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Carotenoids in photosynthetic proteins carry out the dual function of harvesting light and defend-
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ing against photo-damage by quenching excess energy. The latter involves the low-lying, dark,
excited state labelled S;. Here “dark” means optically-forbidden, a property that is often attributed

to molecular symmetry, which leads to speculation that its optical properties may be strongly-
perturbed by structural distortions. This has been both explicitly and implicitly proposed as an
important feature of photo-protective energy quenching. Here we present a theoretical analysis
of the relationship between structural distortions and S; optical properties. We outline how S; is
dark not because of overall geometric symmetry but because of a topological symmetry related
to bond length alternation in the conjugated backbone. Taking the carotenoid echinenone as an
example and using a combination of molecular dynamics, quantum chemistry, and the theory of
spectral lineshapes, we show that distortions that break this symmetry are extremely stiff. They
are therefore absent in solution and only marginally present in even a very highly-distorted protein
binding pocket such as in the Orange Carotenoid Protein (OCP). S; remains resolutely optically-
forbidden despite any breaking of bulk molecular symmetry by the protein environment. However,
rotations of partially conjugated end-rings can result in fine tuning of the S| transition density
which may exert some influence on interactions with neighbouring chromophores.

1 Introduction

Carotenoids (Cars) have been intensively studied for decades due
(among other things) to their essential roles in photosynthetic
light-harvesting 2.  Among many other functional roles they
are essential to Non-Photochemical Quenching (NPQ), a mech-
anism by which plants avoid photo-damage through the dissipa-
tion ('quenching’) of excess energy in the Photosystem II (PSII)
antenna complex. 24

The light-harvesting and NPQ roles of large Cars are (broadly)
defined by two excited electronic states. The second singlet ex-
cited state, Sy, is the first optically (one-photon) accessible exci-
tation. It gives rise to strong absorption blue-green and shows
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a classic three-peak vibronic progression characteristic of the
optically-active C=C and C-C symmetric stretching modes>~”.
The position of the S, 0-0 line depends strongly on the conju-
gation length of the Car, both in absolute terms between differ-
ent Cars and in terms of structural distortions such as isomeriza-
tion and end-group rotation that affect the effective conjugation
length®°. S, is responsible for efficient Car light-harvesting in
photosynthetic antenna complexes, with energy transfer to the
(B)Chl Qx state occurring on an ultra-fast (<100 fs) timescale 10,

Si, is optically (one-photon) forbidden. Two-photon absorption
spectra of 3-carotene and lutein show that it is of similar width to
the S, transition with a hint of a similar vibronic structure11. For
the Cars found in plant antenna complexes the S; 0-0 transition
lies in the 14000-15000 cm~! region’. It also has a very short
excited lifetime (2-20 ps”) which is why Cars such as lutein!2
and zeaxanthin® function as (or part of) the molecular species
responsible for excess energy dissipation during NPQ. Although
the exact details of the process are still debated (for comprehen-
sive discussions see?~+13) it essentially involves the opening-up
(in high light) of an energy transfer pathway from the Chl a Q,
state to S;. The key parameter is the resonance coupling between
them 14 which is defined by the magnitudes and relative orien-
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tation of their transition dipole moments (TDMs), although the
dependence can be non-trivial given to small inter-pigment dis-
tances. Theoretical models of the major PSII antenna protein,
LHCII, propose quenching arises from weak couplings that are
turned on and off by small changes in relative orientation 1>. The
weak nature of these interactions arises from the fact that S; has
a very small TDM 6. However, it is also possible that the NPQ
switch involves an increase in to the S; dipole length itself. Re-
cently, Son et al. measured ultra-fast (<400 fs) energy transfer
from Chl a to lutein in quenched LHCII, possibly indicating very
strong couplings 7.

It is often proposed that S; may acquire an increased dipole
length if the Car is distorted away from the equilibrium, all-trans
geometry. The weak fluorescence from S; has been attributed to
cis-isomerization making the state optically-allowed '8, although
this is undermined by the fact that S; absorption is almost en-
tirely absent, even for Cars such as the 9-cis neoxanthin'®. Red
absorption features in crystals of Car-binding proteins such as the
Orange Carotenoid Protein (OCP) 20 and the Helical Carotenoid
Proteins (HCPs) have been discussed in terms of an optically-
allowed S; state created by a very distorted structure, although
in the latter case this was dismissed in favour of some (un-
known) effect of long-range order in the crystal. Lastly, Ligouri
et al. reported femto-second spectroscopic measurements on a
perpetually-quenched mutant of LHCII that binds only one type
of Car: astaxanthinz?!. They identified several S;-like signals
which differ in energy, lifetime and coupling to Chl a which they
attributed to different distorted forms of the pigment. One of
these “states”, S,, was found to be a responsible for the majority
of the quenching.

It is commonly stated, particularly in the photosynthetic litera-
ture, that S is “symmetry forbidden” with the implied symmetry
being coordinate inversion. The ground state (Sy), S; and S, are
often given the labels 1'Ag, 2'Ag and 1'Bu respectively. Ag or Bu
denote states that are even or odd under inversion and optical
selection rules imply that one-photon transitions between states
of the same symmetry are forbidden. Geometry distortions break
this symmetry and in principle this restriction will no longer ap-
ply. This is the exact mechanism behind the appearance of the
blue “cis-band” in Car absorption which is due to a high-lying Ag
state 22, However, cis-isomerization does not generally induce de-
tectable S; absorption meaning additional factors must dictate it’s
properties. Recently, Fiedor et al. argued that even all-trans Cars
do not possess well-defined inversion symmetry and therefore the
derived selection rules do not apply?. Instead they propose that
S| is optically inaccessible due to a large displacement from the
equilibrium ground state. However, if so the behaviour of the cis-
band is difficult to explain. Moreover, S; is clearly accessible from
So by either two-photon absorption!! or energy transfer from an-
other pigment24.

The optical properties of S; are in fact related to alternancy,
or particle-hole (p-h), symmetry25-26. Often Sy, S; and S, are
given the extended labels 1'Ag—, 2'Ag~ and 1'Bu™ respectively
with 4/— indicating even/odd p-h symmetry. It is a topological
symmetry related to the degree of m-conjugation along the carbon
backbone and is therefore little-effected by loss of inversion sym-

2] Journal Name, [year], [vol.], 1-11

View Article Online
DOI: 10.1039/C9CP03574E

metry through isomerization. It was later shown that '—' states
are strongly-correlated, meaning that they have a strong multi-
electron character2?’-28. This is a critical point since pure multi-
electron transitions are completely optically forbidden (they have
no one-electron transition density) 2. Although p-h symmetry is
not exact, even for linear polyenes, it is convenient short-hand for
the relationship between 7m-conjugation, electron correlation and
optical properties. S| has a very small dipole moment because is
has a very small transition density due to n-conjugation and not
inversion symmetry. Incidentally, the cis-band is sensitive to loss
inversion symmetry because it originates from weakly-correlated
Agt states. The reader is directed to a thorough review article30
and classic book on these topics3!. Things are more complex
when we consider non-equilibrium distortions. A simple quantifi-
cation of the degree of conjugation is the bond length alternation
(BLA), the average difference between neighbouring C=C and C-
C bond lengths normalized by the total length of the chain32.
Loco et al. showed that that for the Car astaxanthin in the pro-
tein crustcyanin the binding pocket induced fluctuations in BLA
which effected the energy of the S, state33. Calculations have
shown that ad hoc alterations in BLA in planar Cars (by using dif-
ferent quantum chemical optimization methods) can in principle
alter the S; TDM 343>, Combining these two observations we hy-
pothesize that a protein binding pocket may be capable of tuning
S| optical properties through perturbations to conjugation.

Here we investigate the relationship between geometry distor-
tions and S; and S,. We use the example of Echinenone (Ech)
in vacuuo, in THF and bound by the orange (dark-adapted) form
of OCP, OCP,. We do not address the actual biological function
of OCP and for an in depth discussion the reader is directed to
refs.36:37 OCP, is an ideal system for our purposes as it is wa-
ter soluble (making our simulations simpler) and contains only
one chromophore (Ech) which is severely distorted by the binding
pocket38. Moreover, Ech in OCP, has a significantly red-shifted
absorption relative to the solvent and crystals of OCP, display a
weak red absorption feature that has been tentatively associated
with an “allowed S;”20. We address two types of non-equilibrium
distortions: end-ring rotations and general non-planar distortions
to the back bone. The latter are analyzed within the context of
normal distortions and BLA. For completeness we also consider
backbone isomerization (equilibrium distortions). We first con-
sider ad hoc distortions to Ech in vacuo before considering dy-
namic fluctuations within the solvent distortions enforced by the
OCP,, binding pocket.

2 Methods and Computational Details

2.1 Quantum Chemical Calculations

Calculation of Ech geometries, vibrational normal modes,
and excited electronic states were required for parameteriz-
ing/validating our Force Field (FF) for Ech, generating ad-hoc dis-
torted structures, and providing a basis set for describing arbitrary
non-planar distortions. The initial structure of Ech was taken
from the OCP, crystal structure 5TUX2C. Optimized reference
geometries were calculated using the B3LYP hybrid exchange-
correlation functional3® and the 6-311G(d,p) basis set*%41 (as
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implemented in Gaussian 0942) as this has been shown to ac-
curately reproduce the BLA distribution along the conjugated
chain3. For Ech the conjugation extends into both end-rings and
the global minimum corresponds to both in the cis configuration
(hereafter cis-cis). In OCP, Ech exists in a highly-distorted cis-
trans configuration (with the trans referring to the keto end-ring,
€1) and so a cis-trans reference geometry was obtained by relax-
ing Ech from OCP, into the closest local minimum (see Fig. 1 a).
To explore specific distortions a sequence of optimized backbone
cis-isomers were produced using the same method, namely R1 to
R5 (see Fig. 1 A). To explore the effects of end-ring rotations a 2D
scans of € and g, (see Fig. 1 A) were produced in increments of
15deg followed by a standard re-optimization process in which g
and g, are constrained. normal mode analyses were performed in
vacuuo for the cis-cis and cis-trans reference structures using the
same DFT method B3LYP/6-311G(d,p).

We calculated the Ech excited states using the AM1/MNDO-
MECI with an active space of 8 m-orbitals (HOMO —
3,...,HOMO,LUMO,....LUMO + 3) as implemented by the
MOPAC semi-empirical quantum chemistry package*3. The or-
bital active space for the equilibrium geometry and various dis-
torted structures are visualized in the ESI (Supp. Figs. 1-5). The
validity of this method for calculating Car excited states was ini-
tially demonstrated by Kusumoto et al. #4 and has previously been
used to study ad hoc geometry distortions to the Car lutein®’.
We have used it extensively to parameterize models of excitation
quenching in plant LHCs 1446-48_ As we show later it accurately
reproduces the absorption spectrum of Ech. and qualitatively re-
produces the vibronic structure of S .

2.2 Echinenone Force Field Parameterization

Prandi et al. recently published a protocol for developing finely-
parameterized AMBER4° FFs for Cars3°. These FFs allow for di-
rect calculation of excited electronic states from Molecular Dy-
namics (MD) snapshots. Here we used their zeaxanthin (Zea)
parameters as a basis for Ech (it differs from Zea only in the
absence of hydroxyl groups in both end-rings and the presence
of a keto group in one). For parameters that could not be di-
rectly taken from Zea we used the Paratool plugin for the Visual
Molecular Dynamics (VMD) package®9. All atomic charges for
Ech were calculated using the Restrained Electrostatic Potential
(RESP) method >! with a B3LYP/6-311G(p,d) ESP for cis-cis Ech.
Bond and angle parameters were largely assigned by chemical
analogy to Zea however those associated with the points of differ-
ence - the additional keto group and the missing hydroxyl groups
- were calculated. This accounts for a total of 6 bonds and 6 an-
gles. A B3LYP/6-311G(d,p) normal mode calculation for cis-cis
Ech in vacuo provides a reference. Paratool then generates bond
and angle parameters to reproduce this quantum chemical target
data. We discard those parameters already obtained from Zea
and retain the missing ones. Prandi et al. found that further re-
finement of parameters calculated in this manner are required.
This takes the form of slight re-scaling. A list of these factors by
bond/angle type are given in the ESI of ref.3>. We re-scaled these
new parameters accordingly, although since they are not part of
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the conjugation path they are not critical to subsequent calcula-
tions. Dihedral parameters were also obtained, where possible,
by analogy to Zea. The missing dihedrals (again in the end-rings)
were taken from the Generalized AMBER Force Field (GAFF). Ex-
ceptions were made for end-ring rotations for which the GAFF
under-estimates barriers. These were re-assigned in accordance
with those calculated in our 2D dihedral scan. Lastly, all Lennard-
Jones parameters were assigned according to the GAFF (as they
had been for Zea). For verification we considered its ability to
reproduce the BLA and normal mode distribution of the quan-
tum chemical structures. We also verified that the average S,
and S, excitation energies and TDMs calculated for in vacuuo MD
runs matched those calculated the single point calculation for the
quantum chemical structures. The FF parameters, along with a
detailed discussion of the validation of the FF is given in the ESI.

2.3 Molecular Dynamics Simulations of Echinenone and
OcCP,

We produced MD simulations of cis-cis Ech in THF (tetrahydro-
furan) and Ech bound to OCP, in water. The starting structure
for OCP, was the 1.5 A X-ray structure (PDB: 5TUX) reported by
Bandara et al.2%. The Ech-THF simulations were carried out in
periodic box set so that Ech was at least 20 A from the box edge
and the GAFF was used for the explicit THF solvent. For OCP,
the ff14SB AMBER FF was used for the apoprotein and the GAFF
was used for the glycerol ligand. A small disordered loop region
was re-constructed using the MODELLER package®2. OCP, was
solvated in a 20 A box of explicit TIP3P water. In each case, fol-
lowing a brief initial minimization, the system was equilibrated
for 20 ps, with the temperature rising from 0 - 300 K. This was
followed by a 20 ps NPT run with a constant temperature of 300
K enforced by a Langevin thermostat with a characteristic relax-
ation time of 1 ps. For Ech-THF 5 repeat production runs of 1
ns each were performed (with a 0.5 fs time step), which is suffi-
cient to give a statistical picture of fluctuations around the equi-
librium structure. For OCP, 5 repeat production runs of 50 ns
were performed (0.5 fs time step), with the longer time needed
for the more complex dynamics. Although 50 ns is not sufficient
to probe protein conformational changes (this is not the purpose
of the study) it is perfectly adequate to study fluctuations about
the relaxed crystal structure. All MD simulations were performed
using the AMBER 164’ and NAMD >3 packages.

For statistical characterization of Ech distortions and excited
state properties 1000 snapshots were taken from each trajectory,
giving a sample of 5000 each for Ech-THF and OCP,,. For predic-
tion of absorption spectra we took several 40 ps fragments from
each trajectory and sampled a total of 20000 snapshots (giving a
time resolution of 2 fs).

2.4 Normal Mode Decomposition of Distorted Structures

The range of general, non-planar distorted geometries that Ech
can adopt represents a very large phase space. However, an arbi-
trary static distortion can be represented as a linear superposition
of distortions along a finite number of normal modes, so-called
normal distortions>*°>. Within the harmonic approximation the
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following definition is exact,

3N—6
D’gisr = Txyz(VmV_wVz)Rx_vz(avﬁ7Y) <Dref+ Z aiAi) €y
i

where N = 95 is the number of atoms in Ech, D’y is a 3 x N
matrix whose columns are Cartesian atomic coordinates of a dis-
torted Ech snapshot, and D, s is a quantum chemically optimized
reference structure (either cis-cis or cis-trans). A; is a 3 x N matrix
of normalized Cartesian atomic displacements for the i normal
mode, and a; are the expansion coefficients. The Cartesian dis-
placements are taken from the DFT frequency analysis on our
reference structures and the sum is over the complete set of all
3N — 6 normal modes. Assuming a general reference structure we
will also need to perform 3 rigid-body rotations, defined by the
3D rotation matrix Ry, (a, B,7) and a translation into the centre-
of-mass frame of the snapshot, Tyy,(vx,vy,v;). In principle we can
then obtain the normal distortion amplitudes, a;, rotation angles,
(ct,B,7) and translations, (v,vy,v;) as fitting parameters. How-
ever, the exact solution of such a high dimensional optimization
problem is possible but at great computational cost. To simplify
the Ech snapshots were first superimposed onto the reference
structure to allow us to neglect translation and rotation induced
during the MD run. This is done by minimising the Root-Mean-
Square atomic coordinate Deviation (RMSD) of the backbone car-
bons. The approximate representation of the distortion is then,

3N—6
DL < D+ Y aidy @
1

Where D/72"""" represent the Cartesian coordinate of the re-
aligned Ech snapshot. An example of such an approximate fit
can be found in the ESI (Supp. Fig. 10). Lastly, it is important
to remember that the normal distortions are merely a convenient
basis for describing general shapes and that actual significant dis-
tortions of the molecule along a single high frequency mode are
not energetically accessible at room temperature.

2.5 Absorption spectrum reconstruction from MD

We calculated the absorption spectra of Ech based purely from
the S, and S; transition energies and oscillator strengths calcu-
lated for a series of closely-spaced MD snapshots. From this we
obtained the spectral density®®>7, which in turn enters the ex-
pression for linear absorption via the line-shape function®®. To
determine the spectral density, we employed a procedure in line
with the work of Valleau et al.>? using 40 ps trajectory fragments
with a time resolution of 2 fs. We denote the excitation energy
at time step t; as E;, where the index i runs through the N time
points. The time-discrete auto-correlation function of the S, (or
S)) excitation energy is then calculated as5%-61,

1Ak _ _
Clu) = N_k Y (Ei—E)Eix—E) 3)
i=

where E is the mean energy of the sampled data. To minimize
the spurious effects (e.g. negative values and noise) in the Fourier
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transform, a Gaussian filter of unit area in the frequency domain
is applied >°. As the calculated correlator is a classical function, its
Fourier transform does not immediately yield the spectral density
(which also accounts for quantum effects 58 Hence we addition-
ally apply a semi-classical correction term %tanh(%ﬁ) (B is the
inverse temperature; we set i = 1)>°, by which we multiply the
auto-correlation function in the frequency domain. The end result
is the spectral density that can be used to calculate the line-shape
function and in turn the absorption spectrum.

For computational simplicity we fit an analytical ansatz spec-
tral density to the discrete numerical one. This is similar to the
strategy by Olbrich et al.® except that they applied an analyt-
ical ansatz to the correlation function itself, whereas we obtain
an analytical expression for the spectral density as the last step.
Our ansatz contained three under-damped terms®>’ and one over-
damped term for the lowest frequencies>®. Such a decomposition
is in line with the earlier observation that the Car spectral den-
sity can be accurately described by a simple model with a small
number of under-damped terms representing the high-frequency
C-C/C=C stretching modes **®, The absorption spectrum is then
obtained via Fourier transform of linear response function.

3 Results

3.1 Excited states of Echinenone

The calculated equilibrium geometries for cis-cis and cis-trans Ech,
along with the back-bone isomers R1 — R5 (see Fig. 1 A) are con-
sistent with previous DFT studies, as are the vibrational normal
modes®2. AM1-MECI-OPEN(8,8) gives a chemically realistic de-
scription of S; and S,. S, is an ionic excitation with approxi-
mate Bu symmetry and a predominantly single HOMO — LUMO
character, approximately consistent with the ! Bu* label. Its exci-
tation energy is Es, = 2.71 eV which is in qualitative agreement
with the experimental value of 2.50 eV 2. The magnitude of the
TDM is |us,| = 53.2 D which represents an over estimate of 2 —3
when compared to ab initio calculated values of 15— 20D %3, Gen-
erally the Car S, TDM falls within this range and we scaled all
subsequent TDM by a factor of 3. The calculated S; state is
a covalent excitation with approximate Ag symmetry. It’s elec-
tronic character is largely double HOMO — LUMO (C[Lﬁi ~0.56),
which implies 'Ag~, but with some contribution from the 'Ag*-
type HOMO — LUMO+1 (C5! ~0.23) and HOMO — 1 — LUMO
(CI,L#1 ~ 0.24) single electron transitions. The calculated exci-
tation energy (Es, = 2.51 eV) is overestimated with respect to
the 1.77 eV observed via excited state absorption®. However,
this technique probes the relaxed S; state and the vertical en-
ergy will be significantly larger. The calculated S; TDM is signif-
icantly smaller than for S, but noticeably non-zero, |ug, | = 6.48
D. We attribute this to two factors. Firstly, as in peridinin3* we
do expect a small but non-zero TDM (Jus, | > 1.0 D) arising from
the keto-group. Secondly, whatever TDM S; possesses is due
to mixing with S, and we notice a 1% contribution from single
HOMO — LUMO (Ch ~0.10). Since the TDM of S; is system-
atically over-estimated by a factor of 3, we assume the same is
true for S; and apply the same correction to all subsequent calcu-
lations. In our previous studies 14647 we have noticed that the

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 A. Molecular structures of cis-cis Ech (showing the two end-ring dihedrals) and 5 backbone isomers (R1 — R5). B. The atomic displacements
associated with the 1% (low frequency) and the 214" (high frequency) normal modes of Ech (in vacuum). The former is responsible for out-of-plane
bending, while the high frequency mode is representative of the collection of modes responsible for C=C and C-C stretching. C. The average S,/S;
TDMs (with standard deviations shown as error bars) of R1 to R5 backbone isomers (in THF) over a short MD run. D. Ground state energy surface
(in units of kgT at 300 K) of Ech as a function of the end-ring dihedral angles. The global minimum is at [e;,&;] [50°, 50°] (magenta circle), which
represents the cis-cis configuration. A local minimum occurs at approximately [165°,60°] (red circle) which corresponds to cis-trans. Shown in the
black circle is the dihedral angle distribution approximately corresponding to Ech in OCP,, (although the two surfaces are not directly comparable). E
Variations in the S;-S; energy gap of Ech across the same surface. F. Ech BLA and S; TDM as a function of normal distortions along the 1*' (bending)

and 214" (C=C stretch) modes.

TDMs directly output by MOPAC and TDMs calculated from the
wave functions given by MOPAC differ by a factor of 2-3, with the
later being in reasonable agreement with experiment“®. The rea-
son for this is unclear but the process of calculating TDMs from
first principles for each structural snapshot is prohibitively expen-
sive. We therefore rely on re-scaling the MOPAC TDMs. While
these single point values demonstrate our calculation of Ech ex-
cited states are at least qualitatively reasonable, the calculation
of absorption spectra below provides a more convincing and intu-
itive validation.

3.2 Non-planar Distortions to Echinenone

We first considered three types of ad-hoc deformations: Backbone
isomerization, end-ring rotation and normal distortions. Isomer-
ization is the most obvious way in which inversion symmetry is
broken and we consider geometries R1 — R5 as shown in Fig. 1 A.
In Fig. 1 C we plot the average S; and S, TDM for MD trajectories
(in THF) for each with the error bars indicating standard devia-
tions. Although we see relatively large variances for each we see
almost no change in the average TDMs. Inversion symmetry has
nothing to do with S; being optically-forbidden.

End-ring rotations affect the S-S, energy gap through modu-
lation of effective conjugation length” which induce mixing and

This journal is © The Royal Society of Chemistry [year]

the borrowing of TDM by S;. Fig. 1 D shows the ground state en-
ergy (in kgT at 300K) for the surface defined by the two end-ring
dihedrals [g,e,] (see Fig. 1 A). The global minimum (magenta
circle) occurs at around [50°, 50°] which corresponds to a non-
planar cis-cis configuration and agrees with the 47° calculated
previously®°. At approximately [165°,60°] (red circle) is the local
minimum corresponding to cis-trans. We notice that both minima
are surrounded by large barriers that significantly hinder move-
ment. Fig. 1 E, which shows the variation in S-S, energy gap
across the same surface. Over the entire surface we see that the
gap varies from 0.10—0.39 eV, although the cis-cis and cis-trans re-
gions both correspond to a gap of 0.20 —0.25 eV. This potentially
results in a change in S; TDM from ~ 2 D to ~ 4 D between cis-cis
and cis-trans which is due to the change in effective conjugation
length. Additional surfaces for S; and S, transition energies and
S| TDM are shown in Supp. Fig. 11 of the ESI.

For normal distortions each mode was scanned across —1 <a; <
1 (see Eq. (2)) and the BLA and S; TDM calculated. The full data
is difficult to represent but we see two groups of vibrations (one
centred around 1100 cm~! and the other 1700 cm~!) that have
a strong effect on S-S, energy gap and therefore S| TDM. These
are associated with the optically-coupled C-C and C=C stretching
modes respectively. In Fig. 1 F we show two representative traces.
Mode 1 (Fig. 1 B) is the low frequency out-of-plane bending and
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it has little effect on S; TDM and essentially no effect on BLA. This
trend is preserved even for distortions as large as a; ~ —20 (see
below). Mode 214 is one of several modes that involve in-plane
C=C stretching. It has a calculated frequency of 1551 cm™~! which
we compare to the Raman-active v; C=C stretching band which
occurs at ~ 1550 cm~! 92, Distortions along this mode have a pro-
found effect on the BLA of the molecule. It also has a strong and
seemingly chaotic effect on the S; TDM. Two effects were noted
firstly, for distortions larger than |apj4| ~ 0.1 S; and S, cross, we
have corrected for this in Fig. 1 F by always denoting the predom-
inantly double HOMO — LUMO state “S;” regardless of energetic
position (although as they approach degeneracy the distinction
becomes meaningless). Secondly, as |a14| > 0.1 the BLA of the
conjugated chain is so strongly-perturbed that the active space
becomes unstable and the calculations unreliable (see ESI, Supp.
Figs. 3 and 4). Fortunately, actual distortions of this magnitude
are energetically inaccessible (it is a very “stiff” mode). Only the
steep slope about a4 ~ 0 is relevant (even in the OCP, bind-
ing pocket the Ech BLA differs little from the equilibrium value)
across the calculations are well-behaved. There are several modes
(all C=C or C-C stretching modes) that effect S; in this manner.
Additional plots showing S;-S, energy gap and C% for S; as a
function of normal distortions are shown in Supp. Figs. 12 and
13 of the ESI.

3.3 Echinenone in THF: Structural Fluctuations

Ech in THF (Fig. 2 A) remains in the linear, cis-trans configura-
tion throughout all MD trajectories due to the large barriers. In
Fig. 2 B we show the mean and standard deviation of the normal
mode decomposition of Ech snapshots (red). We show only the
contribution from Mode 1 and the major BLA-coupled high fre-
quency modes. We have to treat these with caution and remember
that they are merely a basis. For the high frequency modes BLA
changes associated with similar modes tends to cancel. The mean
contribution for each mode is zero but we see large variances
for mode 1. This reflects overall bending of the molecule. The
deviations associated with the high frequency modes are much
smaller but not insignificant. This reflects the fact that some over-
all twisting of the molecule is accessible. We can combine sev-
eral high frequency modes to reproduce this twisting without any
large net change to BLA. This cancellation effect is seen explic-
itly when we consider OCP,. Never-the-less there is some small
fluctuation in BLA which induce fluctuations in the S; TDM (see
Fig. 2 C). The average value is ug, = 1.7D, slightly smaller than
the value calculated at the DFT geometry, and 76% of snapshots
have pg, = 1—2D. The remainder represent the system sampling
twisted structures that induce significant S;-S, mixing. 1% of
snapshots represent a maximum of g, 9D. The clear correlations
between BLA, S;-S, energy gap and TDM are shown in Figs. 2
D, E and F. Essentially they show that larger BLA lower the S;-S;
energy gap and increases state mixing. This can be intuitively un-
derstood as breaking of (the already approximate) p-h symmetry
of the back bone and is unrelated to inversion symmetry.

Next we consider the absorption spectrum. Fig. 3 A and B show
the calculated spectral densities (in THF) of S; and S, respec-
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tively, with the numerical data taken directly from MD in black
and the ansatz density in red. Both have a structure characteristic
of a Car, most notably two strong under-damped peaks at 1100
and 1700 cm~! which correspond to the optically-coupled C-C
and C=C vibrations respectively. The width of the peaks come
from the fact that multiple normal modes contribute to each. A
third, low amplitude peak is present at ~ 500 cm~! implies a
small coupling of the states to lower frequency vibrations. The
amplitude of the S; density is larger than that of S, by a factor
of ~ 3. This is illustrated in Fig. 3 C where we show the high
frequency oscillations in S| and S, excitation energies. This im-
plies that our calculated S; state is much more displaced from
the ground state than S,. Translating these into absorption spec-
tra shows that our description of S, is surprisingly accurate. Fig.
4 E compares our calculated S, absorption to that measured by
Ushakov et al.®©. Other than a ~ 50 nm shift to align the two
spectra (by correcting for the over-estimate of the S, energy) no
external model was used in constructing this spectrum. The slight
discrepancy in width can be attributed to the neglect of both an-
harmonic effects in our Ech FF (blue edge) and solvatochromic
effects in our AM1-MECI calculations. Although the S; vibronic
structure is less well-characterized experimentally, the amplitude
of our spectral density, and therefore the implied Sy-S; displace-
ment, are almost certainly over-estimated. Fitting the numerical
density to the ansatz directly requires un-physically large reorga-
nization energies, resulting in a lineshape that is extremely broad
and vibronically featureless (see Supp. Fig. 14 of the ESI). This is
not consistent with two-photon absorption measurements which
show a similar width and vibronic profile to S, . In Fig. 4 F we
incorporate the calculated one-photon absorption of S; (dotted
line), where we have renormalized the amplitude of the spectral
density to match that of S,. Essentially this means we are as-
suming S| has the same vibronic structure as S,. S| appears as a
shoulder on the red edge of S, with negligible amplitude due to
the huge disparity in oscillator strength (Fig. 4 F inset).

3.4 Echinenone in OCP,: Enforced Distortions

In the OCP, crystal Ech takes on a distorted cis-trans structure
with the keto end-ring being approximately 48° deviated from
a planar trans configuration. Previous (and much longer) MD
simulations showed that this conformation is meta-stable in so-
lution®°. In our simulations the end ring of Ech very quickly re-
laxed to 32° from planar. We attribute this to the fact that we
used a specially-parameterized FF rather than a generalized one
to better reproduce the stiffness of the conjugated backbone. Fol-
lowing this initial relaxation their is no change in conformation
during our MD runs. In Fig. 1 E we add a black circle to ap-
proximately indicate the region of the potential energy surface on
which Ech moves in OCP,. As with the local minimum it is a re-
gion in which the S-S, energy gap changes a little. This region is
associated with an S; TDM in the 2 — 4D range compared to < 2D
around the global minimum. However, this is for illustrative pur-
poses only and one cannot directly compare the relaxed structure
of Ech inside the binding-pocket with an ad hoc distortion to the
vacuum structure.

This journal is © The Royal Society of Chemistry [year]
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The binding pocket also enforces significant distortions to the
backbone. Fig. 2 B shows that this is predominantly a very large
(a; ~ —18) out-of-plain bending (Mode 1). There are also very
large contributions from the high frequency modes (|a;| ~ 2) due
to the twisted geometry. Individually these distortions would be
inaccessible but the cancellation effect (see modes 214 and 215
for example) prevents any large changes to BLA. The average S
TDM ( 2.3D) is slightly increased relative to Ech in THF ( 1.7D,
Fig. 2 C), which we attribute mainly to end-ring orientation and
not some net drift in BLA. Fig. 1 D and E show now difference in
the distribution of BLA. In both cases we see large fluctuations in
S-S, energy gap and S| TDM caused by small (~ 0.06 and ~ 0.12)
fluctuations in BLA (Fig. 2 E)

If we compare the calculated S, absorption spectra with that
of Ech in THF (Fig. 4 A) we do not see a significant red-shift
(we use the same re-scaling factor) nor do we see any change in
width. We do see a slight alteration in vibronic structure with a
slightly stronger 0-0 peak. Experimentally, the 0-0 line of OCP,, 20
is red-shifted by 20 nm with respect to Ech in THF®® (Fig. 4
D). It is therefore likely that this shift is solvatochromic (we ne-
glect the protein binding pocket in our excited state calculations).
Moreover, Fig. 4 B shows we do not capture the significant broad-
ening of OCP,. This due to our neglect of solvatochromic effects,
hydrogen-bonds, and, more importantly, heterogeneous broaden-
ing. OCP, has been demonstrated to contain at least two spectral
sub-populations®2. Lastly, Fig. 4 C features the addition of S,
absorption. Although there is a net change in oscillator strength

This journal is © The Royal Society of Chemistry [year]

(it is larger by a factor of ~ 1.8) relative to Ech in THF, it is still
essentially dark.

4 Discussion

The term “symmetry forbidden” has given rise to considerable
confusion when discussing S; and its role in processes such as
NPQ. Generally it is understood in terms of inversion symmetry
and even minor deviations from a perfectly linear configuration
have been suggested as capable of producing an optically-allowed
S, state. We have shown that back-bone isomerization has no ef-
fect on the S; TDM. Actually this can be inferred from the spectral
properties of xanthophylls like 9-cis neoxanthin, but we show it
definitively here. Clearly inversion symmetry, or lack there-of,
is irrelevant, as argued by Fiedor et al. 23 Changes to conjuga-
tion, defined by BLA, are the critical factor as was shown previ-
ously3#+3), This can be related back to p-h symmetry but since
this is exact only for some pi-electron models of idealized linear
polyenes it doesn’t strictly apply to Cars. “Symmetry forbidden”
is therefore inaccurate and confusing.

However, an important question is whether Car conjugation
can be significantly perturbed by a protein binding pocket. We
show that the OCP, binding pocket - which is almost unique in
the severity of the distortion it enforces on the chromophore -
does cause changes in conjugation through alterations in the end-
ring orientations. The result is a slight change in the mean S,
TDM from 1.7 D to 2.3 D. In both THF and OCP,, the calculated
S| absorption is essentially undetectable and we can say that the
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unusual red absorption feature in OCP crystals is not related to
any “allowed S;”. It is also far too red and must be some effect
of long range order that is not obvious from the crystal unit cell.
However, we do see some tuning of the S; transition density by
the binding pocket and it is possible that this could be biologi-
cally significant. Similar effects in multi-pigment proteins such as
LHCII would alter on the inter-pigment excitonic couplings. How-
ever, it is highly unlikely that this is the sole mechanism by which
NPQ is switched on and off. The change in S; TDM is too small
to generate the order of magnitude changes in couplings that are
a feature of the NPQ mechanism 4.

Despite little net change in the S; TDM we showed that it fluc-
tuates wildly due to optically-coupled high-frequency vibrations
altering BLA. These occur on a ~ 20 fs timescale. If the Car poten-
tial surface is symmetric (as we have assumed in our calculations)
then they will average out to zero. However, if the surface is
asymmetric then optical-pumping of the C=C and C-C stretching
modes could cause some transient increase in S; TDM. It would
be interesting to see if this could be detectable in single molecule
experiments in which you have ultra-fast coherent excitation of
these modes.

In our spectral calculations we found that S; has a qualita-
tively similar vibronic structure to S,, characterized by optically-
coupled C=C and C-C stretching modes. However, the spectral
density showed that S; was far more displaced from the ground
state than S,. This was argued to be the reason for S; being
optically-forbidden by Fiedor et al. 23> However, this implies un-
physically large re-organization energies and a lack of vibronic
progression in the spectrum that is at odds with the observed
two-photon spectrum. This exaggerated displacement is likely
an artifact of the AM1-MECI method. A lack of Frank-Condon
overlap with the ground state is likely not the reason for S; being
forbidden.

In conclusion, We have illustrated how S; is optically-forbidden
due to the a lack of one-electron transition density which in turn
is defined by the degree of conjugation. Even severe distortions
cannot cause S| to become optically-allowed as alterations to BLA
are simply too stiff to be accessible. Small tuning of the transition
density is possible but is likely too small to play a critical role in
mechanisms such as NPQ. Lastly, the large-displacement model of
S is not consistent with the spectroscopic properties of Cars.
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