
Contents lists available at ScienceDirect

Biophysical Chemistry

journal homepage: www.elsevier.com/locate/biophyschem

Ab initio model for the chlorophyll-lutein exciton coupling in the LHCII
complex
Daniil Khokhlov⁎, Aleksandr Belov
Department of Chemistry, Lomonosov Moscow State University, Leninskie gory 1–3, Moscow 119991, Russia

H I G H L I G H T S

• Active space must include the entire π-
system of lutein in MCSCF calcula-
tions.

• S1-S1 exciton coupling in the Lut620/
Chla612 dimer in LHCII is 21.9 cm−1

(unscaled).

• Rotations of pigments in the dimer do
not change exciton coupling sig-
nificantly.

• Interplane distance between pigments
in the dimer should change in NPQ
regulation.
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A B S T R A C T

2Ag
− state of lutein plays a crucial role in photoprotection of higher plants. Due to its multiconfigurational

nature, accurate description of this electronic state and respective transition properties is a formidable task. In
this paper, applicability of various CASSCF and RASSCF formulations for description of the 2Ag

− state is dis-
cussed. It is shown that inclusion of the entire π-system of lutein into the active space is required for accurate
calculation of transition properties. Exciton coupling in the chlorophyll-lutein dimer involved in non-photo-
chemical quenching in the LHCII complex was calculated to provide a connection between pigment interactions
and non-photochemical quenching regulation.

1. Introduction

Non-photochemical quenching of chlorophyll fluorescence is an
important part of the protection of photosynthetic apparatus from de-
gradation under excessive light. In such conditions, reaction centers are
unable to convert all excitation energy into chemical one which leads to
formation of various strong oxidizers such as the long-lived special pair
radical P680

+• and singlet oxygen 1ΔgO2 [1,2]. They could irreversibly
damage protein environment and/or pigments thereby disrupting
normal functioning of the photosynthetic apparatus. In photosystem II

(PSII) of higher plants, almost all peripheral antennae such as CP24,
CP26, CP29, and LHCII proteins could serve as fluorescence quenching
sites. The latter acts as a light-harvesting antenna most of the time
while under high-light conditions it is an important fluorescence
quencher.

All these proteins bind various xanthophylls (oxygenated car-
otenoids) such as lutein, zeaxanthin, neoxanthin and violaxanthin.
Xanthophylls play at least three different roles in photosynthetic com-
plexes: they stabilize protein structure, absorb light in blue spectral
region, and take part in non-photochemical quenching (NPQ) of

https://doi.org/10.1016/j.bpc.2019.01.001
Received 25 October 2018; Received in revised form 27 December 2018; Accepted 2 January 2019

⁎ Corresponding author.
E-mail address: daniilkh@phys.chem.msu.ru (D. Khokhlov).

Biophysical Chemistry 246 (2019) 16–24

Available online 03 January 2019
0301-4622/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03014622
https://www.elsevier.com/locate/biophyschem
https://doi.org/10.1016/j.bpc.2019.01.001
https://doi.org/10.1016/j.bpc.2019.01.001
mailto:daniilkh@phys.chem.msu.ru
https://doi.org/10.1016/j.bpc.2019.01.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpc.2019.01.001&domain=pdf


chlorophyll fluorescence [3]. Two notable properties of xanthophylls
make them powerful quenchers of chlorophyll fluorescence. First, en-
ergy-wise the S1 state (2Ag

− assuming ideal C2h polyene symmetry [4])
of some xanthophylls such as lutein and zeaxanthin lies below the S1

state of chlorophyll a (Qy transition in Gouterman model [5]), thus
making the excitation energy transfer from the pool of chlorophylls a to
the lutein molecule possible [6,7]. Second, the 2Ag

− state of xantho-
phylls promptly (lifetime ∼10–25 ps [8]) decays to the ground state
(1Ag

−) via radiationless internal conversion providing the way to trap
excessive excitation energy. Therefore, the excitation pathway may
look as follows [9]: rapid energy transfer from chlorophylls b (less than
1 ps [10]) and energy equilibration in the pool of chlorophylls a (sev-
eral ps [11]) are followed by a relatively slow energy transfer (from
130 ps for quenched LHCII to 1 ns for unquenched one [12]) to one of
the xanthophylls in the complex with a subsequent fast relaxation to its
1Ag

− state.
For the LHCII complex, this model was extensively developed by

theoretical means by Duffy and coworkers [13,14,15]. The closely
packed heterodimer of lutein #620 and chlorophyll a #612 (further
denoted as Lut620/Chla612 dimer, hereinafter numbering according to
PDB ID: 1RWT [16]) is supposed to be the quenching site in the LHCII
protein due to a relatively large interaction energy between the ground
and the lowest excited states of both pigments in the pair (exciton
coupling ∼14 cm−1 [13]). Exciton couplings of Lut620 with other
chlorophylls can be considered to be negligible. Further, this model was
expanded to the entire LHCII complex by including both chlorophylls
and xanthophylls into the exciton Hamiltonian. It confirmed the pre-
viously supposed quenching pathway [14]. LHCII contains yet another
closely coupled Lut621/Chla603 dimer (Fig. 1) which can take part in
energy trapping. However, this lutein is coupled with chlorophylls a
#602/603/604 with higher excitation energies than chlorophylls
#610/612/613 which are known to have the lowest excitation energies
in the complex [17]. Thus, taking into account rapid excitation equi-
libration in the chlorophyll a pool, the quenching pathway through
Lut620/Chla612 looks more probable. Moreover, the same model was
successfully used to describe switching in LHCII from the light-har-
vesting state to the quenching one [15]. Mutual rotations of the pig-
ments in the dimer lead to significant change of transition density

overlap and, thus, may promote NPQ in LHCII.
While the Qy state of chlorophyll a is dominated by HOMO → LUMO

excitation [19] and, thus, can be accurately described by many
quantum chemical approaches from time-dependent functional theory
(TD-DFT) to various formulations of multireference perturbation the-
ories, the 2Ag

− state of lutein has a more complicated electronic
structure due to its multiconfigurational nature [4,20]. Semiempirical
multiconfigurational methods has been used for calculations in the
early works of 70s and 80s [21,4] and are still in use [20,22,15]. The
canonical TD-DFT approach yields a relatively good excitation energy
(2.18 eV as compared to the experimental value of 1.76 eV [7]) due to a
fortunate cancellation of errors [23] but a poor transition dipole value
(11.9 times higher than DFT/MRCI reference in the same work) since
this method is single reference by design. A more sophisticated semi-
emprical DFT/MRCI approach adopting DFT terms in the MRCI Ha-
miltonian was successfully used for calculation of excitation energies of
xanthophylls [24] including lutein [25,23]. Ab initio methods based on
density matrix renormalization group ansatz (DMRG) which accounts
for static correlation in large active spaces were successfully applied to
large polyenes including carotenoids. They give correct energetic or-
dering of dark excited states [26] but are not invariant to orbital ro-
tations, thus small transition dipoles can vary significantly depending
on orbital choice. Lastly, with regard to photosynthesis, it should be
noted that all current NPQ models in the LHCII [13,14,15] complex rely
on semiempirical CAS-CI calculations for the lutein molecule and, thus,
may be refined by ab initio means.

In this paper, an ab initio study of the exciton coupling in the
Lut620/Chla612 pigment pair is presented. The paper is organized as
follows. First, impact of the active space choice and wavefunction size
in the MCSCF calculation on the electronic properties of the 2Ag

− state
of the lutein molecule is discussed. Second, exciton coupling in the
Lut620/Chla612 pair is calculated basing on the results for the in-
dividual pigments. Last, the influence of mutual orientations of the
pigments in the pair on the exciton coupling is studied for internal
coordinates which may be involved in NPQ regulation in the LHCII
complex. The obtained ab initio results are compared to the semi-em-
pirical ones following the approaches reported previously.

2. Computation details

2.1. Individual pigments

2.1.1. Lutein
Initial positions of heavy atoms in the lutein molecule were taken

from the X-ray structure of the LHCII complex of Spinacia oleracea (PDB
ID: 1RWT [16]), namely the lutein #620 was used. After addition of
hydrogen atoms, geometry was optimized at DFT/B3LYP/6-31G* level.
RMSD of conjugated bond lengths compared to the X-ray structure of
lutein ester [27] is 8.4 ⋅ 10−3 Å with maximum deviation 1.8 ⋅ 10−2 Å.

Starting molecular orbitals (MOs) for the MCSCF calculations were
prepared in the following way. In order to obtain initial approximation,
Hartree-Fock calculation was carried out in minimalistic ANO-S-MB
basis set lacking orbitals with angular momentum quantum number
higher than 1 to facilitate identification of virtual orbitals of π-sym-
metry. Further, MP2 correction was applied to the previous calculation,
and natural orbitals were obtained from the MP2 reduced density ma-
trix. We selected MOs corresponding to the conjugated π-system of the
lutein molecule and projected them onto the larger ANO-L-VDZP basis
set designed for accurate description of electronic properties with cor-
related wavefunctions [28]. Thus, the obtained MOs had proper sym-
metry but they were not optimized in the new basis set. State-specific
(1Ag

− state only was included) restricted active space SCF (RASSCF
[29]) calculation including 20 electrons on 20 orbitals was performed
to optimize MOs and protect them against symmetry breaking. In the
RASSCF method, the active space is generally split into three subspaces:
RAS1 containing only occupied orbitals with limited number of possible

Fig. 1. Structure of the LHCII complex of Spinacia oleracea (from PDB ID:
1RWT). Protein is shown in gray, chlorophylls a and b – in green and cyan,
respectively. Neoxanthin and violaxanthin are shown in orange. The two closely
packed dimers Lut620/Chla612 and Lut621/Chla603 are shown in magenta
and violet, respectively. Image was prepared in VMD program [18]. (For in-
terpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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holes, complete active space RAS2, and RAS3 containing only virtual
orbital with limited number of allowed electrons. For the calculations
described in the paper, we use the following notation for RASSCF active
spaces: [A,B,C,X] means that A occupied orbitals are included into
RAS1 subspace; B electrons on B orbitals are included into RAS2 sub-
space; C orbitals are included into RAS3 subspace; X stands for the
maximum excitation level allowed from RAS1 and to RAS3 (“s” for
single excitations,“sd” for singles and doubles). Following this notation,
in preparation of MOs, active space of the type [10,0,10,sd] was used.
The optimized MOs obtained in this procedure (fig. S1) were used as a
starting guess in all further calculations for the lutein molecule.

Complete active space SCF (CASSCF) and RASSCF with various ac-
tive spaces were used to calculate transition dipole moments and den-
sity matrices corresponding to the transition from the 1Ag

− to the 2Ag
−

state. State-averaged formulation of MCSCF was used to provide a ba-
lanced description of 1Ag

− and 2Ag− states simultaneously; both states
had equal weights in the averaging. Within the CASSCF approach we
studied symmetric active spaces (referred to as [Nel, Norb]) with sizes
from [6,6] to [14,14]. The latter space is close to the current compu-
tational limit and, thus, CASSCF does not allow inclusion of the entire
conjugated π-system of lutein which would be desirable. RASSCF is able
to overcome this limitation, so it was used to study effects of static
correlation in the entire π-system. Each choice of active space for
RASSCF contained 20 electrons on 20 orbitals shared by three RASSCF
subspaces: RAS2 contained equal number of electrons and orbitals and
the remaining orbitals were equally distributed between RAS1 and
RAS3 subspaces. We used two different sets of active spaces in RASSCF:
in the first one (referred to as RAS(s)), only single excitations were
allowed from RAS1 and to RAS3; in the second one (referred to as RAS
(sd)), single and double excitations were allowed from RAS1 and to
RAS3. So, the active spaces used were of the type [10-N/2,N,10-N/2,s
or sd] where N varied from 4 to 8.

2.1.2. Chlorophyll a
Geometry optimization procedure was the same as for the lutein

molecule; chlorophyll a #612 was taken from the same PDB. Nonpolar
phytyl tail was replaced by methyl group in all quantum chemical
calculations in order to accelerate them since it does not affect the π-
system. RASSCF was used for calculation of electronic properties of the
chlorophyll in order to achieve consistency with quantum chemical
description of the lutein molecule. Starting MOs for MCSCF calculations
were prepared by projecting the Hartree-Fock orbitals obtained in ANO-
S-MB basis set into ANO-L-VDZP. 20 orbitals corresponding to the
conjugated π-system of the chlorin ring (fig. S2) were selected. RASSCF
active space was [8,4,8,sd]. The three lowest electronic states (ground,
Qy, and Qx) were included in state-averaging with equal weights.
Resulting transition dipole between the ground and the Qy states is 5.46
D and agrees well with the experimental one (4.49 D) obtained from
extrapolation of experimental transition dipoles to vacuum permittivity
[30]. Therefore, transition densities were used further without any re-
scaling. However, it should be noted that proper rescaling of chlor-
ophyll a dipole can lead to decreasing of the exciton coupling by a
factor of 0.82.

2.1.3. Software
Geometry optimizations were performed using GAMESS-US [33].

Preparation of MOs and MCSCF calculations were performed in Open-
Molcas (build #180705–1750), the developer's version of MOLCAS
package [34]. In the OpenMolcas calculations, Cholesky decomposition
(using default decomposition threshold 1.0 ⋅ 10−4) of two-electron
integrals in combination with atomic compact auxiliary basis set [35]
was used to accelerate calculations. Transition dipole moments were
calculated in dipole-length formulation.

2.2. Semi-empirical CAS-CI

Semi-empirical AM1-CAS-CI calculations were performed in
MOPAC2016 [31] on the same geometries of pigments as for ab initio
calculations; complete active space included 6 electrons on 6 orbitals
for both pigments. In the calculation of the lutein molecule, the SCF
procedure that preceded CI was carried out with unitary occupancies
for molecular orbitals of CI active space following the computation
protocol described in [22]. Since semi-empirical methods lack explicit
analytic form for wavefunctions, the respective TrESP charges [41]
were calculated on wavefunctions obtained via projecting the implied
orthogonal basis onto STO-6G basis set using Löwdin “deorthogonali-
zation” procedure in the same way as it is implemented in MOPAC for
ESP charges [32]. Rescaling of transition densities was not made to be
consistent with our ab initio results.

2.3. Structure of the chlorophyll-lutein pigment pair

Initial structure of the subunit of the LHCII complex (chain A) was
taken from PDB ID: 1RWT [16]. Hydrogen atoms were added; proto-
nation states of amino acids were the default ones for physiological pH;
all histidine residues were in δ-configurations. After addition of hy-
drogen atoms, protein was placed in the explicit 10 Å truncated octa-
hedral water box; the system was neutralized by adding 12 sodium ions
to the simulation box. Solvent box was optimized (atoms of the complex
and ions were frozen) using 10,000 steps of steepest descent algorithm.
Further optimization was carried out for the entire system using con-
jugated gradient algorithm with double accuracy. RMSD between the
coordinates of heavy atoms of the dimer in the optimized structure and
that in the X-ray structure was 0.66 Å. All molecular mechanics calcu-
lations were performed in AMBER18 package [36], AMBER10 force
field was used for proteins, AMBER-compatible force fields for chlor-
ophylls and xanthophylls [37,38], generalized AMBER force field [39]
for LHG phospholipid, and TIP3P model [40] for water.

2.4. Exciton coupling between pigments

Exciton coupling VLut−Chl between the two transition densities from
the ground to the first excited states for both pigments reads

=V V| | ,Lut Chl e
Lut

g
Chl

g
Lut

e
Chl

(1)

where V – Coulomb interaction operator, ψgLut and ψeLut – wavefunc-
tions of the 1Ag

− and 2Ag
− states of lutein, respectively, ψgChl and ψeChl

– wavefunctions of the ground and the Qy states of chlorophyll, re-
spectively. For coupling calculation, an approximate approach based on
effective TrESP (transition ESP) charges [41] located on the nuclei and
fitted to non-diagonal matrix elements of electrostatic potential op-
erator was used. This approach for coupling calculation was chosen for
the sake of transferability of the charges to another geometries of the
pigment (provided they are not too different) which is an advantage
over other methods such as transition density cubes [42] or cumulative
atomic multipole moments [43]. Although such transferability is lim-
ited to small distortions of the structure of pigment, the reported
transition charges can be useful for further NPQ studies. The resulting
drawback i.e. inability to describe the component of transition dipole
which is orthogonal to the π-system plane is not significant since the
transition density is symmetric with respect to the plane for π-π tran-
sitions. In this method, exciton coupling can be evaluated as Coulomb
interaction energy between two sets of TrESP charges qLut and qChl,
corresponding to transitions under consideration in lutein and chlor-
ophyll:
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where summation is carried out over all charges in the set, R i
Lut

and

R i
Chl

– positions of the corresponding charges. TrESP charges were
evaluated by fitting electrostatic potential calculated on a geodesic grid
surrounding nuclei using in-house software and transition density ma-
trices from MCSCF calculations. Effective charges calculated for the in
vacuo optimized structures were placed in the positions of the corre-
sponding atoms in the MM structure. Direct fitting of the QM structures
of the entire pigment molecules into the MM geometry of the dimer (as
is and with internal rotations, see Section 3.3) was also tested (see
Supplementary, section S2) However, sterical clashes of the side groups
lead to unstable behavior at large rotation angles.

3. Results and discussion

3.1. Transition properties of the lutein molecule

Since we are interested in exciton coupling between the 1Ag
−→

2Ag
− transition in the lutein and the S0→ Qy transition in the chlor-

ophyll a, we started with the study of transition electronic properties of
the individual pigments. Excited state of chlorophyll a can be described
with appropriate accuracy with a modest computational effort (Section
2.1.2), therefore, we focused on the lutein molecule. First, systematical
study of the impact of the active space size on the electronic properties
of the lutein molecule within MCSCF framework was done. CASSCF in
relatively small active spaces (up to [14,14]) is promising from the
viewpoint of further improvement of energies and, to a much lesser
extent, of transition properties using multireference perturbation the-
ories. 2Ag− state wavefunction is dominated by three CSFs (ϕ2101,
ϕ1210, and ϕ2020; index in the subscript consists of the two highest oc-
cupied orbitals and the two lowest unoccupied) which can be captured
even by a small active space. However, expansion of the active space
does not lead to convergent transition dipole values which do not have
monotonous dependence on the active space size (Table 1). Deviation
from C2h symmetry in the lutein molecule leads to orbital symmetry
breaking (deviation from or complete absence of the symmetry of an
orbital as compared to the expected one of a linear polyene) for several
occupied and unoccupied MOs which seems to be the main reason for
such behavior. MOs from 6 to 4 (occupied orbitals are numbered from
10 to 1 in ascending order of orbital occupancy in the initial SS-
RASSCF, unoccupied orbitals – from 1′ to 10′ in descending order of
orbitals occupancy in the same calculation) and the corresponding
unoccupied ones are the product of mixing of MOs of ideal 9-ene with
the π-orbital of cyclohexene ring (Fig. 2) which is pulled out of the
conjugated π-system by 48 degrees and, thus, has a small overlap with
it. The [6,6] active space contains doubly occupied MOs from 3 to 1 and
does not have any orbitals mixed with the out-of-plane π-orbital. Thus,
the results of MCSCF closely resemble (fig. S3) that for an ideal polyene
with the forbidden 1Ag−→ 2Ag

− transition which leads to under-
estimation of transition dipole value (9⋅10−3 D). Further expansion of
the active space gradually incorporates MOs with broken symmetry
which, in absence of lower lying orbitals, destabilize MCSCF solution
which produce MOs substantially localized in the cyclohexene π-system

(fig. S4). In this case, the wavefunction of the 2Ag− state is con-
taminated by ϕ2110 CSF of Bu symmetry (table S1) which has non-zero
contribution to transition dipole matrix elements d| |A1 2110g . This
affects the transition dipole value which gradually increases upon in-
clusion of new orbitals of broken symmetry(from 0.61 to 0.71 D). The
orbital 7 (Fig. 2) has a nearly ideal C2h symmetry due to small con-
tribution from the cyclohexene π-orbital. When included into the active
space (CASSCF[14,14]), it changes the behavior of MCSCF procedure
again decreasing transition dipole down to 6.2⋅10−2 D. Basing only on
CASSCF results, any reliable conclusions could not be made about the
transition dipole value due to the technical impossibility of further
expansion of complete active space. The main question is whether the
transition dipole value is close to the CASSCF[8,8]-CASSCF[12,12] re-
sults or the CASSCF[14,14] result. The lack of experimental data does
not allow to make a conclusion at this step, thus, active space should be
expanded in some way. Even in the case of the largest CASSCF[14,14]
the occupancies of the orbitals with the highest occupancies and with
the lowest ones for 2Ag

− state are far (table S2) from common criteria
for exclusion of orbitals from active space (> 1.98 and < 0.02, re-
spectively [45]) which emphasizes the importance of further active
space expansion.

The entire conjugated π-system of lutein was treated using RASSCF
formalism which can deal with large active spaces with restricted elec-
tronic excitations. RAS2 active space was systematically expanded while
RAS1 and RAS3 contained the remaining MOs (for details see Section
2.1.1). MCSCF calculations with the smallest RAS2 active space (4 or-
bitals) produced much higher dipole values than the others possibly due
to impossibility to incorporate all significant CSFs. Expansion of RAS2
leads to substantial decrease of transition dipole moment which has the
same order of magnitude as in CASSCF[14,14]. Also, in all studied active
spaces (Table 1), RASSCF with higher number of holes in RAS1/electrons
in RAS3 gave higher dipole values reflecting higher contribution from
broken symmetry orbitals. In the absence of experimental reference, it is
interesting to compare the MCSCF transition dipole values with those
from other computational methods. Values obtained by RASSCF method
with large active spaces (0.03–0.07 D) deviate significantly (by one order
of magnitude) from the DFT/MRCI result (0.767 D [23]). However, DFT/
MRCI is known to yield the results different from those of the state-of-
the-art references such as multireference perturbation theories, espe-
cially for dipole-forbidden transitions, and such references are absent for
xanthophylls. It should be noted that RASSCF can not serve as such re-
ference. First, it does not account for static correlation in the π-system to
the same extent as the CASSCF with the entire π-system included into the
active space due to the limited number of excitations from the RAS1 to
the RAS3 subspace. Second, it lacks any dynamic correlation contribu-
tion. The latter factor, however, has more effect on the energy value and
less so on the electron density.

3.2. Exciton coupling in the pigment pair

Exciton coupling VLut−Chl in the Lut620/Chla612 dimer relevant to
NPQ in LHCII was calculated as described in Section 2.4. The coupling
depends on the active space size to a much lesser extent than the

Table 1
Excitation energies and norms of transition dipole moments between the ground and the 2Ag

− electronic states of the lutein molecule obtained in various active
spaces.

CAS size CAS RAS2 size RAS(s) RAS(sd)

ΔE01, eV d01 , D ΔE01, eV d01 , D ΔE01, eV d01 , D

6 4.38 9.11⋅10−3 4 3.45 0.156 3.71 0.257
8 4.40 0.612 6 3.36 2.44⋅10−2 3.47 6.76⋅10−2

10 4.35 0.643 8 3.32 3.81⋅10−2 3.35 5.59⋅10−2

12 4.26 0.714 –
14 3.87 6.20⋅10−2
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transition dipole moment (Fig. 3) which is due to close proximity of the
pigments in the dimer. The pigments reside in parallel planes with in-
terplane distance being approximately 4 Å. In this case, dipole-dipole
approximation is not applicable so the coupling is defined by spatial
distribution of transition densities. Therefore, similar coupling values
indicate that all calculations produce qualitatively the same transition
density between the 1Ag

− and the 2Ag
− states of lutein in the center of

the molecule where the distance between the pigments is the smallest.
Exciton coupling significantly depends on the distance between the
pigments as expected. Increasing the distance between pigments' planes
by 3 Å is enough to decrease the coupling below 10 cm−1.

As can be seen from the Fig. 3, the coupling value converges to a
limit with the increasing active space size. Results obtained by RASSCF
method within the RAS(s) formulation converge monotonously to the
value of 19.2 cm−1. The same is valid for the RAS(sd) results with the
limit coupling value being 21.9 cm−1. Although the used active spaces
are much smaller than the CASSCF limit for the entire lutein π-system,
the nature of convergence implies that the coupling in the limit case
would not be very different from the results obtained by RASSCF with
large active spaces. Such relatively large value (for a coupling with a
dipole-forbidden state) gives additional support to the hypothesis that
LHCII is in a highly quenched state in its X-ray conformation [46].
Direct comparison of exciton coupling with previous papers is not

possible due to slightly different pigment pair geometries. This value is
much higher than the value of 2 cm−1 reported by Balevicius et al. [15]
and higher than the same coupling calculated with MNDO-CAS-CI [13]
by a factor of 1.6 which can be explained by the difference in compu-
tational methods and the dimer geometries. To eliminate the geometry
factor, semi-empirical calculations on the same dimer geometries were
carried out; the results are reported in Section 3.3.3.

3.3. Chlorophyll - lutein exciton coupling as a function of internal
coordinates

Dependence of the coupling in the Lut620/Chla612 dimer on the
relative positions of the pigments is essential for NPQ regulation me-
chanism. Two internal movements in the dimer, namely the rotation of
the lutein molecule in the plane parallel to the chlorophyll molecule
and the angle change between the lutein axis and the chlorophyll plane,
are supposed to be involved in NPQ control in the LHCII antenna [15].
Basing on the ab initio model for the coupling, its dependence on three
internal coordinates including the two noted above is discussed further
(for exact definitions of rotation angles see Supplementary, section S4).
Apart from regulatory implications of such dependence, the study is
aimed to discriminate between various MCSCF formulations with re-
gards to the transition density distributions along the lutein molecule.

Fig. 2. Occupied active space MOs of the lutein molecule obtained by SS-RASSCF. The same numbering as in the text were used, approximate symmetry in C2h group
is indicated. Bs means broken symmetry. MOs were rendered in LUSCUS program [44].
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3.3.1. Rotation of the chlorophyll molecule
The first coordinate is the angle of rotation of the chlorophyll a

molecule within its plane around the axis centered at magnesium atom.
This coordinate is not directly related to NPQ activation but has a
significant impact on the coupling (Fig. 4) due to that the chlorophyll
transition density is mostly located on the B ring close to the lutein
molecule (the corresponding TrESP charges are provided in Supple-
mentary, fig. S7).

Exciton couplings calculated basing on CASSCF exhibit inconsistent
behavior (Fig. 4b) upon expansion of the active space. Two active
spaces, namely [8,8] and [12,12], produce similar transition density
distributions as indicated by similar coupling plots. Three other spaces,
namely [6,6], [10,10], and [14,14], produce the angle-coupling

functions dissimilar to one another as well as to the previous two. This
can be viewed as an additional evidence that CASSCF with small active
space is not capable to describe the 2Ag− state of the lutein molecule
properly. Therefore, any CASSCF-based conclusions regarding the NPQ
rate in the chlorophyll-lutein dimer should be treated with caution.

The angle-coupling dependences for RASSCF density matrices ex-
hibit a more stable behavior upon expansion of the active space
(Fig. 4c). Within the rotation angle range of ± 90 degrees, the mean
deviation between the couplings for RAS spaces of different size is
6.46 ± 2.68 cm−1. If the two smallest RASSCF spaces, namely
[8,4,8,s] and [8,4,8,sd], are excluded, the deviation decreases to
3.57 ± 1.03 cm−1. This shows that RASSCF method for active spaces
of different sizes gives internally consistent results which approach a
limit when the number of CSFs grows thus providing reliable transition
densities.

3.3.2. Rotations of the lutein molecule
Two internal coordinates were studied: a) angle of rotation of the

lutein molecule in the plane of its own π-system with respect to the axis
centered on the middle of the C15-C35 bond and b) tilt angle of the
lutein π-system axis with respect to the chlorophyll molecule plane (see
Fig. 5a, c). These two coordinates are supposed to be involved in NPQ
activation [15].

Considering the instability of CASSCF-based results shown pre-
viously, we focused on RASSCF. It can be seen from Fig. 5b, d that
exciton couplings have a moderate dependence on these internal co-
ordinates and behave consistently for active spaces of different sizes. In-
plane rotation of lutein by 35 degrees leads to significant increase of the
exciton coupling (up to 32 cm−1 in [6,8,6,sd]) but it is not clear
whether the dimer can really adopt such conformation. Assuming
that ± 20 degrees range of rotation and tilt angles from the equilibrium
value is accessible in the real protein (for the tilt angle even that would
be an overestimation due to Chl-Lut sterical clashes), the range of
possible coupling values in the dimer is rather narrow. Within the said
range of the in-plane rotation angle, with the RASSCF active spaces
[8,4,8,s] and [8,4,8,sd] excluded, the coupling value falls in the range
between 19 and 24 cm−1. Within the same range of the tilt angle, the
coupling stays in the range from 18 to 24 cm−1. This result contrasts

Fig. 3. Exciton coupling VLut−Chl calculated on the various TrESP charges for
lutein. Red line corresponds to the MM equilibrium geometry of the pigment
dimer in the LHCII complex. Blue line corresponds to the pigments in the dimer
pair pushed apart by 1 Å with respect to equilibrium geometry, green one –
pushed by 3 Å. Active space size in CASSCF and RASSCF is given in brackets.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. Internal coordinate #1 – in-plane
rotation of the chlorophyll a molecule. a)
Structure of the Lut620/Chla612 dimer.
Chlorophyll is shown in green, lutein – in
red. Arrow shows the direction of the pig-
ment rotation. b,c) Exciton coupling as a
function of the chlorophyll rotation angle
calculated based on CASSCF (b) or RASSCF
(c). (For interpretation of the references to
color in this figure legend, the reader is
referred to the web version of this article.)
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with a more pronounced angle-coupling dependence obtained by the
AM1-CAS-CI method [15]. Moreover, rotation and tilt-related varia-
tions of exciton coupling are much lower than that introduced by the
change of the interplane distance which is likely accompany any
structural change within the Lut620/Chla612 dimer. Nevertheless, all
internal movements in the pigment pair combined can have a sig-
nificant impact on the exciton coupling and, thus, underlie the NPQ
regulation in the LHCII complex.

3.3.3. Comparison with the semi-empirical model
The same coupling-angle plots were calculated using AM1-CAS-CI to

estimate the impact of the computational method on the model of NPQ
process. The obtained semi-empirical coupling-angle plot for chlor-
ophyll rotation (Fig. 6, red line) is in a qualitative agreement with the
one provided in the paper of Balevicius et al. [15]: it reproduces all
specific features such as the minimum near −120 degrees, the broad

maximum near 70 degrees, and the plateau near 0 degrees. The dif-
ference of the maximal positive coupling value (∼13 cm−1versus ∼20
cm−1) arises predominantly from the absence of rescaling in our model
and much less from the difference of geometries. Indeed, if rescaling
factor 1.67 (taken from supplementary of [15]), maximal positive value
of the coupling becomes 22 cm−1 which is much closer to the cited
value. Since the geometry difference cannot be eliminated completely,
further discussion will focus on the results obtained using our geometry.

In the range of physiologically accessible rotation angles AM1-CAS-
CI and RASSCF couplings (Fig. 6, red and purple lines, respectively)
behave differently. While the semi-empirical values are close to zero
and can vary severalfold, the ab initio couplings are already relatively
large (for this system) in the equilibrium geometry and can vary by no
more that two times. This facts support the hypothesis that the change
of the interpigment distance in the dimer is important for NPQ. How-
ever, it should be noted that the volume change corresponding to the
transition to the quenched state is very small (∼0.006% [47]) which
limits the contribution of the interpigment distance change in the NPQ
activation.

It can be useful to calculate exciton couplings basing on ab initio
TrESP charges for one pigment and semi-emprical ones for another
pigment. Although, it produces inconsistent and, thus, unphysical
coupling it can be used to find out which pigment requires computa-
tionally demanding ab initio treatment to produce accurate results. If
the chlorophyll only is described by AM1-CAS-CI (Fig. 6, green line),
the coupling-angle dependence is much closer to the RASSCF plot than
one for the semi-empirically modeled lutein. This is in complete
agreement with the fact that the HOMO→LUMO transition in chlor-
ophyll is much easier to describe accurately than the transition from the
ground to the multiconfigurational 2Ag

− state of the lutein molecule
and emphasizes the importance of the accurate model for electronic
structure of lutein. The two methods produce transition densities which
are located differently within the lutein molecule. For AM1, transition
density is localized on one end of the π-system which is far from the

Fig. 5. Internal coordinates #2 and #3 –
in-plane and out-of-plane rotation of the
lutein a molecule. a,c) Structure of the
Lut620/Chla612 dimer. Chlorophyll is
shown in green, lutein – in red; translucent
lutein molecules indicate the range of an-
gles. b,d) RASSCF-based exciton couplings
as a function of b) in-plane rotation angle
and d) out-of-plane tilt angle. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
web version of this article.)

Fig. 6. Exciton coupling as a function of rotation angle of the chlorophyll
molecule (as described above, Fig. 4a). A/B denotes computational method for
lutein/chlorophyll, respectively. AM1 stands for AM1-CAS-CI, ab i. stands for
RASSCF in the largest active space [6,8,6,sd].
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Chl-Lut contact region. So, a significant rotation angle is required to
achieve considerable coupling. For RASSCF, transition density is dis-
tributed more evenly, has an inversion pseudosymmetry and produces
the TrESP charges which are nonzero in the region of close contact. The
visualization of TrESP charges derived from AM1 and the largest
RASSCF for both pigments is provided in the Supplementary (fig. S7).
The plots for the two remaining internal coordinates (rotations of lu-
tein) exhibit the behavior similar to the one for chlorophyll rotation
(near-zero values for AM1 and nonzero values for ab initio at equili-
brium geometry) and are less representative, thus they are shown in
Supplementary (fig. S8).

4. Conclusion

Multiconfigurational nature of the dark 2Ag
− of the lutein molecule

makes it necessary to use multireference methods for its accurate de-
scription. As shown in this paper, it is also necessary to include the
entire conjugated π-system of lutein into the active space which makes
the computational effort required to perform a CASSCF calculation
prohibitive. Thus, multireference methods using incomplete active
spaces with an appropriate method for CSF selection are necessary for
such calculations. With active spaces of moderate sizes, the RASSCF
method yields consistent 1Ag

−→2Ag
− transition properties including

transition dipole and transition density. Basing on the RASSCF results,
the value of exciton coupling in the Lut620/Chla612 dimer in the LHCII
complex was found to be 21.9 cm−1. This value is much higher than the
MNDO/AM1-CAS-CI results reported previously [13,15]. Moreover, the
sensitivity of this coupling to internal movements in the dimer, namely
the lutein rotation and tilt angles, is quite different within RASSCF and
semi-empirical approaches. Due to high sensitivity of lutein transition
properties to the choice of computational method, any conclusions re-
garding exciton coupling value should be made cautiously. Since the
excitation energy transfer rate has a quadratic dependence on the
coupling, the latter consideration is also important in studying of NPQ
regulation. Despite the supposed accuracy of the reported ab initio
methods, they have a major drawback, namely the prohibitive com-
putational complexity when applied to multiple frames of MD trajec-
tories. We suppose that this problem can be addressed either by some
parametrization of transitional electronic density of the pigments which
accounts for changes of their geometries or by reducing the phase space
in MD to a limited set of conformations. For this, further research is
required.
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