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Abstract

The spectroscopic properties of light-harvesting (LH) antennae in photosyntehtic organisms
represent a fingerprint that is unique for each specific pigment-protein complex. Because of
that, spectroscopic observations are generally combined with structural data from X-ray crys-
tallography to obtain an indirect representation of the excitonic properties of the system. Here,
an alternative strategy is presented which goes beyond this empirical approach and introduces
an ab initio computational description of both structural and electronic properties and their
dependence on the temperature. The strategy is applied to the peripheral light-harvesting
antenna complex (LH2) present in purple bacteria. By comparing this model with the one
based on the crystal structure, a detailed, molecular level, explanation of the absorption and
circular dichroism (CD) spectra and their temperature-dependence is achieved. The agreement
obtained with the experiments at both low and room temperature lays the groundwork for an
atomistic understanding of the excitation dynamics in the LH2 system.

1 Introduction
In most photosynthetic organisms light-
harvesting (LH) antennae are made of pigment-
protein complexes, where light is absorbed by
an ensemble of interacting dyes (the pigments)
arranged in a well defined three-dimensional
structure determined by the embedding protein
matrix. Many different types of LH complexes
exist in nature, each with its own composition
in terms of type and number of interacting
pigments. The relative orientation and inter-
pigment distances, as well as the individual
interactions of the pigments with the protein
matrix, are also very variable. As a result, the
spectroscopic properties become a fingerprint
that is unique for each specific LH complex.
The absorption and circular dichroism (CD)
spectra can be used, therefore, to obtain funda-
mental information about the structure of the
complex and the electronic interactions among
all the components (the pigments, the protein
matrix and the external environment).
Over the last few decades, the structures

of many natural LH antennae have been de-
termined by X-ray crystallography. This
has opened the possibility of obtaining an
atomistic-level description of the system. By
combining these structural data with spectro-
scopic observations it has been possible to ob-
tain an indirect representation of the electronic
properties of the system.1–4 However, this strat-
egy has some limitations: first of all, the crystal
structure is not fully representative of the in
vivo conditions, where temperature-dependent

structural fluctuations, especially, play a fun-
damental role. Moreover, a large and accurate
set of spectroscopic data has to be available to
obtain a faithful picture.
Here, an alternative strategy is proposed,

whereby molecular dynamics (MD) simulations
of the pigment-protein complex within its nat-
ural environment is combined with quantum-
mechanical (QM) descriptions of the electronic
properties. The potentialities of such a compu-
tational approach are evident: not only can it
reproduce the spectra ab initio, i.e. without the
need of any experimental parameter, but it can
also give access to the fundamental relationship
between the structure, the composition of the
system and its biological function.
Clearly, for such an approach to be reliable,

both its components, namely the MD simula-
tion and the QM description, should be accu-
rate. Unfortunately, the complexity and the
large dimensions of the system prevent the ap-
plication of state-of-the-art QM methodological
tools, and approximate models need to be used.
First of all, a realistic sampling of the configu-
rational space compels to carry out simulations
based on purely classical Molecular Mechanics
(MM). Moreover, the full set of interacting pig-
ments is too large to allow for a full QM de-
scription, and an excitonic approach needs to
be introduced, where the electronic properties
of the full system are reconstructed from those
of the single pigments and their interactions.5
In the Pisa group we have developed a QM

excitonic approach where the effects due to the
protein and the external environment are also
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introduced in terms of a polarizable medium:
each atom of the protein/environment is de-
scribed by a point charge and an atomic polar-
izability; the latter generates an induced dipole
in response to an applied electric field.6 As a
result of this approach, from now on called
QM/MMPol, mutual polarization effects be-
tween the classical and the QM subsystem can
be accounted for, and a more complete de-
scription of the environment is obtained. The
protocol combining MD and the QM/MMPol
excitonic approach is here used to obtain an
ab initio simulation of the excitonic states of
the peripheral light-harvesting antenna com-
plex (LH2) present in purple bacteria, and of
the resulting temperature-dependent absorp-
tion and circular dichroism (CD) spectra.
The LH2 systems of purple bacteria have

been extensively studied with ab initio theo-
retical approaches, using various QM methods
and making use of different techniques to com-
pute the interactions (electronic couplings) be-
tween pigments’ excitations,7–12 as well as dif-
ferent models for the inclusion of the protein
effects. Some of these works investigated the
effect of specific protein residues, such as the
Mg-binding His and the H-bonding ligands;8,11
others described the protein environment as a
dielectric medium,9 or with point charges.12,13
Nevertheless, a comprehensive description of
the role of the protein and its temperature-
dependence has not been achieved yet. In par-
ticular, what has been neglected so far is the
response of the embedding system (the protein
but also the surrounding lipid membrane) to
the pigments’ excitations. Such a response is in-
stead very important as it can differently couple
to the excitation of the individual pigments and
also largely change their interactions in a non
homogeneous way.14–16 Our QM/MMPol exci-
tonic strategy can not only account for such mu-
tual polarization effects between the QM pig-
ments and the environment but, by maintaining
an all-atom description of the latter, can prop-
erly describe all the heterogeneities and the pos-
sible specific interactions between the pigments
and the protein residues. Moreover, only a po-
larizable model is able to capture the explicit
effect on the electronic couplings due to the en-

vironment, which can screen (or enhance) the
total interaction.
The combination of this detailed description

of the embedding system with a Density Func-
tional Theory (DFT) representation of the elec-
tronic properties of the pigments allows a direct
comparison to experimentally derived quanti-
ties, such as the excitonic splittings, and to the
absorption and CD spectra, without the need
of any further refinement or fitting procedure.
Moreover, the ab initio nature of the model can
be used to dissect the final spectroscopic re-
sponse of the complex into the physical param-
eters which are known to determine it (site en-
ergies, couplings, temperature-dependent fluc-
tuations, bulk and specific environment effects,
etc.), thus allowing a molecular-level interpreta-
tion of their individual role and a quantification
of any possible synergistic effect.
To achieve a more complete analysis, the sim-

ulations have been repeated in two different
conditions, using first the crystal structure, and
then the geometries extracted from a room-
temperature sampling, carried out through an
MD simulation of the LH2 complex within a sol-
vated lipid membrane. In both cases the LH2 of
Rps. acidophila has been considered. Environ-
ment effects on both electronic and structural
parameters are included in all the steps of the
simulation allowing a detailed understanding of
the excitonic structure and its dependence on
the thermal fluctuations of the system. The
agreement obtained with the spectroscopic data
at both low and room temperature shows the
reliability of the calculated exciton parameters
which lay the groundwork for an atomistic un-
derstanding of the excitation dynamics in the
LH2 system.

2 Methods

2.1 LH2 structure

LH2 complexes are characterized by a cylindri-
cal structure of Cn symmetry (n = 8, 9 or 10,
in Rps. acidophila n = 9) where the monomer
units are composed of low-molecular weight
proteins, and bacteriochlorophyll a (BChl) and
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carotenoids as absorbing pigments.17 Within
the LH2, the BChls responsible for the low-
energy part of the absorption spectrum are ar-
ranged in two rings. One ring contains nine
BChls, whose molecular plane is perpendicular
to the C9 axis, and is responsible for the peak
at 800 nm. The second ring, which is instead
responsible for the 850 nm peak, contains 18
BChls, whose molecular plane is perpendicular
to the cylinder radius (see Figure 1).
The crystal structure of the LH2 complex

from Rps. acidophila (PDB code: 1NKZ) re-
solved at 2.0 Å was used18 (see Figure 1a). This
structure has a 3-fold symmetry, i.e., only the
atomic coordinates of one third of the entire
ring are explicitly contained in the PDB file.
This third contains three repeating units which
are not perfectly identical, so that this crys-
tal structure does not have perfect C9 symme-
try. The complete ring of LH2 has been recon-
structed using the transformation matrix con-
tained in the PDB file. Hydrogen atoms were
added by using the LeAP module of Amber-
Tools considering all the titrable residues in
their standard protonation state. All Histidine
residues were kept in the ε configuration except
those axially coordinated with the B850 BChls.
The positions of the hydrogen atoms were opti-
mized at MM level using Amber14.19
A mixed QM/MM relaxation was carried out,

where three selected BChls (302-β, 303-α &
307-γ) were treated at QM level, and the re-
maining atoms were kept frozen at their posi-
tion in the crystal structure.

2.2 Molecular Dynamics

We applied the same procedure devised by
Ogata et al.20 for the simulation of the en-
tire Photosystem II embedded in a phospho-
lipid membrane. For each moiety of the sys-
tem we used specific force field parameters. The
lipid1421 force field has been used for the lipids,
and the ff99SB22 for the protein. The param-
eters for the BChls were taken from the liter-
ature,23 while an approach recently developed
in our group using a DFT-based strategy24

was used for the carotenoids. Water molecules
were described by the TIP3P model. In the

first step the starting structure was built by
embedding the LH2 system in a lipid bilayer
composed by 2-oleoyl-1-palmitoyl-sn-glycero-3-
phosphocholine (POPC), and subsequently sur-
rounding the membrane with two layers of
water (TIP3P). The VMD suite of tools was
used.25 Starting from this structure, a classical
molecular dynamics (MD) was performed, fol-
lowing the protocol shown below, and using the
Amber14 suite of programs.19
The whole system (∼ 225 000 atoms) was

first minimized, and then thermalized in two
steps, by running a 5 ps NVT simulation from
0 to 100 K, and then a 100 ps NPT simula-
tion up to 300 K, constraining the protein, co-
factors, and lipids with a harmonic potential
(10.0 kcal mol−1 Å−1). The 10 ns NPT equili-
bration was performed, gradually releasing the
harmonic constraints, until a constant density
was reached. Finally, the simulation was ex-
tended for a 100 ns production. For all simula-
tions, the timestep was set to 2 fs. The temper-
ature and pressure were controlled, respectively,
by a Langevin thermostat and the anisotropic
barostat implemented in Amber14. The RMSD
of the protein backbone and BChl rings of the
production run is reported in Figure S1 of the
Supporting Information. After the first 20 ns,
we considered the system equilibrated. Further
details about the MD simulation are reported
in the Supporting Information.

2.3 Quantum Mechanical calcula-
tions

All QM calculations have been performed us-
ing a locally modified version of the Gaussian
G09 suite of programs.26 Electronic couplings
were computed using a well-established method
based on the transition densities of the inter-
acting moieties.6,27,28 The symmetry of the sys-
tem allows the calculations to be simplified by
taking into account the equivalence of BChls
within the LH2 symmetric structure (see Fig-
ure 1b): the couplings between equivalent pairs
have been equalized to their average value.
In all excited state calculations, we employed

time-dependent density functional theory (TD-
DFT) with the CAM-B3LYP functional and
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Figure 1: Left: Molecular structure of LH2. BChls are highlighted using the following color code:
yellow for B850α, red for B850β, green for B800γ. Right: Electronic coupling map. The superscript
ranks proximity according to center-center BChl distance. Note that the system has a C9 sym-
metry and the labels for equivalent coupling terms are reported only once. The repeating unit is
highlighted in gray and the corresponding BChl labels have been also reported for clarity. Coupling
less than 10 cm−1 are not indicated as not included in the exciton Hamiltonian.

the 6-31G(d) basis set. This functional is
best suited for the description of charge-transfer
states, while also providing accurate excita-
tion energies and dipole strengths for the Qy

states of BChls, in good agreement with multi-
reference benchmarks.29
To describe the effects of the environment

we employed a polarizable QM/MM model
(QM/MMPol). Here, the environment consists
in all the BChl units not in the QM calcula-
tion, the carotenoids, the protein, and, for the
analysis on the MD trajectory, the lipid mem-
brane, the water molecules, and the counteri-
ons. In the QM/MMPol model, the environ-
ment is described classically in terms of fixed
atomic charges and induced dipoles.28 The lat-
ter, in particular, make the whole QM/classical
scheme fully polarizable, which implies that not
only the QM density is perturbed by the envi-
ronment, but the environment itself is able to
respond to its presence. A cutoff of 12 Å from
the heavy atoms of the QM BChl ring was used
to define the polarizable MM region, whereas
all the other atoms in the simulation box were
considered non-polarizable. The current imple-

mentation of the MMPol model within Gaus-
sian includes the electrostatic and polarization
effects of the environment on both the ground
and excited states, as well as on the electronic
couplings. Additional in vacuo calculations
(VAC) have been performed, where only the
BChl of interest is considered without any en-
vironment.
The excitonic Hamiltonian describing the

multichromophoric system was built from the
BChl site energies ε and their electronic cou-
plings V :

Ĥ =
∑
n

εn |n〉 〈n|+
∑
mn

Vmn |n〉 〈m| (1)

where both elements contain the effect of the
environment. All the excitonic analyses were
performed by using EXAT,30 a program devel-
oped in our laboratory. Due to the small basis
set used for the single-chromophore TD-DFT
calculations (vide supra), the rotatory strength
of the excitonic states were computed using the
approximate version of the excitonic Rosenfeld
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equation:

R0K = −πν̃k
c

N∑
i>j

CK
i C

K
j Rij · (µi × µj) (2)

where index K identifies the excitonic state,
whereas indexes i and j run over the N chro-
mophores. Vectors CK are the excitonic coef-
ficients of state K in the expansion over the
BChl basis, R is the vector-distance between
two BChl units, and µ their transition dipoles.
The midpoint between the NB–ND atoms of
each BChl is considered as the center of the
chromophore when the distances Rij are com-
puted. For further details about the excitonic
approach to the rotatory strength in EXAT, we
refer to Ref.31. Here we only point out that test
calculations using a complete magnetic-electric
approach with an extended basis set essentially
give the same results. These data are shown in
Figure S6 of the Supporting Information.
To account for possible charge-transfer effects

between strongly coupled BChls, we resorted to
the fragment charge difference (FCD) scheme,
in its multistate formulation (MFCD),32 ap-
plied to BChl dimers in the B850 ring. In
the MFCD, the diabatic states are defined as
those that either maximize or minimize the
charge difference between donor and acceptor
fragments. The transformation from the adia-
batic to the diabatic basis can be obtained by
diagonalizing the ∆q matrix, whose elements
are defined as:

∆qmn =

∫
r∈D

ρmn(r) d3r −
∫
r∈A

ρmn(r) d3r (3)

where ρmn(r) is the transition density between
statesm and n, with n 6= m, or the state density
if m = n. This procedure returns diabatic-like
states and their couplings.

2.4 Modeling of linear spectra

In order to reproduce the spectral broadening,
in the computation of linear absorption (LA)
and circular dichroism (CD) spectra, lorentzian
lineshapes were used. The half-width at half-
maximum (HWHM) was taken as the experi-

mental value measured at 77K, namely 120 and
85 cm−1 for the B850 and B800 bands, respec-
tively. In the MD simulation, a different Hamil-
tonian matrix was obtained for each snapshot,
and we modeled the instantaneous spectra as
previously described. The total spectrum was
then obtained by averaging the spectra corre-
sponding to each snapshot. We approximated
the inhomogeneous broadening in terms of the
“pure” contribution of the environment. This
can be defined as the standard deviation of the
solvatochromic shift:

σ2
env = 〈(EMMPol − EVAC)2〉−〈(EMMPol − EVAC)〉2

(4)
where EMMPol and EVAC are the energies ob-
tained with the environment and in vacuo, re-
spectively. The MMPol site energies were then
corrected to obtain a new distribution with a
reduced standard deviation σenv. Namely, the
new site energies E ′i are obtained by reducing
their distance from the average site energy 〈E〉:

E ′i = (Ei,MMPol − 〈E〉)
σenv
σ

+ 〈E〉 (5)

where σ is the standard deviation of the original
site energy distribution. We note that such an
inhomogeneous broadening also contains homo-
geneous components as these two cannot be de-
coupled in our approach where the fluctuations
of site energies are those determined by the MD
trajectory. This estimate of the inhomogeneous
broadening is therefore an upper limit of the
real value. The homogeneous broadening was
arbitrarily fixed to lorentzian lineshapes with
the same widths of the fitted low temperature
absorption spectrum. We assigned an HWHM
of 120 cm−1 for the exciton states mainly de-
localized on B850 pigments and 85 cm−1 for
those delocalized on the B800 pigments (the as-
signment of the exciton states was carried out
on the basis of |CK |2 composition). To esti-
mate the sensitivity of the spectrum to this pa-
rameter, we compared the average spectra com-
puted with different values of the homogeneous
linewidths (See Figure S11 in the Supporting
Information).
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3 Results
The results are organized into two sections, one
referring to the crystal structure and the other
to the MD simulation. All the results are finally
put together and commented in the Discussion.

3.1 Crystal structure

3.1.1 Excitonic approximation and the
role of charge transfer states

The validity of the excitonic model for the LH2
was tested by comparing the excitonic prop-
erties (Exc) of three αβ dimers, composed of
BChls with indexes 506, 301, 302, and 303
(see Figure 1), with the corresponding full-QM
(fQM) calculations. This analysis was carried
out both in vacuo (VAC) and in the presence of
the polarizable environment (MMPol). In the
case of fQM calculations, VAC model naturally
includes the mutual polarization between the
two BChls which is instead neglected in the ex-
citonic VAC model. The resulting exciton split-
tings between the two lowest bright Qy states
are reported in Table 1.

Table 1: Excitonic (Exc) and full-QM
(fQM) splittings (cm−1) in vacuo (VAC)
and including the environment (MMPol)
for 3 selected dimers. Exc-CT refers to
a super-excitonic scheme, where the cou-
pling between the excitonic Qy states and
the CT states is also considered

VAC MMPol
Dimers Exc fQM Exc Exc-CT fQM

301–302 693 853 753 843 863
301–506 585 765 819 921 908
302–303 734 903 911 1016 1009

The agreement is quite good for all the three
dimers, with the excitonic model generally
slightly underestimating the full QM results.
Although dimers 301–506 and 302–303 are of
the same type, they are slightly different, be-
cause of the non-perfect symmetry of the crys-
tal structure. We note that the presence of all
the other BChl units, introduced through the

MMPol together with the rest of the environ-
ment (protein and other cofactors), changes the
transition density and provides results closer to
the full QM ones. Indeed, the ability to re-
produce the full QM splittings consistently in-
creases from 80 to 90% moving from in vacuo
to MMPol data.
The missing 10% might be induced by charge-

transfer (CT) states, which are not explic-
itly taken into account in the excitonic model.
To verify this hypothesis, we have performed
the following analysis. Starting from the full
QM calculations on each dimer, we applied
the MFCD approach described in the previ-
ous section to compute the couplings between
four electronic excited states: the first two Qy

and the first two CT states (see the Compu-
tational details). From this analysis, we calcu-
lated that the CT states lie above the Qy states
in all dimers; however, the couplings between
the lowest Qy and the CT states are nearly half
of the energy difference (see Table S1 in the
Supporting Information). Therefore we can ex-
pect a stabilization of the lowest Qy due to the
CT states, which would not be accounted for
in the monomer-based excitonic model. In or-
der to quantify this effect, we adopt a super-
excitonic scheme, where the coupling between
the excitonic Qy states and the CT states are
also considered. The following matrix is diago-
nalized:

H =


E(Qy1) 0 V11 V12

0 E(Qy2) V21 V22
V11 V21 E(CT1) 0
V12 V22 0 E(CT2)


(6)

where E(Qy1,2) are the excitonic energies of the
dimer, while E(CT1,2) and V are the energies
of the CT states and their couplings with the
Qy respectively, as obtained with the MFCD
scheme (the values of the matrix elements used
in the Exc∗ calculations are reported in Ta-
ble S2 of the Supporting Information). The di-
agonalization of the matrix results in a new set
of four states. The splittings between the new
excitonic states are reported in the last column
of Table 1 (Exc-CT). They are much closer to
the full QM ones, indicating that indeed the

7



small discrepancy previously observed was due
to charge transfer states.
In addition to affecting the excitonic energies,

the presence of CT states could also modulate
the excitonic properties of the aggregate. We
therefore estimated the contribution of the CT
states to the wavefunction of the dimers. Start-
ing from a full QM description, this estimate
was performed by analyzing the MFCD coef-
ficients, i.e., the contribution of the localized
and CT states on the adiabatic states. The re-
sults are summarized in Table 2. The lowest
state is the one most affected by the CT mix-
ing (∼3%). The two CT states contribute with
approximately the same weight. Very similar
results are obtained extending the model to the
tetramer formed by two dimers: this shows that
the results converge with respect to the size of
the cluster considered and to the relative num-
ber of CT states included (2 for the dimer, 6
in the case of the tetramer). The small contri-
bution found in all cases indicates that the CT
mixing does not significantly affect the proper-
ties of the Qy excitonic states, and therefore,
in the following sections, it will no longer be
considered in the simulation of the properties
of the full LH2 aggregate.

Table 2: Multistate FCD (MFCD) coef-
ficients of various diabatic transitions in
the first Qy adiabatic state of two BChl
dimers (D) (crystal structure, environ-
ment included at MMPol level). The cor-
responding values in the tetramer (T) are
also reported.

State D T % D % T
301-302

Qy1 (302) 0.98 0.99 97 98
Qy2 (301) 0.01 0.00 0 0
CT1 (301-302) -0.14 -0.11 2 1
CT2 (302-301) 0.12 0.11 1 1

301-506
Qy1 (506) 0.99 -0.99 97 98
Qy2 (301) 0.01 -0.01 0 0
CT1 (301-506) -0.11 0.08 1 1
CT2 (506-301) -0.13 -0.10 2 1

3.1.2 Excitonic parameters and exciton
energies

In Table 3 we report the QM/MMPol parame-
ters of the excitonic Hamiltonian based on the
crystal structure.

Table 3: Site energies and couplings (in
cm−1) computed on the crystal structure.
See Figure 1 for the definition of the cou-
plings. The signs of the couplings are
consistent with transition dipoles point-
ing towards the NB → ND direction.

Site energy
B850α 11251
B850β 10987
B800γ 11389

Intra-B850

V 1
αβ 409
V 2
αβ 362
V 3
αβ 25
V 4
αβ 24
V 1
αα -87
V 2
αα -14
V 1
ββ -59
V 2
ββ <10

B850-B800

V 1
αγ 59
V 2
αγ -20
V 1
βγ -12
V 2
βγ <10

Intra-B800 V 1
γγ -50

The calculated site energies of B850α and
B850β are slightly different, the α BChl lying
265 cm−1 higher than the β. This energy dif-
ference is however smaller than the excitonic
coupling between first neighbors (409 cm−1),
resulting in very little impact on the expan-
sion coefficients of the exciton states. The
coupling between second neighbors are much
smaller than the first ones, but not at all neg-
ligible. When moving to the inter-ring proper-
ties, we see that the energy difference between
B800–B850α and B800–B850β is always larger
than their couplings. As a result a very small
mixing is found for the states localized on the
two rings.
Moving to the analysis of the couplings in the

B850 ring, we note that the nearest-neighbor
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inter-dimer couplings (V 1
αβ) are larger than the

intra-dimer couplings (V 2
αβ). This result is ap-

parently in contradiction with previous stud-
ies on both Rps. acidophila 7,8,11,33 and Rps.
molischianum 9,10 complexes (see Table S5 in
the Supporting Information for a complete com-
parison with the literature). However, the same
couplings when calculated without the inclu-
sion of the polarizable environment do repro-
duce what is found in the literature: in partic-
ular, our in vacuo nearest-neighbor couplings
are close to those of Scholes et al.,8 computed
at the CIS/6-31G* level, but rescaled to match
the experimental transition dipoles.
The inversion of V 1

αβ and V 2
αβ arises from the

environmental screening of the Coulomb inter-
action, which is different for the two pairs (see
below). It is worth noting that the same differ-
ence between in vacuo and MMPol calculations
is observed also for the dimer splittings (see Ta-
ble 1). The couplings between more distant
pairs are slightly larger than those calculated
in the previous studies on Rps. acidophila,7,11
the reason for this probably being the different
QM method employed here.
From these parameters the Hamiltonian ma-

trix was built as in Eq. 1 and diagonal-
ized, obtaining the excitonic states: the corre-
sponding eigenenergies are shown in Table S3
of the Supporting Information together with
the squared transition dipoles and rotatory
strengths. Given the small inter-ring mixing,
it is possible to separate the states between
those localized on the B850 ring and those local-
ized on the B800 ring, and assign them on the
basis of their symmetry. By symmetry, only
the states k = 0,±1,±8, and 9 have a non-
zero transition dipole moment. The dipole mo-
ment of states k =0 and 9 is parallel to the
C9 axis, while that of the other states lie on
the ring plane. Owing to the relative orienta-
tion of dipole moments of both B850 and B800,
most of the dipole strength is concentrated in
the k = ±1 states of either ring.
Our results show an exciton bandwidth of

1652 cm−1 with the B850 splitting between
states k = ±1 and k = ±8 equal to 1517 cm−1.
This splitting is only 5% larger than the exper-
imental value of 1442 cm−1 obtained from flu-

orescence anisotropy excitation measurements
at 4.5K.2 Since the B800–B850 mixing is negli-
gible, the B850 exciton splitting is only deter-
mined by the α − β site energy difference and
electronic couplings. If we use the same site en-
ergy for the α and β BChls, a small (18 cm−1)
decrease of the B850 splitting is observed: this
means that the splitting is mainly determined
by the electronic couplings.
The B800–B850 energy gap was reported to

be 936 cm−1 at very low temperature.3 Our
B800–B850 gap is 1065 cm−1. As the position
of the B800 band is only slightly affected by the
electronic couplings, the gap depends on the
inter-B850 couplings and the B800–B850 site
energy difference. Our slight overestimation of
this gap is probably due to an overestimation
of the inter-B850 couplings, as this could also
explain the 5% larger B850 splitting.
Finally, it is worth noting that the upper B850

excitons are much closer in energy than the
lower ones, resulting in an asymmetrical exciton
structure, where the density of states is higher
at the blue edge of the exciton band (see Fig-
ures S7 and S8 in the Supporting Information).
Including only the nearest-neighbor couplings
results in a symmetric exciton structure, there-
fore the asymmetry of the exciton band seen
here is necessarily due to the second neighbor
couplings.

3.1.3 Absorption and circular dichroism
spectra.

Using the parameters described in the previ-
ous section, we calculated the excitonic linear
absorption (LA) and circular dichroism (CD)
spectra of LH2 in the near-infrared region. The
LA and CD spectra are reported in Figure 2,
along with the experimental data at low tem-
perature.1
The LA spectrum well agrees with the ex-

periments at 77K, except for the overestima-
tion of the B800–B850 splitting we have dis-
cussed above. Switching off the interactions be-
tween the two rings, the excitonic energies do
not change significantly, and as a result the lin-
ear absorption spectrum is almost equal to the
sum of B800 and B850 contribution (see Fig-
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Figure 2: Excitonic LA (top) and CD (bottom)
spectra of LH2 derived on the crystal structure.
The absorbance and CD intensity are given in
arbitrary units and normalized to the most in-
tense positive peak. The dashed lines represent
the spectra obtained for the B800 (green) and
B850 (blue) rings independently. The whole
spectrum was shifted in energy to match the
peak at ∼ 800 nm (energy shift = 0.147 eV).

ure 2 top). However a small degree of mixing is
responsible for a dipole strength redistribution
in the coupled system resulting in a slightly dif-
ferent relative intensities of the B850 and B800
peaks with respect to the decoupled description.
The main features of the experimental CD

spectrum, i.e. the sign of the bands and the
couplet positions, are correctly reproduced by
the calculations. However, in the experimental
spectrum, the two couplets have a nearly sym-
metrical shape, whereas this is no longer true
in the modeled spectrum. Unlike the LA, the
CD spectrum modeled on the whole system is

significantly different from the sum of the B800
and B850 components. Part of the positive ro-
tatory strength is redistributed from the B800
to the B850 couplet due to the B800–B850 mix-
ing. The couplings that induce this mixing (Vαγ
and Vβγ) are relatively small, nonetheless their
effect is significant in the CD spectrum. As
our model is based on a non-disordered homoge-
neous picture, whereas static and dynamic dis-
orders play an important role in localizing the
exciton states, the B800–B850 mixing predicted
by our Hamiltonian is probably overestimated.
It is worth noting that the signature of this mix-
ing is only visible in the CD spectrum, which
is particularly sensitive to small changes in the
composition of the excitons.
Given the particular arrangement of the pig-

ments, the CD spectrum also shows a great sen-
sitivity to small changes in the relative orienta-
tions of the electric transition dipole moments.1
Because of the asymmetry of the chlorine ring
in BChl, the transition dipole moment of the
Qy transition is not exactly parallel to the NB–
ND direction. To quantify that, for each pig-
ment we define an internal reference frame (see
Figure 3, top) and we calculate the polar an-
gles θ and φ, which indicate the angle of the
dipole with the BChl plane and the NB–ND
bond, respectively. The calculated transition
dipoles show different θ and φ angles depending
on the pigment class. The φ angle is -3.6,-2.0,
and -3.6 degrees, respectively, for B850α, β, and
B800, while θ is 0.1,-2.6, and -1.5 degrees. We
note that the transition dipoles computed by
Anda et al.34 using a multi-reference approach
(RASSCF) are much closer to the NB–ND axis;
we stress however that those calculations did
not include the effects of the surrounding pro-
tein.
To achieve a more detailed picture of the sen-

sitivity of the CD on the dipole orientation, in
Figure 3 we have simulated many different spec-
tra obtained by varying the θ and φ angles of
the different pigments. The results show that
a variation of a few degrees in the orientation
of the B850 dipoles can significantly change the
CD spectrum and even leads to an inversion of
the sign of the couplet.
Until now we have used the crystal structure
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Figure 3: Top: Definition of the reference frame
and of the polar angles (θ,φ). Bottom: CD
spectra obtained for different values of θ and
φ. Dotted black lines correspond to the origi-
nal CD spectrum (without any modification).

of LH2 which corresponds to a static picture of
the system, frozen in a specific conformation.
We can thus expect that this model is not rep-
resentative of the LH2 at room temperature.
An overall LH2 structural relaxation taking into
account the thermal effects can be obtained
through an MD simulation. Moreover, the MD
simulation also includes the bilayer lipid mem-
brane and the solvation water molecules, and
allows for a sampling of the coupled pigment-
environment fluctuations at room temperature.
The results of this simulation are reported in
the next section.

3.2 Molecular Dynamics

The main structural parameters of the B800
and B850 rings have been monitored along the
MD. To gain an insight on their size and shape,
the two rings have been fitted independently
with an ellipse at each snapshot. The fluc-
tuations of the ellipses centres are plotted in
Figure S2 of the Supporting Information. The
values are centred around the origin and show
negligible variations along the trajectory. The
distribution of the B800 ring centre is more
spread than that of the B850 ring, due to the
fact that the latter BChls are more strongly
packed within the protein. The size and shape
of the rings can be analysed through the sum
and difference, respectively, of the fitted semi-
axes, which are plotted in Figure S4 of the Sup-
porting Information.
The absolute value of the difference of the

semiaxes, for both B800 and B850 rings, is close
to zero along the dynamics, indicating that the
rings remain practically circular. Elliptical dis-
tortion, fluctuating on the timescale of seconds,
was invoked to explain single-molecule fluores-
cence experiments,35 but obviously, our MD
cannot capture the potential deformations on
such long timescale. The sum of the semiaxes
is also constant, indicating that the size of the
rings does not vary during the dynamics. On
the contrary, the B800 ring is slightly larger in
the MD (∼3%) than in the crystal.
Two different 20 ns windows of the full tra-

jectory have been selected for QM/MMPol cal-
culations. The first window samples the pro-
duction run in the range 20–40 ns, the second
window samples the 80–100 ns range. A set of
44 uncorrelated snapshots was extracted from
both windows, for a total of 88 snapshots. To
enlarge the sampling, for all the selected frames,
we averaged the site energies of the equivalent
BChls and the couplings of the equivalent pairs.

3.2.1 Role of CT states

In analogy with the crystal structure case, the
influence of CT states in the description of the
final exciton states has been investigated by the
MFCD approach (see section 2.3 for details).
We considered the four lowest excited states of
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the 301α–306β dimer corresponding to the two
Qy states and the two CT states. Consider-
ing the high computational cost required for the
calculations, the CT analysis was limited to the
first sub window of the MD simulation. The
distribution of couplings and the relative CT
character percentage are reported in Figure 4.

Figure 4: Upper panel: Distribution of the ab-
solute values of MFCD couplings between the
first Qy and the first two CT excitations in
a BChl dimer, computed for 50 uncorrelated
frames extracted from a classical NPT MD sim-
ulation of 100 ns. Lower panel: Distribution of
the CT character of the first Qy bright tran-
sition in a BChl dimer, along 50 uncorrelated
frames extracted from a classical NPT MD sim-
ulation of 100 ns.

These results show that the influence of CT
in the description of the Qy wavefunction of the
aggregate is on average small and in line with
what already observed in the case of the crystal
structure: the CT percentage does not typically
exceed 5%, and couplings are usually smaller

than 400 cm−1. This shows that the LH2 de-
scription by the excitonic model is accurate also
in the case of structures obtained from MD sim-
ulations, at least for what concerns the absorp-
tion process.

3.2.2 Excitonic parameters and exciton
energies

As done in Table 3 for the crystal structure,
in Table 4, we report the excitonic parameters
calculated as averages along the MD trajectory
together with their standard deviations.

Table 4: Average site energies and cou-
plings and standard deviations (σ) along
the MD trajectory. For the site ener-
gies, the results obtained without includ-
ing the effects of the environment are
also reported (VAC). See Figure 1 for the
definition of the couplings. The site en-
ergy values in parenthesis are referred to
ones computed on BChls’ QM/MM re-
laxed structure. All values are in cm−1.

E/V σ

Site Energy
B850α 13634 319

(VAC)
B850β 13631 347
B800γ 13633 347

Site Energy
B850α 12799 (13089) 393

(MMPol)
B850β 12806 (13051) 413
B800γ 13021 (13350) 449

Intra-B850

V 1
αβ 317 55
V 2
αβ 339 38
V 3
αβ 20 2
V 4
αβ 18 1
V 1
αα -66 6
V 2
αα -10 1
V 1
ββ -51 6
V 2
ββ <10 -

B850-B800

V 1
αγ 42 4
V 2
αγ -16 2
V 1
βγ -10 4
V 2
βγ <10 -

Intra-B800 V 1
γγ -32 4

The absolute excitation energies of the
Qy states are around 12800 cm−1 (780 nm),
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some 1600 cm−1 higher than Qy states com-
puted for the crystal structure. To test if the
origin of this energy shift is due to the enlarged
environment in the MD (where also membrane
lipids and water are considered together with
the protein matrix) or the geometrical fluc-
tuations, we independently relaxed three rep-
resentative BChls, within the frozen crystal
structure using QM/MM optimizations. The
excitation energies computed on these new ge-
ometries, reported in parentheses in Table 4,
are close to the average values of the MD for
all the three BChls. This finding suggests that
the energy shift is not related to the different
environments between the crystal and the MD
descriptions but it mainly depends on the in-
ternal pigment geometry. The BChl geometries
along the MD trajectory fluctuate around equi-
librium structures that are close to those ob-
tained by relaxing the pigment within a frozen
(i.e. crystalline) protein.
The site energy difference between B850α and

B850β observed in the crystal structure van-
ishes when averaged along the MD trajectory.
The difference becomes negligible (< 10 cm−1)
and the two site energy distributions show very
similar values of standard deviations. This re-
sult suggests that structural and environmental
fluctuations change the site energy landscape
with respect to the crystal and makes the B850
average site energies almost degenerate.
Interestingly, the average site energies com-

puted without the effect of the environment
(VAC) are the same for all the BChl types (the
differences are less than 5 cm−1). Notably, all
the BChls should present the same properties
in vacuo; however, in the crystal structure, the
geometries of the different BChls are slightly
different, and this is reflected in the differences
observed in the VAC model. These differences
disappear when we average over the tempera-
ture dependent fluctuations coming from the
MD trajectory. When the environmental ef-
fects are turned on in the QM/MMPol descrip-
tion, the site energies of B850 pigments are red-
shifted by about 200 cm−1 with respect to the
B800. Therefore, the main source of site energy
difference between B800 and B850 is the polar-
izable environment in which the pigments are

embedded.
As already observed for other LH sys-

tems,14–16 also for LH2 the calculated width
of the site energy distribution is too large. The
source of that can be ascribed to the MM force
fields used in the MD simulation.24 In fact,
the standard deviations are mainly determined
by fluctuations of the pigment geometries and
not by the environmental effects: σ values re-
main practically unchanged when we switch
off the environment effects (see VAC data) in
the calculation of the site energies. To ex-
tract a more physical value of the disorder due
to the environment, we computed the standard
deviation of the MMPol-VAC site energy differ-
ence along the MD. The resulting σenv are 120
and 146 cm−1, respectively, for α and β B850
BChls, and 200 cm−1 for B800 BChls: the peak
broadening estimated as the HWHM of a fitted
lorentzian profile on the absorption spectrum
at room temperature for B850 and B800 bands,
is 170 cm−1 and 140 cm−1 respectively.
Passing from the crystal structure to the MD

average, all couplings consistently reduce by
5 to 20% with the two largest couplings (V 1

αβ

and V 2
αβ) becoming much more similar. To ex-

plain this decrease, we recall that, in our model,
the electronic coupling is composed by two
terms: the Coulomb interaction between tran-
sition densities (VCoul), and the MMPol screen-
ing, which depends on all the polarizable MM
atoms included in the description of the sys-
tem (VMMPol).5,15,28 The calculations based on
the MD trajectory also include the lipid mem-
brane and the water, which are not present in
the crystal structure, possibly resulting in un-
derestimation of the screening. To further in-
vestigate this issue, we introduce an effective
dielectric constant:

εeff =
VCoul

VCoul + VMMPol
(7)

which determines how much the coupling of
each pair is screened by the polarizable environ-
ment: the more εeff is larger than 1, the greater
is the screening. We computed the εeff values for
all the pairs for both the CRY and MD descrip-
tions and the results are reported in Figure 5.
As expected from the different environment
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Figure 5: Effective dielectric constant for MM-
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lines represents the average values of εeff.Only
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composition in the two models, the average εeff
goes from 1.33 in the crystal structure to 1.47 in
the MD. However, εeff of the closest (and most
strongly interacting) B850 pairs is almost equal
in the two models, with the closest pair feeling
an almost null screening (εeff=1.1). This anal-
ysis shows that the significant difference found
in the couplings for the closest pairs (V 1

αβ and
V 2
αβ) cannot be due to the different environment

included in the CRY or the MD model. Indeed,
the same decrease is observed for the direct
Coulomb contribution, which for V 1

αβ reduces
from 428 to 348 cm−1 (18%), and for V 2

αβ re-
duces from 505 to 455 cm−1 (10%). If we adopt
a point-dipole approximation (PDA), these cou-
plings drop from 948 to 892 cm−1 (6%), and
from 896 to 754 (16%), respectively, capturing
part of the observed reduction. As the inter-
pigment distance is almost unchanged for these
pairs passing from the crystal structure to the
MD average, the observed reduction of the cou-
pling has to be related to a change in the dis-
tribution of the transition densities which are
only partially seen by the PDA.
From the average Hamiltonian of Table 4 we

computed the energies of the excitonic states
(See Table S1 in the Supporting Information).
The resulting splitting between the states k=±1

and ±8 of the B850 ring reduces to 1275 cm−1,
close to the experimental B850 splitting of 1259
cm−1 at 263K.2 Notably, the trend observed
moving from the crystal to the MD picture is
in agreement with the experimental tempera-
ture dependence of the splitting. As we showed
for the crystal, the α–β site energy difference
has little effect on the B850 splitting; therefore,
the difference in the excitonic splitting can only
be attributed to the effect of the couplings. The
experimental B800–B850 gap at room temper-
ature is 826 cm−1,3 notably smaller than the
gap observed at low temperature. Our average
Hamiltonian predicts a gap around 900 cm−1,
slightly larger than the experimental value.

3.2.3 Absorption and circular dichroism
spectra

As discussed in the previous section, the MD
simulation allows us to describe the disorder
within the LH2 system, taking into account
fluctuations of site energies, coupling and tran-
sition dipole moments. This disorder will be
reflected in the excitonic states and in the corre-
sponding properties which determine the spec-
tra. To closely inspect the effects of the dis-
order, in Figure 6 we report the average spec-
tra superimposed to all the instantaneous spec-
tra calculated for every MD frame. While the
LA is merely broadened by the disorder, the
out-of-phase sum of the CD spectra greatly re-
duces the intensity of all the bands. The strong
inter–B850 coupling prevents significant mixing
of B850 excitons and the consequent spread of
oscillator strength. On the contrary, for the
B800 ring, the disorder has a large effect on
the intensity of the CD bands, which become
weaker than the B850 couplet.
Finally, the average LA and CD spectra are

compared to the experimental ones measured at
room temperature; the comparison is reported
in Figure 7.
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Figure 6: Average LA (a,b) and CD (c,d) spec-
tra, plotted along with the istantaneous com-
ponents. (a) and (c) show separate B800 and
B850 components, whereas (b) and (d) show
the coupled spectra. The spectra have been
obtained as described in section 2.4 and they
have been shifted in energy to match the ex-
perimental peak at ∼ 800 nm (energy shift =
-0.05 eV).

The modeled absorption spectrum exactly
matches the measured band positions. Also the
width of the B850 peak matches the experiment
while the B800 width is too large and the re-
sulting ratio between the two band intensities
is not correct. To test if this result could de-
pend on the homogeneous width used, we have
simulated the same spectra with very small ho-
mogeneous width, but the B800 peak remains
larger than the measured one (See Figure S11
in the Supporting Information), and also larger
than the B850 peak. The source of this dif-
ference is the larger inhomogeneous broadening
calculated for B800 with respect to B850. No-
tably, we used the calculated σenv values as if
they were all static disorder, while they contain
also a dynamic component. Unfortunately, it is
not possible to univocally dissect the two contri-
butions, if not fitting them to the experimental
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Figure 7: Excitonic LA (top) and CD (bot-
tom) spectra of LH2 derived on the MD. The
absorbance and CD intensity are given in ar-
bitrary units and normalized to the most in-
tense positive peak. The dashed lines represent
the spectra obtained for the B800 (green) and
B850 (blue) rings independently. The spectra
have been shifted in energy to match the exper-
imental peak at ∼ 800 nm (energy shift = -0.05
eV). The room temperature absorption and CD
spectra were recorded as described in Ref.36 us-
ing LH2 complexes from Rps. acidophila iso-
lated and purified as previously described.37

spectra.
The experimental CD spectrum at room

temperature appears different than the low-
temperature one in both broadening and rel-
ative intensities of the bands. In particular,
the B800 positive band almost vanishes. Our
modeled CD reproduces the overall shape of
the spectrum, except the negative B850 peak,
as already noted for the crystal. As already
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observed for the crystal structure, the LA spec-
trum is almost equal to the sum of the B800 and
B850 components, whereas the CD spectrum
is sensitive to the inter-ring coupling, and the
B850 coupled borrows rotatory strength from
the B800 band. The small B800–B850 mixing
happens despite the site energy differences and
the static disorder, and breaks the symmetry
of the B800 and B850 couplets. The only way
to reproduce the asymmetrical B800 couplet is
to consider some B800–B850 mixing. Unlike
the spectrum obtained from the crystal struc-
ture, here the B800 couplet amplitude is nearly
half of the B850 couplet. This is an effect of
the energy disorder, combined with the small
intra–B800 coupling.

3.3 Discussion and Conclusions

The analyses reported in the previous subsec-
tions clearly show that the two investigated
models, namely that based on the crystal struc-
ture (CRY) and that using configurations gen-
erated from the MD, give quite different results.
First of all, the excitonic parameters averaged

on the MD simulation are significantly different
from those calculated on the crystal structure.
The B850 exciton splitting reduces from 1517 to
1275 cm−1 (-16%) moving from the crystal to
the MD description, in agreement with exper-
imental variation between low and room tem-
perature Davydov splittings (-13%).2 This be-
havior is reflected on the absorption spectrum,
where the B850 band blue shifts when the tem-
perature is increased, whereas the B800 peak
does not shift.4 Our results show that the B850
blue shift is mainly due to a reduction of the
inter-pigment couplings; in addition, the site
energy difference between B800 and B850 pig-
ments is reduced on average by ∼50 cm−1 in
the MD.
The CRY and the MD-based calculations also

give different descriptions of the environment
effects on the excitonic parameters. In the crys-
tal structure the environment causes a redshift
of the Qy bands of ∼880 cm−1, with small dif-
ferences among the different pigment types (<
25 cm−1). A redshift is also obtained along the
MD, but in that case the solvatochromic shift

for the B850 (α and β) is around 830 cm−1,
whereas the shift for B800 is 610 cm−1. It
has been suggested that hydrogen-bonds of the
side-chains to the BChls can play an important
role in differentiating them.17 To quantify such
an effect, we have repeated the calculations on
three representative BChls (one from the B800
ring, and a dimer from the B850) by setting
to zero both the charge and the polarizabilities
of protein residues interacting through H-bond
with the OBB oxygen of their acetyl group (see
Figure 8). From the comparison with the full
calculations, we can observe that for the B850
dimer the presence of Trp and Tyr accounts for
∼ 15% to the total solvatochromic shift. On
the contrary, in the case of B800 pigment, the
charged Arg residue contributes to ∼ 70% of
the total shift.
Moving to the transition dipole moments, an

interesting environment effect can be observed
regarding their orientation. The environment
does not affect the θ angle, which describes the
out-of-plane tilt, but it has a non-negligible in-
fluence on the ϕ angle, which represents the
in-plane tilt. For both the CRY and the MD
descriptions, the presence of the environment
induces a clockwise rotation of the transition
dipole moment of -1.7◦ and -1.0◦ respectively.
This means that the environment enhances the
tilting of the electric dipole moment out of the
NB–ND axis. However, since the changes of ϕ
are almost the same for B850α and β, the net
effect on the CD spectrum is negligible.
Another noteworthy difference found between

the CRY and the MD-based descriptions is the
exciton delocalization. There are various mea-
sures of exciton delocalization; one of the sim-
plest is through the inverse participation ratio
(IPR):

LK =

[
N∑
i=1

(
CK
i

)4]−1 (8)

where LK ranges from 1, for a fully localized
state, to N , for a completely delocalized state.
In the absence of disorder, as in the crystal
structure, the delocalization lengths are close
to the maximum values of 18(9) for the states
k = 0, 9 of the B850(B800) ring, and 12(6)
for the doubly degenerate states; even in the
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Figure 8: Schematic view of the local protein environment for the three selected BChls inside the
LH2 complex. The interacting protein residues are also shown. Colored arrows refer to the direction
of the electric transition dipole moments computed in vacuum (blue) and in MMPol (red) on the
crystal structure.

B800 ring, despite the low couplings, the de-
localization lengths are close to the maximum.
Instead, adding site disorder through the MD-
based model results in a localization of the ex-
citon with a reduction of LK . In the B850
ring, the large couplings allow the exciton to
remain delocalized even in the presence of disor-
der: from our MD results, LK = 8±2 sites (See
Figure S10 in the Supporting Information). On
the contrary, in the B800 ring the average delo-
calization length is ∼ 1.4 sites. Our LK is con-
siderably lower than the values found in single-
molecule spectroscopic investigations,38 which
are however measured at low temperature.
On the basis of all these findings, it is reason-

able to conclude that the crystal structure and
the MD simulation describe LH2 in different sit-
uations, namely, a zero-temperature limit and
a room temperature average. The main fea-
tures of both the absorption and CD spectra
and their temperature dependence are in fact
well reproduced. As it regards the CD spectra,
a large sensitivity to even tiny changes in the
relative orientation of the transition dipoles of
the interacting BChls is found. This sensitivity
unequivocally indicates that the accurate sim-
ulation of the measured CD spectrum is a real
challenge for an ab initio approach.
Finally, our results indicate that the differ-

ence in the exciton structure of LH2 at low and
high temperatures are mainly related to fluctu-
ations in the relative orientations of the BChls
(and of their interactions), rather than changes

in the ring size as it was previously suggested.2
We can thus conclude saying that the strat-

egy here proposed, which compares a “static"
description using a single crystal structure with
the one including structural and electronic fluc-
tuations of the pigments coupled to electro-
static and polarization fluctuations of the envi-
ronment, seems to be effective. It allows indeed
a detailed, molecular-level, investigation of the
many aspects which contribute to determine the
complex excitonic character of the system and
directly relates them to the shape of absorp-
tion and CD spectra and their temperature-
dependent changes.

Supporting Information
Details on the MD simulation; Tables S1–S2
show other results about the CT analysis per-
formed on crystal structure; Exciton structure
of LH2 is reported in Table S3; Table S4 com-
pares the electronic couplings obtained in this
work with previous data sets; Figure S1–S5
show the analysis of MD trajectory; Figure S6
compares exciton CD spectra obtained with dif-
ferent level of theories; Figure S7–S10 show the
results of DOS analysis; Figure S11 compares
the absorption spectra obtained with different
HWHM Lorentzian profiles.
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