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Alexander V. Ruban,d and Christopher D. P. Duffyd,∗

The rapid, photoprotective down-regulation of plant light-harvesting in high light proceeds via
the non-photochemical quenching of chlorophyll excitation energy in the major photosystem II
light-harvesting complex LHCII. However, there is currently no consensus regarding the precise
mechanism by which excess energy is quenched. Current X-ray structures of this complex cor-
respond to a dissipative conformation and therefore correct microscopic theoretical modelling
should capture this property. Despite their accuracy in explaining the steady state spectroscopy
of this complex, chlorophyll-only models (those that neglect the energetic role of the carotenoids)
do not explain the observed fluorescence quenching. To address this gap, we have used a com-
bination of the semi-empirical MNDO-CAS-CI and the Transition Density Cube methods to model
all chlorophyll–carotenoid energy transfer pathways in the highly-quenched LHCII X-ray structure.
Our simulations reveal that the inclusion of the carotenoids in this microscopic model results in
profound excitation quenching, reducing the predicted excitation lifetime of the complex from 4 ns
(chlorophyll-only ) to 67 ps. The model indicates that energy dissipation proceeds via slow exci-
tation transfer (> 20 ps) from chlorophyll to the forbidden S1 excited state of the centrally-bound
lutein molecules followed by the rapid (∼ 10 ps) radiationless decay to the ground state, with
the latter being assumed from experimental measurements of carotenoid excited state lifetimes.
Violaxanthin and neoxanthin do not contribute to this quenching. This work presents the first all-
pigment microscopic model of LHCII and the first attempt to capture the dissipative character of
the known structure.

1 Introduction
During billions of years of evolution, the Sun has always re-
mained the main source of energy for all living beings inhab-
iting the Earth. An absolute majority of this energy is utilized
and then stored in a form of the energy of chemical bounds dur-
ing the process of photosynthesis, probably one of the most im-
portant metabolic reactions occurring in vivo. Green plants, al-
gae, and cyanobacteria are not only responsible for the primary
step of biomass production, but also fill the Earth’s atmosphere
with oxygen, a byproduct of photosynthesis required for the vast
majority of the heterotrophic living organisms. The ‘molecular

a Department of Theoretical Physics, Faculty of Physics, Vilnius University, Saulėtekio
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oxygen factories’ of photosynthesis are distributed over the thy-
lakoid membranes, also containing large ensembles of pigment
molecules (chlorophylls (Chls) and carotenoids (Cars)), bound to
protein scaffold and responsible for the initial steps of photosyn-
thesis, which are commonly referred as ‘light reactions’.1 These
pigment–protein supercomplexes, called photosystem I (PSI) and
photosystem II (PSII), operate in series to convert solar radia-
tion into storable chemical energy. The mutual arrangement of
the pigments within the so-called light-harvesting antenna of the
photosystem, as well as their spectroscopic properties, ensures
an optimal absorption of the incoming photons and extremely
efficient (up to 99%) transfer of the generated electronic exci-
tations towards the reaction center (RC), where these excitations
initiate the process of charge separation.1,2 Despite extensive re-
search taken over the last few decades (see Refs.3–8 for recent
reviews), the specific underlying molecular mechanisms respon-
sible for such an efficient excitation energy transfer within the
light-harvesting antenna are still not fully understood.

While such an outstanding quantum efficiency of light harvest-
ing helps photosynthetic organisms to survive and to successfully
function at very low levels of illumination, like in aquatic en-
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vironment or in deep continual shade, under bright sunlight it
has a negative impact and can lead to the photodamage. In-
deed, although being rather fast, the turnover rate of the RCs
is still finite. As a result, intense illumination saturates its oper-
ation and leads to the over-excitation of the light-harvesting an-
tenna thus threatening the formation of free radicals and singlet
oxygen capable to ‘burn out’ the whole photosystem. However,
over long ages of evolution, photosynthetic organisms, particu-
larly higher plants, have developed various self-regulatory mech-
anisms that help them to deal with the excess excitation energy
even at the molecular level and, when needed, safely dissipate
it as heat.9 Firstly, the RC itself is capable of adapting to vary-
ing external illumination by efficiently regulating the process of
charge separation.10,11 Additionally, other reversible regulatory
processes take place in the light-harvesting antenna and make up
part of the observed non-photochemical quenching (NPQ) of PSII
Chl a fluorescence. On a macroscopic thylakoid-level, the most
slowly appearing and relaxing form of NPQ, qI, is attributed to
actual photoinhibitory damage of a fraction of the RCs in PSII,
can take several hours to reverse and is seriously detrimental to
the viability of the organism. On a timescale of tens of minutes,
the flow of excitation energy towards the RC can be controlled
by the reorganization of the antenna complexes thus adjusting
the absorption cross-section of the RCs.12–14 The major part of
NPQ—so-called energy-dependent quenching, qE,—is triggered
by ∆pH across the thylakoid membrane, increasing during bright
sunlight.9 This most important component of the photoprotective
NPQ forms and relaxes within seconds to minutes and operates on
a molecular level, though there is still no consensus regarding its
underlying molecular mechanism(s).15–19

Several possible explanations for the origin of NPQ have been
suggested so far, each indirectly supported by some experimen-
tal observations.9 Most of them ascribe the leading role to the
carotenoid molecules. The later are indeed indispensable for suc-
cessful operation of light-harvesting antenna. First of all, they
absorb green light, not accessible for chlorophylls, and transfer
excitation energy to the latter, thus extending spectral absorption
cross-section of photosynthesis. Second, the energy of their triplet
state lies below both the triplet state of Chls and singlet state of
molecular oxygen, so that Cars can successfully quench danger-
ous and highly-reactive species and prevent possible photodam-
age. Finally, it was suggested that their short-living optically-dark
first excited state, S1, can directly participate in the process of
NPQ. The discovery of xanthophyll cycle, during which violaxan-
thin (Vio) is reversibly converted into zeaxanthin (Zea),20 raised
the idea of ‘molecular gearshift mechanism’.21 According to it,
the energy of S1 state of Zea is situated below that of Chls thus
allowing the former to act as an excitation energy quencher. Lat-
ter, the Zea cation signal was detected in thylakoid membranes
under NPQ conditions.15 As a result, the formation of Zea–Chl
charge transfer (CT) state followed by the non-radiative charge
recombination was proposed as an origin for NPQ. Meanwhile,
other experiments have demonstrated almost instantaneous pop-
ulation of the Car S1 state upon excitation of Chls22 as well as Chl
fluorescence signal appearing shortly after the two-photon excita-
tion of the Car S1 state.23 Both these observations suggest strong

interaction between some particular Car and Chl pigments result-
ing in excitation delocalization over Car–Chl heterodimer, which
is also able to operate as an excitation energy trap. Finally, inco-
herent excitation energy transfer from Chls to Cars, luteins (Lut)
in particular, has also been proposed.17 It is worth noting that an
analogue of the last mechanism, this time involving direct energy
transfer from a Chl a Qy state to the S1 state of β -carotene, has
recently been shown to be responsible for energy dissipation in
the high light-inducible protein (Hlip) HliD in Synechocystis sp.
PCC 6803.24

In order to distinguish between all these possible mecha-
nisms of NPQ, microscopic modeling of excitation energy trans-
fer and quenching in light-harvesting antenna is required. Such
theoretical calculations became possible after crystal structure
of most photosynthetic pigment–protein complexes—LHCII,25

CP2926 and PSII core complexes27—had been obtained with a
resolution higher than 3 Å, providing essential information on the
structural organisation and mutual arrangement of the pigment
molecules in these systems. That allowed Novoderezhkin et al.
to calculate interaction energies between different Chl pigments
in LHCII in dipole–dipole approximation and then to simultane-
ously fit absorption, linear- and circular-dichroism, and steady-
state fluorescence spectra as well as transient absorption kinet-
ics.28,29 Latter, Müh et al. used highly accurate ab initio quantum
chemistry methods to calculate Chl–Chl interaction energies, also
accounting for the effects of the protein, membrane, and water
environment.30,31 These studies contributed significantly to un-
derstanding of inter-chlorophyll excitation energy transfer. How-
ever, due to difficulties in the quantum chemistry calculations of
the strongly correlated S1 excited state of the Car pigments, their
influence have not yet been studied thoroughly, even though crys-
tal structure of LHCII complexes25 represents highly quenched
species16 that manifests the presence of some excitation energy
traps resembling NPQ in vivo.

Recently, we have made a first attempt to explicitly include in
our calculations of excitation energy transfer in LHCII trimer one
of the carotenoids, namely lutein620 (according to Liu et al.25

labelling), which is closely associated with the so-called chloro-
phyll terminal emitter, a cluster of three strongly-coupled Chls
(namely Chla610–Chla611–Chla612) of the lowest energy.32 In
the present work, we extend this model for the remaining xantho-
phylls and use the semiempirical MNDO-CAS-CI method to evalu-
ate all the existing inter-pigment couplings and thus to give a rea-
sonable estimate of the quenching ability of various carotenoids.

2 Methods

2.1 Geometry optimisation and calculation of the electronic
transitions

The calculation of the resonant inter-pigment couplings in the
LHCII trimer follows the procedure outlined in our previous
model.32 This procedure will be briefly summarised here. The
starting point is to extract the molecular structure of the 54 pig-
ments (42 Chls and 12 Cars) from the crystal structure of the
LHCII trimer as obtained by Liu et al.25 The next step is to re-
move the phytol tails from the Chls and to replace them with a
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methyl group.31,32 This vastly reduces the computational expense
of the subsequent calculations and has no significant effect on the
low-lying excitations originating from the π-conjugated macrocy-
cle. The structures of Chls and Cars were then protonated (since
hydrogens are missing from the crystal structure). Finally, it was
necessary to optimise the geometry of each pigment (in vacuo) in
such a way that the bulk structure of each, as defined by the local
pigment–protein environment, is preserved.33 This was achieved
via individual density functional theory (DFT) geometry optimi-
sations using the CAM-B3LYP exchange–correlation functional34

and the 6-31G* Pople basis set,35 as implemented by the Gaussian
09 quantum chemistry package.36 To preserve the bulk structure
of each pigment molecule, certain dihedral angles were frozen
during optimisation: the dihedrals along the conjugated macro-
cycle for Chls and the ones along the linear conjugated backbone
for Cars.32 These optimised structures were then mapped back
onto the LHCII crystal structure in such a way that the average de-
viation of the heavy atoms was minimised. The resulting largest
atomic deviation was smaller than 0.5 Å, i.e. much less than the
estimated coordinate error of the crystal structure.

As a result of the procedure outlined above, an in vacuo ma-
trix of optimised photosynthetic pigments was obtained. The
next step in our methodology was a calculation of the low-lying
excited states of both Chls and Cars. For Cars, the S1 and S2

transitions were computed using the MNDO-CAS-CI method,37 as
implemented by the MOPAC2006 semi-empirical quantum chem-
istry package.38 This method has recently been shown to produce
a valid description of the low-lying excited states of Cars.32,39

The active space consisted of 6 π-orbitals (HOMO−2, HOMO−1,
HOMO, LUMO, LUMO+1, and LUMO+2). This method yields a
dipole-forbidden (µ ' 0D) S1transition with pseudo A−g symme-
try and a predominantly double HOMO→LUMO character as well
as a dipole-allowed (µ ' 20D) S2 transition with pseudo B+

u sym-
metry and a predominantly single HOMO→LUMO character. The
validity of these results was discussed extensively in our previ-
ous works.32,39 For consistency, the Chl Qy transition was calcu-
lated using the same 6-π-orbital MNDO-CAS-CI approach that re-
sulted in the dipole-allowed Qy transitions with the correct single
HOMO→LUMO plus single HOMO−1→LUMO+1 character.

2.2 Calculation of the inter-pigment couplings

Given that the MNDO-CAS-CI method yields qualitatively reason-
able description of the in vacuo electronic excitations of both Chls
and Cars, we used these results as a basis to calculate the resonant
electronic coupling, W , for each pair of pigments. The numeri-
cal value of W quantifies the electrostatic interaction between the
transition densities of a ‘donor’ (D) and an ‘acceptor’ (A) molecule
and therefore mediates the corresponding inter-molecular excita-
tion energy transfer. It is composed of two components arising
from the Coulomb, JDA, and the exchange, KDA, interactions:

WDA = JDA−KDA.

The exchange interaction requires significant atomic orbital
overlap between the donor and acceptor transition densities and
as such falls off exponentially with increasing inter-molecular dis-

tance. Therefore it is commonly assumed that the contribution
of the exchange interaction to the overall coupling is negligible,
WDA ≈ JDA, an assumption we make throughout. In ‘traditional’
Förster theory, the Coulomb coupling is approximated as an inter-
action between two point transition dipole moments, µ:40–42

JDA '
κDA

4πεε0

|µD| |µA|
R3 ,

where R is the centre-of-mass separation of the molecules D and
A, κDA is a dimensionless factor characterising the relative orien-
tation of the two transition dipole moments, and ε is the mean
dielectric constant of the protein environment. At the heart of the
dipole approximation is the assumption that the inter-molecular
distance between donor and acceptor is much greater than the
spatial extent of either molecule. This is clearly not a case in a
densely-packed pigment–protein complex such as LHCII. There-
fore, a more accurate description of the transition density, like
the monopole approach32 or the Transition Density Cube (TDC)
method,43 should be employed. In the current work we uti-
lized the combined MNDO-CAS-CI and TDC approach that has
been successfully used to calculate the resonant couplings be-
tween Chl a and peridinin in the Peridinin–Chlorophyll a–Protein
(PCP) of dinoflagellates.44 In this method the true transition den-
sities of the donor and acceptor molecules are approximated as a
discrete, three dimensional grid of volume elements (or ‘cubes’).
The transition density, MD/A, associated with a cube of volume
δV = δx ·δy ·δ z, is given as follows:44

MD/A (x,y,z) =
ˆ x+δx

x

ˆ y+δy

y

ˆ z+δ z

z
ΨGSΨ

∗
EX dxdydz,

where ΨGS and ΨEX are the ground state and excited state wave
functions of the donor/acceptor molecule, respectively. The only
approximations involved in a TDC calculation are the predeter-
mined grid size and the accuracy of the quantum mechanical
wave functions that the TDCs are constructed from. As the num-
ber of grid points are increased, the Coulomb couplings calculated
from the donor and acceptor TDCs approach their ‘exact’ values
based on the donor and acceptor wave functions.43 The number
of grid points for the TDCs are chosen based on replicating the
value of the exact transition dipole moment from the MNDO-CAS-
CI calculation.44 In these calculations, we use 4 grid points per
angstrom, which gives us an average relative error below 0.1%
between the exact MNDO-CAS-CI transition dipole moment and
the one being back-calculated from the TDCs. Finally, the inter-
pigment Coulomb coupling can be approximated as the sum of all
pairwise interactions between the TDCs of the donor and accep-
tor,

JDA '∑
i, j

e2

4πεε0

MD (i)MA ( j)∣∣~ri−~r j
∣∣ , (1)

where the indices i and j label the TDCs of the donor and accep-
tor molecules and ~ri denotes the position of a particular volume
element.
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2.3 Modelling excitation energy transfer and quenching

Quantum chemistry calculations of all the inter-pigment cou-
plings allow us to construct a full excitonic Hamiltonian for LHCII
monomer, which in the site basis is expressed as

Ĥ =
N

∑
n=1

En |n〉〈n|+
N

∑
n6=m

Jnm |n〉〈m| , (2)

where N = 18 is the number of pigments in LHCII monomer (8
Chls a, 6 Chls b, and 4 Cars), En is the energy of the S1 level
of the nth pigment, and Jnm is the interaction energy between
nth and mth molecules, as defined above in Eq. 1. Assuming the
Förster regime of incoherent excitation energy transfer, the inter-
pigment transfer rates from the mth to the nth site, knm, are given
as follows:29,45

knm = 2 |Jnm|2 Re
ˆ

∞

0
An (t)F∗m (t) dt, (3)

where
An (t) = e−iEnt/h̄−gn(t),

Fm (t) = e−i(Em/h̄−2λm)t−g∗m(t)

are the Fourier-transfrorms of the absorption and fluorescence
lineshapes, respectively; gn (t) is the line-broadening function,
and h̄λn is the Stokes shift for the corresponding pigment. In
terms of the spectral density C′′ (ω), the latter two quantities are
expressed as

gn (t) =
ˆ

∞

0

dω

πω2 C′′n (ω)

[
(1− cos(ωt))coth

(
h̄ω

2kBT

)

+ i(sin(ωt)−ωt)

]
,

λn =

ˆ
∞

0

dω

πω
C′′n (ω) ,

where kB is Boltzmann constant and T denotes the absolute tem-
perature.

The conventional (based on dipole–dipole interactions) Förster
theory predicts no excitation energy transfer between Chls and
dark (dipole-forbidden) S1 state of the carotenoids. However,
due to relatively small inter-pigment distances in the photosyn-
thetic light-harvesting complexes, energy transfer to the dipole-
forbidden states becomes possible.46,47 In this case the ‘absorp-
tion spectrum’ of the Car S1 state in Eq. 3 should be treated as
a density-of-states (DOS) distribution. Two-photon absorption
spectrum of lutein48 reveals a very broad DOS of the S1 tran-
sition that could be approximately fitted with a Gaussian function
with full width at halve maximum (FWHM) of 2880cm−1. Cur-
rently, no empirical spectral density has been determined for the
vibronic structure of the Car S1 state. However, such a broad line-
shape can be obtained by postulating the spectral density of the
overdamped Brownian oscillator with large reorganization energy
λ0:

C′′n (ω) = 2λ0
ωγ

ω2 + γ2 , n≡ Carotenoid.

Here we fixed the parameter γ, determining the correlation time

of the site energy fluctuation, to be equal γ = 53cm−1 (or γ−1 =

100fs), a typical value usually used for the light-harvesting pig-
ments. The reorganization energy λ0 then should be chosen to
be of the order of λ0 = 3400cm−1 (if static disorder due to inho-
mogeneous broadening is neglected). We have also tried other
parameter pairs (γ−1 = 50fs, λ0 = 3180cm−1 and γ−1 = 200fs,
λ0 = 3540cm−1) ensuring approximately the same DOS function
of the above-mentioned FWHM. Evidently, in the Förster regime
of the excitation energy transfer only the shape of the DOS distri-
bution is important. Therefore, in all three cases of the λ0 and γ

pairs the obtained transfer rates did not differ more than by 1%.
The same spectral density was assumed for other xanthophylls as
well. Meanwhile, for the chlorophylls we used spectral density
suggested by Renger et al.:

C′′n (ω) =
πS0ω5

s1 + s2

2

∑
i=1

si

7!2ω4
i

e−
√

ω/ωi , n≡ Chlorophyll,

where S0 = 0.5, s1 = 0.8, s2 = 0.5, ω1 = 0.56cm−1, and ω2 =

1.94cm−1.30,31,49

Given the inter-pigment excitation hopping rates defined in
Eq. 3, the total excitation dynamics in LHCII can be simulated
by solving the system of Pauli Master equations

d
dt

Pn (t) = ∑
m6=n

[knmPm (t)− kmnPn (t)]− (kF + kNR)Pn (t) , (4)

where Pn (t) is the time-dependent probability for the excitation
to reside on the nth pigment, kF is the fluorescence rate, and kNR

is the rate of non-radiative decay. Typical values of k−1
F = 16ns

and k−1
NR = 5.3ns were chosen for chlorophylls yielding excitation

mean lifetime of Chl S1 state τChl = (kF + kNR)
−1 ≈ 4ns. On the

other hand, for the dipole-forbidden S1 state of Cars we have
kF = 0 and very fast non-radiative relaxation of k−1

NR ≈ 10ps. The
initial condition of Eq. 4 was chosen to represent a single exciton
per LHCII, with equal probabilities to be localised over any of 14
chlorophylls.

The model outlined above can be slightly transformed in order
to account for the effect of exciton delocalisation over several pig-
ments. This can be easily done by performing block diagonalisa-
tion of the Hamiltonian and thus introducing domains of strongly-
coupled molecules (with a coupling greater than some thresh-
old energy, Jcutoff).29,30,50 A range of various cutoff values (15–
120 cm−1) has been used in recent studies on pigment–protein
complexes.29,30,50–53 Obviously, since many inter-pigment elec-
tronic couplings are expected to be comparable to the electron–
phonon couplings, no single threshold energy resulting in such
a simple division of the molecules into domains can be consid-
ered precise. In fact, we found that the total calculated excitation
decay rate in LHCII was almost insensitive to whether Chl–Chl
coherence effects had been accounted for or not. Therefore, in
order to be consistent with previous studies,29,31,32,50 we consid-
ered the excitonic delocalisation only between those molecules,
for which the calculated incoherent excitation transfer occurred
on a sub-ps timescale. Then, assuming instantaneous thermali-
sation of the excitation within the same domain, the net inter-
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Table 1 Inter-pigment couplings in LHCII monomer (in cm−1), obtained in our calculations by using MNDO-CAS-CI approach (lower-left triangle) and
those calculated by Müh et al. 30,31 using TD-DFT (upper-right triangle). Diagonal values represent Chl site energies determined by Müh et al. 30

Pigments

Ch
l	b
	6
01

Ch
l	a
	6
02

Ch
l	a
	6
03

Ch
l	a
	6
04

Ch
l	b
	6
05

Ch
l	b
	6
06

Ch
l	b
	6
07

Ch
l	b
	6
08

Ch
l	b
	6
09

Ch
l	a
	6
10

Ch
l	a
	6
11

Ch
l	a
	6
12

Ch
l	a
	6
13

Ch
l	a
	6
14

Lu
t	6

20

Lu
t	6

21

Vi
o	
62
2

N
eo

	6
23

Chl	b	601 15	405 36.0 -5.0 -3.0 1.0 -2.0 -3.0 3.0 4.0 -5.0 20.0 2.0 -8.0 2.0
Chl	a	602 -35.6 14	940 15.0 6.0 0.0 5.0 6.0 -6.0 -24.0 -5.0 1.0 8.0 -2.0 0.0
Chl	a	603 -5.4 18.1 14	850 -1.0 0.0 -4.0 6.0 4.0 72.0 7.0 -1.0 1.0 1.0 -5.0
Chl	a	604 -1.9 6.3 5.0 14	820 4.0 71.0 24.0 -4.0 -2.0 0.0 -3.0 3.0 2.0 -3.0
Chl	b	605 0.4 -0.5 -0.9 -3.1 15	465 9.0 -4.0 -4.0 0.0 1.0 1.0 -2.0 -1.0 0.0
Chl	b	606 1.6 -5.5 -9.5 77.6 11.3 15	385 16.0 -5.0 2.0 0.0 -2.0 2.0 2.0 -2.0
Chl	b	607 -1.6 5.0 1.0 -17.6 1.1 13.2 15	225 -4.0 -5.0 1.0 -2.0 3.0 3.0 -3.0
Chl	b	608 -1.7 4.8 3.4 -2.5 -3.4 3.0 -3.0 15	215 24.0 43.0 5.0 -1.0 -2.0 1.0
Chl	b	609 -2.4 18.2 62.7 -6.6 -0.2 13.1 -6.3 -14.0 15	475 -2.0 4.0 -1.0 -2.0 2.0
Chl	a	610 -4.1 -10.0 -8.9 4.5 -1.5 -3.4 -0.5 39.8 -1.0 14	790 -26.0 13.0 6.0 -1.0
Chl a 611 -8.9 -1.8 -1.0 -2.4 1.0 2.3 -1.7 -3.1 -2.5 -29.6 14 950 99.0 -3.0 1.0
Chl	a	612 3.2 11.2 1.9 0.3 2.2 2.9 -1.8 -0.6 -1.2 -12.3 131.4 14	940 0.0 0.0
Chl	a	613 -6.7 -5.5 0.9 -0.3 0.9 1.5 -1.2 -1.4 -1.4 -6.9 -5.6 4.0 14	840 -36.0
Chl	a	614 -3.1 -1.9 -6.8 -3.3 0.4 1.9 -2.5 -1.1 -1.8 -2.0 -3.9 0.7 -60.0 14	940
Lut	620 0.2 -0.1 0.0 0.5 0.0 -0.3 0.2 0.1 0.2 3.6 1.3 12.2 -2.8 -0.6 	
Lut	621 0.3 -2.8 10.8 -5.4 0.2 2.0 -1.9 0.3 0.8 0.4 0.2 -0.6 0.2 0.4 0.0 	
Vio	622 1.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.4 0.0 3.2 2.4 0.0 0.0 	
Neo	623 0.2 -0.4 -0.3 3.9 -0.8 -3.9 0.2 -3.1 0.6 -0.4 0.3 0.9 0.2 0.2 0.0 0.1 0.0 	

domain hopping rates are evaluated as follows:50

kdom a←dom b = ∑
n∈domain a
m∈domain b

knm ·W
(domb)
m ,

where W (domb)
m is the Boltzmann factor describing the probability

of the corresponding excitonic state within the domain b:

W (domb)
m =

e−Em/(kBT )

∑ j∈domain b e−E j/(kBT )
.

This simplified domain model has been recently demonstrated to
closely reproduce the full model combining Modified Redfield and
Generalised Förster approaches.50

3 Results

3.1 Inter-pigment couplings

Inter-chlorophyll couplings, obtained from our quantum-
chemistry calculations, are listed in the lower triangle of Table 1.
These couplings are very similar to those calculated earlier by
Müh et al.,30,31 see the upper triangle of Table 1 and Fig. 1 for
comparison. However, there are some differences in both scale
and sign in the low energy region ( J < 10cm−1 ). Several factors
could lead to such discrepancies. First of all, we naturally expect
some differences due to the different quantum chemistry meth-
ods used, TD-DFT in study of Müh et al.30 and MNDO-CAS-CI
in our model. Our rational for using the MNDO-CAS-CI method
for the Chls was based on treating all photosynthetic pigments
within LHCII consistently due to TD-DFT being inappropriate for
modelling the low-energy excited states of Cars. Secondly, the
transition densities are described very differently in the two stud-
ies: Müh et al.30 fitted transition atomic charges of an analogous
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Fig. 1 Comparison of the absolute values of our calculated inter-Chl
couplings with those obtained by Müh et al. 30

electrostatic potential (ESP) associated with the Chl Qy transition
density, while we have adopted the TDC method in which the
molecular transition density of each molecule has been discre-
tised into a grid of small, cubic volume elements. The TDC yields
an accurate description of the molecular transition density in the
regions of space beyond the plane of the Chl molecule rather than
the projection of the spatially-extended transition density onto
the atomic centres. However, this method is limited by the accu-
racy of the quantum chemistry method used to obtain the ground
and excited state wave functions of Chls and Cars. Importantly,
we note that the agreement is much closer for the most signif-
icantly coupled Chls. Due to the limitations inherent in using
a semi-empirical method we have not explicitly included the di-

Journal Name, [year], [vol.],1–11 | 5

Page 5 of 12 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



electric or electrostatic effect of the protein within our model.
However, as in our previous work, the couplings were subject to a
rescaling to reflect both inherent discrepencies between the calcu-
lated and actual transtion dipole moments of Chls and the solvent
effects of the protein environment. The TDCs can be rescaled by
a factor of 0.77 to reproduce the vacuum-extrapolated Chl dipole
moments reported by Know and Spring.54 The couplings can then
be further rescaled by assumng that the protein envirnoment is a
continuous dielectric medium with a relative dielectric constant
of ε = 2. This gives an effective scaling factor of 0.38. Since the
work of Müh et al.30 was based on a very careful treatment of
the entire LHCII structure, we chose to demonstrate the validity
of our method for calculating the inter-molecular couplings gen-
erally and then adopted the Chl–Chl couplings obtained by Müh
et al.30 However, for comparison, we have also calculated excita-
tion dynamics arising from our own inter-Chl couplings. Mean-
while, our data for the Chl–Car couplings is novel and therefore
it was used throughout. For the site energies of Chls (En in Eq. 2)
we used those obtained by Müh et al.;30 site energies for the S1

transition of Cars, however, are not known. Therefore, we have
investigated the effect of possible variations in these energies.

With regard to the Chl–Car couplings, the fact that the S1 tran-
sition has a vanishing dipole moment prevents us from rescaling
the TDCs to reproduce some vacuum-extrapolated value. How-
ever, we applied the same overall scaling factor (TDCs rescaling
plus effect of dielectric screening) of 0.38 used for the Chl–Chl
couplings to the Chl–Car ones. We found, in accordance with our
previous model,32 that these were much weaker than the usual
Chl–Chl couplings. In good agreement with our previous work,
in which we used a less accurate transition monopole approxima-
tion of the true Chl and Car transition densities,32 we find that
Lut620 is only appreciably coupled (J = 12cm−1) with Chla612
(see Fig. 2). Despite the close cofacial geometry of the Lut620–
Chla612, their interaction energy is significantly weaker than that
of Chla611–Chla612 (J = 99cm−1). We attribute this to the fact
the S1 transition of the Cars is dipole-forbidden. The coupling be-
tween Lut620 and more distant neighbouring Chls is significantly
weaker (|J| ∼ 3.6, 1.3, and 2.8cm−1 for Chla610, Chla611 and
Chla613, respectively). Due to the symmetry of the two lutein
domains in LHCII25 we find that Lut621 is similarly only sig-
nificantly coupled (and even weaker) to Chla603 (J = 11cm−1).
The Lut621–Chla603 heterodimer possesses the same close, co-
facial geometry as its symmetric partner Lut620–Chla612. Simi-
larly it is very weakly coupled to its more distance neighbours.
Interestingly, Neo623 and Vio622 do not appear to be signifi-
cantly coupled to any of their neighbouring Chls. For Neo623,
the strongest interactions were found to be with Chla604 and
Chlb606 (|J| = 3.9cm−1), while Vio622 is very weakly coupled
to Chla613 and Chla614 (|J|= 3.2 and 2.4cm−1, respectively).

3.2 Excitation energy transfer

Calculations of the incoherent excitation hopping rates between
different pigments at room temperature yielded sub-ps timescales
for the excitation transfer between Chla610 and Chla611, be-
tween Chla611 and Chla612, and between Chla613 and Chla614.

Violaxanthin

Neoxanthin

Lutein 621

Chl a613
–13.2 cm

Chl a604
–13.9 cm

Chl a604
–15.4 cm

Chl a602
–12.8 cm

Chl a610
–13.6 cm

Chl a611
–11.3 cm

Chl a612
–112.2 cm

Chl a614
–12.4 cm

Chl b601
–11.1 cm

Chl b606
–13.9 cm

Chl b606
–12.0 cm

Chl b607
–11.9 cm

Chl b608
–13.1 cm

Chl a603
–110.8 cm

Lutein 620Chl a613
–12.8 cm

Fig. 2 Crystal structure of the LHCII trimer 25 and the mutual
arrangements of the 4 carotenoid molecules and their neighbouring
Chls. Numbers represent the coupling strengths between the
corresponding Chls and Cars (see also Table 1). Lut620–Chla612 and
Lut621–Chla603 pairs exhibit the largest interaction energies.

Therefore the pair Chla613–Chla614 and the triplet Chla610–
Chla611–Chla612 were considered to form 2 separate domains
with instantaneous equilibration of the excitation within each of
them, in consistency with earlier studies of various pigment con-
tribution to the excitonic states.30,31 After making these adjust-
ments to the model, total excitation dynamics in LHCII monomer
was calculated. In the absent of Chl→Car excitation transfer path-
way, fluorescence kinetics decays in a single-exponential way with
a mean lifetime of 4 ns and fluorescence quantum yield (QY) be-
ing ϕF = kF/(kF + kNR) = 0.25. However, inclusion of carotenoids
significantly reduces both the fluorescence quantum yield and the
mean excitation lifetime. This effect obviously depends on the en-
ergy of the S1 transition of each xanthophyll.

The site energies of Cars are difficult to define as the dipole-
forbidden nature of the Car S1 state prevents its direct experimen-
tal measurements. Nevertheless, indirect observations of the S1

state during the excited-state and transient absorption measure-
ments revealed its energy being about ∼ 13900cm−1, the same for
all four xantophylls bound in LHCIIs.55 However, both of these
methods are likely to probe the relaxed S1 state rather than the
vertical transition, and one would expect the vertical energy to
be somewhat higher. In fact, Walla and co-workers directly mea-
sured the two-photon absorption spectrum of lutein in solution
and found the S1 peak (the vertical transition) at∼ 14350cm−1.48

Unlike transient and excited-state absorption measurements, this
technique probes the vertical transition and therefore represents
somewhat more reliable energy of the S1 state. However, we
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Fig. 3 Chl→Car excitation transfer times vs Car S1 energy level,
obtained for different excitation pathways. For Vio and Lut 620, being in
close proximity to the domains of strongly-coupled Chls, dotted and
solid lines correspond to our-calculated inter-Chl couplings and those
obtained by Müh et al., 30 respectively. Vertical bars indicate energy
levels minimizing mean excitation lifetime (see also Table 2).

naturally expect the local protein/pigment environment inside
LHCII to strongly affect the transition energies of all the pigment
molecules and, particularly, of Cars.

For this reason we treated the Car site energies as (relatively)
free parameters. Initially we chose values that promoted the most
efficient total fluorescence quenching, but also explored how the
Chl→Car excitation transfer rates depend on Car site energy. This
dependence for the most significant Chl-to-Car energy transfer
pathways is demonstrated in Fig. 3. We see that the weak Chl–
Neo623 and Chl–Vio622 couplings result in very slow energy
transfer (about 180 and 270 ps, respectively, see also ESI†). Con-
versely, Chl→Lut620 and Chl→Lut621 energy transfer times are
an order of magnitude faster, a result of their stronger coupling
and closer association with their neighbouring Chls. The fastest
energy transfer rate, (23ps)−1, is between Chla603 and Lut621.
The calculated rate of incoherent energy transfer from Chla612
to Lut620 was very similar to the one of Chla603→Lut621 path-
way; however, exciton delocalisation over the terminal emitter
Chla610–Chla611–Chla612 notably reduces the net efficiency of
this quenching channel. For the domains of strongly-interacting
Chl pigments, our MNDO-CAS-CI calculations resulted in some-
what larger couplings comparing with those obtained by Müh et
al.30 (cf. Table 1). That resulted in slightly faster excitation trans-
fer from these domains to Lut621 and Vio622, as demonstrated
with the dotted lines in Fig. 3. Due to the broad nature of the Car
S1 transition all these hopping times are rather insensitive to the
variations in energy. For example, the Chla603→Lut621 hopping
time varies between ~23 and ~30 ps over a wide range of en-
ergies between 14000 and 16000cm−1. However, in all cases we
see that there are two dominating channels for Chl→Car energy
transfer, both incorporating lutein molecules.

0 50 100 150 200
0.0
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Time (ps)

 Chl b601
 Chl a602
 Chl a603
 Chl a604

 Chl b605
 Chl b606
 Chl b607
 Chl b608
 Chl b609
 Chl a610–611–612
 Chl a613–614

Fig. 4 Populations of different Chl pigments. Solid and dashed lines
correspond to Chls a and b, respectivelly, with inter-Chl couplings
calculated by Müh et al. 30 and the Car site energies optimised for the
best quenching (see Table 2). For comparison, excitation kinetics
calculated from our-obtained inter-Chl couplings are indicated with
dotted lines.

The two Chl→Lut energy transfer pathways result in significant
excitation quenching. The strongest possible excitation energy
quenching, resulting in mean excitation lifetime of τ = 67ps (or
τ = 64ps when using our-calculated inter-Chl couplings), was ob-
tained with the S1 energy levels of xanthophylls indicated with
vertical bar in Fig. 3 and listed in Table 2. These energies differ
from those determined from the two-photon absorption measure-
ments of the corresponding Cars in solution. This is not surpris-
ing, since, as already mentioned, the protein scaffold is known to
introduce notable shifts of energy levels of the pigments compar-
ing with their energies in vacuo or in solution. In the same Table 2,
quantum yields of excitation quenching by the specific Car is also
given. In such conditions, the fluorescence QY has dropped about
60 times, from 25% down to 0.4%, comparing to the unquenched
state. Finally, the contribution of different Chls to the total exci-
tation decay kinetics is shown in Fig. 4. We see very fast (within
several ps) excitation transfer from Chl b to Chl a pigments. After
~20 ps excitation totally equilibrates over the whole LHCII and
then quickly decays with a lifetime of about 70 ps.

Table 2 Energies (in cm−1) of Car S1 transitions ensuring fastest
excitation relaxation in LHCII monomer and the resulting quantum yields
(QY) of quenching by particular Car, obtained by using either our values
for inter-Chl couplings or those calculated by Müh et al. 30

Carotenoid
Müh et al. couplings Our couplings

S1 energy QY S1 energy QY
Lut 620 14 985 0.36 14 950 0.37
Lut 621 14 890 0.50 14 890 0.49

Vio 14 900 0.06 14 880 0.06
Neo 14 940 0.07 14 930 0.07
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4 Discussion
The aim of this study was to produce a microscopic model of the
energy transfer dynamics of the LHCII crystal structure that cor-
rectly captures the dissipative nature of this configuration. The
crystals from which the LHCII structure was obtained exhibit
considerable fluorescence quenching relative to the (unknown)
in vivo light-harvesting conformation, a fluorescence lifetime of
~800 ps in the former as compared to ~4 ns for the latter.16 This
is a feature of the LHCII crystal structure that chlorophyll-only
models have failed to capture. Our previous work indicated that
the inclusion of a single xanthophyll, lutein620, into such a model
could explain this fluorescence quenching as originating from di-
rect energy transfer from the chlorophyll terminal emitter domain
to lutein620 followed by the intrinsically fast non-radiative decay
of the lutein S1 excited state. For completeness and to test the
validity of our previous work, we extended this model to include
all pigments present within LHCII.

4.1 Inter-pigment couplings

We used the MNDO-CAS-CI method to compute the Chl and Car
S1 transition densities since this approach, rather than single ex-
citation methods such as TD-DFT or CIS, reproduces the strongly-
correlated Car S1 transition. Using the TDC method we were able
to compute the Coulomb interaction between all pigments, both
Chl–Chl and, novelly, Chl–Car. These couplings are presented in
Table 1. We found that our calculated Chl–Chl couplings were in
good agreement with those obtained by Müh et al.,30 particularly
for the strongly-coupled pigments (such as Chla610–Chla611–
Chla612). Some inconsistency in both sign and magnitude is ap-
parent for the weakly-interacting molecules which we attribute
to the differences in methods of both quantum chemistry and cal-
culation of the electrostatic interactions employed in these two
works. The TDC method is known to better represent the transi-
tion density in regions out of the plain of the molecule than the
transition charge and transition monopole method. However, we
note that the Chl–Chl couplings that we calculated in our previous
work, based on a transition monopole description of MNDO-CAS-
CI excited states, agreed very closely with those calculated via the
transition charge method by Müh et al.30 Moreover, the observed
differences in inter-Chl couplings do not notably influence the re-
sulting Chl population dynamics, as demonstrated in Fig. 4 with
the dotted lines.

With regard to the Chl–Car couplings, we found that Lut620 is
coupled to its close, cofacial neighbour, Chla612, with a strength
of J ≈ 12cm−1. This is in good agreement with J ≈ 14cm−1 calcu-
lated via the transition monopole method in our previous work,32

indicating that the two methodologies are consistent. Due to the
symmetry of the LHCII complex we found that Lut621 was sim-
ilarly coupled to Chla603 (J ≈ 11cm−1). The Chla603–Lut621
heterodimer has essentially the same close, cofacial geometry as
Chla612–Lut620, albeit with some minor differences in the over-
all conformation of carotenoid.56 Interestingly, we found that
other two xanthophylls, Vio622 and Neo623, were very weakly
coupled to their Chl neighbours. This is supported by earlier ex-
perimental studies suggesting that neither violaxanthin nor neox-

anthin contribute to light harvesting in LHCII, implying a lack
of significant couplings between these pigments and their neigh-
bouring Chls. Indeed, Peterman et al.57 showed that a xantho-
phyll with an absorption maximum at 486 nm, attributed to neox-
anthin, does not play a significant role in either light-harvesting or
triplet quenching in this complex. Later, Bassi and co-workers58

demonstrated, via spectroscopic analysis, that violaxanthin in
LHCII does not transfer excitation energy to neighbouring chloro-
phylls and therefore also does not participate in light-harvesting.
More recently Duffy et al.59 calculated the Car S2–Chl Qx/Soret
couplings in LHCII and found that violaxanthin and neoxanthin
were significantly less energetically connected to the Chl pool
than the two luteins.

One point that we would like to mention at this stage concerns
the absolute value of the calculated Chl–Car couplings. The tran-
sition dipole moment of the S1 transition is vanishingly small and
therefore prevents accurate empirical rescaling or phase fixing of
the raw Car transition densities. As mentioned above, a compro-
mise was to subject the Car transition densities to the rescaling
factor (0.38) obtained empirically for the Chls, as outlined in our
previous work,32 but this is an approximation. The calculated
Chl–Car couplings are qualitatively reasonable and are consistent
with the observed differences between Vio–Chl, Neo–Chl and Lut–
Chl couplings. However, they are only strictly meaningful in a
relative sense. For the same reason it is not possible to assign a
particular phase to the Car transition densities based on the over-
all phase of a vanishingly small transition dipole moment. How-
ever, since the Chl–Car couplings are much weaker than the inter-
chlorophyll ones, it is reasonable to assume that energy transfer
between the two pigment pools proceeds incoherently. There-
fore we assume that any excitonic Chl–Car interactions would
be subject to rapid disruption by polaronic effects. As a result,
Chl-to-Car energy transfer depends only on the magnitude of the
coupling, in accordance to Eq. 3.

4.2 Excitation energy transfer

Within this model the Chl site energies were taken from the work
of Müh et al.30 The site energies of Cars are difficult to define
as the dipole-forbidden nature of the Car S1 state makes direct
experimental measurement difficult. Some evaluations of the
S1 energies of the LHCII Cars were made from the excited-state
and transient absorption55 and two-photon absorption48 mea-
surements. However, we expect the in vivo vertical S1 excita-
tion energies to differ somewhat from those values because the
former experiments naturally probe the relaxed S1 state and the
later were performed in solution. We therefore treated the Car S1

energies as (relatively) free parameters. By optimising these site
energies to ensure the fastest possible energy transfer, and there-
fore the strongest possible excitation quenching (see Table 2) we
obtained an excited state lifetime of ~65 ps. Table 2 also shows
the relative quenching yields of each Car. Our model implies that
quenching proceeds mainly via Chl→Lut energy transfer, while
the other Chl–Car channels do not contribute significantly to the
overall excitation quenching.

At this point, several things should be noted. First of all, the
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overall (the fastest ever possible) quenching predicted by our
model exceeds the actual quenching observed in LHCII crystals by
an order of magnitude. Indeed, the crystallised LHCIIs had a very
broad distribution of fluorescence lifetimes centered at ~800 ps
compared to the ~4 ns lifetime of the solubilised (unquenched)
trimers.16 There are several possible sources of this discrepancy.
Firstly, due to the absence of rigorous experimental scaling of the
Car S1 transition densities and the lack of a detailed description
of the protein/solvent environment it is likely that the calculated
Chl–Car couplings represent some over-estimates of the actual
physical couplings. Secondly, the Car site energies were chosen
to promote the strongest possible quenching rather than to match
(relatively poorly defined) in situ experimental values. Therefore
our model inherently provides a lower limit for excitation life-
time. Longer excitation lifetime may also naturally arise if only
one monomer per LHCII trimer is in its quenched state. However,
one important conclusion we can draw is that, even given the
most favourable site energies and over-estimated couplings, Vio
and Neo do not appear to contribute to the excitation quenching.
This conclusion confirms an earlier proposal by Ruban et al.17

that lutein and not violaxanthin or neoxanthin is responsible for
fast excess excitation energy dissipation.

Another issue we would like to point out is the fact that, accord-
ing to our model, both Lut620 and Lut621 contribute similarly to
the energy dissipation. This contradicts the original suggestion by
Ruban et al.17 that quenching proceeds via the Chl–Lut620 chan-
nel only. However, the structural symmetry of the two lutein do-
mains means that one would expect (as we obtained) very similar
coupling profiles for the two molecules. Meanwhile, Yan et al.56

showed that these two lutein molecules have different conforma-
tions within LHCII and therefore might have different functions
in the qE mechanism.56 Due to the fact that the ‘dark’ nature of
the Car S1 state is largely a product of the well-defined inver-
sion and particle–hole symmetries of the molecule, we would ex-
pect non-planar distortions to have a strong effect on the Chl–Car
couplings. The differences in geometry were preserved to some
extent during our calculations via dihedrally-constrained optimi-
sations, but this procedure itself is not as accurate as obtaining
the real geometry by optimising the pigments within their pro-
tein binding pockets. It is possible that a more ‘natural’ treatment
of these different non-planar distortions may predict some differ-
ence. Another possible cause of this symmetry breaking between
Lut620 and Lut621 arises from their different locations within the
protein. Lut620 is coupled to the Chl terminal emitter of the com-
plex (three Chls of the lowest energy) while Lut621 is coupled to
the higher energy Chla602–Chla603–Chla604 domain. It could
be expected that Lut620 therefore has greater access to excita-
tion energy due to its proximity to the energy sink and therefore
represents the dominant quenching pathway. However, recent
studies28,29,31 have shown that Chl pool in LHCII is rather ener-
getically flat, and our calculations demonstrate that at room tem-
perature excitation equilibrates across the whole complex during
the initial ~20 ps. The proposal of Yan et al.56 therefore looks
more likely.

Thirdly, our presented model demonstrates that simple ac-
counting for Car molecules in LHCII crystals does add pathways

that can result in strong fluorescence quenching, without the need
for more non-trivial mechanisms such as the formation of charge
transfer (CT) states60 or Chl–Car excitonic interactions.61 How-
ever, given that both of these features have been unambiguously
observed experimentally, it is not possible (or even correct) to ex-
clude these as playing some role in the quenching mechanism.
Additionally, recent single-molecule studies have revealed that
LHCII possesses multiple distinct quenching conformations and
therefore several quenching pathways may co-exist.62

5 Conclusions

We have presented the first all-pigment microscopic model of the
LHCII trimer that, qualitatively, was able to explain the dissipative
character of the known crystal structure and therefore to provide
some insight into one of the possible qE mechanisms for in vivo
LHCII. We found that two centrally-located lutein molecules inter-
act with their closely-associated Chl neighbours in such a way as
to yield slow but significant Chl-to-Car energy transfer followed
by rapid relaxation of the lutein S1 state. Additionally, this model
tells us little about the conformational switch that forms/relaxes
these quenching pathways. The dramatic differences between the
Chl–Lut couplings and those of Vio and Neo imply that only mod-
est changes in molecular associations can have a profound impact
on the quenching ability of the Cars. We hope that our study will
inspire more careful calculations that will take into account the
protein/solvent environment as well as its effect on the geome-
tries and couplings within the light-harvesting complex, eventu-
ally resulting in deeper understanding of the NPQ mechanisms.
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