutant, 
which seemed to affect the special pair P700 but not the 
antenna spectra or dynamics, it was observed that the 
excited state lifetime approximately doubled [86"]. This 
was taken by Melkozernov et  al. [86 °'] as evidence for a 
model in which the charge separation rate by P700 is the 
rate limiting step, in contrast to the 'transfer-to-the-trap' 
limited model discussed above. 

Conclusions 
The combination of high-resolution structural data and 
uhrafast spectroscopy has enabled the development of a 
fairly complete picture of the light-harvesting process in 
purple bacteria. The  efficiency of the overall process is 
based on individual energy transfer steps of 80-100fs. 
In LH1, the core antenna surrounding the Re,  several 
hundred energy transfer steps occur before the final 
transfer to the special pair (35ps) and the initiation of 
charge separation. The  observation of a sub 100fs energy 
transfer, along with the retention of coherence and the 
enhanced radiative rates in LH1 and LH2, raises many 
challenging issues which will provide stimulus for theory 
and experiment for years to come. Despite the high 
symmetry and potential for strong intermolecular coupling, 
it does not appear that extensive electronic delocalization 
is necessary for achieving the near unit efficiency of the 
light-harvesting process. 

In green plant and cyanobacterial antennas, the structural 
information is not yet sufficient for the most detailed 
molecular modeling of energy migration. Enough is 
known, however, to reveal both striking similarities and 
differences with the purple bacteria. In particular, antenna 
molecules are held away from close contact with the 
primary electron donor, and efficiency is achieved by using 
large numbers of antenna molecules with roughly similar 
transfer rates to perform the final transfer step to the 
primary donor. 
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