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ABSTRACT: In this work we modeled the circular dichroism (CD) spectrum of LHCII, the main light
harvesting antenna of photosystem II of higher plants. Excitonic calculations are performed for a monomeric
subunit, taken from the crystal structure of trimeric LHCII from spinach [Liu, Z. F., Yan, H. C., Wang,
K. B., Kuang, T. Y., Zhang, J. P., Gui, L. L., An, X. M., and Chang, W. R. (2004)Nature 428, 287-
292]. All of the major features of the CD spectrum above 450 nm are satisfactorily reproduced, and
possible orientations of the Chl and carotenoid transition dipole moments are identified. The obtained
modeling parameters are used to simulate the CD spectra of two complexes with altered pigment
composition: a mutant lacking Chlsa 611-612 and a complex lacking the carotenoid neoxanthin. By
removing the relevant pigment(s) from the structure, we are able to reproduce their spectra, which implies
that the alteration does not disturb the overall structure. The CD spectrum of trimeric LHCII shows a
reversed relative intensity of the two negative bands around 470 and 490 nm as compared to monomeric
LHCII. The simulations reproduce this reversal, indicating that it is mainly due to interactions between
chromophores in different monomeric subunits, and the trimerization does not induce observable changes
in the monomeric structure. Our simulated spectrum resembles one of two different trimeric CD spectra
reported in literature. We argue that the differences in the experimental trimeric CD spectra are caused by
changes in the strength of the monomer-monomer interactions due to the differences in detergents used
for the purification of the complexes.

Photosynthesis is one of the most important life processes
on our planet. The evolution of photosynthetic organisms
led to the enrichment of the earth’s atmosphere with
molecular oxygen, which, in turn, initiated the expansion of
life on the surface of the earth. Photosynthetic organisms
are equipped with complex systems of membrane-bound

pigment proteins that form their light harvesting (LH)1

antennae and reaction centers (RC), designed to optimize
the organisms’ performance in capturing and utilizing
sunlight. Even though the photosynthetic apparatus of the
different organisms is variable, the general process of
photosynthesis is rather uniform and involves harvesting of
the sunlight and subsequent transfer of the electronic
excitation to the RC, where a charge separation is initiated.
Through a series of electron and proton transfer steps this
eventually leads to the storage of energy in the form of ATP.
Under “normal” conditions these primary processes occur
with an amazing efficiency.

The plant’s major light harvesting complex is the periph-
eral light harvesting complex LHCII, which is part of the
light harvesting antenna of the plant photosystem II (PSII).
LHCII is indispensable to the plant’s survival, not only for
its capacity to gather the sunlight and transfer it to the plant’s
RC for subsequent conversion into chemical energy but also
for its alleged ability of photoprotection in conditions of high
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light (1-6). LHCII occurs as a heterotrimeric complex of
three proteins: lhcb1, lhcb2, and lhcb3, with a stoichiometry
of about 7:2:1 in plants (7, 8). Recently, the three-
dimensional structure of the complex was determined at
atomic resolution (4, 6). LHCII is present in trimeric form
in the grana membranes. Each monomer in this trimer
comprises 14 chlorophylls (8 Chlsa and 6 Chlsb) and 4
xanthophylls. The Chls are arranged in two layers within
the membrane, one closer to the stromal surface, with 8
chlorophylls (5 Chlsa and 3 Chlsb), and another closer to
the lumenal surface, with the remaining 6 Chls. On the
stromal side, the average center-to-center distance between
two neighboring chlorophylls is 11.3 Å. On the lumenal side,
the 6 Chls are arranged in two clusters: one consists of a
Chl a-Chl a dimer, and a second one comprises 3 Chlsb
and 1 Chl a. The shortest distance between the two
chlorophyll layers is about 13.9 Å (between Chlb 609 and
Chl b 606). The pigment composition of each LHCII
monomer is completed with four carotenoids. The two central
carotenoids are lutein molecules with an all-trans configu-
ration. Their polyene chains form angles of about 59° and
62° with respect to the membrane normal. The third
carotenoid, a 9′-cis-neoxanthin, is shaped like a bent-over
hook, and its polyene chain forms an angle of about 58°
with the membrane normal (9). Finally, the fourth carotenoid,
presumably a violaxantin under low-light conditions, is
located at the monomer-monomer interface, and its polyene
chain, in an all-trans configuration, forms an angle of 34°
with the membrane normal. It should be noted that upon
isolation of trimers the loss of violaxanthin is common,
whereas recombinant complexes reconstituted in vitro in
addition lack 1-2 Chls (8, 10, 11). It was recently shown
that the crystal structure corresponds to a dissipative
(quenched) state of LHCII (5), but modeling studies based
on this structure could also explain most spectroscopic
features of the isolated, unquenched, trimeric form of LHCII
(12), suggesting that the unquenched structure is very similar.

As mentioned above, in leaf chloroplasts LHCII appears
in a trimeric form, but it is relatively easy to isolate stable
monomers (13-15). These monomers are lacking a few
pigments, presumably Chlb 601 and the fourth carotenoid
violaxanthin (11, 15, 16). However, their absorption and CD
signals, especially in the Qy region, are very similar, although
not identical, to the signals obtained for LHCII trimers (14,
17). The CD signals of LHCII, monomers, trimers, and
mutants, are presented frequently in literature and are used
to detect structural changes and to study interaction patterns
within the complexes (10, 15, 18, 19). However, the origin
of these CD signals is not fully understood: a change in the
CD signal at a certain wavelength does not necessarily
represent a change in the arrangement of the pigments
absorbing at that particular wavelength, since it can arise
from the interaction between transitions that are energetically
far apart; i.e., it is possible that a change in the CD signal in
the Chl region is a result of a removal or a reorientation of
a carotenoid (20, 21). It therefore becomes imperative to
theoretically study the origin of the CD spectrum, in order
to avoid misinterpretation and to be able to confidently
ascribe specific changes in the CD spectrum to disturbances
in the structure.

In the past, an excitonic model was used to study the CD
spectra of various bacterial LHs, and detailed information

on the relation between their structure and their spectroscopic
features was provided (21-24). For example, it was possible
to identify the high exciton component of LH2, obtaining
an accurate measure for the interaction energy between BChls
(25); moreover, the red shift of the CD zero crossing with
respect to its absorption maximum was explained (26); the
LH2 carotenoid CD signal was attributed to excitonic
interactions (23); finally, it became recently possible to
elucidate the origin of the fully nonconservative CD signal
of Rhodobacter sphaeroidesLH1 (21).

In this work, we try to understand the spectroscopic
characteristics of LHCII monomers and mutants with specific
structural elements, by performing excitonic calculations of
their absorption and CD spectra based on the recently
revealed LHCII structure. We thus wish to disentangle the
complicated origin of the CD spectrum and make it possible
to explain changes in the CD signals.

MATERIALS AND METHODS

Preparation of the Biological Samples.Monomeric LHCII
was obtained by overexpressing the wild-type (WT) or
mutated (N183V) apoproteins inEscherichia coli and
reconstituting the pigment-protein complexesin Vitro with
pigments as previously reported (10). The “lutein-only”
sample was obtained using in the reconstitution a pigment
mixture which does not contain neoxanthin (13). Native
LHCII trimers were obtained from maize plants using the
method described in ref15but withn-dodecylâ-D-maltoside
(â-DM) or n-dodecylR-D-maltoside (R-DM) (15).

Experimental.CD spectra were obtained at 8°C on a Jasco
600 spectropolarimeter. The sample was suspended in 10
mM Hepes, pH 7.6, 0.06% DM, and 20% glycerol. The
absorption spectrum was measured on the same sample in
an Aminco DW 2000 spectrophotometer. The intrinsic CD
signal of the Chls was measured upon temperature denatur-
ation of the LHCII sample at 80°C.

Theoretical. The CD spectrum is a complex spectro-
scopic tool that contains a large amount of information.
Unfortunately, unraveling this information can be a very
difficult task due to the complicated geometric origin of
the CD signal: it is the difference in absorption of left (AL)
and right (AR) circularly polarized light, and it depends on
the outer product of the transition dipole moments (µbn and
µbm) of pigments n and m times the distance between
them (rbnm). The equation of the rotational strengthR(ν)
that provides the CD signal as a function of the frequency
ν is

Hereun,m(ν) are the coherence correlation functions:

where〈 〉 reflects the averaging procedure over static disorder
and ν0k is the frequency corresponding to the transition
between excitonic levels 0 andk. G(ν - ν0k) is the line shape
function, and Cm

k are the coefficients for the different

R(ν) ) AL(ν) - AR(ν) )
-16π2ν

9λ
Im ∑

n,m

N

un,m(ν)(µbn ×
µbm)‚ rbnm (1)

un,m(ν) ) ∑
k

〈G(ν - ν0k)Cn
kCm

k 〉 (2)
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excitonic states|k〉 derived by the diagonalization of the
system Hamiltonian (see below). The absorption signal, on
the other hand, is much simpler to explain since it is
described by

whereI(ν) is the oscillator strength; however, it contains less
structural information.

For calculating the absorption and CD signals of different
monomers of LHCII, we use an excitonic model (21-23)
and start from the recently published 2.75 Å structure of
LHCII (4). The interactions between all Chl and carotenoid
transitions are taken into account, that are crucial for
modeling the CD signal of the bacterial light harvesting
antenna LH1 (21); therefore, the Qy, Qx, carotenoid, and Soret
regions are included in the calculation. The dipole-dipole
interaction operator used is

whereε0 is the permittivity of the vacuum andε is the relative
dielectric constant. The interaction Hamiltonian is given by

whereEn is the pigment site energy of each transition. The
y-transition dipole moments of the Chls (Qy, By) are initially
taken along the NB-ND direction of the chlorin ring, in
qualitative agreement with experimental (27) and theoretical
(12) linear dichroism (LD) studies on LHCII, while the
x-transition dipole moments (Qx, Bx) are along the NA-NC
direction (Figure 1). The carotenoids have transition dipole
moments oriented along the central conjugated part of the
chain as indicated in previous studies (23, 28).

The modeling includes inhomogeneous and homogeneous
(σhom) broadening, the first in the form of a random
contribution to the diagonal elements of the Hamiltonian prior

to diagonalization and the second by dressing the final stick
spectra with Gaussians according to

in order to represent lifetime broadening at high temperatures
(24, 29). Since monomers have slightly different composition
as compared to trimers, in our modeling program we remove
the pigments that do not bind to the monomer [one Chlb
(601) and one carotenoid (623)]. Although experimental data
indicate that this Chl is most likely not present in the
monomer, this cannot be stated with certainty. Therefore,
modeling was performed also in the presence of Chl 601.
The obtained results in the Qy region were almost identical
to those that excluded Chl 601, and some small differences
could only be seen in the Soret region (data not shown). In
addition, we adjusted the orientations of the transition dipole
moments with respect to the molecular framework of the
pigments by rotating the transition dipole moments; in order
to optimize the simulated spectra, we varied the homoge-
neous and inhomogeneous broadenings, as well as the site
energies of the pigments and the size of their transition dipole
moments. In our model, absorption and CD spectra are
calculated simultaneously in order to obtain higher accuracy.

RESULTS AND DISCUSSION

The first aim of this work is to explain the CD of
monomeric LHCII in different spectral regions and to
correlate it with the structure within a monomer, as well as
with the most important interactions between the different
chromophores. For that purpose the absorption and CD
spectra of three different monomeric reconstituted LHCII
complexes were investigated: WT LHCII, a mutant (N183V)
lacking the red-absorbing Chlsa 611/612 (nomenclature
according to Liu et al. (4)), and a complex reconstituted
without neoxanthin (named lutein-only) (13).

The absorption and CD spectra of monomeric WT LHCII
are presented in Figure 2. The Qy absorption is dominated
by two bands at 674 and 653 nm; the first one corresponds
to Chl a while the second is mainly due to Chlb,
superimposed on vibronic transitions of Chla. In the blue
part of the spectrum, the Chl Soret and carotenoid bands
are largely overlapping, and only two clear peaks are visible
at 437 and 471 nm with a shoulder around 485 nm. The CD
signal is nonconservative and has a “- + -” signature in
the Qy region, while in the blue it features a negative peak
at 491 nm with a smaller band at 473 nm and a shoulder at
459 nm and two positive peaks at 444 and 410 nm.

Using the modeling program described in the Materials
and Methods section, the absorption and CD signals of a
monomer from WT LHCII were calculated (Figure 2). The
parameters needed for achieving the modeled spectra are
listed in Table 1. Chlsa and b were given different site
energies corresponding to their absorption maxima in solution
(30). Including a further red shift for two or three Chlsa
(Chls 610, 611, and 612), according to several reports in
literature (10, 12), did not lead to substantial improvement
of the modeled spectra (data not shown). We have also
substituted Chla by Chl b in sites 613 and 614 to take into
account the mixed occupancy of these sites (10). Although

FIGURE 1: Directions of the transition dipole moments of the Chls
and carotenoids as assigned in the modeling program.

I(ν) ) A(ν) )
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small differences are visible in the individual spectra when
the spectra are averaged for the different occupations, the
resulting differences are very small compared to the WT;
we therefore excluded the mixed occupancy in the model.

Setting the relative dielectric constant to 1, the magnitudes
of the Qy transition dipole moments were taken to be 4 D
for Chl a and 3.4 D for Chlb (12, 31-33). The Chla/Chl
b absorption ratio in the Qy region is bigger than the
measured one because the vibronic Qy transitions are not
included in the modeling. In the modeled CD spectrum all
of the major features observed in the measured one are
reproduced. One could of course try to optimize the
calculated spectra as much as possible by varying band-
widths, site energies, and dipole orientations of individual
pigments, but this will introduce too many degrees of
freedom to perform a reliable fitting. Instead, we choose to
limit the number of parameters and look at more global
characteristic features of the spectra. For instance, the
properties of all Chlsa (or Chlsb) are taken to be identical.
Then, it is impossible to get a perfect description of the
calculated spectra, especially in the blue region where both
the Chls and carotenoids show strongly overlapping absorp-
tion bands. One has to compromise between optimizing the
modeled intensities and shapes of specific bands. We adjusted
the parameters in such a way that a compromise was obtained
that simultaneously describes intensities and band shapes in
a satisfactory way. We focus mainly on the wavelength
region above 450 nm, where the number of overlapping
spectra is smaller than below 450 nm. Differences are
attributed to the fact that several Chl transitions are not taken
into account.

Different dipole orientations have been proposed in the
literature for Chla and Chlb. Values around-20o with

respect to they-axis were reported in refs34-37, whereas
values bewteen 5 and 15° were presented in refs38-40.
Recently, the linear dichroism spectrum of LHCII was
modeled (12) on the basis of the crystal structure, assuming
that the Qy transition dipole moments are oriented along the
y-axis. This led to qualitative agreement with the absolute
linear dichroism spectrum (27), but the absolute value
differed, in line with the fact that the Qy transition dipole
moment is not oriented exactly along they-axis. Here we
have obtained a good match between measured and calcu-
lated spectra using a value of 7.2° for the Qy transition of
Chl a (clockwise rotation). This value can be considered to
be relatively accurate because rotation of the transition dipole
moment strongly influences the calculated CD signals. In
Figure 3A,B it is shown how rotations of the transition dipole
moment (here Qy) in the plane of the chlorin ring affect the
shape of the CD signal. For example, it can be seen that for
rotations of∼30° there is almost a complete inversion of
the CD signal. Already a rotation of 5° leads to strongly
reduced similarity with the experimental spectrum. It is also
demonstrated (Figure 3C,D) how rotations of the carotenoid
transition dipole moments affect not only the carotenoid
bands but also the Qy bands, indicating that carotenoids or
other higher transitions can contribute to the nonconserva-
tivity in that region (21). We should note at this point that
the shape of the CD signal does not depend on the absolute
orientations of the transition dipole moments but on their
mutual orientation.

Finally, a homogeneous broadening of 300 cm-1 was used
for the Chl Qy region, while for the Qx, Soret, and carotenoid
regions much larger values were needed, in the order of 700-
800 cm-1. The inhomogeneous broadening was set to 300
cm-1 for all bands. The high values of (in)homogeneous
broadening reflect possible differences in the magnitude and
orientation of the transition dipole moments of each pigment
involved in the calculations that are very likely induced by
the local environment of each pigment.

Summing up, the transition dipole moments and the
resulting interaction energies used for the modeling of the
LHCII monomer are in agreement with the literature. Minor
variations in the magnitude of the transition dipole moments
and hence in the interaction energies, as, for example, in ref
12 where smaller values are reported, lead to a change in
the size of the signals but do not significantly affect the
shape. Here, we have chosen the presented values because
they give both qualitatively and quantitatively correct results,
in contrast to previous studies that were focusing on the
qualitative side alone. In addition, the effect of altering the
site energies for certain Chlsa, to reflect the variable
environment of these pigments, was minor. It should be noted
that at room temperature the exact values of the site energies
are not very important for the shape of the CD spectrum as
was theoretically shown in ref41. Therefore, a detailed
comparison of the used site energies with previously
published values is not appropriate. As far as the orientations
of the pigments’ transition dipole moments are concerned,
previous studies are focused mainly on analyzing the LD
spectra of the LHCII complexes (34-40), which are simpler,
but contain less structural information. Using CD modeling
we are able to significantly narrow down the range of
possible transition dipole moment orientations, and yet we
are within the limits suggested by the previous studies.

FIGURE 2: WT LHCII monomer measured (solid line) and modeled
(dashed line) absorption (top) and CD (bottom) spectra. CD spectra
are scaled to the normalized absorption spectra. Also shown are
the intrinsic CD signal of Chls (dash-dotted line) and the modeled
spectrum with the intrinsic CD added to it (dotted line). The insert
shows in more detail the region around 670 nm.
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In the modeled spectra the Qy CD signal is nonconservative
but not to the extent observed experimentally. The intrinsic
small negative CD signal of Chls in the Qy region cannot
account for this nonconservativity (Figure 2). Mixing with
higher states has been held responsible for nonconservativity
in the past, in the case of bacterial LH1 (21) as well as of
BChl dimers (42). It was shown above that rotation of the
carotenoid transition dipole moments by up to 50° counter-
clockwise leads to a Qy CD signal that is as nonconservative
as the measured one. However, there is no indication in the
literature that the xanthophyll transition dipole moments
should be rotated to such an extent; therefore, a different
explanation needs to be sought. Possibly the nonconserva-
tivity is induced by interactions with protein transitions,
which absorb in the blue/UV regions and are still (energeti-
cally) relatively close to the Qy [aromatic amino acids such
as tryptophan, tyrosine, and phenylalanine have absorption
bands between 250 and 300 nm with significant transition

dipole moments (43, 44)]. In addition, peptide bonds could
play a role in the nonconservativity of the Qy since they
possess large transition dipole moments, larger than the
amino acids, in the far-UV. In any case, pigment-protein
interactions are necessary in order to fully explain the LHCII
CD spectrum and the complete structure of the pigment-
protein complex.

In Table 2 some interaction energies are summarized, and
they are in rather good agreement with literature values (4,
12). Small differences are mainly due to the choice of
transition dipole moment magnitude and orientation. The
strongest interaction between the Chl Qy transitions occurs
between Chlsa 611/612. Chlsb 606 and 607 also possess a
large interaction in the Qy region. However, more significant
are the interactions between Chla 604 and Chlb 606, as
well as between Chla 603 and Chlb 609. The Qy transitions
of several Chls are quite strongly coupled to the carotenoids.
Chl a 603 and lutein 621 have the strongest interaction.

Table 1: Parameters Used for the Modeling of the LHCII Monomers, WT, and Mutants (Figures 2, 5, and 6) and the LHCII Trimer (Figure 7)a

Chls

Qy Qx By Bx carotenoids

a b a b a b a b 0-0 0-1 0-2 0-3

µ (D) 4.0 3.4 1.6 1.4 5.1 6.0 -6.3 -7.1 4.5 ×1.05 ×0.9 ×0.55
E (nm) 670 652 615 583 426.5 455.5 428 464 490 475 445.5 430
σ (cm-1) 300 700 800 800
∆ (cm-1) 300 300 500 300
θ(z) (deg) 7.2 10 0 0 10 -10 -5.2 -1.0 -20
a a, b, Chlsa andb; 0-0, 0-1, 0-2, 0-3, vibrational levels of the carotenoids;×, Franck-Condon (FC) factors for the higher vibrational levels

(the transition dipole moment of 0-0 is multiplied by the FC factors to obtain the dipole moments of the higher levels);µ, transition dipole
moment;E, site energy;σ, homogeneous broadening;∆, inhomogeneous broadening;θ(z), rotation around the pigmentz-axis (for Chls, thez-axis
is the axis perpendicular to the chlorin ring; for carotenoids, thez-axis is the axis perpendicular to the plane defined by the transition dipole moment
vector and the long axis of the carotenoid); the minus sign denotes counterclockwise rotation (from the point of view as in Figure 1).

FIGURE 3: (A, B) Effect of the rotations of the Chl Qy transition dipole moments in the plane of the ring on the Qy CD signal. (C, D) Effect
of the rotations of the carotenoid transition dipole moments in the plane formed by the short (conjugated) and long chain of the molecule
on the entire CD spectrum. The minus sign denotes counterclockwise rotation (from the point of view as in Figure 1).

Circular Dichroism of LHCII Biochemistry, Vol. 46, No. 16, 20074749



Neoxanthin also shows significant interaction with Chlb 608.
Finally, the transitions in the Soret region interact strongly
with transitions in the Qy, and the most significant pair in
this case is the Qy transition of Chla 604 with the By of Chl
b 606 followed by the interaction Qy transition of Chlb 606
with the Bx of Chl b 607.

As mentioned in the introduction the CD signal in a
specific spectral region is the result of excitonic interactions
between all of the pigments in the monomer. For example,
it was shown that changes in the rotations of the pigments’
transition dipole moments affect the CD signal in the entire
spectral range; especially higher transitions can affect the
lowest ones significantly. In order to make the role of the
excitonic interactions in the formation of the final CD signals
more clear, we show 3D plots of the mutual rotational
strength between the chromophores in specific wavelength
regions (Figure 4). From these plots we can identify the
interactions that play a role in the formation of the CD signal.
At 680 nm, for example, the negative CD is mainly the result
of a negative contribution from the Qy transitions of Chls
611 and 612; however, there is also a relatively strong
positive contribution from the Qy of Chls 604 and 606.
Moreover, the effect caused by the interaction between the
Chls Qy and Soret regions, as well as the Qy and the
carotenoids, is rather prominent. The other plots reveal
similar effects. For details on the major contributions see
Table 3. The spectra of the N183V mutant are shown in
Figure 5. Compared to the WT protein this mutant presents
significant spectral differences in the Qy region: the main

absorption band is shifted 2 nm to the blue while the red-
most negative CD band has disappeared almost completely,
and the positive one has shifted to the red by 3 nm. The loss
of the negative CD band indicates that the rotational strength
in that region stems mainly from the interactions induced
by the 611/612 pair. In the Soret and carotenoid regions there
are also significant differences, namely, an intensity increase
of the 485 nm shoulder of the absorption band, accompanied
by a decrease of the 473 nm CD band and an increase of
the 459 nm shoulder that is now very clear and appears as
a separate, small band.

In order to explain these differences, we tried to model
the spectra: A new input pdb file was created, from which
the 611/612 Chls were removed, and the positions of all of
the other pigments were preserved. All of the parameters in
the modeling program were kept unchanged. In Figure 5 the
absorption and CD spectra of the N183V mutant are
compared to those of the WT. The main changes between
the N183V mutant and the WT spectra mentioned above are
reproduced in our calculations, confirming that they are the
result of the interactions between the pigments and not of a
structural rearrangement in the complex. Although we are
probing pigment-pigment interactions, it is clear that a
change in the structure of the complex would almost
unavoidably lead to changes in the relative distances and
orientations of the pigments and thus in the CD spectrum.
The pigments and their interactions can thus be used to
monitor structural changes (45, 46). Therefore, it is clear
from the CD calculations that a large part of the red-most
absorption in LHCII is due to the 611/612 pair, in agreement
with earlier results (10).

We proceeded by modeling another stable altered complex
(the lutein-only complex) in which the neoxanthin molecule
is absent (Figure 6). This complex shows no significant
changes in the positions of its absorption and CD bands
compared to the WT monomer, whereas the Qy absorption
bands are slightly broadened. The CD signal in this region
shows small changes, mainly a decrease of the 665 and 647
nm bands, accompanied by small shifts, showing that the
pigments that are mainly affected by the removal of
neoxanthin are Chlsb (9). In the Soret and carotenoid region
the 485 nm shoulder that has increased intensity in the case
of the N183V mutant is now small and difficult to distin-
guish. The CD signal shows significant changes, with the
main negative band decreasing and the 473 nm shoulder
gaining intensity. The spectra were modeled by creating a
pdb file that lacked the carotenoid neoxanthin (622), while
keeping all of other parameters in the modeling unchanged.
In this way, the essential differences between the mutant and
the WT signals in the Soret/carotenoid region of the spectrum
were reproduced. In the Qy region no significant differences
exist between the modeled WT and lutein-only complex
spectra. This implies that the slight differences in the
experimental spectra observed in this region (all of the main
features are the same) are due to some small differences in
the pigments’ structure, in agreement with previous conclu-
sions (13).

In conclusion, the CD calculations reproduce the main
spectral changes that are experimentally observed upon
changing both the Chl and carotenoid content of LHCII, and
therefore it can function as a sensitive tool to pinpoint
specific excitonic interactions and thus also to obtain

Table 2: Major Interaction Energies

transition dipole moment interaction energy (cm-1)

Qy-Qy 611a-612a 131
604a-606b 112
603a-609b 92
606b-607b 66

By-By 604a-606b 253
611a-612a 211
603a-609b 178
606b-607b 169
610a-608b 120

Bx-Bx 606b-607b 452
604a-606b -380
611a-612a 214
613a-614a -129

Qy-Qx 614a-613a 43
606b-607b 34

Qy-By 604a-606b 194
611a-612a 166
607b-606b 126

Qy-Bx 606b-607b -183
614a-613a -163

By-Bx 612a-613a -200
606b-607b -195
606b-604a -190
607b-606b 175

car0-0 - Qy 620lut-610a -44
621lut-603a 239
622nex-608b 90

car0-0 - Qx 620lut-612a -176
621lut-603a -76

car0-0 - By 620lut-610a 61
621lut-603a 290
622nex-608b 229

car0-0 - Bx 620lut-612a 679
621lut-603a 260
622nex-608b 221
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structural information. This allows us to inspect the origin
of the changes in the CD spectrum upon trimerization and
to try to understand the differences between the various CD
spectra that have been published in the literature (17, 47-
50). In Figure 7A the experimental monomer CD spectrum
is given together with two different trimer spectra. The two

trimers were purified with different procedures and in the
presence of different detergents. It should be noted that the
LHCII â-DM spectrum has been reported many times for
trimers with and without violaxanthin. The LHCIIR-DM
spectrum has only been reported once in the literature for
trimers that contain all carotenoids. The main difference

FIGURE 4: 3D plots of the rotational strength matrix (i.e., the rotational strength for every pair of pigments in the modeled complex) at
different parts of the WT LHCII monomer spectrum. Thex- andy-axes reflect each pigment’s transition dipole moments. In particular,
numbers 1-13 are the Qy transition dipole moments of Chls 602, 603, 604, 610, 611, 612, 613, 614 (a’s), 605, 606, 607, 608, 609 (b’s).
Similarly, 14-26 reflect the Qx, 27-39 the By, and 40-52 the Bx. Numbers 53-55 reflect the 0-0 carotenoid transition of lutein 1, lutein
2, and neoxanthin, respectively, 56-58 the 0-1, 59-61 the 0-2, and 62-64 the 0-3.
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between the various spectra resides in the relative amplitudes
of the two negative CD bands around 470 and 490 nm. Upon
trimerization the intensity of the first one increases and the
other one decreases. In order to try to understand these
differences, we created a monomer structure that contains
all of the pigments found in the trimeric structure (trimer-
like monomer) (4); i.e., we included Chlb 601 and
violaxanthin. As can be seen in Figure 7B, this leads to some
changes in the blue region of the CD spectrum. The negative

band at 491 nm loses rotational strength in favor of the
shoulder at 467 nm, which becomes a clear band, and these
two bands move away from each other. Consequently, the
differences between monomeric and trimeric spectra seem
to be at least partly due to intramonomer interactions.

Next, the CD signal of the whole trimer was calculated
(Figure 7B). The 491 nm band is even smaller and is located
further to the red while the 467 nm band has increased and
is now the main negative band in that region. Thus, it is
clear that the interactions between monomers contribute

Table 3: Contributions to Rotational Strengtha

main contributions other contributions

680 nm 611a Qy-612a Qy (-0.3) 613a Qy-614a Bx (0.027)
613a Qy-614a Qy (-0.17) 604a Qy-605b Bx (0.022)
604a Qy-606b Qy (0.13) 603a Qy-609b By (-0.017)
603a Qy-609b Qy (-0.12) 603a Qy-Lut2 (0.016)

666 nm 611a Qy-612a Qy (0.27) 613a Qy-614a Qx (0.017)
613a Qy-614a Qy (0.16) 610a Qy-602a Bx (0.018)
603a Qy-609b Qy (-0.11) 610a Qy-608b By (0.027)
604a Qy-606b Qy (0.1) 603a Qy-Lut2 (0.018)

646.5 nm 604a Qy-606b Qy (-0.15) 604a Qy-607b Bx (-0.03)
603a Qy-609b Qy (0.14) 606b Qy-607b Bx (-0.038)
610a Qy-608b Qy (-0.12) 605b Qy-606b Bx (-0.026)

609b Qy-Lut2 (0.017)
490 nm 612a Bx-Lut1 (-0.13) 603a Qy-Lut2 (-0.012)

605b Bx-607b Bx (0.08) 606b Bx-603a Qy (0.01)
606b Bx-607b Bx (0.08) 604a Qy-612a Bx (0.01)
608b Bx-Nex (-0.07)

467 nm 608b Bx-609b By (-0.36) 604a Qy-605b Bx (-0.015)
608b By-609b By (0.35) 606b Qy-607b Bx (0.01)
608b Bx-609b Bx (0.26) 609b Qy-608b Bx (0.01)
606b By-607b Bx (-0.26)
606b By-608b Bx (-0.26)

451 nm 608b Bx-609b By (0.37) 604a Qy-607b Bx (0.026)
607b Bx-604a Bx (0.34) 604a Qy-607b By (-0.012)
608b Bx-609b Bx (-0.3) 603a Qy-608b By (0.012)
607b Bx-606b By (0.29)

a Contributions to the rotational strength at different wavelengths
of various pairs of transition dipole moments (see also Figure 4). In
parentheses the relative contributions are given.

FIGURE 5: N183V mutant (a LHCII monomer lacking Chlsa 611-
612) measured (solid line) and modeled (dashed line) absorption
(top) and CD (bottom) spectra. Measured and modeled spectra are
scaled on the WT LHCII monomer measured and modeled
normalized absorption, respectively.

FIGURE 6: Lutein-only complex measured (solid line) and modeled
(dashed line). Measured and modeled spectra are scaled on the WT
measured and modeled normalized absorption, respectively.

FIGURE 7: (A) Measured CD spectra of a monomer (solid line), a
trimer prepared inâ-DM (dashed line), and a trimer prepared in
R-DM (dotted line). (B) Modeled CD spectra of a monomer (solid
line), a trimer-like monomer (dashed line), and a trimer (dotted
line).
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significantly to the change in the CD spectrum in this region.
The simulated spectrum resembles much better theR-DM
spectrum than theâ-DM spectrum. At present we can only
speculate about the origin of the differences between the two
types of experimental trimer spectra. The most likely
explanation is that the monomer-monomer interactions are
different in these preparations, since these interactions have
the strongest effect on the ratio of the two negative CD bands.
Although the presence/absence of violaxanthin influences the
ratio of the two bands, there is only a minor effect in the
case of trimers. It is much more likely that the difference in
the spectra is due to differences in the intermonomer
interactions. This would imply that the trimer isolated with
R-maltoside (15) shows an organization that is in better
agreement with the crystal structure than the trimers isolated
with other detergents. It should be realized that most other
spectroscopic measurements have been performed with
trimers isolated with detergents other thanR-maltoside. If
indeed the monomer-monomer interactions are different in
these preparations, this is also likely to lead to different
equilibration times of excitations over the trimer. These
equilibration times can be measured with singlet-singlet
annihilation experiments (51), and it seems interesting to use
this technique to test the above hypothesis.

CONCLUSIONS

The modeling of the absorption and CD signals of LHCII
monomers and trimers, based on the known crystal structure
(4), has provided valuable insight into the specifics of the
structure of these complexes. Using the dipole-dipole
approximation, we were able to reproduce the main features
of the CD spectra of different LHCII complexes (monomer,
trimer, and mutants). The first conclusion we could draw is
that the orientations of the Qy transition dipole moments of
Chls a and b are nearly parallel to theiry-axis (NB-ND
direction), while the orientation of the S0-S2 transition of
the xanthophylls is nearly parallel to their central conjugated
part. On the other hand, we could not obtain conclusive
results regarding the nonconservativity displayed in both the
Soret/carotenoid and Qy regions of the LHCII CD signal;
taking into account only the transitions above 400 nm does
not render the CD signal significantly nonconservative, which
indicates that the nonconservativity is due to protein-
pigment interactions and/or higher pigment transitions.

As far as the other two monomeric complexes are
concerned (N183V mutant and lutein-only complex), model-
ing of their CD signals provided structural information. The
altered CD of the mutant N183V could be successfully
reproduced, indicating that the mutation only has a local
effect and does not change the overall conformation: the
excitonic interaction between Chls 611 and 612 appears to
be responsible for the red-most absorption and CD band.
Moreover, the difference in CD due to the absence of
neoxanthin could be effectively mimicked by omitting
neoxanthin from the structure, indicating that the removal
of this pigment does not cause major overall changes.

The final conclusion concerns the trimer vs monomer CD
signals. The experimentally observed reversal of the intensity
of the negative CD bands around 470 and 490 nm upon
monomerization/trimerization is also observed in our simula-
tions, indicating that it is due to interactions between

pigments in different monomeric subunits. The calculated
trimer spectrum resembles the experimental spectrum re-
ported in ref15on LHCII trimers purified by mild detergent
treatment. The other experimental spectra presented in the
literature show relative intensities that are intermediate
between those of the simulated monomer and trimer,
suggesting that the monomer-monomer interaction can be
weakened by detergents.
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