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Excitonic Coupling of Chlorophylls in the Plant Light-Harvesting
Complex LHC-II
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ABSTRACT Manifestation and extent of excitonic interactions in the red Chl-absorption region (Q, band) of trimeric LHC-II
were investigated using two complementary nonlinear laser-spectroscopic techniques. Nonlinear absorption of 120-fs pulses
indicates an increased absorption cross section in the red wing of the Q, band as compared to monomeric Chl a in organic
solution. Additionally, the dependence of a nonlinear polarization response on the pump-field intensity was investigated. This
approach reveals that one emitting spectral form, characterized by a 2.3(*0.8)-fold larger dipole strength than monomeric Chl
a, dominates the fluorescence spectrum of LHC-II. Considering available structural and spectroscopic data, these results can
be consistently explained assuming the existence of an excitonically coupled dimer located at Chl-bindings sites a2 and b2
(referring to the original notation of W. Kihlbrandt, D. N. Wang, and Y. Fujiyoshi, Nature, 1994, 367:614-621), which must not
necessarily correspond to Chls a and b). This fluorescent dimer, terminating the excitation energy-transfer chain of the LHC-II

monomeric subunit, is discussed with respect to its relevance for intra- and inter-antenna excitation energy transfer.

INTRODUCTION

Higher plants possess an intricate light-harvesting antenna
system for effective capture of photons and excitation en-
ergy transfer (EET) to the reaction centers of both photo-
systems | and Il. The bulk antenna is the mainly photosys-
tem Il-associated light-harvesting complex (LHC-II)
harboring ~50% of the total chlorophyll (Chl) a + b in
plant thylakoid membranes. A structural model for trimeric
LHC-II, as obtained by electron crystallography at 3.4-A
resolution, reveals that 12 Chis (7 Chisa + 5 Chis b) are
attached to each monomeric subunit (Kuhlbrandt et al.,
1994). The shortest center-to-center distances between Chls
in the model range from 8 to 14 A, thus rendering the
existence of excitonic interactions among pigments highly
likely. However, at the current structural resolution, Chls a
and b are not directly distinguishable, although the occupa-
tion of some Chl-binding sites has been recently verified by
site-directed mutagenesis (Remelli et a., 1999; Rogl and
Khlbrandt, 1999). Moreover, orientations of the Chl tran-
sition-dipole moments within the molecular planes cannot
be determined unambiguously, and, hence, they are a matter
of continuing debate (van Amerongen and van Grondelle,
2001). Therefore, estimation of excitonic coupling from
available structure data is still unreliable.

Regarding effective EET as one main task of an antenna
system, dipole—dipole interactions between Chls functions
as the key mechanism. Strong electronic coupling among
pigments, forming a more or less delocalized exciton, may
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increase the EET efficiency (van Grondelle, 1985). In this
case, the exciton energy levels are commonly shifted in
comparison to the excited state energies of monomeric Chls.
However, interactions of the Chls with their protein envi-
ronment can cause similar spectral shifts (Nishigaki et al.,
2001). The consistent understanding of the LHC-11 absorp-
tion in an overall substructure model, including possible
excitonic effects, isthus complicated by the unknown origin
of the observed spectral heterogeneity of at least 10 sub-
bands (Nussberger et al., 1994). Another significant feature
of excitonic coupling is that light-induced bleaching of one
exciton state affects the spectral distributions of the other
one. Accordingly, the occurrence of satellite holes in non-
photochemical hole-burning experiments at 4 K has been
taken as indicative of excitonic coupling (Reddy et a.,
1994). Unfortunately, this effect cannot be distinguished
sufficiently from burning-induced alterations in the protein
matrix, and the hole-burning technique additionally suffers
from requiring low temperatures. Excitonic interaction is
further reflected by considerably increased optical activity
(van Amerongen et al., 2000). Compared to monomeric Chl
in solution, circular dichroism spectra of LHC-I1 revea a
rotational strength that may hardly be explained without
considering excitonic interactions (Hemelrijk et al., 1992).
Nevertheless, considerable nonconservative contributions to
the circular dichroism spectrum of LHC-II and the large
number of involved subbands have hindered consistent
modeling of these spectra so far.

Here, we present a new approach to assess excitonic
coupling between Chls by probing the redistribution of
optical transition probability directly. Recently, Leupold et
al. (1996, 1999) have applied nonlinear absorption spectros-
copy (NLA) to elucidate the extent of excitonic coupling in
the peripheral antenna complex (LH2) of the purple bacte-
rium Rhodobacter sphaeroides. The technique (using pico-
second pulses) facilitated the detection of considerably size-
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enhanced transition-dipole moments. However, the much
more complicated spectral substructure and excitation dy-
namics in LHC-1I do not alow the straightforward evalua-
tion of similar NLA experiments. Hence, the NLA tech-
niqgue was used with 120-fs laser pulses to investigate
manifestation and extent of excitonic interactions in the
Qy-absorption band of trimeric LHC-11. Applicability of this
approach to the problem was established in previously per-
formed NLA experiments with monomeric Chl a and Chl a
aggregates in organic solution comparing data obtained
using 120-fs and 400-ps pulses (Schubert et al., 1998).

Nonlinear polarization spectroscopy in the frequency do-
main (NLPF) was used to gain additional insight. Previous
NLPF studies of LHC-II (Lokstein et al., 1995; Schubert et
al., 1997) were evaluated in the framework of a weak-field
approximation (Song et a., 1978; Beenken and Ehlert,
1998). In the current study, the intensity dependence of
NLPF spectra is used to determine the emission cross sec-
tion in a certain spectral region. This approach is based on
the strong-field theory of NLPF as introduced by Beenken
and May (1997). Notably, both techniques rely on comple-
mentary attempts to simplify the theoretical handling of the
underlying systems dynamics. Although NLA, with femto-
second pulses, represents a quasi-instantaneous approach,
the model used here to interpret NLPF data is based on the
assumption of quasi-stationary conditions after completion
of the fast EET processes.

MATERIALS AND METHODS

LHC-II was isolated from freshly harvested pea leaves following the
procedure of Krupaet al. (1987). LHC-II in the trimeric state was obtained
in a buffer containing 10 mM Tricine (pH 7.8) and 1.2% n-octyl B-D-
glucopyranoside at 110 pg/ml Chl a + b. Absorption and fluorescence
spectrawere measured before and after the |aser-spectroscopic experiments
to monitor integrity of the samples.

The NLA experiment registers sample transmission in dependence on
incident light intensity in a single beam set-up as described previously
(Stiel et a., 19914). The femtosecond laser system (CPA 1000, CLARK-
MXR Inc., Dexter, MI) provides 120-fs pulses with a spectral width of 6
nm full-width-at-half-maximum (FWHM) as monitored by a frequency-
resolved optical gating analyzer (Clark-MXR Inc.). The laser beam was
focused onto a 1-mm rotating sample cuvette (Hellma, Mulheim, Ger-
many) to a spot of 30-um diameter. Intensity was varied using a neutral-
density filter wheel. NLA data analysis was performed with the software
package CALE (Stiel et a., 1991b).

Intensity-dependent NLPF spectra were recorded applying a 90° ar-
rangement of pump and probe laser beams (Fig. 1) as introduced recently
(Voigt et a., 1999). Both laser beams (spectra widths of ~5 pm) are
obtained from dye lasers (DCM in DMSO) simultaneously pumped by
excimer laser pulses (15 ns).

RESULTS
Nonlinear absorption

First, we present the results of the NLA experiment with
trimeric LHC-I1. Application of the NLA technique using
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FIGURE 1 Set-up (schematic) for NLPF. Pump, probe, and signal fields
(E) and the corresponding wave number vectors (k) are distinguished by
theindicesp, t, and s. The NLPF signa is the component of the signal field
perpendicular to the incident probe field. A more extensive description of
the NLPF technique can be found in Voigt et a. (1999).

120-fs pulses at the red edge of the Q-absorption band
benefits from a pulse duration that is short as compared to
the fastest energy-relaxation processes observed in the cov-
ered spectral region (compare, e.g., EET rates reported in
Trinkunas et a., 1997). This allows us to neglect incoherent
EET dynamics, resulting in essential simplifications of the
theoretical model for interpretation of the NLA data. More-
over, a possibly unresolved relaxation among exciton states
(coherent EET) can also be excluded, because, in the case of
efficient excitonic coupling, the upper exciton bands are not
sufficiently populated due to their spectral separation. In
contrast, the spectral width of the 120-fs pulse (6 nm,
FWHM) increases the error range in a spectrally integrating
NLA experiment and, hence, favors its application in re-
gions of moderate absorption changes. The most reasonable
compromise between these two requirements was estab-
lished by applying femtosecond pulses at a central wave-
length of 680 nm (see Fig. 2).

Being able to neglect the EET dynamics, the obtained
NLA curve (Fig. 3) can be evaluated on the basis of a
three-level model. The model includes absorption from the
ground state () to the first excited singlet state (S;) and
from there to a higher excited singlet state, S,. It should be
mentioned that this model does not distinguish between
exciton states of excitonically coupled molecules or transi-
tions of monomeric molecules. The remaining time con-
stants in this system are the lifetimes of S; and S,. Whereas
the S, lifetime in LHC-II (3.6 ns) is infinitely long with
respect to the laser pulse duration, the latter might be much
faster due to rapid internal conversion. To the best of our
knowledge, no precise S, internal conversion rates are avail-
able for Chls a and b. However, related molecules (e.g.,
Zn-porphyrin) show time constants well above one picosec-
ond (Cho et a., 2000). Because S,-lifetimes longer than one
picosecond are insignificant for fitting NLA data obtained
with 120-fs pulses, the entire model can be reduced to a
guasi-instantaneous approach (i.e., without having to con-
sider rate constants).

Biophysical Journal 82(2) 1030-1039
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FIGURE 2 Q, absorption (solid line) and fluorescence (excitation at 650
nm, dashed line) spectra of trimeric LHC-II. Arrows indicate spectral

positions of the NLA measurement and the probe wavelength used for
intensity-dependent NLPF.

Under these assumptions, the NLA curve representing the
intensity-dependent transmission T(l) can be expressed as

T() = J I(Dexple(aie(n(t) — no(t) + a5 (n, (1)

— ny(t)))d] dt/fl(t) di, (1)
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FIGURE 3 Nonlinear absorption (intensity-dependent transmission) of
trimeric LHC-Il at 680 nm. The solid line represents the best fit to the
experimental data (for parameters, see text). The insert shows the same
curves in logarithmic intensity representation. The dashed line is a simu-
lation for comparison to monomeric Chl a using the value of 3.1 X 10 ¢
cm? for both ground and excited-state absorption cross section.
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where the populations n;(t) are described by the system of
differential equations,

dny
:I?) = 2o — nO)), @

with the initial conditions ni(ty) = &;o. I(t) is the incident
time-dependent light intensity, which is approximated as
Gaussian shaped. The quantities ¢ and d represent the par-
ticle density of LHC-1I and the optica path length in the
sample, respectively. oy; is the absorption cross section of
the transition from state j to i and is assumed here to be
equal to the corresponding cross section for stimulated
emission from i to j. The spatial dependency of I(t) by
absorption is accounted for by the photon transport equation
(see Stiel et a., 1991b). In the quasi-instantaneous ap-
proach, the NLA curve depends only on oy;. Fitting the NLA
curve displayed in Fig. 3 yields a ground-state absorption
cross section of 1.3(+0.2) X 10 ® cm? at 680 nm for
LHC-Il (and 1.5(=0.2) X 10> cm? for excited state ab-
sorption). This value is about four times that of monomeric
Chl a in diethyl-ether solution (3.1 X 10 *® cm? at peak
wavelength, compare Shipman, 1977).

For evaluation of NLA data obtained at wavelengths
shorter than 680 nm, one would have to consider EET on
time scales of the laser-pulse duration, even using 120-fs
pulses (Trinkunas et al., 1997). Several attempts of summa-
rizing measured EET rates in an overall scheme were made
recently (Gradinaru et al., 1998; Agarwal et al., 2000), but
no generaly accepted model has been established so far.
Therefore, analysis of NLA data obtained at shorter wave-
lengths is less straightforward and was omitted here.

Intensity-dependent nonlinear
polarization spectroscopy

NLPF spectra of LHC-II obtained at different probe wave-
lengths with low pump-beam intensities have been pre-
sented and discussed previously (Lokstein et al., 1995,
1998). Here, we focus on intensity-dependent NL PF spectra
recorded with the probe wavelength fixed in the spectral
region of LHC-II fluorescence (685 nm, see Fig. 2). The
pump wavelength was tuned across the (overlapping) Chl a
absorption and emission regions (670—690 nm). NLPF
spectra recorded at different pump-beam intensities are pre-
sented in Fig. 4. Each curve is the average of 10 repetitive
measurements, additionally smoothed by averaging over
15 neighboring data points. The distribution of data
points before smoothing is shown for curve d. For the
pump-beam intensities used, see the legend of Fig. 4. At
every pump wavelength A, the intensity dependence of
the NLPF signal was extracted from curves a—g. Thisis
illustrated in Fig. 5 for A, = 678 nm (corresponding to
the dashed line in Fig. 4).
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FIGURE 4 NLPF spectra of trimeric LHC-II probed at 685 nm for
different pump-field intensities: (a) 5.7 X 10%, (b) 2.3 X 10%, (c) 8.0 X
10%, (d) 2.1 X 10%, (e) 4.7 X 10%, (f) 1.4 X 10?, and (g) 4.3 X 10**
photons cm™2 s~ 2, Solid lines represent smoothed spectra (see text), dots
indicate original distribution of the data belonging to curve d. NLPF signal
values as obtained at a pump wavelength of 678 nm (vertical line) are used
to demonstrate the intensity dependence in Fig. 5.

In agreement with the knowledge about EET processesin
LHC-II (Connelly et al., 1997; Trinkunas et al., 1997,
Gradinaru et al., 1998), the model for evaluation of the
spectra can be based on the assumption that all excitations
are transferred to the fluorescent state(s) on a time scale
significantly shorter than the fluorescence lifetime. Thus,
unknown intermediate steps in the EET scheme can be
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FIGURE 5 Intensity dependence of the NLPF signal of trimeric LHC-II
probed at 685 nm and pumped at 678 nm as obtained from Fig. 4. The
pump-beam intensities correspond to the values a—g given in the legend of
Fig. 4. The solid line is the result of the fit (for parameters see text). The
obtained &-value is visualized by an arrow.
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neglected, and the system can be described in a generalized
donor/acceptor model. As deduced in the appendix, the
intensity dependence of the NLPF signa for probing the
fluorescent state (acceptor) is determined by Eq. A8, de-
pending on only two parameters &(wp) and n(w,, ). Here
the reciprocal value of the saturation parameter §(w),) indi-
cates the point at which the NLPF signal starts to deviate
from the initial quadratic intensity dependence. The large
number of Chls in LHC-II requires the consideration of
several donors and acceptors and, additionally, branched
EET between them. Therefore the model was extended,
resulting in Eqg. A9 for the saturation parameter, which can
also be expressed as

o™ (w,) N o™ (wp)
Na * Via Na* ¥a

lwp) = 3)

Here, the cross section aabs(wp) does not necessarily repro-
duce the steady-state absorption spectrum of LHC-II.
Rather, aabs(wp) comprises the absorption of the probed
acceptor(s) and of those donors that confer their excitation
energy to them (compare Eq. A9). Analogously, the cross
section o®"(w,) may not reflect the entire fluorescence
spectrum but only the emission of the probed acceptor
state(s). The fluorescence decay rate y;4 hasto be multiplied
by the number of fluorescent species N, if the EET path
branches to more than one acceptor. The second parameter
M(wy) is determined by the ratio between ¢y and the EET
rates according to Eq. A7. Thus, n(w,) is ideally suited to
verify the assumption of EET being much faster than the
fluorescence decay.

NLPF saturation curves are fitted according to Eqg. A8 to
obtain values of £(wp) and n(w,). For the curvein Fig. 5, the
fit yields the following parameters: ¢ = 8.4 X 10~ cm? s,
Re{né& = 2.7 X 107?° cm? s and Im{n&} ~ 0. The very
low value of m implies that the EET rates y,p are signifi-
cantly higher than the fluorescence decay rate y, according
to Eq. A7. Plotting £ versus A, a“&-spectrum” was gener-
ated (Fig. 6).

A recent study on the bleaching behavior and fluores-
cence polarization of single complexes demonstrated that
each of the three subunits in trimeric LHC-I1 is character-
ized by its own terminal acceptor state(s), thus suggesting a
mainly independent EET path for each monomer (Tietz et
al., 2001). Hence, the subunits of the trimer are expected to
act independently in the NLPF experiment, too, and mod-
eling has to account for the contributions of 7 Chl a and 5
Chl b comprising a monomeric subunit of LHC-II (Kihl-
brand et al., 1994).

First, we estimate the contribution of ¢®(w,) to the
&-spectrum. Assuming that all donor species absorbing be-
tween 670 and 690 nm transfer their excitation energy to the
probed acceptor(s), aabs(wp), as used in Eq. 3, equals the
actual absorption cross section in this range. The tota
transition dipole strength of one LHC-II monomer yields

Biophysical Journal 82(2) 1030-1039
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FIGURE 6 ¢-spectrum of trimeric LHC-II constructed from the intensi-
ty-dependent NLPF spectra in Fig. 4 (squares, left scale). The right scale
(o) is calculated from & by multiplication with the fluorescence decay rate
(3.6 ng)~* (corresponding to the case N, = 1in Eq. 3, see text). Subtract-
ing o® (dotted line) from the &-spectrum yields ¢°™ (circles) of the
terminal acceptor. Bars indicate the total statistical error. ¢®™ can be fitted
by a Gaussian (solid line) centered at 683(+1) nm with a FWHM of
260(+30) cm™*. For comparison with the NLA resuits, an absorption band
with the same FWHM (260 cm %) and a maximum absorption cross
section of 1.3 X 10 *® centered at 680 nm was simulated (dashed ling).

lnd® = Tlicnd® + 5 [Bcnbl” = 10.5|ficy4l” considering
Penp =~ 0.83 o (Sauer et a., 1966). Scaling the area
under the Q,-absorption spectrum of LHC-II to the 10.5-
fold of the area under the absorption cross section spectrum
of Chl a (3.1 X 10 *® cm? a maximum, Shipman, 1977)
yields o™ (674 nm) = 1.7(+0.3) X 10 ° cm? This result
can be used to gauge the LHC-II absorption spectrum be-
tween 670 and 690 nm to approximate values of aabs(wp).

Using this approach, the number of acceptors can be
determined. In Fig. 6, the &spectrum multiplied by vqq =
(3.6 ns) "t is compared to aabs(wp) as approximated above
(for yiq, see Connelly et a., 1997). This procedure corre-
sponds to probing one acceptor per LHC-11 monomer, i.e.,
Ny = 1 in Eq. 3. The contribution of ¢*"(w,) can be
obtained as the difference of both spectra (see Fig. 6),
resulting in a maximum value of 1.0(+0.2) X 10~ '° cm? at
683 nm. However, applying the same procedure assuming
N, = 2 yields the unreasonably high value of 3.6 X 10~ *°
cm? for o°"(wy,) a maximum. Therefore, we conclude that
only the case N, = 1isin agreement with the experimental
data. The emission spectrum o°"(w,)) obtained from &-spec-
trum analysis is centered at 683 (=1) nm and can be
approximated by a Gaussian with 260 (+30) cm™* FWHM
(see Fig. 6). Notably, the fluorescence spectrum of LHC-11
has a broader width and a non-Gaussian shape. Deconvo-
lution of the fluorescence spectrum, considering one Gauss-
ian as obtained from the &-spectrum, suggests the existence
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FIGURE 7 Deconvolution of the fluorescence spectrum (solid line) be-
tween 670 and 690 nm into a Gaussian subband (dashed line) at 683 nm
with aFWHM of 260 cm ™2 (cf. Fig. 6) and additional fluorescence band(s)
with a maximum ~672 nm (dotted line).

of an additiona fluorescence band centered at ~672 nm.
This band contributes less than 40% to the total fluores-
cence yield (see Fig. 7). The additional fluorescent species
is completely lacking in the &-spectrum, because it origi-
nates from acceptor(s) with vanishing contributions at probe
wavelength of 685 nm.

DISCUSSION

According to the used model, the result N, = 1 impliesthat,
within a LHC-I1 monomeric subunit, only one state emits at
agiven time in the main fluorescence region above 680 nm.
Hence, while one branch in the EET chain is obviously
directed to an emitter at ~672 nm, no further permanent
branches appear to exist. A temporarily fluctuating acceptor
(for example, due to spectral shifts) cannot be excluded
explicitly, if only one branch is active at the same time. In
this case, however, the cross section as obtained by NLPF
still corresponds to only one transition—the one with the
lowest saturation threshold. The measured value of the
maximum emission cross section at 683 nm of LHC-I1is3.2
times that of monomeric Chl a. Moreover, a 4.2-fold in-
creased absorption cross section for a subband at the red
edge of the Q,-region was found inthe NLA experiment. As
illustrated in Fig. 6, both increased cross sections most
probably belong to the same electronic transition, in partic-
ular, if a Stokes-shift similar to that observed for Chl aiin
solution is assumed. The remaining deviation in the cross
sections as obtained by the two approaches is due to the
experimental error, and the mean value suggests a
3.7(x£1)-fold increased cross section as compared to Chl
a in solution.
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Reasonable explanations for the increased maximum
cross section can be either line narrowing in the protein
environment or size enhancement of the corresponding tran-
sition-dipole moment. The effect of line narrowing can be
estimated by comparing the line width of the emitting
subband of LHC-II with that of the Q,-(0-0) vibrational
band of Chl a in solution (390 cm™* FWHM; Shipman,
1977). As illustrated in Fig. 7, the width of the emission
band obtained by NLPF is 260(+30) cm~* (FWHM). This
is dightly higher than the previously reported value of 220
cm ™! for the FWHM of subbands in the red absorption
region of LHC-II (Zuchelli et al., 1996). However, the
FWHM as obtained by Zuchelli et al. (1996) was estimated
indirectly by deconvolution of the absorption spectrum into
Gaussian subbands, the outcome of which depends strongly
on the assumed substructure model. To account for the
uncertainty of the linewidth, in the following calculations,
we use an average value of 240 cm™* with an error range of
+40 cm™*. Under this assumption, a 2.3(+0.8)-fold size
enhancement of the transition-dipole strength can be de-
rived. The most obvious reason for such an enhancement is
redistribution of oscillator strength by excitonic interaction
between Chl molecules, thus forming the terminal emitter in
LHC-I1. The magnitude of redistribution depends, thereby,
on the interacting Chl species, the distance between them
and the geometrical arrangement of their transition dipoles
(van Amerongen et al., 2000). Hence, this coupling involves
at least two Chls, assuming that all Q-oscillator strength of
both molecules is redistributed to the lower exciton state.

In arecent study, Rogl and Kithlbrandt (1999) reported the
assignment of the lowest Chl a transition at ~680 nm to the
Chl-binding site a2. (Please note that the designation of Chl-
binding sitesin this paper refersto the original nomenclature of
Kuhlbrandt et a. (1994). These must not necessarily corre-
spond to Chis a and b, because afew reassignments (see, e.g.,
Rogl and Kilhlbrandt, 1999) had to be introduced recently.) In
contragt, theoretical calculations of the Qy-transition energies
for Chls in LHC-II, considering their unique (binding-site
dependent) environment, resulted in avaue of only 670 nm for
Chl a2 (14,918 cm™* for attachment to the Asparagin residue,
see Nishigaki et al., 2001). For that reason, an additiona
mechanism, like excitonic coupling, must be responsible for
the experimentaly observed shift of Chl a2 to ~680 nm.
Furthermore, the existing structural model shows that the
shortest center-to-center distance between two Chlsin LHC-1
is that of Chl a2 and b2 with 8.3 A (Kiihlbrandt et al., 1994).
Therefore, the size enhancement of the transtion-dipole
strength of the terminal emitter is discussed in the following
section with respect to possible excitonic coupling of Chl a2 to
its nearest neighbors.

The three-dimensional structure allows the estimation of
the mutual orientations of the corresponding Chl molecular
planes, although the orientations of the transition dipoles
within these planes are not determined, yet. Assuming that
the dipole moments are oriented al ong the diagonals of their
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tetrapyrrole rings, a binary model for the orientations was
developed by Gradinaru et a. (1998). Based on this, van
Amerongen and van Grondelle (2001) presented calcula
tions of excitonic coupling strengths for al Chl sites, yield-
ing the highest value of V,, = 121 cm™* for the Chl
a2/b2 pair. This value, however, is insufficient for the
formation of delocalized excitonic states. Kimura et a.
(2000) have outlined the approximate condition for exciton
delocalization as 4V > 3I', where V is the coupling strength
and I" is the homogeneous linewidth caused by dynamic
disorder. For I' = 185 cm™* (Zuchelli et al., 1996) and
Ve = 121 cm™?, this condition is obviously not fulfilled.
Hence, for the diagonal orientation of the transition dipoles
within the tetrapyrrole ring, a size enhancement by excitonic
coupling cannot be explained.

Several attempts have been made to determine the exact
orientation of the Q,- and Q,-transition dipole moments of
Chls within their molecular frames. Vrieze and Hoff (1995)
have described the orientation of the Q, transition in Chl a
as being rotated by ~20° out of the diagonal in the tetra-
pyrrole ring. A similar value was recently used by Simon-
etto et al. (1999) for determination of the Chl orientationsin
the minor antenna complex CP29. Although the question
remains whether this angle is conserved for Chls bound to a
protein matrix, it provides four new reasonable configura-
tions of the mutual dipole arrangement of the Chls a2 and
b2, which are worthy of investigation. As it turns out, one
of these orientations increases the calculated dipole-dipole
interaction energy considerably. In this configuration, the
Qy-transition dipoles of Chl a2 and b2 are oriented nearly in
one plane with the center-to-center distance vector and
enclose an angle of only 23°. Following the calculation
procedure used by van Amerongen and van Grondelle
(2001), this configuration results in a larger geometrical
factor k = 1.38, and thus yields V,,, = 181 cm™ ™.

The center wavelength of the Q-(0—0) transition band of
Chl ain aprotein environment was experimentally determined
a 668 nm (Kleimaet al., 2000), which corresponds sufficiently
to the calculation for Chl a2 by Nishigaki et a. (2001). As-
suming the same spectral shift, a value of ~648 nm can be
obtained for Chl b within the protein. Basing on the coupling
and geometry as obtained above, these vaues yield, in the
caculation according to van Amerongen et a. (2000), the
following two excitonic subbands. one centered at 671 nm
with 1.6-times the dipole strength of monomeric Chl a and
another one at 645 nm with less than 0.4-times the dipole
strength of Chl b. This model of an excitonically coupled Chl
a/b heterodimer fits the lower limit (1.5-fold) of the obtained
size enhancement of the acceptor species. Nevertheless, the
calculated shift by only 3 nm is not consistent with the exper-
imental results—i.e., under the assumption of the uncoupled
Chl a trangitions being centered at 668 nm.

At this point, it is interesting to note that the assignment
of Chl aor Chl b to the distinct binding sitesin the structural
model has been made only tentatively, i.e., relying on the
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necessity of Chl a triplet state quenching by carotenoids
(Kihlbrandt et a., 1994). For severa of the binding sites,
the occupation with either Chl a or Chl b has been confirmed
by andysis of recongtituted complexes from apoproteins in
which individua Chl-binding amino acid residues had been
removed by site-directed mutagenesis (Rogl and Kuihlbrandt,
1999). In contrast, occupation of site b3 by Chl a was dso
verified therein. Remarkably, Chl b2 is one of three chro-
mophores in LHC-II for which no Mg-coordinating amino-
acid resdue can be defined in the protein sequence. The
presumed occupation by Chl b can thus not be checked by
Ste-directed mutagenesis. Hence, in principle, an aternative
assignment of this chromophore to Chl a is conceivable. Ex-
citonic calculations of a tentative Chl a homodimer located at
sitesa2 and b2 with the favorable geometry as described above
yields a coupling strength of 216 cm™ . This would result in
one transition at 678 nm with dipole strength of 1.9 times that
of monomeric Chl a and another one at 659 nm with less than
8% of the dipole strength of Chl a.

For both models, the homo- and the heterodimer, the
dipole—dipole interaction, fulfills the condition for exciton
delocalization 4V > 3I" using I' = 185 cm™* according to
Zuchelli et al. (1996). Interestingly, this relation still holds
for I' = 240 cm ™%, avaue that is higher than the maximum
I' consistent with the total FWHM of the subband (see
above). In contrast, the calculated coupling strength to fur-
ther neighbors of Chl a2 in the frame of the present struc-
tural model did not suffice to meet the delocalization crite-
rion. For example, the Chl a2/al interaction amounts to
only 26 cm~*. Although, at a first glance, calculations
assuming a homodimer fit the experimentally obtained val-
ues better than a heterodimer, we have to consider apossible
hyperchromic effect redistributing oscillator strength from
the Soret band into the Q, band. Such an effect has been
observed to accompany strong excitonic interaction between
Chlsain aggregates as formed in 50% aqueous DM SO (Schu-
bert et a., 1998). For this system, assumed to consist of
dimeric subunits, redistribution of oscillator strength from the
Soret to the Q, band on the order of 30% has been observed.
Such hyperchromism has also been discussed for the highly
related bacteriochlorophylls, eg., by Scherz and Parson
(1984). A hyperchromic effect of comparable magnitude
would further increase the calculated transition dipole of the
lower excitonic state in the case of the heterodimer to a factor
of ~2. Unfortunately, a quantitative calculation of hyperchro-
mic oscillator-strength redistribution is impossible without de-
tailed knowledge about the energy levels in the Soret region.
Hence, we cannot reliably determine the type of the dimer in
this study. Recent results obtained by evaluation of stepwise
two-photon excited fluorescence from the B, state (Soret
band), however, gave strong hints for the existence of aChl a/b
heterodimer in LHC-I1, probably located at the sites a2/b2 (D.
Leupold, K. Teuchner, J. Ehlert, K.-D. Irrgang, G. Renger, and
H. Lokstein, submitted for publication). Under this assump-
tion, the deviation in the exciton band position for the Chl a/b
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heterodimer as calculated above (671 nm) necessitates alarger
spread of the origina (molecular) trangition energies due to
pigment—protein interactions (compare Nishigaki et a., 2001).

The findings of a strong absorber/emitter at the red edge
of the Q -absorption band are further consistent with the
first results from single molecule spectroscopy of LHC-II
(Tietz et al., 2001) and linear dichroism measurements
(Nussberger et al., 1994). In temperature-dependent circular
dichroism spectra of LHC-II (Hemelrijk et a., 1992) the
strongest feature appears between 676 and 685 nm. This
may well indicate the existence of an excitonic band in this
region. Any corresponding higher energetic excitonic tran-
sition, however, was not identified due to the nonconserva-
tive structure of the circular dichroism spectrum and the
probable superposition of several bands.

CONCLUSIONS

In the current study, evidence is provided for excitonic cou-
pling of Chls in LHC-II absorbing in the red edge of the
Q,-absorption region. Moreover, the proposed Chl dimer can
be related to the Chl-binding sites a2 and b2 in the LHC-II
structure (Kihlbrandt et a., 1994) using the recent assignment
of Rogl and Kihlbrandt (1999) and the calculations of cou-
pling strengths. In this framework, two possihilities, an exci-
tonically coupled Chl a homodimer or the Chl a/b heterodimer,
are consstent with the experimental results. Apparently, the
Chl a2/b2 pair is located on the outer surface of the LHC-II
complex even initstrimeric form. The absorption of the pair is
shifted to the red edge of the Q, band by excitonic interaction.
Hence, this pair appearsto function as a“trapping state” of the
complex, and the EET to neighboring LHC-II trimers occurs
mainly here. The size enhancement of the transition dipole can
potentialy increase the connectivity of neighboring trimers,
thus contributing to the formation of an extended PS I1-antenna
network. Additionally, the enhanced dipole moment may also
attract electronic excitations from inside the antenna to the
surface. The fluorescent dimer a the end of the LHC-II1 EET
chain is therefore expected to play acrucia role for the overdl
efficiency of higher plant photosynthetic energy conversion.

APPENDIX

The NLPF-signal dependence on probe frequency (w,), pump frequency
(wp), and pump-field intensity (I,,) can be expressed in genera as

gwtl wp; Ip) o

g 27
J do sinsef d¢ cos’e cos 2¢
0 0

2

X % Gilw)(m — )|, (AD)

with Re ;(w) = 0y(w)/2, Im {j(w) = oyj(w)(w — o;)/2l; (Beenken and
May, 1997). The integrals average over randomly oriented dipoles (sample
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FIGURE Al Term scheme used for description of intensity-dependent
NLPF. yap isthe EET rate between Donor (D) and Acceptor (A). yp and
v, are the energy relaxation rates. Parameters o™ and ¢®™ indicate the
corresponding absorption and emission cross sections.

representation) characterized by the angles ¢ and 6. The population prob-
abilities n; are determined by the following system of equations:

> (yy + oy(wp)l,Sin?0 cos’p)n; = 0. (A2)
]

The energy relaxation rate and cross section of the transition from state j to
i are termed v; and oy;(wp,), respectively. The diagona elements y; and
o;i(w) are given by

Yi = — JE Yii
and

(Tii(wp) == JE O'ji(wp)- (A3)

Thus, Eg. A2 would be singular without the constriction X; n; = 1. The
development of a model adequate to the investigated species LHC-II is
based on description of the EET process for a donor—acceptor (D-A) pair,
which is further generaized to a multiple D—A scheme with branched
energy transfer. Both D and A can be represented by two-level systems (see
Fig. A1), if higher excited-states are not saturated (because of a lifetime
much shorter than the ground-state recovery time, Beenken and Ehlert,
1998). This assumption is fulfilled for Chls (also in LHC-II) due to the
ultrashort lifetimes of typical porphyrins higher excited singlet states (cf.
Cho et al., 1999).

For the system in Fig. A1, the matrices from Egs. A1 and A2 can be
expressed as
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The first, second, and third row represent processes that populate (+) or
depopulate (—) the ground states and the excited states of the acceptor (A)
and the donor (D), respectively. The fourth row indicates excitation of
both, D and A. The processes correspond to absorption of the acceptor
(02S(w)) and the donor (6®5(w)), stimulated emissions to the ground states
(03"(w), 03" (w)), and the energy-relaxation rates (y, yp)- EET from D to
A is represented by the rate y,p. EET rates measured in LHC-II are
significantly higher than the fluorescence decay rate, which corresponds, in
our model, to the energy relaxation rate of an acceptor. Hence, the approx-
imation y,p => ya = vp Can beintroduced in the further calculation. The
third column of matrix ¥ contains the excitation-annihilation rate y,,. It
describes the rate for generation of one doubly excited state for simulta-
neously excited D and A and the subsequent relaxation of this doubly
excited state into a single-excited one. Resulting from fast EET and short
lifetimes of higher excited states of Chlsin LHC-II, this annihilation rate
of a D-A pair is considerably higher than the relaxation rate of the first
excited state. Hence, the approximation vy,,, => y. ~ 7yp Can be intro-
duced in what follows. Finally, we restrict the model to intensities lower
than the saturation threshold of the donor, which is much higher than that
of the acceptor due to annihilation and fast EET: yau, Yap > 028 ~
o3"l. With these approximations, Egs. A1-A4 yield the intensity-depen-
dent NLPF signal,

S(wt’ wp’ Ip)

T 2w
o j de sin36J d¢p cos 2¢ La(w,)

0 0

y T2 (@) + 05 %(wp)

YA

15 1
X (13 oy ) + 77 E(wy)1,SiN%0 coszcb)

X 1,8n%0 cos’¢?, (A5)

containing the saturation parameter

05%(@p) + 03 (@) + oX"(wp)

Ewp) = n

(A6)

YA Yb 0
—Ya YaD Yo t Yam

0 ~—7%Yp — YAaD YA t Yam
0 0 — YA

— o) — o5 (w)
o3 ()
o w) 0
0 o5 (w)

H
Il
O O OO

o' (@)

0(w) =

—ox'(0) — 05%(w) 0

~— Yo — 2¥am

o' () 0
05 (@)
on'(w)
—ox(w) — 05" (w)

— 02 (0) — 0F'(0) (A9

)
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The saturation parameter is the quantity of interest in this study, because it
allows determination of absolute cross sections, if y, isknown. The second
parameter,

13 O-gbs( wp) YA

15 6% (w,) + 02w, Yap’

n(wp) = (A7)

contains the ratio ya/yap and thus alows verification of the basic approx-
imation used, y,p => y. Evaluating the integrals for orientation averag-
ing, the intensity dependence of the NLPF signal is given by

gwt! wp! Ip)

<

3
ﬂ(wn wp)g(wp)lp + §(Tp)|p

3 \arctan & w)l,|?
<1 " f(wp)|p> \/é:(wp)lp (A8)

This result can be easily extended to systems with more than one donor
substituting oS by a sum of cross-sections S, 02°in Eq. A6. Considering
more than one acceptor species (not unlikely for antenna complexes),
summation over several 02 and 03" can also be introduced. However, in
this case, the overall fluorescence decay rate has to be multiplied with the
number of the probed terminal acceptors (N,), which corresponds to the
effective number of branches in the EET path. Using the reasonable
approximation of similar fluorescence decay rates for every acceptor, the
saturation parameter yields

ooy + Sowp) + Soi(y)

Na * i

&wp) =

(A9)

In other words, the quantity &(w,,) correlates with the combined absorption
and emission cross sections “per terminal state of the EET chain.”
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