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ABSTRACT Spectral and kinetic information on energy transfer within the light-harvesting complex Il (LHCIl) monomer was
obtained from this subpicosecond transient absorption study, by using selective excitation (663, 669, 672, 678, and 682 nm)
of various Chl a absorption bands and detecting the induced changes over the entire Q, region (650-700 nm). It is shown that
transfer from the pigment(s) absorbing around 663 nm to the low energy ones occurs in 5 = 1 ps, whereas the 670-nm
excitation is delivered to the same “destination” in two phases (0.30 + 0.05 ps, and 12 + 2 ps), and a fast equilibration (lifetime
0.45 = 0.05 ps) takes place within the main absorption band (675-680 nm). From comparison with results from similar
time-resolved measurements on trimeric samples, it can be concluded that the intramonomeric energy transfer completely
determines the spectral equilibration observed in native LHCIl complexes. To correlate the measured lifetimes and their
associated spectra with the pigment organization within the available structural model of LHCII (Kihlbrandt et al. 1994.
Nature. 367:614-621), extensive but straightforward theoretical modeling was used. Thus it is demonstrated that the pigment
assignment (Chl a or Chl b) given by Kihlbrandt and co-workers cannot simultaneously describe the dichroic spectra and the
transient absorption results for the rather homologous LHCIl and CP29 proteins. A more recent assignment for CP29, in which
a Chl b molecule (“Chl b5”) is identified as a Chl a (Dr. R. Bassi, personal communication), leads to a much better description
of both CP29 and LHCII. Furthermore, the orientations of the transition dipole moments, which have not been obtained in the
crystal structure, are now assigned for most of the Chl’s.

INTRODUCTION

Photosynthetic organisms possess the ability to conveftrandt et al., 1994). The resolution achieved (3.4 A) allowed
solar energy into chemical energy (stored in the form ofthe identification, in each monomer, of two central carote-
ATP and NADPH), which is further used to drive their noids (assumed to be luteins) surrounded by 12 Chl mole-
metabolism. Light harvesting is the first step in photosyn-cules. However, a clear distinction between &hahd Chlb,
thesis and is mainly performed by a set of antenna comer betweerQ, andQ, directions within single chlorophylls,
plexes, i.e., transmembrane proteins binding light-absorbingould not be made. The shortest interpigment distances
molecules such as chlorophylls (Chl's) and carotenoidsange from 46 5 A between tetrapyrrole rings of nearest-
(Car’s) (see, e.g., van Grondelle et al., 1994). Containingeighbor Chl's and between the luteins and closest Chl's.
about half of the Chl's active in plant photosynthesis, light-Based on this proximity and on the observed ultrafast trans-
harvesting complex Il (LHCII) is one of the most thor- fer of excitation from Chb to Chla, an assignment was put
oughly investigated antennae. It is known that LHCII is aforward by Kihlbrandt et al. (1994), in which the closest
trimeric complex that usually transfers excited-state energyhl pairs are Chlb—Chl a couples and the seven Chl's
toward the reaction center core of photosystem Il (PSll)closest to the luteins are Chl to enable efficient triplet
where a sequence of electron transfer reactions leads to tlhygienching. Although reasonable, this assignment might not
conversion into chemical energy. Chemical analysis (highbe entirely correct, because it was shown that lutein is not
performance liquid chromatography, HPLC) has shown thathe only carotenoid species involved in quenching triplets in
each monomeric subunit of LHCII binds five or six Gl LHCII (van der Vos et al., 1991; Peterman et al., 1995). The
seven or eight Chd, and several Car molecules: two luteins, assignment of the Chl's in LHCII was challenged by Con-
one neoxanthin, and varying, substoichiometric amounts ofielly et al. (1997a), based on a pump-probe study aiming at
violaxanthin (see, e.g., Peterman et al., 1997a). the detection of Car-to-Chl singlet energy transfer. How-
Based on electron crystallography on two-dimensionakver, the conclusion from this study that two Ghére in
crystals, a structural model of LHCII was proposed(iku  close contact with the central Car's was in disagreement
with a study by Peterman et al. (1997b), in which no
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state kinetics, investigated with various time-resolved techlow repetition rate (30 Hz) ensured the absence of accumulatingaChl
niques, is characterised by ultrafast ®kio-Chl a transfer ”iFIJ'Et Sctiaftes ath77 *; E;fcﬁation pulses k?erf"f’ee”f 663 a”ffil 582«?”‘7 were

; ; - P selected from the white light continuum with interference filters (6—7 nm
occurring with at least three dISt.mCt[ |If§tlme§200 fs, ull width at half-maximugm) and then amplified in a single dye cell
~600 fs, and 2-6 ps), energy redistribution among the Chz4-dicyanomethylene-2-methyI-G-p-dimethylaminostyryl-4H-pyran). The
a spectral pools with time constants sB00 fs, 2—4 ps and  probing light was generated in a sapphire plate, divided into a probe and a
10-20 ps, and a slow relaxation (2—4 ns) of the equilibratedeference beam, and projected onto two separate diode arrays. Both beams
state (Mullineaux et al., 1993; Bittner et al., 1994; Visser etvere polarized under the magic angle (54)4®lative to the vertically

. polarized pump beam. The pump pulses, with energies of 0.1xD Were
al., 1996; Connelly et al., 1997b). In a recent work byfocused on a spot of-0.3 mm diameter in the sample, resulting in

Trinkunas et al. (1997) a model for the spectra and thg,iaion densitiess10* photons/pulse/cf Transient difference spectra
orientation of all Chl molecules was obtained, which satis-were measured for 38 delays between pump and probe pulses, up to 600 ps.
factorily (but by no means uniquely) reproduces the steady©ne data set was the result of averaging more than 300 shots for each delay
state as well as the room temperature transient absorptidwsition, and at least four data sets were recorded for each pump wave-
data. Partly guided by the work of Connelly et al. (1997a) length. The spectra were detected with 0.5-nm resolution over a wave-

. . . ‘length window spanning a range from 640 to 700 nm. The maximum
it suggested a swap of two Chlwith Chl b locations as changes in absorption in these experiments were around 100 mOD, with a

compared to the Chl identities proposed byt#arandt and  noise level of less than 5 mOD. Absorption spectra of the LHCII sample
co-workers (1994). taken before and after the measurements proved to be identical.

By using subpicosecond transient absorption spectros-
copy on LHCII monomers, excitation energy transfer (EET)
from Chlb to Chla was recently found to have an entirely
intramonomeric character (Kleima et al., 1997). Using theThe time-gated spectra were analyzed with a global fitting routine as
same sample and experimental technique, we address hédrpescribed previously (van Stokkum et al., 1994). Data sets for the same

ti . th t int int ._excitation wavelength were fitted together in an irreversible sequential
guestions concerning the nature (m €r- or inframonomeric odel with increasing lifetimes, to yield species-associated difference

of the eXCi.tation energy tranSfe_r (EET)' ste;ps inVOl\{ing onlyspectra (SADS) and characteristic decay times. The instrument response
the Chla pigments. Upon selective excitation of various Chl function, fitted with a Gaussian profile, had FWHM values of 200250 fs.

a bands, which is possibly due to sharpening of the absorprhus the main imprecision occurred in determining the fastest lifetime(s),
tion bands at 77 K, detailed information can be obtainec? factor that is included in the error margins of the results given below.
about spectral equilibration within one monomeric subunit

of the trimer. It is shown, by applying a straightforward RESULTS

modeling approach and by combining results from both . ,
polarized and femtosecond spectroscopy, that considerabld'® 77 K absorption spectrum of the monomeric LHCII
progress can be achieved in elucidating the orientation ang@MPles used for pump-probe spectroscopy is shown in Fig.
the spectral properties of each pigment in the LHCII struc-L- FOr comparison, the spectrum of the trimers measured
ture. The results do not support the conclusions of the modéd{nder similar conditions is given in the same picture. The
mentioned above (Trinkunas et al., 1997) about the assigdn@lor differences are located in the GhlQ, region and
ment of the Chla and Chlb identities, but are in line with CONSISt of the decrease plus the red shift from 675 nm to

an assignment for the homologous protein CP29 (Dr. Rr677.5 nm of the absorption maximum, and, concomitantly,
Bassi, personal communication). the change of the 670-nm shoulder into a distinct peak for

monomers. In addition, minor differences are observed
around 665 nm and in the Chlabsorption, near 645 nm.
MATERIALS AND METHODS HPLC analysis (Peterman et al., 1997a) indicated that these

Sample preparation

Data analysis

Trimeric LHCII was prepared starting with BBY membrane fragments
from spinach, using a method described earlier (Peterman et al., 1995). The
monomeric subunits were obtained from trimers by incubation with 1%
(w/v) octyl glucoside and 1Qug/ml phospholipase A(Peterman et al.,
1997a). Free pigments and some remaining trimers were removed by
sucrose gradient (5-20% w/v) centrifugation (overnight at 200g).
Further removal of the unbound pigments was achieved with a Mono-Q
anion-exchange fast protein liquid chromatography column (Pharmacia).
For the pump-probe experiments, the monomers were solubilized in a
buffer containing 0.06% (w/v) n-dodecy,D-maltoside, 80% (v/v) glyc-
erol, and 20 mM HEPES (pH 7.5). All measurements were performed at 77
K in a liquid nitrogen cryostat (DN1704; Oxford Instruments). The optical
density at 677.5 nm was 0.6 in cuvettes with a 2-mm pathlength.

2.4

Absorbance (OD)

620 640 660 680 700
Wavelength (nm)

Laser system FIGURE 1 77 K absorption spectra of LHC-Il monomessl{d line) and

trimers @ashed ling recorded with a 0.5-nm bandwidth. The arrows
Transient absorption data were recorded with subpicosecond time resolindicate the excitation wavelengths used in this study: 663, 669, 671.5, 678,
tion on a spectrophotometer described elsewhere (Visser et al., 1995). And 682 nm.
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monomers each contain six Chland almost seven Cla,
approximately one Ch& molecule less than in the mono-
meric subunits of the intact trimers. In this transient absorp-
tion study different Chlk pools were selectively populated
by excitation pulses whose center wavelengths (663, 669,
672, 678, and 682 nm) are indicated by arrows in Fig. 1.

Fig. 2 shows difference absorption spectra measured for
various delays between the pump and the probe pulses
where the pump pulse was centered at 663 nm. In the first
spectrum golid line), which approximates the time zero
signal, bleaching/stimulated emission (SE) appears not only _
around the excitation wavelength but also around 670 and 3
677 nm, most probably because of direct excitation of the -~
corresponding pools via the vibronic side bands. However,
ultrafast energy transfer processes between different elec-
tronic states cannot be ruled out a priori (but see below).
The next difference spectrundgshed ling recorded at a
delay of 2.5 ps, exhibits a significant increase in the signal
above 674 nm plus a small red shift of the maximum from
677 to 678 nm, in parallel with the decrease observed at
shorter wavelengths. It takes several picoseconds for the
bleaching/SE around 663 nm to disappear and even longer
for the signal in the 670-nm region, whereas at later times
(tens and hundreds of picoseconds) the major process is the
decay of the spectrally equilibrated state.

Global analysis of these data in the 640—690-nm spectral
range with an irreversible sequential modelAB— C —

D — --- was justified by the absence of uphill energy
transfer at 77 K, where the Boltzmann fackdris equal to
2.5-3 nm. This means that state A, formed by the excitation
pulse within the instrument response time, decays with a
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time constant, into state B, which decays into state C with FIGURE 3 Global analysis results of the data presented in short in Fig.
alonger time constant;, and so on, until the system relaxes 2. A sequential model with four states 4 B — C — D was used (see

back to the ground state. For the present case, the minimuf?ft)'
number of lifetimes necessary for a satisfactory description

The calculated SADS and the lifetimes connecting them are shown in
D. Econtains an overlay of all of spectra above.

of the spectral evolution was four: 120 fs, 7.5 ps, 135 ps,

and 3.4 ns (fluorescence lifetime of Chlin solution, a
fixed but relatively unimportant parameter in the fitting

The spectrum in Fig. 3A, corresponding to the state

program). The spectra corresponding to each of the intefformed by the excitation pulse, decays into the next one

mediate states (SADS) are presented in FigA-3D.

Delta OD (a.u.)

FIGURE 2 Transient absorption difference spectra measured afte
663-nm excitation, at four delay times between the pump and the prob
pulsest ~ 0 (solid ling), 2.5 ps @lashed ling 12.7 ps ¢lotted ling, and 205

650 660 670 680 690
Wavelength (nm)

ps dot-dashed ling

(Fig. 3 B) with a time constant of 120 fs, i.e., much faster
than the instrument response of the setup. In principle, such
a fast process can reflect energy transfer between “blue” and
“red” Chl a molecules, or relaxation between a higher and
a lower excitonic state of a coupled system. There are also
other phenomena that may occur on a similar time scale,
like relaxation to the lowest vibrational level(s) of the
initially excited electronic state(s), coherent coupling be-
tween pump and probe pulses, or saturation broadening
(Groot et al., 1997). Fitting artifacts and dispersion in the
location of time zero across the probing spectrum may
contribute as well. Henceforth we will refer to all of these
physical or nonphysical fast processes, other than electronic
energy transfer, as “ultrafast events.” The next SADS (Fig.
3 B) still shows a large signal between 660 and 670 nm, in

£he form of a broad shoulder of the peak situated now at

677.5 nm. With a time constant of 7.5 ps this spectrum
evolves into the next one, which has almost no bleaching/SE
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due to “blue” Chla left (Fig. 3 C). In this spectrum, the
maximum is located at 679 nm, and some excited state
absorption (ESA) is present around 660 nm. The decay of
this quasiequilibrated state is biexponential, with a 135-ps
component having a relative amplitude 640% and a
slower component (fixed to 3.4 ns) accounting for the
remaining 60%. Note that some spectral equilibration can be
observed during the “fast” phase, but both steps are primar-
ily associated with overall loss of bleaching/SE originating
from “red” Chl’s.

In the excited-state dynamics studied in this experiment, _

chlorophylls from several spectral “pools” seem to be in-
volved, either because of direct excitation or because of
their role in the energy flow toward a fully equilibrated
state. However, in the global analysis of the data described
above, it was not possible to unequivocally resolve more
than one kinetic component (7.5 ps) associated with EET
from “blue” to “red” Chl's a. To distinguish more accu-
rately individual transfer processes in LHCII, we prepared a
different initial distribution of excited states by using exci-
tation centered at 669 nm. The data presented in Fig. 4 show
that the bleaching/SE signal is less broad at early times than
in the case of 663-nm excitation, with only two distinct
peaks at 670 and 677 nm. In the transient spectra corre-
sponding to delays of 3.3 and 13.3 ps, a gradual decay of the
signal around 670 nm is observed together with an ingrowth
and a red shift of the bleaching/SE for the other peak. After
38 ps most of the signal is already located around 680 nm,

Excitation Energy Flow in LHCIl Monomers
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and at later times only an overall decrease of the amplitud
is observed.
At least four lifetimes are needed for a satisfactory fit of
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i
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these data: 0.28 ps, 11.5 ps, 160 ps, and 3.4 ns; the SADSGURE 5 SADS and lifetimes resulted from the global analysis of the

they connect is shown in Fig. B—E. The first two time

constants are obviously associated with the excitation en-

ergy flow from the 670 nm Chl’s to the Chls absorbing at

data, in the case of 669-nm excitatioA—D). The number of kinetic
components was set to four in the fitting prograEnshows an overlay of
all of the calculated spectra.

longer wavelengths, whereas the last two describe the decay
of the almost equilibrated state back to the ground state. Yet
the subpicosecond step might contain some influence frormodeled the expected bleaching/SE spectrum (not shown)
the “ultrafast events” mentioned above. To estimate this, wdefore any EET step occurred, using the approach described

Delta OD (a.u.)

660 670 680 690
Wavelength (nm)

650

FIGURE 4 Transient absorption difference spectra measured upo
669-nm excitation for the following delays: 0.1 o(id line), 3.3 ps [ong
dashed ling 13.3 ps ¢lashed ling 38 ps (lotted ling, and 272 ps
(dot-dashed ling

n

in detail for the 663-nm excitation (see Discussion). Be-
cause this spectrum and the SADS from Figh bave very
similar shapes, it can be concluded that the lifetime of 0.28
ps is largely associated with energy transfer, whereas the
other “ultrafast events” show only a minor contribution.
Thus this analysis shows that the EET between the 670-nm
pigments and the red ones has a biphasic character, with a
subpicosecond component whose spectrum peaks around
671 nm, and a relatively slow one (11352.0 ps) that tails
down to 660 nm.

The use of excitation pulses centered only 3 nm more to
the red, at 672 nm, results in a rather different spectral
evolution of the transient absorption spectra. However, the
dynamics generally resembles that observed in a similar
study on LHCII trimers at 77 K, where 672-nm excitation
pulses were used (Visser et al., 1996). When applied to our
data, the global analysis routine finds at least four decay
times for a satisfactory fit: 65 fs, 0.75 ps, 11 ps, and 215 ps
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(Fig. 6). The spectrum from Fig. & has a width of~12 nm
(narrower than in case of 669-nm excitation), peaks at 677

nm, and exhibits a shoulder around 673 nm and a small tail
between 660 and 665 nm. From this, the next SADS (Fig. 6

B) arises during the 0.75-ps process, showing signs of
transfer from Chl’'s absorbing around the pump wavelength

to lower energy ones, such as the 2-nm red shift of the
maximum, the dropping of the ratio between the shoulder

and the maximum, and the ingrowth in the tail of SE (above 3
685 nm). In the next step (11 ps), connecting specBafd
6 C, the maximum shifts further to the red, the shoulders
disappear (665 nm) or become very small (673 nm), and the
zero-crossing point undergoes a large red shif® (nm).
Loss of bleaching/SE (probably reflecting singlet-singlet
annihilation) is significantly superimposed on both pro-
cesses above, with an70% decrease between the initial
and the final state (see, e.g., Fig./6andC).

Energy equilibration kinetics among the red-most pig-
ments in LHCII monomers was investigated using pump
pulses at 678 nm, close to the maximum of the absorption
spectrum. Despite the fact that the data primarily show loss
of bleaching/SE both on a subpicosecond and a picosecond
time scale, a certain amount of equilibration can still be
detected. The spectral evolution was fitted with five expo-
nential decays, whose SADS are exhibited in FigAZE.

A 0.75£0.10 ps
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culated decay times: 70 fs, 0.45 ps, 7.3 ps, 120 ps, and 3.4 ns. The SADS
connected by the last four lifetimes are shown separatelp-ib, and
together, for comparison, i&.

As in the previous cases, the first spectrum, which decays
on a time scale faster than the response time of the setup
(less than 100 fs), is not shown. At first glance, the 0.45-ps
step is associated with the decay of the bleaching/SE signal
in the main absorption band. However, a small red shift of
the maximum plus a slight increase in the stimulated emis-
sion in the red wing of the next SADS (Fig.B) suggests

the presence of a fast energy transfer process involving the
“blue” and the “red” Chl’s of this pool. The spectral equil-
ibration is accomplished over several picoseconds (time
constant 7.3 ps), when the blue shoulder of the bleaching
disappears and the maximum shifts further to the red (Fig.
7 C). A loss process with a time constant-efLl20 ps leads

to a “final state,” which subsequently decays in 3.4 ns back
to the ground state. The overall loss of the intensity of
bleaching/SE between the initial and the final state was
estimated to be~65%, similar to the case for 672-nm
excitation.

FIGURE 6 Spectral evolution upon 672-nm excitation fitted with four
lifetimes: 65 fs, 0.75 ps, 11.1 ps, and 215 ps. The corresponding SADS are
shown inA-C. The spectrum of the fast decaying artifact= 65 fs) is
omitted, andE contains an overlay of the spectra showrAiRC.

In our study of the excited state dynamics in LHCII, the
loss processes, such as singlet-singlet annihilation, occur on
various time scales and can interfere with energy transfer
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processes. To define more accurately the annihilation rateébration in monomeric LHCII in this spectral region. We
and their influence on EET kinetics, we used excitation inwill compare it further with the results of similar measure-
the red wing of the absorption spectrum, at 682 nm. Thaments performed on trimeric LHCII and thus reveal the role
outcome of the global fit of these data is shown in Fig. 8,of both intra- and intermonomeric interactions in the EET
A-D. Apart from the generally occurring “ultrafast events” dynamics. Whereas in a previous paper (Kleima et al., 1997)
(spectrum not shown), the fitting routine finds at least threethe focus was on Chb—Chl a energy transfer, here we
other decay times. The development of the second SAD&ddress the question how the rates and the amplitudes of the
from the first takes place with a lifetime of 0.45 ps, a valueexcited-state equilibration involving only Cla's are af-

that is identical to the one found upon 678-nm excitationfected by the change in aggregation state. Furthermore, as
The next spectrum (Fig. 8) appears with a time constant the size of the complex reduces threefold, a better insight
of 60 ps and then disappears on a nanosecond time scalfito the pigment organization and function in LHCII is
About 50% of the total bleaching is lost in the first two gptained, by modeling the observed energy transfer kinetics.
steps. All of the spectra have a very similar overall shapepefore relating the results of this study to spectroscopic and
only during the 0.45 ps step does some SE appear in the regyyctural details, such as the absorption spectrum and the
wing, a sign of a small contribution from energy equilibra- grientation of individual pigments, it is essential to discern

tion. The end spectrum generally resembles the end spectffe |ifetimes most likely associated with energy transfer
obtained for all of the previous cases, except that the peagteps_

is now shifted 1.5 nm to the red (682 nm). Upon excitation around 663 nm, two different time con-
stants (120 fs and 7.5 ps) characterize the observed shift of

DISCUSSION bleaching/SE from 660-670 nm toward the longer wave-
lengths. The faster time~(120 fs) has not been resolved

Chl a-Chl a energy transfer before in similar experiments on trimers. It may not neces-

By selectively exciting various Chd Q, absorption bands, sarily be related to energy transfer, because the' ther .HU|_
we have obtained a comprehensive picture of energy equifrafast events” mentioned above can occur on a similar time
scale, which is faster than the instrument response. To

identify the nature of the ultrafast component, we approxi-
mated the OD spectrum in the 660—700-nm interval by the
sum of three spectral “pools,” using Cakbsorption bands
whose phonon wing was derived from fluorescence mea-
surements (Peterman et al., 1997c), with maxima at 677.9,
670.1, and 662.5 nm, respectively (FigAR The ratios of
the areas under these bands are roughly 3:2:1 (677.9 nm:
B 60+10 ps 670.1 nm:662.5 nm), suggesting that the 662.5-nm band is
_______________________ . essentially due to only one Chlmolecule. Then the pump
) P spectrum X ,,.x = 663 nm,~7 nm FWHM) was convoluted
with all of these bands to calculate their contribution to the
initial excitation, leading to 42% for the 662.5-nm band,
= < —— 40% for the 670.1-nm band, and 18% for the 677.9-nm
\ // band. Using the band deconvolution of the OD spectrum,
- the contribution of the 662.5-nm band to the initial bleach-
ing/SE spectrum after excitation with a 663-nm pulse (but
before any EET step) can be estimated. The SE spectrum is
approximated by the mirror image of the absorption band,
with a reasonable value of 3 nm for the Stokes’ shift. It was
assumed that below 665 nm the signal originates only from
the 662.5-nm band; for each of the other two bands the
bleaching/SE and the ESA cancel each other (compare, e.g.,
to 669-nm excitation). The estimated contribution of the
“blue” band to the SADS from Fig. 3% andB, is 65—-70%
and 30-35%, respectively (see Fig.B;C), whereas the
expected value, calculated above from the absorption spec-
Wavelength (nm) trum presuming the absence of excitation transfer towards
FIGURE 8 Calculated SADS describing the transient absorptionlonger wavelengths, was 42%' Therefgre, energy transfer
changes in the case of excitation at 682 nfa-Q), together with the from the blue-most Cha band is essentially described by

characteristic lifetimes. For clarity, the spectrum of a fast decaying artifactn€ 7-5-ps "fe.tim& whereas the 120'f§ component is mainly
(t =~ 10 fs) was omittedE shows an overlay of all spectra above. due to experimental and/or fitting artifacts.

A  045£0.05 ps

ARbsorbance (a.u.)
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T T T
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slightly faster transfer time was observed: 2.4 ps (multicolor
pump-probe at 77 K, 662-nm excitation; Visser et al., 1996)
or 3 ps (one-color pump-probe for 660 and 665 nm, at 293
K; Kwa et al., 1992). The difference could be caused by
factors such as the connection of these “blue” &€klto a
Chlamolecule from another monomeric unit or to the @hl
molecule lost during the monomerization procedure. What-
ever the nature of the broken connection between the
663-nm pigment and another pigment, the time of transfer to
that pigment must be very similar to that of transfer to the
remaining pigments~5 ps), thus explaining the lifetime
observed for LHCII trimers (2—3 ps).

Following the approach described above, we obtained the
difference absorbance spectrum of the vibrationally relaxed
state in the case of 669-nm excitation, assuming that no
energy transfer had taken place yet (not shown). Even
though the simulated spectrum is somewhat broader than
the data (probably because it does not include ESA), its
shape globally resembles the shape of the first SADS
(Fig. 5A). This suggests that the process occurring with a
lifetime of ~0.3 ps must be primarily energy transfer from
, , . pigments absorbing around 670 nm to the ones absorbing at
650 660 870 680 690 longer wavelengths. This value is in agreement with the

Wavelength (nm) time constants found for trimeric LHCII: 0.4 ps (Visser et
al., 1996) or 0.31 ps (Bittner et al., 1994). Besides this
ultrafast component, a considerably slower phase of energy
transfer is observed, with a lifetime ef12 ps. Slow trans-
fer between 670 nm Chd's and the “red” ones was also
detected for LHCII trimers in low-temperature experiments,
with characteristic lifetimes of 13 ps (Mullineaux et al.,
1993), 14 ps (Bittner et al., 1994), and 155 ps (Visser et
al., 1995). It was argued that this relatively slow transfer
process might involve pigments belonging to different mo-
nomeric subunits of the trimer. However, our results support

650 660 670 680 690 the idea that there are at least two pools of &klshowing

Wavelength (nm) absorption near 670 nm, whose difference in coupling with
neighboring Ch moleculeswithin the monomer gives rise
FIGURE 9 @) Approximate description of the OD spectrum of mono- to the observed biexponential kinetics (0.3 and 12 ps).
meric LHC-II (solid line) between 660 and 700 nm, using Grdbsorption Shifting the pump wavelength slightly to the red to 672

bands derived by Peterman et al. (1997c). The maxima are at 662.5 "m results in more direct excitation of the pigments con-
670.1 nm, and 677.9 nndéshed lines and the residual of the fit is shown

below (dot-dashed ling (B) Comparison between the SADS from FigA3 tributing to.t.he main absorption band. ,Based on the spectral
(solid ling) and the simulated bleaching/SE of the 662.5-nm band onlydecomposition of the OD spectrum (FigAp, we estimated
(dashed ling (C) Comparison between the same simulated spectrumthat ~45% of the initial excitation is localized on the

(dashed ling and the SADS from Fig. 8 (solid lin€). 678-nm band, 50% on the 670-nm band, and only 5% on the
662.5-nm band. As mentioned above, the spectral evolution
of the bleaching/SE can be projected onto two exponential

Because of the significant amount of direct excitation ofcomponents with lifetimes of 0.75 and 11 ps. Both steps
the 670-nm Chl's {-40%); see above) and the slow phase ofoccur with significant diminution of the overall signal,
the energy transfer between the 670-nm and 678-nm poolsrobably because of annihilation, but energy transfer fea-

(~12 ps; see Results), the 7.5-ps process is actually a globalres are still present. We believe that the differences in

description of transfer from both 663-nm and 670-nm pig-kinetics and in the calculated SADS for this case compared

ments to the 678-nm ones. Applying the fitting routine only to 669-nm excitation are mostly caused by the interference
below 665 nm, to minimize the contribution of the 670-nm of the loss processes with the EET events.

band, a lower value for the transfer time was found«(3 If the excitation pulse is centered at 678 nm, fast energy

ps). This transfer is essentially monoexponential, as exequilibration within the main absorption band takes place

pected if the 663-nm absorption band was due mainly to ongith a time constant of~0.45 ps, also found for 682-nm
pigment. In similar experiments performed on trimers, aexcitation, which is in agreement with the value found upon

Absorbance (a.u.)

655 670 685 700
Wavelength (nm)

Delta OD (a.u.)

Delta OD (a.u.)
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672-nm excitation in trimers (0.42 ps; Visser et al., 1996). al b1
Note that in the latter case, a significant amount of main

band pigments, absorbing around 676 nm (see Fig. 1,

dashed spectrumwere directly excited by the pulse cen-

tered at 672 nm. In addition, we detected a slower phase of

spectral equilibration upon 678-nm excitation, having a b2

characteristic lifetime of~7.5 ps.

b5
To summarize, in the multicolor pump-probe experi- a2 a5 b6
ments at 77 K on LHCII monomers, we directly observed b3
downhill energy transfer among Chlstates, characterized a6
by at least five lifetimes, spanning two orders of magnitude: ad
—0.30 = 0.05 ps, from 670 nm to 680 nm a7

—0.45 £ 0.05 ps, within the main absorption band

—5 =+ 1 ps, from 663 nm to 679 nm (either directly, or via FIGURE 10 Arrangement of chlorophylls in the LHCIl monomer, side
670 nm) view. Black, Chla; gray, Chlb. The assignment and the notation of each
~7.5+ 0.5 ps, within the main absorption band molecule are as given by Kibrandt et al. (1994). The arrows indicate the
—12+ 2 ps from 670 nm to 680 nm orientation 0 for theQ, transition dipole moment (see text). The other
- ! possible orientation (1) lies along the other diagonal of the porphyrin rings.
Note that the orientations found by our filtering procedure are given in

Loss processes in LHCII Tables 1 and 3.

One question already raised in previous studies was the

extent to which annihilation processes (singlet-singlet oiderstanding the light-harvesting function, such as the ab-
singlet-triplet) affect the excited-state dynamics in LHCII. sorption spectrum and the transition dipole orientation of
Annihilation is due to interaction between excited statestach Chl molecule. The spectral and the kinetic information
located on different molecules, in which one molecule re-gathered from probing the energy transfer processes can be
laxes nonradiatively to the ground state while the other onélsed as an effective tool for obtaining more information on
is excited to a higher level. As the latter state returns rapidlyhese issues. Below we investigate how the observed kinet-
to the first excited level, the net result of the process is thdCs can be brought into accordance with available structural
loss of one excitation. Experimentally, this manifests itselfinformation. Because of the binary uncertainty for the di-
as an acceleration of the decay of the excited state. In thigole orientation of each Chl there are, in principle, 4096
study, the decay times of the overall bleaching/SE signal foPossible configurations for LHCII within the assignment of
monomeric LHCII that may be associated with singlet-Chl @'s and Chib’s given by Kihlbrandt et al. (1994). At
singlet annihilation are 0.45-0.75, 7-11, 60, and 130—16(rst afiltering procedure is applied, using global knowledge
ps. Note that, like the EET processes described above, titeduced from linear and circular dichroism spectra and
annihilation also takes p|ace over a wide time range. Wérom Chlb-to-Chl a transfer kinetics. Then the solutions are
should mention that the information gathered on the longesiested to determine whether they can describe the spectral
lifetime is in general less exact, because the data sefduilibration kinetics in the Cha region observed in our
contain 38 delay times, of which only a few extend up to€Xperiments.

670 ps. Yet, the end spectra have a similar shape and The coupling strength between Chland Chla mole-
amplitude for all of the excitation wavelengths (see Re-cules, estimated from the structure, does not exceed 100
sults). For photon densities as high as the ones used in th&n * (for a refractive index of 1.3 and optimal orientation),
study (0.8-1.5 absorbed photons/monomer) it was showihereas the energy gap between them is more than 400
that in the trimeric LHCII, annihilation may occur for tens €M . Because of the fact that the Gi$ in the Kthlbrandt

or even hundreds of picoseconds (Bittner et al., 1995; Visseiodel are separated by larger distances, they show a much
et al., 1996). It was suggested that such slow annihilatioveaker coupling (less than 30 cif). These values are in
rates could stem from excitations produced on differen@greement with the interpigment coupling 690 cm *
monomeric subunits within the trimer. However, these slowestimated from CD spectra (Hemelrijk et al., 1992). Thus,
processes were now detected on monomeric preparations §8ncerning the nature of energy transfer in LHCII, the
well. Understanding these processes in detail requiredpPplicability of the Foster mechanism seems justified (see
knowledge about the excited state absorption properties ¢¥so Visser et al., 1996, and Trinkunas et al., 1997). Coher-
individual pigments in LHCII, which is lacking, and there- €nce effects in the excited state dynamics, such as oscilla-

fore we will focus below only on the energy transfer processedlory features, have not been observed in LCHII, and if
present, they probably do not contribute to processes with

lifetimes longer than 0.3 ps. On the other hand, the dipole-
dipole approximation used in the'E&per formula might not
The structural model available for the LHCII complex (Fig. be entirely justified for interpigment distances of 0.8—0.9
10) does not provide parameters that are essential for umm (in the case of some ChChl a pairs), although the

Modeling energy transfer by Forster mechanism
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introduced error is probably small (LaLonde et al., 1988). Inet al., 1996). After checking thoroughly that the obtained
the following we will consider localized excitations that conclusions do not depend on the precise choice of the
“hop” between a donor (D) and an acceptor (A) molecule spectral parameters, we assumed for simplicity that all of
which are separated by the distariRg, in @ medium of the Chib (a) are spectrally equivalent, with th@, transi-
refractive indexn, with a rate given by the Feter formula  tions around 650 nm for Clii and 670 nm for Ché (but see

(see, e.g., Struve, 1995): below). The use of room temperature spectra is justified by
c the fact that the measured energy transfer rates frombChl
Kop = % (KYRS,) to Chlain LHCII were found to be almost independent of
n

temperature (see, e.g., Visser et al., 1996, and Connelly et

The «2 factor depends on the orientation of the interactingal" 1997b) and by the fact that the calculated downhill rates

transition dipole moments as are rather insensitive to temperature between 0 and 300 K
(Struve et al., 1995).
K2 = [[in* ra — 3(fo * Rop) (f1a * Ron)]? Using the correct value for the refractive index in the

. _ Forster formula is a nontrivial issue, as discussed, for in-

Here fp and i, are the unit vectors for the transition gtance, by Moog et al. (1984). In our case it is used merely
dipoles of the donor and the acceptor, respectivelyfd 55 a scaling factor, i.e., a value of 1.55 leads to a range of
is the unit vector along the direction connecting the “Cen-y|cylated transfer times that is in agreement with the one
ters” of the two moleculesCp, depends on the overlap piained experimentally (0.2-20 ps). The calculated rates
integral between the donor's emissialp) and the accep- \yere further used in the Pauli master equation (see, e.g.,
tor's absorpt_lan €x) spectra and is proportional 10 gyyve 1995), which gave the time-dependent occupation
JoIp(v)ea(v)v"dv. , o probabilitiesP(t) for each moleculé (i = 1-12). Then the

Using the atomic coordinates provided in the struc’[uralquantity whose dynamics is used below to describe the Chl
model (Fig. 10), the distande between all of the Chl pairs b-to-Chl a energy transfer is defined &(t) = 3Py (t)
n thg .LHCI.I monomer can bg calculated. However, @ (the summation is taken over all Chimolecules). o
transition dipole moment, which appears in tkfeexpres-

sion. can assume two possible orientations for each mol An additional criterion for resolving the ambiguities in
' . P . 0'%he dipole moment orientations takes advantage of the sen-
cule: 0 or 1, i.e., along the NA-NC axis or the NB-ND axis,

respectively (nomenclature as in'l8a et al., 1997). The sitivity of polarized absorption spectroscopy (linear and

Co coefficients for Chia-Chla (C,), Chl b-Chib (Cyy) circular dichroism) to the molecular configuration. A set of
Cﬁfb—Chla(Cba) and Chla—Cth(aCa,b) pairwise trangfe’rs r(_astriction_s can be imposed on the_overall shape of the
are estimated using the method suggested originally b .|rcula(;. dh|chlr0|sm %nd c:jnbtht?] mcz?glt;%ehlgf thle relduced
Shipmann and Hausmann (1979) and later modified by Jeallper?r ichroism pl;ro udce ythe n | mo elj:u esl i
et al. (1988). This is an analytical method that approximate t Iergrggfon’ ased on expenmelnta gsgectrah( emeiry
the absorption and emission spectra as symmetric Gaus t al,, 1992, van Amero'ngen (?t al., 1 _4)' Thus it was
ians, operating with parameters like spectral width peak proved that by using rglatlvgly mild restrictions, the number
wavelength §), and transition dipole strengthu). Thus it of allowed conflguratlons' in the Kabrandt model can
has been shown (Jean et al., 1988) that for a Chl pair whosdréady be reduced considerably, from 4096 to less than

emission and absorption maxima are separated by, 1_00, meaning Fhatv4000 combinations of dip(_)le orie_nta-
tions can definitely not explain the observed linear dichro-
Coa = M5 Ma - lpa ism (LD) and circular dichroism (CD) spectra of LHCII
with (Gllen et al., 1997).

Our extended approach consists of a complete search in

1 the space of possible orientations using a set of very general
m'exr{—A%A/Z(ﬂﬁ + 0%)] f|Iter|ng criteria, Qerlved not only from the steady-state

N b A polarized absorption spectra, but also from the Gb-

where the constant is 29.99 Debyeps * nm® cm™2. Chl a transfer dynamics:

Because no reliable values for most of these parameters 1. The values of the reduced linear dichroism are, kD
in LHCII are available, we used the ones from the absorp—0.1 andLDy| < |LD|, where LD, is the average over 640
tion/emission data of Chl's in solution (C{lat room nm< A <660 nm, and LQis the average fok > 660 nm
temperature (Sauer et al., 1966): the spectral widthss ~ (see also van Amerongen et al., 1994, andeGLet al.,
135 cm * and g, = 145 cm %, the dipole strengthg? = 1997).
24.65 Deby@andu2 = 16.91 Deby® and the separations 2. The CD spectrum has a biphasic character in theaChl
Apa= Ay =110 cm*, A, = 275 cm * andA,, = 495  region, with a positive sign on the short wavelength side
cm ' With these parameters, we estimated tat =  (see also Glen et al., 1997).
32.26,C,, = 14.45,C,, = 9.61, andC,, = 1.11 nnPps %, 3. Approximately 20% of the Chb-to-Chl a energy
values that are in agreement with earlier calculations basetlansfer is “slow” (several picoseconds), whereas the re-
on experimental spectra, for LHCII trimers at 77 K (Visser maining 80% should not be entirely “fast” (less than 0.4 ps)

Ipa = constant
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TABLE 1 Selected LHCII configurations within the Kiihlbrandt model

No. al a2 a3 ad a5 a6 a7 bl b2 b3 b5 b6 LD, LD, b—a
2994 0 1 0 0 0 1 0 0 1 1 1 0 —0.117 —0.016 -
3002 0 1 0 0 0 1 0 0 0 1 1 1 —0.136 0.022 -
3057 0 1 0 0 0 0 0 0 1 1 1 1 —-0.131 0.103 +
3058 0 1 0 0 0 0 0 0 1 1 1 0 —0.155 —0.026 +
3065 0 1 0 0 0 0 0 0 0 1 1 1 —0.149 0.142 -
3066 0 1 0 0 0 0 0 0 0 1 1 0 -0.172 0.013 +
4018 0 0 0 0 0 1 0 0 1 1 1 0 —0.165 0.098 -
4026 0 0 0 0 0 1 0 0 0 1 1 0 —0.130 —0.016 -
4082 0 0 0 0 0 0 0 0 1 1 1 0 —0.198 0.089 -

Notation and selection criteria are as given in the text; Chl assignment is as in Fig. 10. The sigans that the transfer time for two Qi is “fast”
(0.2—0.4 ps) and that for the other two is “intermediate” (0.5—0.8 ps). The configurations-vaikey only milder restrictions on the transfer kinetics, i.e.,
60% of it is either “fast” or “intermediate.” In all cases, a “slow” component (2-5 ps), with a relative amplitude of 20%, originates fluptgment.
As required by the filtering criteria, the transfer time fréd@to a3 is “fast” (0.27 ps). The decay of the excited statébdris always “intermediate” (transfer
time r = 0.65 ps, towardl). With only one exception (when boli2 anda2 are in orientation 17 = 0.57 ps),b2 shows a “fast” transfer towaraR (r

= 0.22-0.27 ps), whereds$ has a “fast” EET rate to tha6—a7 pair in orientation 1 and an “intermediate” one otherwise.

or completely “intermediate” (0.5—-0.8 ps) (see, e.g., Vissein both 0 and 1 orientations. This is clearly illustrated in
et al., 1996, and Connelly et al., 1997b). Table 2, which shows the reduction strength of each of the
4. The transfer time betwed8 anda3 is “fast” (0.3— imposed criteria, together with the tendency of each Chl to
0.45 ps), an®3 is in configuration 1, as concluded from LD assume one of the two available orientations, 0 or 1.
and femtosecond measurements on a closely related protein,We will further discuss the possible energy transfer path-
CP29 (Gradinaru et al., 1998). ways and the role of each Chl molecule in terms of the
The configurations that comply with these requirementscompartmental nature of the selected configurations, which
are subsequently tested for the energy equilibration kineticavas brought to our attention by Dr. R. Knox (personal
between Chh pigments, using the information provided by communication). Here, “compartment” refers to a group of
this study and assuming a certain spread in the energy gfigments “equilibrating” very fast{=< 1 ps) and signifi-
their Q transition (663 Nm< A, < 678 nm). This spread cantly slower ¢ = 5 ps) with the rest of the pigments in the
leads to only small changes in the calculatédsker rates complex. Based on this definition, we identified the follow-
for Chl b-to-Chl a transfer, but it gives a certain direction- ing four compartments within the LHCII monomer that are
ality to the energy transfer between various @tgools at common to all configurations given in Table 1:

77 K.
L ., . compartment 1b1, b2 n
The result of the filtering procedure based on the criteria > partment 1b1, b2, al, anda2

listed above, taking into account the Chl assignment propompartment 2b3 anda3
. . ._compartment 3a4 andab

posed by Khlbrandt et al. (see Fig. 10), is presented mcompartment 4b6. 26. anda?

Table 1. Of the total of nine surviving configurations, only R

three are rigorous solutions (graded within the table), The Chlb5 is connected ta5 (r = 5 ps) and, in some cases,

whereas the other six obey only somewhat milder restricto compartment 4+ = 2—3 ps, ifb6 is in the O orientation).

tions. One can see that a large number of pigments prefédote that within the compartments there might be some

only one of the two possible orientations for th@y tran-  delocalization of excitations, but equilibration remains

sition dipole, i.e.,al, a3, a4, a5, a7, andbl assume the ultrafast.

orientation 0, whereds3 andb5 are found in orientation 1. For all cases above3 is the only “unpaired” Ché, with

The remaining molecules?, a6, b2, andb6) can be found a calculated transfer time to the rest of the monomer 5f

TABLE 2 Survival statistics—Kiihlbrandt model

Filtering criteria Survivors  al a2 a3 a4 a5 a6 ar bl b2 b3 b5 b6
LD, 397 0.806 0.620 0.408 0.907 0.730 0.763 0.980 0.499 0.448 0.519 0.509 0.683
LD 102 0.961 0539 0461 0951 0.716 0.706 1.00 0.716 0.529 0.010 0.402 0.882
LD, + CD, 46 1.00 0.217 0565 0.978 0.957 0.587 1.00 0.652 0.478 0.022 0435 0.891
LD, + CD, + CP 25 1.00 0.360 1.00 1.00 0.920 0.560 1.00 0.680 0.480 0.000 0.360 0.920
LD, + CD, + CP + EET 9 1.00 0.333 1.00 1.00 1.00 0.556 1.00 1.00 0.444 0.000 0.000 0.778

Probabilities of being in orientation O are listed for each Chl molecule, normalized with respect to the total number of survivors in each rowstin the fi
column, LD, is the restriction imposed on the reduced linear dichroism of theaBhLD,, further includes the criteria for the Chls. CD, refers to the
circular dichroism requirements, and EET is related to the excitation transfer pattern framtoGZil a pigments (see text). CP denotes a restriction derived
from ultrafast spectroscopy on CP29 (Gradinaru et al., 1998)bBas, in orientation 1 and3 is in orientation 0. The last nine survivors are the ones shown

in Table 1.
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However, there is an important shortcoming for this so-
lution that actually holds for all configurations selected
within the Kthlbrandt model of LHCII. Based on transient
absorption measurements on CP29 (Gradinaru et al., 1998),
it was concluded tha3 must be a “red” pigment (675—680
nm), whereas, to explain the energy transfer kinetics for
LHCII, we should now put its maximum near 663 nm. A
large shift of the absorption of this molecule in LHCII
versus CP29 is unlikely to occur, given the high degree of
sequence homology between the two antennae.

From a reconstitution study on CP29, in which site-
FIGURE 11 Block-diagram representation of the energy transfer kinetdirected mutations prevented certain Chl molecules from
Lfggg '-{'i:g fl")r;fe foé';’é"’ir:‘ri ((:(?)' zgec”g‘??“:n?rggio”z g’;:‘;‘ﬁ’“g’"ﬂon binding, it was concluded that the Chimolecule corre-
a4/35 ~ 678 nm (0).a6 ~ 670 nm7(0),a7 ~ 667 nm (b),bl/bz ~ 650 E"z] spont;hng to Chb5 from ITHC'II is in fact a Chla (Dr. R.

(0), b3 ~ 640 nm (1),b5 ~ 650 nm (1), anch6 ~ 650 nm (0). Bassi, personal communication). Furthermore, based on the
results of that study and on the assumption that similar
binding sites in LHCII and CP29 bind identical pigments, it

ps. Because the 663-nm absorption band has a dipofghould be concluded that in LHCII only one of the CHi,

strength corresponding to approximately one pigment (seb2, a6, anda7 must be a Cha, to conserve the numbers of
above), the transfer kinetics observed upon 663-nm excitachl a andb per monomer (seven and five, respectively). For
tion (r = 5 ps) can be explained onlyaB is assigned to this b1, b2, ora6 being a Chh, an unreasonably high proportion

“blue” Chl a. Any other assignment would unavoidably lead of the Chlb-to-Chl a transfer (40—60%) would take place

to fast equilibration within a compartment having two Chl on a picosecond time scale, if simultaneously the dichroic

a’s (including species absorbing at longer wavelengths)criteria have to be fulfilled. Only in the case in which the

thus contradicting the experimental results. Furthermoremolecules5 anda6 of the Kihlbrandt model have swapped

the slow EET phase from the 670-nm to the 678-nm pookheir identities (next they will be named6,s; and b5,

(r = 12 ps) can only be ascribed to transfer betweerrespectively) can 15 configurations be found that obey all

different compartments, implying that both Gfé in one of  restrictions listed above (see Table 3). The reduction statis-

the compartments 1, 3, or 4 should belong to the 670-nntics for this model are shown in Table 4.

pool. Then, one more Chh molecule in the remaining The only configuration witfa5 in the orientation 1 (2860)

compartments should also absorb near 670 nm, to explaican be ruled out, because the calculated transfer times

the presence of the subpicosecond lifetime observed updmetween Chla’'s are much longer than the experimental
669-nm excitation (see, e.g., Fig. 5). One of the solutions/alues. Therefore, we will further discuss only the remain-

(dipole orientations and spectral assignment) that gives ag 14 configurations, which are organized in four classes

satisfactory description of the observed energy transfer kiwith respect to the Chh orientations: 26, 2, 6, and (the

netics in the Chh region is presented in Fig. 11. names refer to the Chd's found in orientation 1, i.e.a2

TABLE 3 Selected LHCII configurations within a modified Kiihlbrandt model

No. al a2 a3 a4 ab a6 ar bl b2 b3 b5 b6 LD, LD, b—a
2860 0 1 0 0 1 1 0 1 0 1 0 0 —0.105 0.076 +
2978 0 1 0 0 0 1 0 1 1 1 1 0 -0.124 —0.092 -
2980 0 1 0 0 0 1 0 1 1 1 0 0 -0.114 —0.002 -
2988 0 1 0 0 0 1 0 1 0 1 0 0 —0.139 0.043 +
2994 0 1 0 0 0 1 0 0 1 1 1 0 —-0.128 —0.003 -
2996 0 1 0 0 0 1 0 0 1 1 0 0 —0.120 —0.100 -
3004 0 1 0 0 0 1 0 0 0 1 0 0 —0.142 —0.057 +
3058 0 1 0 0 0 0 0 0 1 1 1 0 -0.131 0.034 -
3060 0 1 0 0 0 0 0 0 1 1 0 0 -0.123 —0.054 -
3068 0 1 0 0 0 0 0 0 0 1 0 0 -0.141 —0.023 +
4004 0 0 0 0 0 1 0 1 1 1 0 0 —-0.163 0.114 +
4012 0 0 0 0 0 1 0 1 0 1 0 0 —0.128 0.002 +
4020 0 0 0 0 0 1 0 0 1 1 0 0 —0.165 0.004 +
4082 0 0 0 0 0 0 0 0 1 1 1 0 -0.176 0.139 -
4084 0 0 0 0 0 0 0 0 1 1 0 0 —0.169 0.046 +

The pigmentsa6 andb5 in the Kihlbrandt model (Fig. 10) have their identities swapped. The sig@sd — in the last column have the same meaning
as in Table 1. The ChI's2 andb3 show the same decay pattern as discussed for Table 1. In all badess an “intermediate” transfer time toweaad
(0.74 ps), which also receives excitation frda® (either directly or viab6). Chlbl shows an “intermediate” transfer time to eittar or a6, depending
on its dipole orientation. The configuration shown in italics is ruled out on the basis cé-@til a energy transfer (see text).
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TABLE 4 Survival statistics—a modified Kiihlbrandt model

Filtering criteria Survivors  al a2 a3 ad a5 a6 a7 bl b2 b3 b5 b6
LD, 285 0.835 0656 0379 0993 0.761 0414 1.00 0.446 0439 0530 0.488 0.702
LD,y 77 1.00 0.532 0.519 1.00 0.870 0.455 1.00 0.649 0519 0.065 0.584 0.883
LD, + CD, 51 1.00 0.314 0.588 1.00 0.980 0.333 100 0.647 0529 0.078 0588 0.863
LD, + CD, + CP 27 1.00 0.370 1.00 1.00 0.963 0.370 1.00 0593 0.519 0.000 0.593 0.889
LD, + CD, + CP+ EET 15 1.00 0.313 1.00 1.00 0.938 0.375 1.00 0.563 0.313 0.000 0.688 1.00

The filtering criteria are the same as in Table 2, and the modifications in the pigment assignment are as described in the text. The probability of being
the 0 orientation is given for each chlorophyll, normalized with respect to the total number of survivors in each row. The last 15 configurat®osese th
given in Table 3.

and/ora6,s). Note that seven pigments have, in all cases, dhis case th@a3 pigment can have an absorption peak that is
conserved orientatioral, a3, a4, a5, a7, andb6 are in 0, close to the one inferred from fast measurements on CP29.
whereb3isin 1 (see, e.g., Tables 3 and 4). Furthermore, the However, for the other two Cha configurations (2 and
only four configurations wittb5.4in orientation 1 have the @), it is necessary to placa3’s absorption around 663 nm
worst “grades” for Chlb-to Chl a transfer, so it is quite to explain the observed transfer time from this wavelength
likely that theQ, transition dipole of Chb5,¢lies along the  to the red, leading again to the already discussed disagree-
0 direction. The solutions share a common compartmentahent concerning the spectral assignmen@dfin LHCII
structure, which is to a large extent similar to the oneversus CP 29. As a global feature, for all configurations
discussed above: listed in Table 3, the calculated LDand LD, values are
closer to the experimental ones than for the other case (see,
e.g., Table 1).

Finally, we want to comment on the role of each com-
partment in the in vivo energy transfer pathways in LHCII,
for the two Chl assignments discussed above. LHCII in vivo

For orientation 0 Chbl belongs to compartment 1, whereas is probably an aggregated form of the trimeric LHCII. One
for orientation 1 it is found in compartment 3, connectedtherefore expects three levels of energy transfer: transfer
to a6y within a monomer, transfer within a trimer, and transfer
For two Chla configurations (6 and 26)a7 shows a between trimers. As shown in a recent study (Kleima et al.,
transfer time of 3—4 ps towarab, a value that approaches 1997), the Chb-to-Chlatransfer is essentially taking place
the transfer time observed upon 663-nm excitatioB fs).  within the monomeric subunit of the trimer, mostly on a
A possible solution, in which both the fast and the slowsubpicosecond time scale. This corresponds to the fast trans-
energy transfer rates and their associated spectral featurégy rates between Chl's anda within the same compart-
are consistent with the experimental observations, can bments. Furthermore, the Cld spectral equilibration in
obtained by assigning?7 to the 663-nm absorption band, as monomers is very similar to that observed in trimers, with
shown in Fig. 12. Compared to the"Kibrandt model, in lifetimes ranging from 300 fs to 12 ps. The faster rates
probably originate from intracompartmental Chlpairs,
whereas the slower ones are due to transfer between com-
partments. Upon examining the block diagrams of all con-
figurations selected above (figures not shown), it becomes
apparent that compartment 34(-a5, plus a6, for the
modified model) can exchange excitation energy with all of
the other compartments within the same monomer. This is
mainly due to good connections ab toal (r = 10.67 ps),
a3 (r = 5.22 ps), anda7 (t = 3.49 ps), but also, in some
configurations, to the4—-a2 coupling ¢ = 5.39 ps) or to the
ab,s—ar coupling ¢ = 2.65 ps). Moreover, the strongest
intermonomeric connection is between Ché4 and a5
from adjacent monomeric subunits of the trimer< 16.23
FIGURE 12 Block-diagram representation of energy transfer in LHCII PS, when both pigments are in the O orientation), thus
in a modified version of the Kuibrandt model, for the following spectral  suggesting that compartment 3 is important for intermono-
s grizgtiﬂgggl aSSignnlleﬂte(;gnﬁgug’“g‘fﬁ% Tab'gﬂzaz =~ g;g meric energy transfer. Meanwhile, the Ghinolecules in
:m 21; a7~ 662':]%((0))'11; 650nr:nm((())'),b2; 650”;”m( ()i?’b";; 6a0 Compartments 1 and 4 are close to the periphery of the
nm (1),b5,4b6 ~ 650 nm (0). Note that the names of molecisésandbs  trimeric complex, so at least some of them could be the
are interchanged as compared to Fig. 10. main exit points to other trimers.

compartment 1lal, a2, andb2
compartment 2a3 andb3
compartment 3a4, a5, anda6,s
compartment 4a7, b5,5 andb6
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CONCLUSIONS few pigments involved), on a subpicosecond time scale, and
. . . then globally (with the rest of the complex), over many
In this transient a_tbsorptlon study several energy transfe icoseconds. Dichroic and pump-probe measurements on
Processes occurring among the Ghlrnolegyles of the well-defined mutants will probably prove essential for a full
MOoNomeric SUbl.m't of the LHCII were identified. T.h‘? rgtes understanding of energy transfer routes in LHCII. Using the
and their associated spectra show remarkable similarity Wasults of this study, we are in a position to make predictions

the results of previous measurements performed on trimer§yn what to expect if the energy transfer paths are reengi-

demonstrating that the spectral equilibration kinetics is al'neered, for instance, if certain Chl's are prevented from

most entirely determined by intramonomeric energy transbinding. In the future, combining this with a more refined

fer. On the other hand, it is inferred that the lifetimes n,nerical procedure to include spectral details and some
associated with intermonomeric transfer are no less than %mited) excitonic effects will, without doubt, help in re-

ps. To understand the role of each @hin the process of
light harvesting and to identify possible pathways for the
energy flow in the LHCII complex, we modeled the energy
tranSfer. using the Feter meChan_lsm' Then a. complgte The authors thank F. Calkoen for isolating the LHCII monomers and Dr.
search in the large space of possible combinations of indiroberto Bassi (Universitdi Verona, Verona, Italy) for providing valuable
vidual dipole orientations was performed, using a set ofinformation about the pigment assignment in CP29. We also acknowledge
relatively mild criteria derived from both dichroic and Dr- Robert Knox (University of Rochester) for inspiring discussions on the
pump-probe measurements on LHCII and CP29. compartmental nature of the selected configurations. CCG was supported

. L . by grant 1932802 from the Human Frontier Science Program Organisation.
Assuming the validity of Kalbrandt's assignment of the DG is grateful to the Nederlandse Organisatie voor Wetenschappelijk
Chl's in LHCII, just a limited number of configurations onderzoek (NWO) for providing financial support.
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