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ABSTRACT: We report supramolecular quantum mechanics/molecular mechanics
simulations on the peridinin−chlorophyll a protein (PCP) complex from the causative
algal species of red tides. These calculations reproduce for the first time quantitatively
the distinct peridinin absorptions, identify multichromophoric molecular excitations,
and elucidate the mechanisms regulating the strongly allowed S0 (1

1Ag
−) → S2 (1

1Bu
+)

absorptions of the bound peridinins that span a 58 nm spectral range in the region of
maximal solar irradiance. We discovered that protein binding site-imposed
conformations, local electrostatics, and electronic coupling contribute equally to the
spectral inhomogeneity. Electronic coupling causes coherent excitations among the
densely packed pigments. Complementary pairing of tuning mechanisms is the result of
a competition between pigment−pigment and pigment−environment interactions. We
found that the aqueous solvent works in concert with the charge distribution of PCP to
produce a strong correlation between peridinin spectral bathochromism and the local dielectric environment.

Inspiration and insights for the rational design of artificial
photosynthetic devices to meet growing energy demands

will benefit from a fundamental understanding of light
harvesting strategies employed by natural antenna complexes.
An exceptionally efficient antenna complex is the peripheral,
water-soluble peridinin−chlorophyll a protein (PCP) from
photosynthetic marine algae dinoflagellates. PCP collects solar
energy over the blue−green spectral region of maximal solar
irradiance with >90% efficiency.1 To realize this superlative
functionality, the main form of PCP from the species
Amphidinium carterae employs the highly substituted C37 nor-
carotenoid peridinin (Per, Figure 1a) and possesses a unique
4:1 carotenoid-to-chlorophyll a stoichiometric ratio in the N-
and C-terminal domains of the protein complex (Figure 1b).2

In this Letter, we focus on the properties of the reconstituted,
recombinant PCP complex, which is a C2-symmetric homo-
dimer of the N-terminal domain from the wild-type protein.3

Peridinin features a central heptene chromophore that is
conjugated to an allene and contains a butenolide. Both of
these exceedingly rare functionalities play a fundamental role in
shaping the photophysical response of the chromophore to the
properties of the environment.4,5

The spectroscopy of Per that is relevant for the primary
absorption event of photosynthesis concerns a strongly allowed
excitation from the ground to second excited state (S0 (1

1Ag
−)

→ S2 (1
1Bu

+))6 because absorption into S1 (2
1Ag

−) is forbidden
by symmetry selection rules. In analogy to a rigorously C2h-
symmetric polyene, the S0, S1, and S2 states are respectively
designated “11Ag

−”, “21Ag
−”, and “11Bu

+”, where the quotation
marks emphasize that the designations are approximate. For
simplicity and clarity, we will not include quotes around the
symmetry labels elsewhere.

The S0 → S2 absorption maximum is sensitive to conforma-
tional flexibility, as well as to the polarity, proticity, and
polarizability of the environment.7 Relative to the S0 → S2
absorption maximum of Per in n-hexane, (ε = 1.89, n = 1.38),
the change in solvent polarizability to carbon disulfide (ε =
2.64, n = 1.63) or polarity to acetonitrile (ε = 37.5, n = 1.34)
only induces a 16−28 nm bathochromic shift.7 However, the
four Pers bound within a functional domain of PCP (Figure
1b) are known to absorb over a 58 nm range (Figure 1c), with
distinct absorption maxima at 453, 483, 497, and 511 nm.3

Theoretical studies have failed to fully reproduce or
rationalize the Per spectral inhomogeneity.8−12 Only the most
red-shifted spectral feature has been assigned experimentally to
a specific Per (Per614, Figure 1c),3 and the appropriateness of
this 1:1 correspondence between a structure and spectral
signature of the PCP-bound Pers has recently been challenged
by the detection of a quantum coherent light harvesting
mechanism in PCP.13,14 Furthermore, it is poorly understood
how binding site-selected conformations, chromophore elec-
tronic coupling, and the heterogeneous dielectric environment
of PCP work in concert to tune the absorption of Per over an
optimal spectral range for solar energy capture.
In an effort to address these fundamental questions, we

report supramolecular quantum mechanics/molecular mechan-
ics (QM/MM) simulations that tracked the evolution of the S0
→ S2 absorption maximum from free Per in vacuum to each of
the PCP-bound Pers, as various effects were gradually
introduced. First, Per in vacuum assumed the four distinct
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binding site-selected conformations found in PCP. These four
conformers were then transferred into the electrostatic
environment of PCP, mediated by an aqueous dielectric, to
simulate the native environment of the water-soluble complex.
Finally, the Pers and Chl a of a cofactor cluster within PCP
were electronically coupled. The result of the hypothetical
progression is shown in Figure 2a and serves as a theoretical
bridge between the experimental S0 → S2 absorption maximum
of Per in n-hexane at the far left and each Per in PCP from
spectral reconstruction at the far right. Because the simulated
absorption of Per in vacuum and n-hexane (ε = 1 versus 1.89)
only differs by 2 nm, all calculations on the isolated Pers were
done in vacuum. The final simulation in the sequence, which
achieves quantitative agreement with experiment, features the
most sophisticated (fully QM) treatment of pigment−pigment
interactions in a domain of PCP to date and stands as a unique
instance for the use of implicit solvent in a large-scale
multichromophoric QM/MM simulation. Remarkably, the
inclusion of an aqueous dielectric will be shown to significantly
shape the electrostatic influence of the Per binding sites. In the
figure, each simulated absorption wavelength is color-coded to
the specific Per that exclusively or predominately carries the
excitation.
Figure 2a indicates that the binding sites in PCP

mechanically distort the chromophores to break the degeneracy
and establish an energetic ranking of the peridinin spectral
forms. The simulated S0 → S2 absorption maxima of the
conformationally distorted Pers from PCP, isolated in vacuum,
are distributed over a 19 nm range. This represents a fraction of
the 53 nm spread predicted for the same conformers
electronically coupled within the antenna complex, which is
in excellent agreement with the 58 nm spread observed
experimentally. Distortions red shift the S0 → S2 absorptions of
all of the Pers to different extents, except for Per612, which is
blue shifted, relative to the fully optimized Per in vacuum. This

is the first assessment of the conformation-induced spectral
differentiation achieved in PCP, and the effect is found to be an
important contributor to spectral tuning. Sequential addition, in
Figure 2a, of the electrostatic environment of the complex
mediated by an aqueous dielectric and chromophore electronic
coupling broadens the spectral range by an additional 16−18
nm. By “Electrostatic Environment” we mean that each Per was
taken separately into the QM region and interacted with the
static charge distributions of the other cofactors (the Pers, Chl
a, and lipid of each monomer), the homodimeric protein, as
well as the solvent. The energetic ordering of the Pers is
preserved with the exception that Per614 becomes the longest-
wavelength absorber, in agreement with experiment.3 In the
“Electronic Coupling” stage, the four Pers and Chl a (in the M
chain of the homodimer) were included in the QM region,
effectively adding polarization and delocalization effects in the
ground and excited states (i.e., excitonic coupling).
On the basis of the partitioning of effects in Figure 2a,

binding site-imposed steric constraints, electrostatic influences,
and electronic coupling among densely packed chromophores
each contribute 16−19 nm or ∼33% to the overall spectral
inhomogeneity.
To understand the interplay of interactions between

pigments and the interactions of the pigments with the
surrounding environment, Figure 2b compares the S0 → S2
absorption maxima for the distorted Pers in vacuum and PCP
with different extents of interpigment interaction. The left panel
tracks the evolution in the absorption maxima as the isolated
and distorted Pers from PCP in vacuum were assembled into
the same chromophore cluster found in the antenna complex
and electronically coupled. The right panel tracks an analogous
evolution under the influence of the aqueously solvated PCP
environment. Within the solvated PCP complex, “Distortion”
means that the absorption maximum of each distorted Per was
calculated in the absence of the nearby chromophores. In the

Figure 1. (a) Chemical structure of Per. (b) View of a cofactor cluster inside of the PCP complex consisting of four bound Per molecules and one
chlorophyll a (Chl a) encapsulated by the van der Waals surface of the protein. The lipid digalactsyldiacylglycerol is omitted for clarity. (c)
Absorption spectrum of the PCP complex with the S0 (1

1Ag
−) → S2 (1

1Bu
+) absorption transition maxima identified from spectral reconstruction in

ref 3, indicated with vertical bars. Only one of these spectral signatures has been experimentally attributed to a specific Per structure (Per614), shown
in the left figure.
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next (“Electrostatic”) stage, the other Pers and Chl a of the
chromophore assembly were introduced as partial atomic
charges to electrostatically influence the absorption of one
another. This static description of the pigment−charge
interactions was then augmented with mutual polarization
and exciton delocalization. Figure 2b indicates that electronic
coupling in the absence of the PCP environment would extend
the spectral range of the distorted Per by 21 nm and severely
blue shift Per614 from being the second longest to second
shortest wavelength absorber. Per614 only becomes the red-
most absorber when the Pers are in the electrostatic field of the
PCP complex, regardless of the presence or nature (electro-
static or electronic coupling) of interpigment interactions.
Thus, the role of the environment in establishing Per614 as the
longest wavelength absorber is consistent with the finding of
Schulte et al.3 that mutation of a single residue (Asp-89 to Leu-

89) blue shifted Per614 by 24 nm, causing this Per to no longer
be the red-most absorber. Although qualitatively, such a blue
shift is also reproduced by our model after mutating in situ Asp-
89 to Leu-89.
The difference between the noninteracting Pers in vacuum

and noninteracting Pers in PCP reflects the maximal influence
of the antenna complex environment. Introduction of the PCP
environment to the noninteracting Pers increases the spectral
spread by 30 nm and causes Per614 to be the red-most
absorber. The subsequent introduction of electrostatic
interactions among the chromophores opposes the maximal
influence of the rest of the complex and reduces the spectral
broadening by 14 nm. The net result of the expansion and
contraction in spectral inhomogeneity due to each pigment
interacting with the PCP environment and with one another,
respectively, constitutes the 16 nm electrostatic contribution to
spectral broadening mentioned above. Mutual polarization and
exciton delocalization effects recover essentially all of the
spectral spread lost through static pigment−charge interactions.
This corrective contribution corresponds to the 17 nm
attributed to electronic coupling. Another effect of electronic
coupling (Table S1) is a redistribution of predicted oscillator
strength.
In summary, steric, electrostatic, and interchromophore

electronic interactions realized in the PCP complex complement
one another by making nearly equal and additive contributions
to the S0 → S2 wavelength variation. However, competing or
opposing effects are also operative. The PCP electrostatic
environment establishes Per614 as the red-most absorbing
spectral form, whereas this Per would be the second or third
longest wavelength absorber if conformational distortion and
electronic coupling were the only factors. With regard to
spectral inhomogeneity, static interactions of the Pers with the
PCP environment and with one another, as well as static and
delocalized aspects of interpigment interactions, form pairs of
opposing effects. Thus, complementary and competing
mechanisms regulate the primary absorption event of photo-
synthesis in PCP. Most importantly, the QM/MM calculation,
incorporating all of the tuning mechanisms, captures 90% of the
experimental S0 → S2 spectral range and reproduces each of the
Per absorption signatures within 11 nm of the wavelengths
from spectral reconstruction (Figure 2a).3

Our quantitative model of electronically coupled chromo-
phores in PCP permits the first characterization of the excitons
long-suspected from circular dichroism spectra to be present in
the antenna complex15,16 but only recently inferred by two-
dimensional electronic spectroscopy.13 Figure 3 depicts the
nature of the 11Bu+ excitons from a natural transition orbital
(NTO) perspective. NTOs represent the contributing config-
urations to an excitation in terms of paired hole and particle
orbitals.17,18 Because inclusion of Chl a at the QM level
perturbed the simulated absorption maxima by ≤5 nm and for
simplicity in visualizing the NTOs, Figure 3 reports the result of
only electronically coupling four Pers while modeling Chl a and
the rest of the protein electrostatically in the MM region.
Figure 3 shows that excitations are delocalized over two Pers at
the longest and shortest wavelength absorptions and over three
Pers at intermediate wavelengths. All of the excitations involve
displacement of electron density from the allene to the
butenolide of separate Pers (Figure S1). The leading terms
for these excitations place at least 50% of the transition on a
single Per. If the spectral signatures are assigned on the basis of
the leading contributions to the simulated excitations, the

Figure 2. (a) Evolution of the 11Bu+ absorption maximum of Per as
the fully optimized structure in vacuum is transformed into the four
protein-bound forms in PCP by adding effects (distortion, electrostatic
environment, and electronic coupling). The experimental Per
wavelengths are from refs 3 and 7. All predicted transition energies
were blue shifted by 0.11 eV (∼23 nm) so that the predicted
wavelength for fully optimized Per in vacuum matched the
experimental absorption maximum in n-hexane. (b) S0 (1

1Ag
−) → S2

(11Bu
+) absorption wavelength variation as a function of differing

extents of interchromophore interactions in vacuum and within the
solvated PCP complex.
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wavelength ordering of the Per spectral forms is Per612 <
Per613 < Per611 < Per614. This result is consistent with the
experimental deduction that Per614 is the red-most spectral
form,3 confirms the previous theoretical suggestion that Per612
is the bluest absorber,9 and completes the interpretative gap
between the crystal structure and the congested solution-phase
absorption spectrum (Figure 1c).
The energetic ranking of S0 → S2 excitons is established

through geometric distortion of the Pers and only minimally
refined by other factors (Figure 2a). This conformational
spectral effect is attributable to torsional deformations that can
be understood by applying the strategy of normal structure
decomposition19,20 (NSD). The NSD approach decomposes
protein-induced cofactor conformations in terms of displace-
ments along vibrational normal modes of a reference structure.
The distinct Per conformers are well approximated in terms of
the three lowest normal coordinate deformations of a Cs-
symmetric Per (Figure 4a). Out-of-plane and in-plane
distortions of the PCP-bound Pers on the left reflect
contributions from normal coordinate displacements of the
reference structure at the right. Figure 4b shows the
corresponding spectral shifts for the crystallographic con-
formations (solid bars), as well as the contributing out-of-plane
and in-plane normal modes (vertically and horizontally striped
bars, respectively) relative to the predicted S0 → S2 absorption
maximum of the Cs-symmetric Per. All of the Pers exhibit
standing wave-type distortions. Per613 features the first
harmonic of a standing wave, whereas Per611, Per612, and
Per614 display the first overtone mode. These conformations
resemble the first and third normal modes of the Cs-symmetric
Per, respectively. Displacements along either coordinate induce
spectral bathochromism. All of the Pers also exhibit an in-plane
bowing deformation, which corresponds to a contribution from
the second normal mode. Interestingly, Per612 bows in an
opposite direction to the other Pers. Displacement of the
reference Per along this normal coordinate in the direction

exhibited by Per612 causes a blue shift, whereas bowing in the
opposite direction, as in the other Pers, induces a red shift.
Thus, we propose that this deformation mode is at least partly
responsible for the assignment of Per612 as the bluest spectral
form in PCP.
Another important observation is related to the role of

solvent. The retention of the conformationally induced
ordering of the Per spectral forms from vacuum to PCP
(Figure 2a) only holds if the native aqueous environment of the
antenna complex is included. If vacuum simulations are
performed on the chromophore cluster with or without the
rest of the PCP complex, incorrect ordering of the Pers is
obtained (Figure S2). These observations suggest a significant
spectral role (never assessed in previous literature) for the
aqueous dielectric that mediates interchromophore interactions,
as well as the anisotropic and highly charged surface of the
water-soluble complex. In support of this hypothesis, we find a
strong correlation whereby Pers surrounded by more, and
primarily hydrophobic, residues within 5 Å absorb at longer
wavelengths in the implicitly solvated complex (Figure S2).
We have demonstrated for the first time the precise blend of

complementary and competing mechanisms that tune the

Figure 3. NTO perspective of the 11Bu
+ excitons for a tetramer of Pers

within PCP in an aqueous dielectric. The environment for the Pers is
omitted for clarity. The largest contributing NTOs comprising ≥85%
of each excitation are shown with an isosurface of 0.02 au. Pers 611−
614 are colored yellow, blue, green, and red, respectively. Absorption
wavelengths and a description of the excitons in the basis of hole−
particle NTOs localized on individual Pers are provided.

Figure 4. (a) Comparison of crystallographic Per distortions (left
panel) to the most prominently contributing normal coordinate
deformations (right panel). (b) Spectral shifts for the crystallographic
Per conformers (solid bars) and the contributing out-of-plane and in-
plane normal coordinate deformations (vertically and horizontally
striped bars, respectively) relative to the predicted 11Bu

+ absorption
maximum for the Cs-symmetric Per model. For direct comparison with
the reference structure, the crystallographic Pers were truncated
(terminal rings replaced by hydrogens).
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absorption of Per in PCP over the entire blue−green spectral
region in which solar irradiance is greatest, and where Chl a has
minimal absorption. Our methods, model, and mechanistic
insights can assist the rational design of artificial photosynthetic
devices that employ wild-type or mutated PCP antennas,
bioinorganic PCP hybrids, or other bioinspired light harvesting
systems.

■ COMPUTATIONAL METHODS
A model of the reconstituted PCP complex from the highest-
resolution crystal structure available (PDB ID 3IIS; 1.4 Å)3 was
prepared. All QM/MM simulations were performed using
Qsite21 from Schrodinger Inc.22 using the Poisson−Boltzmann
finite difference (PBF) method.23 The B3LYP/LACVP* model
chemistry and the OPLSS-AA force field were used for the QM
and MM regions, respectively. Vertical excitations were
computed at the time-dependent DFT (TD-DFT) level with
the Tamm−Dancoff approximation (TDA). This methodology
has been successfully applied previously to predict carotenoid
spectra.24

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpclett.7b03211.

Details on the computational methods and vacuum
versus implicit solvent calculations (PDF)
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