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ARTICLE INFO ABSTRACT

The attribution of quantum beats observed in the time-resolved spectroscopy of photosynthetic light-harvest-
ing antennae to nontrivial quantum coherences has sparked a flurry of research activity beginning a decade
ago. Even though investigations into the functional aspects of photosynthetic light-harvesting were supported
by X-ray crystal structures, the non-covalent interactions between pigments and their local protein environment
that drive such function has yet to be comprehensively explored. Using symmetry-adapted perturbation theory
(SAPT), we have comprehensively determined the magnitude and compositions of these non-covalent interac-
tions involving light-harvesting chromophores in two quintessential photosynthetic pigment-protein complexes
— peridinin chlorophyll-a protein (PCP) from dinoflagellate Amphidinium carterae and phycocyanin 645 (PC645)
from cryptophyte Chroomonas mesostigmatica. In PCP, the chlorophylls are dispersion-bound to the peridinins,
which in turn are electrostatically anchored to the protein scaffold via their polar terminal rings. This might be
an evolutionary design principle in which the relative orientation of the carotenoids towards the aqueous en-
vironment determines the arrangement of the other chromophores in carotenoid-based antennas. On the other
hand, electrostatics dominate the non-covalent interactions in PC645. Our ab initio simulations also suggest full
protonation of the PC645 chromophores in physiological conditions, and that changes to their protonation states
result in their participation as switches between folded and unfolded conformations.

1. Introduction

Almost all life on Earth depends on photosynthesis, through which
solar light energy is converted into chemical energy by algae, plants
and photosynthetic bacteria [1-3]. Over billions of years of evolu-
tion, these photosynthetic organisms have evolved structurally complex
machinery to make such a conversion of energy possible. In the di-
noflagellate Amphidinium carterae and cryptophyte Chroomonas mesostig-
matica, the first step of photosynthesis involves highly quantum effi-
cient ultrafast down-conversion of the solar photon in their respec-
tive photosynthetic light-harvesting pigment-protein complexes (peri-
dinin chlorophyll-a protein (PCP) and phycocyanin 645 (PC645) re-
spectively) into electronic excitation energy [4,5]. This is made possi-
ble by the structural interactions between the chromophores and their
surrounding protein scaffold that tunes the photophysical properties
of the pigments. Thus, quantitative-level
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knowledge of these interactions in photosynthetic pigment-protein an-
tennas may prove instrumental towards the design of highly efficient
photovoltaics [6].

These pigment-protein complexes are highly water-soluble and are
thus found in the thylakoid lumen [2]. In addition, they have a com-
mon functional aspect: the intra-complex energy transfer quantum ef-
ficiency is close to unity [1]. However, striking differences are re-
vealed upon inspection of the X-ray crystal structures [7,8]: [1] the
main chromophores in PCP are peridinin, a carbonyl carotenoid, and
chlorophyll-a, a large conjugated tetrapyrrole macrocycle, while those
in phycobiliproteins are linear tetrapyrroles known as bilins. [2] In con-
trast to the close packing arrangement of the peridinin and chloro-
phyll-a molecules in PCP, most of the bilins in PC645 are not in van
der Waals contact with each other. [3] The purse-like cavity hold-
ing the peridinin and chlorophyll-a molecules is formed by 14 « he-
lices from a single polypeptide, while the phycobiliprotein PC645
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possesses a quaternary structure comprising four polypeptides (Fig. 1).

Contrasting with the plethora of investigations into the overall func-
tion [4,9-42] of the above-mentioned proteins (assisted by the three-di-
mensional structures obtained from X-ray crystallography [7,8]), re-
search into specific structural aspects that foster their efficient light-con-
version function, such as non-covalent interactions [43] among pig-
ments and their immediate environment, has been minimal. These
non-covalent interactions hold and shape the conformations of chro-
mophores, thus influencing their electronic properties [44-46]. How-
ever, traditional energy transfer models within these pigment-protein
complexes take a more empirical route with the environment around the
chromophores considered as a ‘bath’ of harmonic oscillators [47], or as
a distribution of atomic charges and polarizabilities [45,48]. These ap-
proaches do not capture the quantum mechanical phenomenon arising
from dynamic electron correlation lurking in non-covalent interactions
— London dispersion [49], which can sometimes approach the strength
of covalent bonds [50]. An ab initio description of structural interac-
tions accompanying excitation energy transfer may be achieved via the
consideration of these non-covalent interactions. To this end, we turn
to calculations of these non-covalent interactions to glean further struc-
tural insights [51].

Computations of non-covalent interactions are broadly classified
into two approaches — super-molecular and perturbational [52]. In
the super-molecular approach, the interaction energy is obtained from
subtraction of the energies of the individual monomers from the en-
ergy of the cluster. In the perturbational approach, the interaction
energy is treated as a perturbation and computed directly. We

Fig. 1. Crystal structures of (A) peridinin chlorophyll-a protein (PCP) from dinoflagel-
late Amphidinium carterae and (B) phycocyanin 645 (PC645) from cryptophyte Chroomonas
mesostigmatica. (A) PCP is comprised of only one polypeptide chain, with eight peri-
dinins (PIDs; red) and two chlorophyll-a molecules (CLA; green) as the light-harvesting
chromophores. (A) The quaternary structure of PC645 is comprised of four polypeptide
chains depicted in different colors here, with dihydrobiliverdins (DBVs; orange), meso-
biliverdins (MBVs; red), and phycocyanobilins (PCBs; blue) as the light-harvesting chro-
mophores. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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are using symmetry-adapted perturbation theory (SAPT) [53-56] in this
investigation as it further enables the decomposition of the non-cova-
lent interaction energy into its four fundamental physical contributions:
electrostatics, exchange, induction, and dispersion. The electrostatic in-
teraction consists of Coulombic multipole-multipole interaction and the
overlap between monomeric charge distributions. The exchange inter-
action is a repulsive force arising from the spatial overlap of monomer
wavefunctions and the anti-symmetry consideration of the dimer wave-
function upon exchange of electronic coordinates. The induction inter-
action consists of the resulting polarization arising from the monomers'
response to each other's electric field as well as charge transfer between
monomers. Finally, the dispersion interaction is a quantum mechani-
cal attractive force arising from the dynamical correlation between elec-
trons on one monomer with those on the other.

Even though prior work using the super-molecular approach with
second-order Mgller-Plesset perturbation theory (MP2) had estimated
the magnitudes of the various =—= stacking interactions between peri-
dinin and surrounding molecules in PCP [7,15], the utilization of SAPT
herein undoubtedly offers a deeper level of insight towards the synthetic
biology of such pigment-protein complexes, as the choice of functional
groups in the design of chromophores will be informed by the composi-
tion of their respective non-covalent interactions. These design consider-
ations complement those underpinning electronic properties that make
possible relevant functional properties [46,57].

In this work, we present the results of sSAPTO/jun-cc-pVDZ cal-
culations made upon various X-ray crystal substructures of PCP and
PC645, after geometry optimization of the hydrogens using B3LYP den-
sity functional theory in Gaussian 16 [58]. We demonstrate that, even
though the interchromophoric non-covalent interactions in PCP are
dispersion-dominated, the peridinins are electrostatically anchored to
the protein scaffold via their terminal rings. We also show that the
bilins in PC645 possess electrostatics-dominated interactions. The in-
teractions between the bilins and surrounding amino acids are signifi-
cantly stronger than those in PCP. Furthermore, we illustrate, via quan-
tum chemical simulations, that changes in the protonation states affect
the nature of the non-covalent interactions between the bilins and sur-
rounding amino acids in PC645. Thus, in addition to the amino acids,
the bilins are possibly active participants in the pH-dependent structural
integrity of the cryptophyte phycobiliproteins.Methods.

1.1. Geometry optimization

Pigment-protein substructures (chromophores and surrounding
amino acids) were obtained from the crystal structures of PCP (PDB en-
try 1ppr) [7] and PC645 (PDB entry 4LMS) [8]. For PCP, the choice
of amino acids included one set with the alpha carbons on the amino
acids replaced with hydrogens (this is similar to structures used by Hu
and coworkers [51]), and another set determined by Poseview [59]. For
PC645, only one set of simulations was informed by PoseView. Hydro-
gens were added using Gaussview 6. Geometry optimization involving
only hydrogens were carried out first at the B3LYP/6-31G(d,p) and later
at the B3LYP/6-31 + +G(d,p) levels of theory using Gaussian 16 [58]
(Gaussian, Inc.) software.

We have further carried out geometry optimizations, in which only
the dihedral angles are frozen, at the B3LYP/6-31G(d,p) level of the-
ory for PID612 and PC645 MBV from the collection of Poseview sub-
structures. Even though deviations of ~4kcalmol-! (PID612) and
~100kcalmol~! (PC645 MBV) were found for the calculated total
non-covalent interactions, the ratios between the electrostatics and dis-
persion contributions remained unchanged. Thus, we believe our con-
clusions pertaining to the dominance of electrostatics or disper-
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sion in the various substructures to be remain valid despite geometry
optimization of only the hydrogens.

1.2. Non-covalent interaction calculations

Since fairly large systems were considered here, scaled SAPTO (sS-
APTO0) method using the jun-cc-pVDZ basis set as recommended by
Sherrill and coworkers [60] was used. SAPTO treats the monomers at
the Hartree-Fock (HF) level and adds the dispersion contribution ob-
tained from second-order perturbation theory to a HF dimer calcula-
tion, which yields the exchange, induction and electrostatic terms. This,
when coupled to the jun-cc-pVDZ basis set, results in a highly inexpen-
sive but accurate quantum chemical method to calculate non-covalent
interaction energies. This approach was shown to be accurate to about
0.5kcalmol~ across four non-covalent interactions via benchmark sets
by Sherrill and coworkers [60]. Note that the orbital angular momen-
tum truncated Dunning correlation-consistent basis set utilized here is
similar in idea to the 6-31G*(0.25) basis set used by Hu and cowork-
ers [51]. Pairing sSAPTO with the jun-cc-pVDZ basis set makes use of
a fortuitous cancellation of error when paired with the sSSAPTO method
[60] in conjunction with a reduction in computation effort. Nonetheless,
this approach allows us to acquire a semi-quantitative picture of the in-
teraction energies between constituent molecules in these pigment-pro-
tein complexes with minimal computational effort. We further note that
the utilization of the jun-cc-pVDZ basis set corresponds to ~2500 basis
functions for the largest system investigated in this work.

sSAPTO/jun-cc-pVDZ simulations were carried out using the
open-source Psi4 software [61].

2. Results and discussion

2.1. Comparison between sSAPTO/jun-cc-pVDZ calculations and MP2/6-
31G*(0.25) calculations of Hu and coworkers

We begin our discussion of PCP with a comparison of our methods
with those from a prior investigation by Hu and coworkers [51]. In par-
ticular, we focus on two sets of non-covalent interactions that were in-
vestigated in their work: PID623 and PID624 with one of the surround-
ing amino acids, and PID624 with CLA602. The alpha carbons of the
amino acids in the former case and almost all the nonpolar alkyl sides on
both peridinin and chlorophyll-a in the latter case were replaced with
hydrogens. These structural truncations were carried out then so as to
not exceed the computational specifications of desktop computers avail-
able at that time. Hu and coworkers calculated intermolecular non-co-
valent interactions of these structures at the MP2/6-31G*(0.25) level of
theory after optimization of the hydrogen coordinates at the HF/6-31G*
level of theory. In order to demonstrate the validity and accuracy of
our approach, we have optimized hydrogen coordinates using B3LYP/
6-31+ +G(d,p) and subsequently calculated those non-covalent inter-
actions using sSAPTO0/jun-cc-pVDZ for these truncated substructures.

Our results were close to those calculated by Hu and coworkers,
as shown in Table 1, suggesting that our approach was reasonable.
Among the non-covalent interactions between peridinin and an amino
acid, the largest difference came from the peridinin623 — tyrosine270
(PID623 — Y270) pair with —0.63kcalmol~! and the smallest differ-
ence from the peridinin624 — phenylalanine304 (PID624 — F304) pair
with —0.32kcalmol~!. Given that the 0.5kcalmol~! accuracy [60] of
sSAPTO/jun-cc-pVDZ was determined using 4 benchmark datasets of
non-covalent interactions, we believe our SAPT results to be slightly
more accurate.

We also simulated the molecular pairs (involving peridinin and
the amino acids) without any structural modifications. However, the
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Table 1

Comparison between intermolecular interaction energies (in kcal mol~ [1]) obtained us-
ing sSAPTO/jun-cc-pVDZ and those obtained by Hu and coworkers [51] using MP2/
6-31G*(0.25) with basis set superposition error (BSSE) correction on truncated substruc-
tures. Calculated results from unmodified substructures demonstrates the sensitivity of in-
termolecular non-covalent interactions to molecular geometries.

sSAPTO/jun- MP2/ Difference between

Substructures cc-pVDZ 6-31G*(0.25) SAPTO and MP2

PID623 — Y270 -7.88 -7.25 —0.63

PID623 — Y270 —-8.40 - -1.15
(unmodified)

PID624 — F301 -3.84 -3.77 -0.07

PID624 — F301 -3.15 - 0.27
(unmodified)

PID624 — F304 -2.03 -1.71 -0.32

PID624 — F304 0.03 - 1.74
(unmodified)

PID624 — CLA602 -13.80 -11.52 -2.28

PID624 — CLA602 -23.70 - -12.18

(unmodified)

results obtained demonstrate a greater spread of deviations from the
results obtained by Hu and coworkers, highlighting the sensitivity of
calculated intermolecular interaction energies to the exact molecular
structures used. For example, inclusion of the alpha carbon and asso-
ciated functional groups on F301 and F304 yielded a slightly positive
intermolecular interaction energy. Inspection of the structures of the
PID624 — F301 and PID624 — F304 molecular pairs shows that the
carboxyl functional groups of F301 and F304 to be more than and about
5A away from, respectively, the carbonyl group oxygen of the peri-
dinin moiety. This is further confirmed in Table 2, in which we pre-
sent the breakdown of the non-covalent interactions into the four phys-
ical contributions: electrostatics, exchange, induction and dispersion.
The positive electrostatic interaction energies are 0.55kcalmol™! and
2.33kcalmol~! for the respective above-mentioned unmodified struc-
tures. These values differ from the marginally attractive electrostatic in-
teraction energies of —0.60 kcalmol~! and -0.59 kcal mol~! for the struc-
tures lacking the alpha carbon. The other interaction energy compo-
nents, as shown in Table 2, were relatively insensitive to the inclu-
sion of the alpha carbon. On the other hand, inclusion of the alpha
carbons on Y270 does not alter the total interaction energy signifi-
cantly, since the carboxyl functional groups are more than 5A away
from the lactone ring of the respective peri-

Table 2

Comparison between components in intermolecular interaction energies (kcalmol~ [1])
obtained using sSAPTO/jun-cc-pVDZ and those obtained by Hu and coworkers using HF/
6-31G*(0.25) and MP2/6-31G*(0.25) with BSSE correction. [EL: Electrostatic, EX: Ex-
change, I: Induction, D: Dispersion].

HF and MP2
using
Substructures sSAPT0/jun-cc-pVDZ 6-31G*(0.25)
EL EX I D EL D
PID623 — Y270 —4.57 11.34 -1.35 -13.30 -0.87 -11.55
PID623 — Y270 —4.00 12.85 -2.70 -14.55 - -
(unmodified)
PID624 — F301 —0.60 3.02 -0.36 -5.91 -0.08 -5.91
PID624 — F301 0.55 2.95 —-0.59 —6.06 - -
(unmodified)
PID624 — F304 -0.59 1.61 —-0.41 —2.64 -1.03 —2.24
PID624 — F304 2.33 1.57 —-0.90 -2.97 - -
(unmodified)
PID624 — CLA602 —6.00 9.13 -2.02 -14.91 -6.01 -12.28
PID624 — CLA602 -8.87 15.31 -2.80 -27.35 - -

(unmodified)
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dinins. This is reflected as insignificant differences between electrostatic
interaction energies for the modified and unmodified PID623 — Y270
molecular pairs as shown in Table 2.

The biggest difference between our results and those obtained by Hu
and coworkers involved the non-covalent interaction between PID624
and CLA602. Our SAPT calculations predicted a total non-covalent in-
teraction energy that is 2.28 kcalmol~! (Table 1) more attractive for the
modified substructure and slightly more than twofold attractive for the
unmodified case. In the modified substructure, most of the difference
resulted from a more attractive dispersion interaction, while SAPT-pre-
dicted electrostatic interactions were similar. Compared to sSAPTO/
jun-cc-pVDZ, which is known to predict under-bound values for disper-
sion dominated complexes from benchmarks [60], MP2/6-31G*(0.25)
might be further underestimating the magnitude of dispersion interac-
tions. On the other hand, the results for the unmodified substructure is
unsurprising as the curled-up phytol tail of CLA602, which was posi-
tioned close to the??-conjugated system of PID624, was previously omit-
ted. This likely resulted in a large decrease of the dispersion interaction
as shown in Table 2. In addition, the values of non-covalent interactions
and the four physical contributions are close to those between PID614
and CLA601 (shown in Table 3), which is expected on the basis of the
symmetry of PCP. Thus, omission of the phytol tail of chlorophyll-a re-
sults in underestimation of the non-covalent interaction between chloro-
phyll-a and the surrounding peridinins.

Furthermore, Table 2 shows that the PID623 — Y270 substructure
has the largest interaction energies in all four categories of constituent
interactions, out of the three molecular pairs involving peridinin and
an amino acid. This is due to the large electrostatic interaction with
the polar hydroxyl side chain, and the largest-value dispersion inter-
action between the face-to-face orientation of the aromatic ring with
the??-conjugated system of the peridinin molecule. The largest-valued
exchange interaction energy in this pair also implies that PID623 and
Y270 possesses the greatest wavefunction overlap out of the three mol-
ecular pairs. Thus, we have demonstrated that SAPT easily yields sig-
nificant insight into the composition of the non-covalent interactions
arising from intermolecular arrangement between peridinins and amino
acids in PCP.

2.2. Intermolecular Interactions among PCP Chromophores

We now explore the non-covalent interactions between different
pairs of PCP chromophores. Since the two halves of PCP are sym-
metric with respect to each other, we shall restrict ourselves to the
chromophores in the half with CLA601. Fig. 3 shows that the total
interaction energies between the different pairs of chromophores are
larger than the total interaction energies between peridinin and one
amino acid as presented in Table 1 by at least a factor of two. The to-
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PID 623

“'\‘ Y270
Fig. 2. Arrangement of three amino acids (cyan) with PID623 (red), PID624 (red) and
CLA602 (green). Note the almost n-stacking arrangement between Y270 and the lactone

ring of PID623. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

tal interaction energies presented in Fig. 3(b) for three of the four peri-
dinin-chlorophyll pairs are larger than that of the PID624 — CLA602
molecular pair computed by Hu and coworkers. This can again be
mainly attributed to the exclusion of the phytol tail of chlorophyll-a,
which reduces the overall dispersion contribution, generally by a fac-
tor of two, to the total interaction energy. Inspection of the four peri-
dinin-chlorophyll-a structures confirms this assessment. Fig. 3 demon-
strates that the phytol tail is in the plane containing the??-conjugated
system of peridinin in the PID613 — CLA601 pair, while in the other
three peridinin-chlorophyll-a combinations, the phytol tail is directly
above the peridinin??-system. As a result, the dispersion contribution is
the smallest in the PID613 — CLA601 system Figs 2 and 5.

2.3. Intermolecular Interactions in PDB Poseview Structures of PCP and
PC645

We now turn our attention to non-covalent interactions and their
four fundamental physical contributions in the various substructures
in PCP and PC645 as determined by PoseView. Poseview is a soft-
ware that automatically generates two-dimensional representations of
molecular complexes based on the following five interactions among
those molecular constituents: hydrogen bonds, metal interactions, = —
cation interactions, = — n interactions and hydrophobic interactions.
Each of these types of interactions can be considered to be combi-
nations of the four fundamental physical contributions to non-cova-
lent interactions. We emphasize that Poseview does not map out the
entire binding pocket of each chromophore, so not all the non-cova-
lent interactions around each chromophore are accounted for. Thus,
the values presented in Fig. 6 are not truly representative of those
occurring in the protein due to the non-additive nature of non-co-
valent interactions. Nonetheless, we believe that they provide a
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Fig. 3. (a) Arrangement of peridinins (PID) 611 to 614 (red) around chlorophyll-a (CLA) 601 (green) in the crystal structure of PCP. Note how the phytol tail of CLA601 is positioned
above the plane containing the??-conjugated backbone of PID611, 612 and 614, but not PID613. (b) Interaction Energies (kcalmol-1) between pairs of peridinin and chlorophyll-a in PCP
using sSAPTO/jun-cc-pVDZ. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Substructures of (A) DBV, (B) MBV, (C) PCB, and (D) PID612 with their surrounding amino acids as determined by Poseview. The amino acids in (A), (B) and (C) are colour-coded
yellow and green to indicate their positions on different polypeptide chains. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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between PID612 and the chromophores in PC645. Plots showing the effects of increasing protonation of (b) DBV, (c¢) PCB and (d) MBV upon non-covalent interactions.

good first glimpse into the non-covalent interactions surrounding pho- each substructure approached or attained the strength of a typical
tosynthetic chromophores, especially in PC645. In addition, we note covalent bond (~100kcalmol™) [62,63], despite the incomplete rep-
that the total non-covalent interaction energy presented for resentation of the binding pocket around each chromophore. This
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highlights the importance of non-covalent interactions in maintaining
the structural integrity of these photosynthetic pigment-protein anten-
nae.

Starting with the Poseview-generated substructure of PCP, we show
electrostatics to be slightly dominant in this substructure, as both
Lys124 and Ser203 form hydrogen bonds with the hydroxyl and car-
bonyl groups on the respective ends of the PID612 terminal rings (Fig.
6a). This contrasts with the earlier PCP substructures in which the dis-
persion interaction is the dominant non-covalent contribution (Fig. 4b).
The presence of these hydrogen bonds between the peridinin terminal
rings and the protein scaffold that protrude into the aqueous medium
surrounding PCP might be an evolutionary structural design principle,
since similar arrangements can be seen in other carotenoid-based pho-
tosynthetic antennas [64,65]. Thus, the peridinin terminal rings, while
playing no significant role in peridinin photophysics [29,66], might be
key structural motifs anchoring peridinins electrostatically to the pro-
tein scaffold. The chlorophylls are, in turn, indirectly anchored to the
protein via dispersion-dominated interactions with the peridinin.

It is striking that Fig. 6 shows the total non-covalent interaction en-
ergies between the bilins and the surrounding amino acids in PC645
to be at least a factor of two greater than those involving the peri-
dinins in PCP. However, this may be due to the inclusion of only three
amino acids surrounding PID612 as determined by Poseview. In PC645,
the highest values in each of the non-covalent interaction contribution
add up to give the strongest non-covalent interaction involving phyco-
cyanobilin (PCB) chromophores.

Electrostatics is the largest contribution to the overall non-covalent
interactions between the bilins and surrounding amino acids in the phy-
cobiliproteins; in terms of absolute magnitude, electrostatic interaction
is slightly more than twice that of the exchange, induction and disper-
sion interactions in both PCB and mesobiliverdin (MBV). The excep-
tion to the trend involves the dihydrobiliverdin (DBV) of PC645, where
the electrostatic interaction is marginally the largest, as it is almost the
same magnitude as the other two attractive interactions. We point out
that the dominance of electrostatics in the total non-covalent interac-
tions between the bilins and the surrounding amino acids in the phyco-
biliprotein is strikingly different from the dominance of dispersion be-
tween the chromophores in PCP. This might be due to the prevalence of
charged and polar chemical functional groups on the bilins as compared
to peridinin and chlorophyll-a. This prevalence can be considered to be
a structural functionality enabling the high water-solubility of PC645.
However, the overwhelmingly large electrostatic interaction values in-
volving the bilins might also be a reflection of the tendency of sSAPT0/
jun-cc-pVDZ to give over-bound values in hydrogen-bound complexes
[60].

Comparing their location within the PC645 crystal structure, which
includes trapped water molecules, PCB and MBV are more exposed to
the solvent environment in contrast to DBV. Even though we did not in-
clude these water molecules in our calculations, the stronger attractive
non-covalent interactions between PCB and MBV with the surrounding
amino acids than in the case involving DBV suggests that the non-co-
valent interactions between PCB and MBV and water molecules may be
large. This is very likely given the strong electrostatic interactions seen
in Fig. 6. Thus, the large non-covalent interactions observed here might
help to overcome those between the bilins and the aqueous environ-
ment, thus enabling stabilization of the protein structure. Even though
both phycobiliproteins and PCP exist in the thylakoid lumen [2], such
a scenario contrasts heavily with that of PCP, in which the peridinin
and chlorophyll-a molecules are more shielded from a likely similar
aqueous environment by the polypeptide than any of the bilins. Since
the bilins are surrounded by amino acids from different polypeptide
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chains, another possibility involves the bilins being active participants
in maintaining the integrity of the quaternary structure of the phyco-
biliproteins, in addition to their light-harvesting functional properties.

In order to test this hypothesis, we added protons to the pyrrolic
amine and carboxyl groups of the bilins, mimicking processes that might
occur upon a decrease of pH in the thylakoid lumen during periods
of high solar intensity [40,67]. We would like to point out that these
SAPT calculations were executed using protonated bilins at unproto-
nated geometries, which can be considered to be reflective of the forces
arising immediately from protonation. Proceeding first with the amine
groups since they are likely to be the first to be protonated upon a de-
crease of pH, we observe that the total interaction energies for all three
PC645 bilins have decreased in magnitude but remained attractive. This
corroborates with a contemporaneous work with our collaborators from
the Curutchet group demonstrating that the bilins remain possibly fully
protonated [68] at the amine group in physiological conditions [40], as-
suming that the weakened but attractive non-covalent interactions do
not drastically alter the overall PC645 structure.

Let us now suppose that the solar illumination is so high that even
carboxyl groups are protonated. Upon protonation at the carboxyl group
closest to Tyr18B (the 18th amino acid, which is a tyrosine on polypep-
tide chain B) and Lys40A, the electrostatic interaction and the total
non-covalent interaction involving MBV decreased by a factor of two,
Simultaneously, the exchange and induction interactions decreased by
7.40kcalmol™! and 18.68kcalmol™! in magnitude respectively. This
likely reflects the decrease in spatial extent of the electronic wavefunc-
tion upon protonation. The dispersion interaction showed the least re-
duction in magnitude at 1.42kcalmol~!. In the case of DBV, driven by
an unexpected six-fold increase in the exchange interaction upon pro-
tonation at the carboxyl group closest to Alal36B and Ile133B, the to-
tal non-covalent interaction became repulsive. This is despite the nearly
fourfold increase in the attractive electrostatic interaction. Thus, it is
possible that the overall PC645 structure falls apart at extremely low pH
due to the overall repulsive non-covalent interactions, leading to denat-
uration of the protein [67]. Since unprotonated bilins possess a charge
of —2, protonation of the bilins decreases the magnitude of this negative
charge. This decreases the hydration free energies between the bilins
and the aqueous solvent. Noting that the amino acids around MBV and
DBV belong to different polypeptide chains, we can now consider that
such protonation states (at unprotonated geometries) corresponding to
low pH in the thylakoid lumen (possibly under high solar illumination)
to be switches towards unfolding the native quaternary conformation
driven by repulsive non-covalent interactions and decreasing hydration
free energies. This supports earlier work demonstrating denaturation of
the phycobiliproteins under low pH conditions [67].

We would like to emphasize that the non-covalent interactions cal-
culated in this work give an ab initio glimpse into the intermolecular
forces that hold the complex together. In addition to the consideration
of interplay with hydration free energies mentioned in the preceding
paragraph, the rest of the protein can polarize or screen these non-co-
valent interactions. We have not included the effects of polarization or
screening by the rest of the protein because [1] the computational cost
of including the rest of the protein quantum chemically is undoubt-
edly enormous, and [2] including polarizable continuum methods [69]
(PCM) for SAPT calculations would be ideal, but this has yet to be im-
plemented in the current version of Psi4 for SAPT calculations. Further-
more, since the non-covalent interactions have a limited spatial range,
inclusion of a PCM might not significantly change the results obtained.
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3. Conclusion

In this work, we first validated the SAPT approach by demonstrat-
ing the similarity of our results to those obtained by Hu and cowork-
ers for non-covalent interactions involving PCP peridinin and surround-
ing amino acids. Information, in the form of exchange and induction
interactions provided by SAPT, grants us additional physical insight
into the spatial extent of the wavefunctions and polarizability of the
electronic densities of the constituent molecules. The dominance of
dispersion in the non-covalent interactions in PCP arises from a lack
of charged or polar chemical functional groups on constituent chro-
mophores, and also reflects their structural arrangement within a pocket
shielding them from the aqueous environment. In addition, we demon-
strated that the chlorophyll-a phytol tail makes a large contribution to
the dispersion interaction between peridinin and chlorophyll-a; the dis-
persion interaction decreases by nearly a factor of two if the phytol tail
is excluded. This highlights the sensitivity of quantum chemical calcu-
lations of non-covalent interactions to the starting geometry. We have
also investigated Poseview-generated substructures and found that, col-
lectively, non-covalent interactions around chromophores in both PCP
and phycobiliproteins can be almost as strong as or even stronger than a
single covalent bond, highlighting their importance in the maintenance
of structural integrity necessary to the function of these photosynthetic
pigment-protein antennae. The Poseview substructure of PCP highlights
the role of peridinin terminal rings as electrostatic structural anchors
to the protein scaffold, while holding the chlorophylls in place via Lon-
don dispersion. In addition to the functional expansion of the absorp-
tion spectrum, the structural orientation of the carotenoids relative to
the aqueous medium can be an additional evolutionary design principle
that determines the arrangements of the other chromophores in the an-
tenna, as observed in other carotenoid-based photosynthetic antennas.
Non-covalent interactions involving the bilins in PC645 are larger by at
least a factor of two than those in PCP and are electrostatics-dominated.
This might be compensating for the greater exposure of the bilins to the
aqueous environment in the thylakoid lumen particularly in the cases
involving PCB and MBV. Furthermore, via quantum chemical protona-
tion of the bilins, it is suggestive that the bilins in PC645 play an ac-
tive structural role, as increasing protonation leads to less attractive or
even repulsive non-covalent interactions with amino acids. Thus, these
protonation states are possible switches between the native folded and
unfolded (pH-denatured) conformations.

To our knowledge, this is the first comprehensive investigation into
the non-covalent interactions involving photosynthetic chromophores
using SAPT. Even though classical methods such as molecular dynam-
ics can capture the same physical phenomenon at work via empirical
Lennard-Jones potential [70], the ab initio computational approach pre-
sented here is carried out without any dependence on empirical parame-
ters, and further captures nontrivial quantum mechanical contributions
to the structure. Furthermore, the last part of this investigation illumi-
nated possible repulsive forces at work upon protonation at a near-equi-
librium geometry of the bilins in phycobiliproteins. A change such as
this at the local level can lead to substantial global structural changes
to the pigment-protein complex signifying global protein structural be-
havior emergent from changes in local non-covalent interactions. It may
even be possible for future studies to give us a computational perspec-
tive of the non-covalent interactions accompanying optical excitation of
these photosynthetic complexes. Complimenting contemporary work us-
ing time-resolved X-ray crystallography [71], this approach could lead
to truly simulated ab initio molecular movies of the structural changes
in the protein scaffold after photon absorption [72]. These structure-
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focused studies will also undoubtedly shine further light on Nature's
design of ultra-efficient photosynthetic antenna and point us towards
building ours.
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