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Abstract

The electric field-induced absorption changes (Stark effect) of light-harvesting complex II (LHCII) in different oligomerisation states—
monomeric, trimeric and aggregated—have been probed at 77 K. All the chlorophyll (Chl) @ molecules exhibit electro-optic properties in the
0, absorption region characterized by a change in dipole moment | Al’| = 0.6+0.06 D/f and polarizability, Tr(A%) ~ 55 + 5 A? /% upon
electronic excitation, which are similar to those of unbound monomeric Chl a, indicating the absence of strong delocalization of the
excitations which would be expected in the presence of strong excitonic interactions. The Stark effect in the Chl b absorption region is
significantly bigger with | A7t’| values of the order of 2.0 + 0.2 D/f and it is attributed to strong interactions with neoxanthin molecules. Clear
oligomerisation-dependent differences are observed in the carotenoid region, mainly due to the appearance of a new xanthophyll absorption
band at 509 in the spectra of trimers and oligomers. It is ascribed to some lutein molecules, in agreement with previous experimental
observations. The electro-optic properties of these lutein molecules are significantly different from those of the other xanthophylls in LHCII,
which do not exhibit such a big change in dipole moment upon electronic excitation (| Az’ | = 14.6 + 2.0 D/f). Upon aggregation of LHCII
some extra absorption appears on the red side of the main Chl a Q, absorption band. In contrast to an earlier suggestion [J. Phys. Chem., A
103 (1999) 2422], no indications are found for the charge-transfer character of the corresponding band. The assignments of the S, electronic
transitions of neoxanthin and lutein in LHCII and possible origins of the Stark effect are discussed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Photosynthesis is the process in which sunlight energy is
absorbed by plants and bacteria and used to synthesize

Abbreviations: Chl, Chlorophyll; IEF, isoelectric focusing; LHCII,
light-harvesting complex II; CD, circular dichroism; LD, linear dichroism;
T-S, triplet minus singlet; w/v, weight per volume; v/v, volume per
volume; PSI, photosystem I; PSII, photosystem II
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organic compounds. In order to perform the reactions
involved in this process plants are equipped with two
photosystems (PSI and PSII). Most of the pigments in PSII
are bound to the major peripheral light-harvesting complex
IT (LHCI) [1,2]. This complex is binding more than 40% of
chlorophyll in the photosynthetic membrane and is involved
in light harvesting and photoprotection. LHCII is largely
organized in trimers and on average four trimeric units are
present per PSII reaction center [3]. Seven to eight Chl a
molecules, five to six Chl b, two luteins, one neoxanthin and
trace amounts of violaxanthin per monomeric unit are
usually bound to this complex [3]. Violaxanthin bound at
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the periphery of the complex is easily removed upon
isolation [4—7]. Monomeric units or aggregates of this
complex can also be obtained by several biochemical
procedures and changes in aggregation lead to small but
significant changes in the optical properties [8—13]. Most
likely, variation in the degree of oligomerisation also occurs
in vivo and is related to photoprotective regulation mecha-
nisms like nonphotochemical quenching (NPQ) [4,14].

The structure of LHCII was resolved at a resolution of
3.4 A by Kiihlbrandt et al. [15] and an atomic model was
proposed, which constituted an important step for under-
standing the functional properties of LHCII and for corre-
lating the structure to the spectroscopic properties. The
closest distances between the Chl molecules fall in the
range 8.3—10.5 A and two luteins are present in the center
of the complex, which have an important role in stabilizing
the complex [16]. A third xanthophyll, namely neoxanthin,
was not observed in the crystal structure but Croce et al.
[17] have determined its approximate orientation and posi-
tion to be next to two Chl b molecules, close to helix C. In
spite of the close distances between some Chl molecules, no
strong excitonic interactions seem to be present although
chlorophylls and xanthophylls influence their mutual spec-
troscopic properties to some extent [12,17—20].

The optical and functional properties of LHCII are
influenced by both pigment—pigment and pigment—protein
interactions. The complex has been studied by means of
many steady-state and time-resolved spectroscopic techni-
ques (for a review see Ref. [18]), which has led to a general
understanding of the origin of the absorption band compo-
sition and the flow of excitation energy. However, many
details of the pigment ensemble properties and work are still
missing, partly because no high-resolution crystal structure
is available. It appears that differences in pigment site
energies are partly responsible for the absorption fine
structure that can be observed at cryogenic temperatures,
but also excitonic interactions between pigments are con-
tributing [10,18,20—22]. On the other hand, homogeneous
and inhomogeneous broadenings (100—200 cm™ ') are of
comparable magnitude as the largest excitonic interactions,
which explains why the amount of delocalization upon
excitation appears to be small [18,19,21,23-25].

The Chl a molecules are responsible for the absorption
between 660 and 680 nm, whereas the Chl b pigments show
major absorption in the region between 640 and 660 nm. By
means of low-temperature (polarized) absorption spectros-
copy it is possible to resolve distinct bands: 661, 668, 671,
673, 676, 680 nm (Chl a) and 640, 647, 649, 652 and 656
nm (Chl b) [10,11,13,25,26]. Monomers of LHCII usually
exhibit more red absorption than trimers, with a maximum
at ~ 677 nm [10,27]. Additionally, there is an increase in
absorption around 662 nm and a lack of fine structure in the
circular dichroism (CD) and linear dichroism (LD) spectra
in the Chl b region (loss of bands at 647 and 652 nm).
Aggregation leads to the appearance of new red bands
[10,11,28], but at the same time to the flattening of the

absorption spectrum due to light scattering and a non-
random distribution of trimers in the volume probed by
the monitoring beam (the sieve effect) [29,30]. Fluorescence
spectrum of LHCII aggregates is characterized by a shoulder
or maximum at 700 nm in addition to the main peak at 680
nm at 77 K for trimers, and by a reduction in the fluores-
cence quantum Yyield (see for instance Ref. [8]). The
mechanism of the fluorescence quenching in aggregates
remains unclear. Different models have been proposed:
changes in the Chl a-carotenoid interactions [18,31], the
formation of Chl a dimers or excimers which are weakly
fluorescent or nonfluorescent [32,33] and the presence of a
charge-transfer state acting as a trap for the excitations [28].

Electronic transitions associated with the different types
of LHCII anthophylls have been determined by low tem-
perature (polarized) absorption, T — S absorption measure-
ments and by Resonance Raman spectroscopy on the wild
type and reconstituted LHCII samples. Regarding the S,
0 — 0 transition, lutein absorbs at 494 and 510 nm in
trimers, but upon monomerization the 510-nm band is lost
[5,7,12,34]. Neoxanthin is responsible for the absorbance at
~ 486 nm and violaxanthin, which can bind at two different
sites in LHCII, absorbs mainly at ~ 488 nm [5,7,12].

In this work we present Stark measurements on LHCII in
different oligomerisation states to gain more insight in the
relative contributions of pigment—pigment and pigment—
protein interactions and the differences in spectroscopic
properties of LHCII in different oligomeric states. Previous
Stark measurements were restricted to one kind of oligo-
merisation state and the lack of a structural model hampered
the correlation between structure and experimental results
[35]. Here we characterize the properties of the xanthophyll
electronic states and also probe the presence of the charge-
transfer states in oligomeric LHCII as possible cause of the
fluorescence quenching.

2. Materials and methods
2.1. Sample preparation

LHCIIb was prepared from spinach BBY (PSlI-enriched)
particles using isoelectric focusing (IEF) [36]. Purification
of trimers and removal of violaxanthin was carried out using
sucrose gradient technique [4]. Monomeric LHCIIb was
obtained by 48-h incubation of trimers with phospholipase
and separation from trimers by sucrose gradient centrifuga-
tion. Small aggregates of LHCIIb with minimized light
scattering were obtained by removal of detergent using
biobeds resin (BioRad). The sample of LHCII in trimeric
state was placed in a stirred cell for the room temperature
fluorescence measurements. The intense fluorescence signal
was constantly monitored. Sixty milligrams of biobeds was
added to a cell and mixed with the sample. After approx-
imately 15 min steady and relatively slow (#,=15 min)
decrease in the fluorescence signal took place. After achiev-
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ing 75% of the fluorescence quenching the sample was
quickly removed from the cell. The remaining biobeds were
separated form the sample by spinning down in the microfuge
for 1 min. The average size of LHCII aggregates obtained by
this procedure was found to be 27.0 £ 6.0 nm using the
negative staining electron microscopic analysis. Large LHCII
aggregates were obtained by prolonging incubation of the
sample in biobeds to achieve the fluorescence quenching of
85-90% or by using the overnight dialysis against the
detergent-free buffer. These procedures created the 2D
lamellar aggregates as described earlier by Ruban and
Horton [8].

The pigment stochiometries in every sample were ap-
proximately 8 Chl a, 6 Chl b, 2 luteins and 1 neoxanthin per
monomeric subunit. There was no zeaxanthin or violaxan-
thin left in these preparations. For measurements, monomers
and trimers were diluted in a medium containing 20 mM
HEPES buffer at pH 7.7, 60% (v/v) glycerol to ensure a
transparent sample at low temperatures and 0.03% (w/v) n-
dodecyl-p-p-maltoside, whereas for aggregates no detergent
was used.

2.2. Theoretical background of Stark spectroscopy

Stark spectroscopy monitors the spectral changes in-
duced by an electric field in the optical absorption or
emission spectra of a molecule (for a recent review about
Stark spectroscopy and its applications see for instance Ref.
[37]). Usually, a shift in the transition energy is observed,
whose magnitude depends on the change in dipole moment
and polarisability, A7 and A& between the ground and
excited states upon excitation. In a multichromophoric
system, the value of A7 can differ from the value for the
individual pigments if significant excitonic interactions are
present. In the case of molecules with antiparallel orienta-
tions, AT can for instance become zero for both excitonic
transitions [21,38,39]. On the other hand, mixing of charge-
transfer states with the excited states (w — m* transition) can
lead to an increase in A as compared to the monomeric
case. Quantitatively, the absorption spectral changes expe-
rienced by randomly oriented and spatially fixed molecules
in the presence of an electric field can be described with the
equation [37,40,41]

15h¢ " dv

c, d* JA(v)
Ly — |22 1
+30h202vdv2 [ v (1)

In Eq. (1), f;xt is the externally applied electric field and
fis the local-field correction factor, which takes into account
the enhancement of the applied electric field at the site of the
molecule due to the environment. The terms 4,, B, and C,
are dependent on the macroscopic angle y between the
polarization direction of the light and the electric field.

AA(V)Z(ff;xt)z{AZA(V)+ B, ,d {A(v)}

Information about the change in polarizability and perma-
nent dipole moment upon excitation can be extracted from
B,and C,,

1 p-AG-p
B, = ETr(A&) 54 (3cos’y — 1) - 3(#) - 1}

C, = |AT|*[5 + (3cos’y — 1) - (3cos’¢ — 1)] (3)

When y is set to magic angle (54.7°), all angle dependencies
vanish, and Tr(A%) and |AZ’| can be obtained in a direct
way. A, yields information about the intensity (proportional
to the square of the transition dipole moment) of the optical
transition.

Two types of analysis based on a nonlinear least-squares
fitting program of the absorption and Stark spectra were
performed, both yielding similar results. First, both spectra
were fitted simultaneously with (skewed) Gaussian absorp-
tion bands and their first and second derivatives (for the
Stark spectrum), providing estimates of |A7’| and Tr(A)
for each Gaussian function. Second, a simultaneous fit
of the absorption and Stark spectra was performed in certain
wavelength regions with a polynomial function (Bspline
[39]) and its first and second derivatives. Because f is
not known, all the estimated values of |A7| and
Tr(Aa) are given in terms of D/f and A3/f 2, respectively,
where 1D=3.34x 10" C m and 1 A*=1.113x 10~ %
C m*/V.

2.3. Stark setup

The Stark setup is described in detail in Ref. [42] and
many aspects of the experimental methods can be found in
Ref. [37]. In essence, the Stark cell consists of two indium
tin oxide (ITO)-coated glass plates glued together with
double-sided sticky tape, resulting in a cell with an optical
pathlength of ~ 100 pum. Excitation was provided by a
150-W Xenon lamp (Oriel). Measurements were carried out
at 77 K (Oxford cryostat, DN1704) with the sample
immersed in liquid nitrogen. The Stark effect was detected
by lock-in amplification at 2, with @ being the frequency
of the modulated field applied to the sample, which was set
to 310 Hz. Stark and absorption spectra were recorded
simultaneously. Separate absorption spectra were obtained
with the lock-in amplifier (EG&G Model 5210) locked to
the frequency of a chopper at 312 Hz. The OD of the
samples ranged from 0.3 to 0.6 at the O, absorption
maximum and the Stark signal scaled quadratically (see
Eq. (1)) with the applied electric field in the range 0.8—
2.3 x10° V/em.
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3. Results
3.1. Monomers

Fig. 1 shows the absorption spectrum of monomeric
LHCII together with its first and second derivative as well
as the Stark spectrum at 77 K recorded at y=54.7°. The
absorption spectrum exhibits clear peaks in the O, region at
677 nm (Chl a) and at 649.5 nm (Chl b), whereas Soret
bands are broader with maxima at 437 nm (Chl @) and 472
nm (Chl b). The second derivative of the absorption reveals
additional bands at 670, 662, 494, 486, 466 and 458 nm. It
is worth noting that the Chl @ absorption in the O, region is
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Fig. 1. (A) Absorption spectrum at 77 K of monomeric LHCIL. (B) First
derivative of the absorption of monomeric LHCII at 77 K. The Soret and
carotenoid regions were enlarged by a factor of 2. (C) Second derivative of
the absorption of monomeric LHCII at 77 K. The Soret and carotenoid
regions were enlarged by a factor of 5. (D) Stark spectrum at 77 K of
monomeric LHCII recorded at y =54.7°. Spectra were normalized to OD =1
at the Chl b peak (649.5 nm) and to a field strength of F=2.3 X 10°> V/cm.
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Fig. 2. (A) Absorption spectrum at 77 K of trimeric (continuous line) and
monomeric (dashed line) LHCIIL (B) First derivative of the absorption of
trimeric LHCII at 77 K. The Soret and carotenoid regions were enlarged by
a factor of 2. (C) Second derivative of the absorption of trimeric LHCII at
77 K. The Soret and carotenoid regions were enlarged by a factor of 5. (D)
Stark spectrum at 77 K of trimeric LHCII recorded at y=54.7°. Spectra
were normalized to OD=1 at the Chl b peak (649 nm) and to a field
strength of F=2.3 x 10° V/em.

broader than in the case of trimers (see below and Fig. 2), as
was observed before [10,27], probably indicating a less rigid
environment for the pigments in the monomers as compared
to trimers. In addition, the main peak is ~ 2 nm shifted to
the red (see below).

The Stark spectrum shows a complex structure due to the
presence of many slightly different absorption bands. In the
Chl a region (660—690 nm), the Stark signal can largely be
accounted for by a linear combination of both the first and
second derivatives of the absorption spectrum (see below).
The Stark signal arising from the Chl » molecules resembles
the shape of the second derivative spectrum. Several bands
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are observed in the 560—630-nm region, but it is difficult to
assign them unambiguously to the Q,/vibrational transitions
of Chl @ and Chl b molecules.

The main features observed in the Soret and carotenoid
region (400—550 nm) arise from both the Chl and caroten-
oid molecules. Lutein shows a large Stark signal character-
ized by a maximum at 509 nm and a minimum at 491 nm.
The position of the minimum does not coincide with the
minimum at 494 nm in the second derivative of the
absorption spectrum (due to lutein), either because there is
significant contribution from Chl b or neoxanthin to the
Stark spectrum (although no identifiable additional spectral
features can be detected, pointing in this direction) or
because a significant difference polarizability for one or
two luteins leads to considerable contribution from the first
derivative spectrum of lutein. There are two additional
pronounced negative bands at 457 and 428 nm, which at
first sight seem to be the higher vibronic counterparts (S,
0—1 and S, 0 — 2 transitions) of the negative lutein peak
at 491 nm (S, 0 — O transition). However, based on the
spacing between these bands in the absorption spectrum of
lutein (see, e.g. Ref. [34]), one would expect them to be
located at 461 and 438 nm (positions estimated with respect
to the minimum at 491 nm). If the 457 and 428 bands are
indeed due to lutein, the contribution of the difference
polarizability for these bands should be significantly larger
than the contribution from the difference dipole moment,
leading to more first derivative character of the Stark
spectrum when compared to the band at 491 nm (S,
0 — 0 transition). Alternatively, the 428 and 457 bands are
due to neoxanthin. Based on the position of the neoxanthin
absorption maximum at 486 nm (S, 0 — 0 transition) and
the spacing between the vibronic bands (see, e.g. Ref. [34]),
one expects the vibronic absorption bands to be located at
456 and 430 nm, close to the minima in the Stark spectrum.
It is somewhat surprising that no clear negative neoxanthin
peak at 486 nm can be discerned, which could be due to the
strong overlap with the broad 491-nm lutein component.
Indeed, the latter band is asymmetric on the short-wave-
length side (Fig. 1D). Finally, the negative peak at 474 nm
should be ascribed to Chl b. In Table 1 the most likely
assignments for lutein, neoxanthin and Chl b in the Soret-
carotenoid region of monomeric LHCII are summarized.

Table 1

Assignment of the most relevant bands in the Soret and Carotenoid region
for monomers and trimers of LHCII based on the Stark and absorption
spectrum®

Monomers Trimers

Molecule Bands Molecule Bands

- - Red Lut 509, 481 and 456
Lut 494, 466 and 435 Blue Lut 494, 464 and 439
Neo 486, 457 and 428 Neo 486, 455 and 426
Chl b 474 and 486 Chl b 473 and 486

?Due to the strong overlap of absorption bands below 475 nm, the
assignment of the exact position for every band is less accurate.

3.2. Trimers

The absorption of trimeric LHCII together with its first
and second derivative as well as the Stark spectrum at 77 K
recorded at y=54.7° are plotted in Fig. 2. For comparison,
the monomeric absorption spectrum is also shown. The
peaks in the Q, region are located at 675 and 649 nm,
which correspond to Chl @ and Chl b, respectively. In the
Soret and carotenoid region similar peaks and shoulders are
present as in the case of monomers. However, some striking
differences can also be observed. In the red part (504—530
nm) of the carotenoid region, trimers of LHCII show the
presence of a new band around 510 nm, as was previously
observed [12]. From Raman experiments on trimeric LHCII
it was concluded that the appearance of this band corre-
sponds to a red shift of the absorption of one lutein from
~ 494 to ~ 510 nm [5,34], which was also corroborated by
Caffarri et al. [7]. The absorption of trimeric LHCII also
differs from that of monomeric LHCII in the region below
500 nm, which can largely be explained by the red shift of
the lutein molecule. Inspection of the second derivative of
the absorption of LHCII trimers similarly reveals the ap-
pearance of a new band at 509 nm.

The Stark spectrum of trimers shows a positive peak in
the Q, region of Chl a at 679 nm. As in the case of
monomers, the shape of the Stark spectrum for the Chl a
signal can largely be explained by a linear combination of
the first and second derivatives of the absorption spectrum,
whereas the signal in the Chl b spectral region looks more
like the second derivative of the absorption spectrum. The
new absorption band that appears at 509 nm upon trime-
rization shows a remarkably strong Stark signal, with two
positive peaks at 523 and 499 nm and a minimum at 509
nm. Because the absorption maximum at 509 nm of the
new band coincides with the minimum in the Stark spec-
trum, it can be concluded that for the lutein absorbing at
this wavelength a large difference in dipole moment exists
between ground and excited state. The Stark signal of the
lutein peaking at 494 nm is partly buried by the intense
signal from the lutein at 509 nm and other bands peaking
more to the blue. Only a small dip can be observed at
~ 493 nm, close to the minimum in the absorption second
derivative spectrum, indicating a dipole difference for the
corresponding lutein as well, although significantly smaller
than for the 509-nm lutein. A clear Stark minimum is
present at 485 nm, probably due to a signal arising from
neoxanthin and/or Chl & [5,12,34,43,44]. The pronounced
minimum at 481 nm, which is absent in the monomer
Stark spectrum, is attributed to the S, (0 — 1) transition of
the red-most lutein. The S, (0 — 1) transition of the blue
(i.e. absorbing at 494 nm) lutein probably is responsible for
the dip at 464 nm in the Stark spectrum, in close
correspondence with the assignment of Ruban et al. [34]
stating that this lutein absorbs at 466 nm. The minima at
426 and 455 are most likely due to neoxanthin. The 439
nm minimum is likely to correspond to the blue lutein and
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to Chl a, and the 473 nm feature to Chl b. Note that the
assignment of the features below 473 nm is more specu-
lative than the assignment of the other bands in the Soret
and carotenoid region due to the strong overlap of multiple
absorption bands with different Stark signals. We show in
Table 1 the most probable assignments for lutein, neo-
xanthin and Chl b in the Soret-carotenoid spectral region of
LHCII trimers.

3.3. Aggregates

Fig. 3 shows the 77 K absorption and Stark spectrum of
LHCII aggregates, the latter being recorded at y=54.7°.
The absorption spectrum is partially distorted and flattened
due to light scattering and sieving effects (see, e.g. Razi
Nagqvi et al. [30]). The absorption and Stark spectra of small
aggregates of LHCII in the O, region are shown for
comparison (dashed line). It is remarkable how similar the
peak positions are in the Stark spectra of trimers and
aggregates (Fig. 3B), most of them differing at most 1
nm. This is line with the conclusion by Razi Naqvi et al.
[30] that most of the “real” absorption spectrum is not
really distorted, the observed differences are largely due to
scattering and the sieve effect. Similarly, Pieper et al. [28]
and Ruban et al. [11] showed that aggregation has only little
effect on the lowest electronic levels of the isolated trimer,
with the exception of a slight red shift of ~ 2 nm for some
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Fig. 3. (A) Absorption spectrum at 77 K of aggregated LHCII under light-
scattering conditions (solid line) and of small aggregates of LHCII in the O,
region (dashed line). (B) Stark spectrum at 77 K of aggregated LHCII
recorded at y=54.7° under light-scattering conditions (solid line) and of
small aggregates in the O, region (dashed line). Spectra were normalized to
OD=1 at the Chl b peak (650 nm) and to a field strength of F=2.3 x 10°
V/em. Note that, due to scattering and sieving effects, Stark features in
regions of low absorption appear to be more intense for aggregates (see text
for details).

spectral subbands. Stark features in regions of low absorp-
tion appear to be more intense for aggregates, largely due (if
not completely) to the sieve effect, which is lower in these
regions. The most pronounced “real” difference is the red
shift of the positive Stark feature in the Chl @ region from
679 to 683 nm.

It is worth noting that the pronounced minimum in the
Stark spectrum due to Chl b is always located at ~ 650 nm,
independent of the state of oligomerisation of LHCII. In the
case of Krawczyk et al. [35], the minimum was located at
~ 654 nm, that is, their Stark spectrum was ~ 4 nm red
shifted with respect to the absorption, which showed a
maximum located at 650 due to the O, absorption band of
the Chl b molecules.

4. Discussion
4.1. Chl a Q, region

The Stark effect in the Chl a Q, region shows an overall
similarity between monomers, trimers and aggregates, al-
though there are some specific differences. For instance,
monomers and aggregates exhibit a red shift of the main Chl
a positive signal with respect to trimers, which can be up to
4 nm for aggregates of LHCII.

Figs. 4 and 5 show the fit in the O, region using Gaussian
functions for both absorption and Stark spectra of mono-
mers and trimers, respectively. Four bands in both samples
were required to account for the Chl a absorption and Stark
effect (660—690 nm spectral region). For clarity of the
figure only the contributions of the bands located at
~ 676 and ~ 670 nm to the fit of the Stark spectrum are
shown. We do not assign much significance to the band
located at 688.5 nm in monomers because its relative area is
very small.

In Table 2 the values for | A%w’| and Tr(A%) obtained from
the fit for the different bands are summarized for both
complexes. In both cases, the bands associated to the Chl a
chromophores exhibit values close to 0.6 D/f for the change
in dipole moment and between 40 and 70 ;\3/]”2 for the
change in polarizability. The largest changes in polarizability
are found for the red part of the spectrum of the monomers.
The |A7’| values for the Chl a spectral forms absorbing to
the red of the main peak in trimers (676 and 679 nm) are in
agreement with the value reported by Rétsep et al. [45] of
0.63 D/f for the lowest energy state in trimeric LHCII located
at 680 nm. In contrast, they are lower than the ones reported
by Krawczyk et al. [35], who found |A%’| to be 1.0 D/f:
Their fits were, however, less satisfactory than in our case:
significantly higher deviations were observed, probably
because of scattering and sieving effects and the shift of
~ 4 nm in the Stark spectrum with respect to the absorption.
In Fig. 6, a simultaneous fit of the absorption and Stark in the
Chl a Q, region with a polynomial function (Bspline [39])
and its derivatives is shown for monomers, trimers and small
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Fig. 4. Simultaneous fit of the 77 K absorption and Stark spectra of
monomeric LHCII (Q, region) recorded at y=54.7° with Gaussian
functions for the absorption (top), and the first (dotted lines) and second
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(bottom). For clarity, only the derivatives of the Gaussian functions located
at 677.5, 671, 656.5, 650 and 645.5 nm are shown. The insets show the
residuals from the fit.

aggregates (Fig. 3, dashed line). The results of the fit,
which are presented in Table 3, are similar to the values in
Table 2, and support the conclusion that the electro-optical
parameters corresponding to the Chl a molecules in LHCII
are |ATC| ~0.6 D/f and Tr(A&) ~ 55 A%/f? over the
whole Chl a O, region.

It is of interest to compare the obtained values with those
of monomeric Chl a. Several values have been reported for
the change in dipole moment and polarizability between the
ground and excited states for monomeric Chl a [45-47].
The most recent |A7’| value was reported by Riitsep et al.
[45] from Stark hole-burning effect of Chl a deposited in a
poly(vinyl butyral) (PVB) film. The value found was 0.52
D/f. The correlation found between A" and Aa on spectral
holes in PVB films from Stark hole-burning measurements
is given by the equation [46]

AT = —0.04 + 8.8Ad/MW (4)

where MW describes the molecular weight of the dopant.
Then, for a |AT’| value of 0.52 D/, Ag =20 A%/f?, which
is of the same order of magnitude as our obtained value

Tr(Ax) ~ 55 A3 /f* for Chl a bound to LHCII (one should
keep in mind that the reported in this work is generally
defined as 1/3 Tr(Aa)=Aq).

The fact that |A7’| and Tr(A&) for Chl a bound to
LHCII are very similar to the values for monomeric Chl a
implies that the Chl @ molecules in LHCII behave like
monomeric weakly coupled Chl «a, in agreement with
previous studies [19,24,25]. Ritsep et al. [45] also reached
the same conclusion. Strong excitonic interactions, which
can lead to a significant delocalization of excitations over
many pigments and to a decrease in |A’|, are apparently
absent.

4.2. Aggregates exhibit no charge-transfer state

In a hole-burning study on aggregates of LHCII, Pieper
et al. [28] were unable to burn holes upon selective
excitation above 682 nm. They attributed this to the pres-
ence of (a) red-shifted of state(s) with charge-transfer
character. They argued that these states, which hardly
fluoresce, might function as trap states for excitations,
thereby explaining the decrease of fluorescence yield upon

Wavelength/nm

BEFU BTO B?D

AM

15600

res
-0.04 0.04

14400

a
o
o
14400 14800 15200 15600
B?U BTU
o
(= /\\
PN
) 7 i
< ,/
q [QN]
O
m o
O] ] WUW
C g [
U B \
n| T 100 15600 v
T

T T T T
14400 14800 15200 15600

Wavenumber/cm’

Fig. 5. Simultaneous fit of the 77 K absorption and Stark spectra of trimeric
LHCII (Q, region) recorded at y=54.7° with Gaussian functions for the
absorption (top), and the first (dotted lines) and second (dashed lines)
derivatives of these functions for the Stark spectrum (bottom). For
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Table 2
Stark parameters for monomeric and trimeric LHCII in the O, region

M.A. Palacios et al. / Biochimica et Biophysica Acta 1605 (2003) 83-95

Monomers Trimers Krawcezyk et al. [35]
Gaussian ~ Relative |AT| D))  Tr(Ax) Gaussian ~ Relative |AT| D))  Tr(Ax) Gaussian ~ Relative | AT Ao
band area (%) (£ 10%) A% band area (%) (£ 10%) AP band area (%)  (D/f) A%
(£ 10%) (£ 10%)
(688.5) 1.2 - - - - - - (695) - - -
683.0 3.1 0.6 30 679.5 4.1 0.6 65 685.0 43 - -
677.5 20.3 0.5 70 676.0 16.9 0.6 56 678.0 24.9 1.0 -8
671.0 23.1 0.4 40 670.5 27.1 0.7 54 671.3 16.3 1.3 -2
663.5 19.3 0.6 30 661.5 15.7 1.3 - 665.0 8.3 2.2 -
- - - - - - - - 662.0 11.0 1.7 -
656.5 12.2 - 95 655.5 5.6 1.5 230 656.0 10.3 2.3 70
650.0 16.2 1.9 - 650.0 14.5 2.3 - 649.0 16.0 1.1 -
645.5 5.8 1.2 180 645.0 9.6 1.8 180 642.2 5.9 1.5 -
(641.0) - - - 639.0 6.4 12 - 639.5 3.0 1.7 -
- - - - (634.0) — - - 621.0 - - -

*In Ref. [35] Aa was estimated from the first and second derivatives of the absorption spectrum yielding a value of 8 +2 A3/f2.

aggregation. In Table 3, the values for | A7Z’| and Tr(A%) for
aggregates of LHCII in the Chl a O, region are shown.
Within experimental error they are the same as for mono-
meric uncoupled Chl a (see discussion above). This
excludes the possibility that the red Chl ¢ molecules in
aggregates have a charge-transfer state, which would be
characterized by a large change in dipole moment [21], as
found for instance in the reaction center of photosynthetic
bacteria [48]. A possible explanation for the inability to burn
a hole in the red-most part of the absorption spectrum could
be that the absorption spectrum is distorted due to scattering
and sieving effects, leading to an apparent increase of the
red-most absorption [29,30] (see above). It should be noted
that for none of the Chl a bands high A" values are found,

Wavelength/nm

Wavelength/nm

indicating weak electron—phonon interaction, i.e. low val-
ues for the Huang—Rhys factor S [45]. This is in perfect
agreement with previous observations for LHCII [24,25].

4.3. Chl b Q, region

The Stark effect in the Chl b Q,, region (635—660 nm) for
monomers and trimers is very similar and looks mostly like
the second derivative of the absorption. Four (monomers)
and five (trimers) bands were required to fit the absorption
and Stark signals in this spectral region (see Table 2 and
Figs. 4 and 5). The width of the Gaussian bands ranges from
140 to 190 cm™ ' and the bands become broader on the blue
side when going from monomers to trimers (142 versus 176

Wavelength/nm

B?U BE‘BO 6‘70 B?D BE?U 6‘70 89‘30 BE‘BO 8‘70
- 8 . 8 - 8
o S ~ A g ° B o S C
Cg ] gy
=] =] 1=
. T 14500 14900 . T 14500 14900 . T 14500 14900
o [a] o
(@) o @]
© T T T o f T T o T T T
14500 14700 14900 14500 14700 14900 14500 14700 14300
8?0 82‘30 6‘70 69‘0 BE‘EO 6‘70
<< <
< | <

res
res

-0.04 0.04
-0.02 0.02

14500 14300

14500

14900

-0.04 0.04

14500

14300

T T T T
14500 14700 14900 14500

Wavenumber/cm’'

T
14700

Wavenumber/cm™

T T T T
14900 14500 14700 14900

Wavenumber/cm™'

Fig. 6. Simultaneous fit of the 77 K absorption and Stark spectra of monomeric (A), trimeric (B) and aggregated (C) LHCII (Chl a Q, region) recorded at
7 ="54.7° with a polynomial function and its first (dotted lines) and second (dashed lines) derivatives. The aggregated sample corresponds to the one shown in
Fig. 3, dashed line. The fitted spectral region ranges from 695 to 665 nm except for the monomeric sample, where a satisfactory fit could not be obtained when
wavelengths below 675 nm were included. The residuals from the fits are included in the insets of every figure.
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Table 3
Stark parameters of Chl @ in various oligomeric forms of LHCII estimated
using a fit with a polynomial function, and its first and second derivatives®

State of oligomerization | AT (D/f) Tr(A%) (A3/j'2)
Monomers 0.59 £ 0.06 58+6
Trimers 0.58 £ 0.06 58+6
Aggregates 0.63 £ 0.06 40+ 6

?The fitted spectral region ranged from 695 to 665 nm except for
monomers, where a satisfactory fit could not be obtained when wavelengths
below 675 nm were included.

cm™ '), in agreement with the qualitative behaviour ob-
served in the absorption.

There is an enhancement in |A | for the main band at
~ 650 nm in trimers comparing to monomers and the
values are higher than the values expected for monomeric
Chl b (1.4—1.6 D/f[35]). In the analysis done by Krawczyk
et al. [35] (see Table 2), the band located at 656.0 nm is the
one with a relatively high | A | (2.3 D/f), whereas the band
at 649 possesses a |A 7’|, which has half the value of the
former one. This can be explained by the fact that the
pronounced minimum in the Stark spectrum of Krawczyk et
al. due to Chl b was located at ~ 654 nm in Ref. [35], i.e. 4
nm to the red of the absorption spectrum, whereas in our
case the values differ less than one nanometer. This rather
large value for the difference dipole moment between the
ground and excited states both for monomers (1.9 D/f) and
trimers (2.3 D/f) is three or four times higher than for the
Chl a absorption bands around 675 nm, whereas for isolated
chlorophylls this ratio is approximately 1.5 [35]. We spec-
ulate that this large value is due to the interaction of some
Chls b with neoxanthin. According to Croce et al. [17], the
neoxanthin binding site is located between the helix C and
helix A/B domains, in close contact with chlorophylls 55
and b6 in the model proposed by Kiihlbrandt et al. [15].
Strong electrostatic interactions and/or partial electron den-
sity overlap between Chl » molecules and neoxanthin might
produce an increase for | A 7’| with respect to the expected
monomeric Chl b value. Moreover, it is known that the
absence of neoxanthin in reconstituted LHCII also leads to a
significant change in (polarized) absorption around 650 nm,
where the neoxanthin itself is not expected to be absorbing
(Croce et al. [17]).

4.4. Red-most carotenoid bands

The simultaneous fit of the absorption and Stark effect
in the red-most part of the carotenoid region for monomers
and trimers are plotted in Figs. 7 and 8, respectively. In
both cases bands at ca. 494 nm (Lut) and 485 nm (Neo-Chl
b) were needed with their fwhm ranging from ~ 400 to
~ 600 cm ™~ '. The monomer Stark spectrum shows a rather
complicated shape on the red edge, which cannot be
satisfactorily fit with a combination of the first and second
derivatives of a single absorption band. This indicates that
the Stark effect in this region arises from more than one

pool of lutein molecules absorbing at different wavelengths,
as can also be seen in Table 4. However, Ruban et al. [5]
reported that both luteins in monomeric LHCII absorb at
around 495 nm, although slight differences in their protein
environments give rise to a broadening of the corres-
ponding absorption band. The values reported in Table 4
for each of the Gaussian bands in monomeric LHCII are of
the same order of magnitude as those reported for carote-
noids in glassy solvents [49].

Trimers exhibit an additional broad band at 509 nm with
an fwhm of 715 cm™ ' (18 nm), like the one reported by
Ruban et al. [5]. Also T —S measurements on trimeric
LHCII revealed that the 525 nm T — S band, corresponding
to a ground state absorption band close to 510 nm, is
broader than the T — S band located at 507 nm (associated
with the 494-nm band in absorption) [12]. The fitted area of
the 509-nm band is approximately one third of that of the
494-nm band, suggesting that both bands do not simply
correspond to one xanthophyll molecule per monomeric
subunit, although the Raman spectrum indicates that both of
them should be ascribed to lutein [34]. This band at 509 nm
also shows a threefold increase in |A | ( ~ 15 D/f) with
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Fig. 7. Simultaneous fit of the 77 K absorption and Stark spectra of
monomeric LHCII (carotenoid region) recorded at y =54.7° with Gaussian
functions for the absorption (top), and the first (dotted lines) and second
(dashed lines) derivatives of these functions for the Stark spectrum
(bottom). For clarity, only the derivatives of the Gaussian functions located
at 502.5 and 493.5 nm are shown. The residuals from the fit are included in
the insets.
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lines) derivatives of these functions for the Stark spectrum (bottom). For
simplicity of the figure, only the derivatives of the red most Gaussian
functions are depicted. The residuals from the fit are included in the insets.

respect to glassy solvents. Most strikingly, the electro-
optical properties of the red-most carotenoid band are very
sensitive to the aggregation state of LHCII, but it remains
somewhat puzzling to account for the observed differences
in electro-optical properties of these two absorption bands—
494 and 509 nm—corresponding to the lutein molecules.
Fig. 9 shows both Stark spectra and second derivatives of
the absorption spectra for the red-most carotenoids in
monomers and trimers. It can readily be observed that the
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Fig. 9. (A) Stark spectrum at 77 K of monomeric (dashed) and trimeric
(solid) LHCII recorded at y=54.7°. Spectra were normalized to OD=1 at
the Chl b (649 nm) peak and to a field strength of F=2.3 X 10> V/cm. (B)
Second derivative of the absorption of monomeric (dashed) and trimeric
(solid) LHCII at 77 K. Both derivatives were enlarged by a factor of 5.

509-nm band for trimers (and aggregates) exhibits a huge
Stark signal.

In order to explain the big difference in |Aw’| for the
two lutein bands, the electric field experienced by the lutein
molecules should be significantly larger in trimers than in
monomers. It is known [37,39] that a large electric field can
transform a change in polarizability Aa into a difference in
dipole moment Af7 according to: A’ =E -A& Monomer-
ization of LHCII trimers has recently been shown to be
induced by light illumination [50]. This process leads
simultaneously to the disappearance of the band located at
509 nm due to lutein and to the release of up to 2.5 Mg ions
per trimer [50]. It is tempting to speculate that the presence
of a Mg ion in the neighborhood of one of the lutein
molecules enhances the electric field around this xantho-
phyll, thereby explaining the large value of |A’| for the
509-nm band (and probably also the large red shift of this

Table 4

Stark parameters for monomeric and trimeric LHCII in the red part of the carotenoid region

Monomers Trimers

Gaussian Relative |AT| (D/f) Tr(A%) (AY/f?) Gaussian Relative |AT| (DIf) Tr(A%) (AY/f?)
band area (%) (+15%) (£ 15%) band area (%) (£ 15%) (£ 15%)
- - - - (542.0)* - - -
514.5 - - 630 - - - -
502.5 21.3 35 1170 509.0 11.2 14.6 640
493.5 39.5 3.0 610 493.5 33.0 5.5 1000
484.5 39.2 2.3 250 486.0 139 3.0 740

- - - - 480.5 11.2 2.5 250
475.0 - 1.9 230 473.5 30.7 2.5 135

 This Gaussian band was included to minimize the error due to the baseline and contributions from the Chl molecules. Its Stark parameters were set to zero.
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absorption band). Note that the 509-nm band is presumably
due to lutein 2 [31]. From Raman studies, it is also known
that the 510-nm lutein is geometrically a very asymmetric
molecule [34]. This change in geometry for some of the
lutein molecules which might also be caused by the pres-
ence of the Mg ions, can lead to a redistribution of charges
on the luteins favoring a high value for |AZ’].

The fact that only up to 2.5 Mg ions per trimer are
released (depending on the light intensity) [50] might also
explain the presence of a small absorption band at higher
wavelengths than 494 nm in monomers as well. If a fraction
of Mg ions is present in LHCII monomers, some lutein
absorption will occur above 494 nm. The absorption band
associated to these lutein molecules might not be noticeable
in conventional absorption, but might easily show up in the
field-on minus field-off absorbance difference spectrum.

It remains unclear why the 509-nm lutein band seems to
be less intense than the 494-nm band. In general, the most
straightforward explanation for such a difference is the
presence of strong excitonic interactions, either between
the two lutein molecules or between lutein and chloro-
phyll. A rough dipole—dipole calculation indicates that the
coupling strength between the two lutein molecules is in
the order of 80 cm™ ', which is rather small when
compared to the widths of the bands. Therefore, excitonic
interactions cannot explain such a pronounced difference
in intensity (Somsen et al. [51]). Moreover, both the lutein
band at 494 nm and the Chl a bands have electro-optical
properties that are very similar to those of the monomeric
pigments, thereby arguing against such an explanation.
Alternatively, the strong coupling with Chl molecules
might lead to hyper- or hypochromic effects for the luteins.
The size of the interactions would have to differ consid-
erably for both luteins in order to explain the apparent
difference in intensity. However, femtosecond transient
absorption measurements do not indicate significant differ-
ences [44,52]. Exciton energy transfer times from both
luteins to Chl a are very similar, indicating similar cou-
pling strengths. Therefore, we conclude that excitonic
interactions are not responsible for the significant differ-
ences in intensity of the two lutein bands, and only
heterogeneity between trimers possibly due to the presence
or absence of Mg ions [50] might account for the differ-
ence in dipole strength of the lutein bands.

We conclude from the Stark spectrum that the band at
485 nm is not only due to neoxanthin but also to Chl b
molecules. The corresponding values of the difference
dipole and difference polarizability are substantially lower
than for the lutein bands, confirming the assignment to both
neoxanthin and Chl b, the latter having a much smaller
electro-optical response. This dual assignment agrees nicely
with the conclusions drawn from femtosecond pump-probe
experiments [43,44].

The band at 481 nm can safely be attributed to the red
lutein absorbing at 509 nm because it presents a relatively
strong Stark effect like the 509 band, which is absent in the

Stark spectrum of LHCII monomers. However, the changes
in dipole moment and polarizability upon excitation are
more difficult to determine due to the overlap of many
different transitions. The most likely origin of the other
bands that are present to the blue of the 481-nm band have
already been discussed above (see also Table 1).

5. Conclusions

Virtually all the Chl a absorption bands in the Q,, region
have electro-optical properties that are very similar to those
of monomeric Chl a, which argues against strong exciton
delocalization over the Chl a molecules in LHCIIL.

We did not observe charge-transfer character for any of
the Chl a O, absorption bands for LHCII aggregates, in
particular not for the red-most bands, arguing against the
possibility that charge-transfer states are responsible for the
fluorescence quenching for LHCII aggregates [28].

The main Chl b absorption band in the O, region has
electro-optical properties that are more pronounced than for
monomeric Chl b, which is tentatively explained by strong
interaction between some Chls » and neoxanthin.

The Stark measurements confirm the presence of a lutein
absorption band around 510 nm in trimers and aggregates,
and this band has considerably different optical properties
(maximum, width, | A|, Ag) than the 494-nm lutein band.

Finally, the 486-nm band is due to both neoxanthin and
chlorophyll b.
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