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Carotenoids are essential constituents of plant light-harvesting complexes (LHCs), being involved in protein
stability, light harvesting, and photoprotection. Unlike chlorophylls, whose binding to LHCs is known to
require coordination of the central magnesium, carotenoid binding relies on weaker intermolecular
interactions (such as hydrogen bonds and van der Waals forces), whose character is far more elusive.
Here we addressed the key interactions responsible for carotenoid binding to LHCs by combining
molecular dynamics simulations and polarizable quantum mechanics/molecular mechanics calculations
on the major LHC, LHCIl. We found that carotenoid binding is mainly stabilized by van der Waals
interactions with the surrounding chlorophyll macrocycles rather than by hydrogen bonds to the protein,
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Accepted 14th February 2021 the latter being more labile than predicted from structural data. Furthermore, the interaction network in
the binding pockets is relatively insensitive to the chemical structure of the embedded carotenoid. Our

DOI: 10.1039/d1sc00071c results are consistent with a number of experimental data and challenge the role played by specific
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Introduction

In plants and green algae, the light-harvesting complexes
(LHCs) are a superfamily of nuclear-encoded 21-29 kDa
membrane apoproteins binding chlorophyll (Chl) a, Chl b, and
carotenoids.” LHCs primarily work as antennae, collecting
light energy in the form of pigment excitation and delivering it
to the photosynthetic reaction centers to power photochem-
istry.> The structure of LHCs is highly conserved (Fig. 1A) and
consists of three transmembrane alpha-helices (A-C) and two
short amphipathic helices (D and E) exposed to the thylakoid
lumen.” The N-terminal and C-terminal domains are exposed to
the stroma/lumen, respectively. While the central helices are
relatively rigid and bind most pigments, the C- and N-terminal
portions and the stromal and lumenal loops between helices are
more flexible.*” The most abundant LHC is trimeric LHCII.
LHCs bind up to 15 Chls whose binding sites are highly
conserved. Chls consist of a tetrapyrrole ring (1 x 1 nm) coor-
dinating a central Mg>* ion via its four nitrogen atoms, a fifth
isocyclic ring, and a long hydrophobic phytol tail. Most Chls are
directly bound to the protein via coordination of their central
Mg by side chains of nucleophilic residues (such as His, Glu,
Gln, or Asn), while others are coordinated by water molecules,
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interactions in the assembly of pigment-protein complexes.

the protein backbone, or a lipid molecule. The Chls form two
layers roughly parallel to the membrane plane (Fig. 1A), one
closer to the stroma and one to the lumen.?

Carotenoids are accessory pigments consisting of a conju-
gated polyene chain of variable length that is often terminated
by two rings (Fig. 1B). They can be classified as carotenes (which
contain only carbon and hydrogen) and xanthophylls (which
also contain oxygen). Xanthophylls are generally found in the
LHCs, whereas the most important carotene, B-carotene, is
mostly found in the photosystem core units.® All LHCs contain
three carotenoid binding sites (named L1, L2 and N1; Fig. 1A).
The two central sites - L1 and L2 - form a transmembrane cross
close to the two central helices. While L1 always binds the
xanthophyll lutein, the occupancy of L2 changes in different
LHCs (a second lutein is present in LHCII whereas violaxanthin
is found in some minor antennas).” The N1 site is occupied by
neoxanthin (such as in LHCII) or, in some cases, by B-caro-
tene.”* The N1 carotenoid is highly bent and partly protrudes
into the membrane. A fourth carotenoid can be found in LHCII
trimers, located at the interface between monomers at the site
V1." V1 is occupied by violaxanthin or lutein,** which can be
exchanged for other xanthophyll cycle carotenoids in high
light,'*> and is typically empty in monomeric LHCs.'* The
carotenoids in all binding sites but V1 (ref. 13) are involved in
light harvesting, and the ones in L1 and L2 also have a key role
in photoprotection.””>°

Though it is well established that carotenoids are essential
for LHC folding and stability,**** the driving forces behind their
binding are not fully understood yet. Indeed, while Mg
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Fig. 1 Carotenoids and their binding sites in LHCs. (A) View of LHCII (PDB code: 1RWT)* from two opposite sides: the protein is shown in
transparent gray, Chls a in green, Chls b in cyan, carotenoids in orange (the respective binding sites are labeled). For clarity, only chlorin rings of

the Chl pigments are shown. (B) Chemical structure of carotenoids.

coordination is known to be essential for Chl binding, as
confirmed by the possibility to knock-out selected Chls via site-
directed mutagenesis,*™® carotenoid binding is thought to rely
on weaker intermolecular forces whose character is far more
elusive. As a matter of fact, the only key carotenoid interaction
partner identified so far is a conserved Tyr residue (TYR112 in
LHCII) stabilizing the binding of neoxanthin in N1.*” One
accredited hypothesis is that hydrogen bond (HB) interactions
between the ~OH groups on the xanthophyll terminal rings and
polar/charged protein residues are essential for the stability of
carotenoid binding.”® This assumption is motivated by two
pieces of evidence: (1) LHCs can only fold in the presence of
xanthophylls, but not carotenes,*"* and (2) extensive structural
data suggest that the xanthophylls are often anchored to the
protein via HBs involving conserved protein residues.”*?
However, this hypothesis contrasts several experimental results
showing that xanthophyll binding is retained when most of
these putative key amino acids are mutated.>***** Furthermore,
molecular dynamics (MD) simulations have demonstrated the
high motility of certain pigment and protein domains, sug-
gesting that the available high-resolution structures of the LHCs
might not give a complete view of the interaction patterns
between carotenoids and their environment.”?>7*

In order to determine the key elements driving carotenoid
binding, we calculated the interaction energies between

5M4 | Chem. Sci, 2021, 12, 5113-5122

xanthophylls and the surrounding protein and cofactors for
different binding sites of LHCII. The relevance of dynamic
effects in the binding properties was assessed by comparing
results from MD simulations and the crystal structure. We also
performed calculations changing the occupancy of specific
carotenoid binding pockets to investigate the influence of
carotenoid chemical and structural properties on the binding
interaction.

Methods

Molecular dynamics simulations

In this work, 3 distinct LHCII systems were simulated and
analyzed, each with an associated set of independent replicas,
for a total of 13 molecular dynamics (MD) simulations: 6
replicas of native LHCII (each ~1 ps long), 3 of LHCII binding
violaxanthin in L2 (each ~1 ps long), and 4 of LHCI with
astaxanthin in all binding sites (each ~800 ns long). The
simulations of LHCII wildtype and LHCII binding astaxanthin
were already reported in previous works,”*® whereas the 3
replicas of LHCII with violaxanthin are new.

All the simulated systems were prepared starting from the
same pre-equilibrated native system described in full detail in
Liguori et al.” Briefly, the initial simulation box of native LHCII
included one monomer of native LHCII (binding 6 Chls b, 8

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Chls a, 2 luteins, 1 violaxanthin, 1 neoxanthin and 1 1,2-dipal-
mitoyl-sn-glycero-3-phosphoglycerol, DPPG, lipid molecule)
embedded in a model lipid membrane composed of 1-palmitoil-
2-oleoyl-sn-glycero-3-phosphocholine (POPC, 344 total lipids),
solvated with more than 15k water molecules at neutral physi-
ologically relevant salt conditions (10 mM NacCl).*” The initial
structure was taken from Liu et al. 2004 (chain A, PDB 1RWT)**
with all the amino acids set in their standard protonation state
at pH 7 and including 60 interstitial water molecules. The
protocols to reconstruct the missing atoms and embed the
pigment-protein complex in the membrane are given in Liguori
et al.”

The GROMOS force field was used both for the protein
(version 54A7)*® and for the lipids and cofactors (version
53A6).7*>* In GROMOS some of the nonpolar hydrogens are
implicitly treated and were added for the interaction calcula-
tions in a second step, as explained below. The protocols to pre-
equilibrate a simulation box containing either native LHCII, or
LHCII with astaxanthin, have been reported respectively in ref. 7
and 36. We here report the details of the protocol used to
equilibrate LHCII with violaxanthin, which follows the same
rationale of the ones used for the other two systems. The pre-
equilibrated structure of native LHCII, including the complete
simulation box, was used to generate the starting simulation
box of LHCII with violaxanthin by replacing the lutein at the L2
site with a molecule of violaxanthin. This structure was first
minimized (steepest descent) and then carefully relaxed (10 ps
NVT and 40 ns NPT) at 300 K. During the relaxation procedure,
isotropic position restraints were applied on the protein back-
bone and on all of the atoms of the ligands (pigments and
DPPG), as necessary to minimize perturbation of the crystal
structure before the equilibration run.*® During the 40ns NPT
simulation, the restraints started from the high value of
10 000 k] mol™' nm™> and were gradually decreased to zero
every 10 ns. Starting from this final snapshot, 3 independent
replicas were simulated without any position restraint in an
NPT ensemble each for about 1 us. In the simulations of LHCII
with astaxanthin the site V1 was left empty.

All the NPT replica simulations were run with an integration
step of 2 fs and with constraints on all the bonds (LINCS).**
Long range electrostatics were treated with the Particle Mesh
Ewald (PME) scheme and cutoffs of 1 nm and 1.4 nm for the
short-range Coulomb and van der Waals (vdW), respectively.
Semi-isotropic coupling to a Parrinello-Rahman barostat* was
used to set the pressure to 1 bar, with a 5 ps relaxation time
constant and compressibility of 4.5 107> bar~'. Coupling to
a Nosé-Hoover thermostat* was employed to maintain the
temperature at 300 K, with a 0.5 ps time constant. All the
simulations were run with periodic boundary conditions
applied.

Interaction energy calculations

Interaction energies were calculated on frames selected every 10
ns from the equilibrated MD trajectories (after the initial ~400
ns of the unrestrained NPT simulations). For each frame, the
simulation box for all following calculations included the
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protein, all cofactors (Chls, carotenoids, and DPPG), as well as
all water, membrane lipid molecules, and ions (Na“ and CI7)
within 45 A from each atom of each carotenoid (atomic coor-
dinates of the water, lipid molecules, and ions falling within the
cutoff but outside the MD simulation box were obtained from
the adjacent periodic images of the MD simulation box). At this
stage, every frame was converted from the GROMOS united-
atom force field used in the MD simulations to an all-atom
force field used in the following molecular mechanics (MM)
and polarizable quantum mechanics/molecular mechanics
(QM/MMPol)* calculations: the Amber ff14SB** and lipid14 (ref.
46) force fields were used for protein and lipids, respectively,
whereas the pigments were described with ad-hoc parame-
ters.*”*® In the conversion between force fields, all missing
atoms (e.g., some of the nonpolar hydrogen atoms) were added
via home-made scripts interfaced with the tleap program
(Amber). For astaxanthin, a DFT-fitted force field was used.*
The structural parameters (such as dihedrals, angles, bonds)
were adapted from the available force-field of the carotenoid
zeaxanthin,” while the parameters for differing atoms were
taken from GAFF (Generalized Amber Force Field).

Before the interaction energy calculations, the converted
frames were optimized via energy minimization at MM level,
adopting the following constraints: all atoms belonging to the
protein, cofactors, and the water molecules within 2.5 A from
any cofactor were let free in the minimization, whereas for the
membrane lipids, ions and the remaining water molecules, only
the hydrogen atoms were allowed to move, with all heavy atoms
kept frozen. After optimization, the interaction energies
between the xanthophylls and their binding pocket were
calculated on a smaller system composed of the protein,
cofactors, and all water molecules within 2.5 A from any
cofactor. Increasing the latter cut-off to 3.5 A to include more
water molecules increased the electrostatic interaction energy
by less than 1% for L1 lutein, and by less than 2% for L2 lutein
in LHCII. For each snapshot, the total electrostatic and vdwW
interaction energies of each carotenoid binding site were
calculated at MM level (with the above-described force field).
vdW interactions were also calculated between the xanthophylls
and selected protein residues or pigments. The total electro-
static interaction was also calculated using the QM/MMPol** by
subtracting the energies from two different calculations: (i)
a QM/MMPol energy calculation where the xanthophyll of
choice is treated at QM level and all surrounding residues are
described through a set of atomic point charges and isotropic
polarizabilities, and (ii) a QM energy calculation of the
xanthophyll in vacuum. In all QM calculations, we used DFT
with the B3LYP functional and the 6-311G(d,p) basis set.
Further analyses were performed to identify the major electro-
static interaction partners of each xanthophyll, and extra anal-
yses were targeted to their interaction with water molecules (for
instance, identification of hydrogen bonds with the stromal/
lumenal -OH groups). Throughout this work, we only show
the results from QM/MMPol calculations of electrostatic inter-
actions, while the vdW interactions are always calculated at MM
level. Note that the electrostatic interaction energies calculated

Chem. Sci., 2021, 12, 5113-5122 | 5115


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc00071c

Open Access Article. Published on 15 February 2021. Downloaded on 5/1/2026 2:38:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

both at MM and QM/MMPol level display a very good degree of
linear correlation (Fig. S17).

The electrostatic and vdW interactions were calculated using
the same procedure on the crystal structure of LHCII (chain A,
PDB 1RWT)." Prior to MM and QM/MMPol calculations, the
structures were saturated with all missing hydrogen atoms and
subject to MM optimization, with all atoms let free in the energy
minimization.

Results
Driving forces in carotenoid binding

Uncorrelated snapshots from various MD trajectories of
monomeric LHCII from Liguori et al.” were used to compute the
interaction energies between the carotenoids and their envi-
ronment. For each binding site, the interaction was decom-
posed into electrostatic and van der Waals (vdW) contributions.
The former was calculated with the multiscale QM/MMPol**
scheme described in the Methods section, whereas the latter,
whose quantum mechanical treatment would be computation-
ally unaffordable, was approximated using a classical (AMBER)
force field.***® We recall that the QM/MMPol scheme allows to
account for the implicit effect of the charge distribution of the
carotenoid on the environment and vice versa. Tests were per-
formed to verify that the electrostatic interaction calculated
with the QM/MMPol scheme and the less expensive AMBER
force field were reasonably linearly correlated (Fig. S17).

Fig. 2 shows that, in all binding sites, the total vdW inter-
action is markedly stronger than the electrostatic interaction
(the latter including all possible HBs formed by the xanthophyll
—-OH groups). Specifically, the two centrally bound luteins (L1
and 12) have total interaction energy of 105-120 kcal mol ™", of
which only about 15 kcal mol " originate from electrostatic
terms. This implies that over 85% of their interaction with
protein and cofactors stems from vdW forces. Neoxanthin
bound in N1 displays an electrostatic interaction energy
comparable to that of the two luteins, whereas the vdW
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Fig. 2 Driving forces in carotenoid binding. Decomposition of inter-
action energy into electrostatic and vdW terms in different binding
sites of LHCII. The value of each bar represents the average over the
MD snapshots (cumulating all 6 replicas), while the error bars represent
96% confidence intervals (i.e. 2 times the standard error, with N = 323).
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interaction decreases to about 60 kcal mol ™. This results from
the reduced interaction surface of neoxanthin inside the
protein, as its conjugated chain partly protrudes in the
membrane space (Fig. 1A). The V1 binding site is normally
empty in LHC monomers and will be neglected in the following
analyses (the data in Fig. S2} confirm that the interaction of
violaxanthin in V1 of monomeric LHCII is much weaker than
that of the other binding sites).

A detailed investigation of the contribution of specific
cofactors/protein residues reveals that, for all xanthophylls, the
major vdW interaction partners are the surrounding Chl
molecules (Fig. 3-5). Indeed, the Chls possess large conjugated
rings giving rise to stacking interactions of up to 20 kcal mol
with the carotenoid conjugated chain, i.e. much larger than the
average energy of an HB (5-10 kcal mol ). The strongest vdW
interaction partners are Chl a610 > a612 > a613 for L1 lutein,
Chl a602 > a603 > a604 for L2 lutein, and Chl a604 ~ h606 >
b608 for neoxanthin. These results are explained by the prox-
imity of the m-electrons of the corresponding carotenoid-Chl
pairs and are also in qualitative agreement with calculations on
the crystal structure (Fig. 3-5, light and dark green bars). The
vdW interactions with some protein residues (especially the
aromatic and methionine residues) can also be relatively strong
(up to 5 kcal mol™"), but always weaker than those with the
nearest Chls. The values of vdW interactions between xantho-
phylls and Chls or aromatic sidechains presented here are
comparable to those calculated previously at MP2 (QM) level for
spheroidene in LH2 and for B-carotene in Photosystem 1.>%*

Fig. 3B, 4B, and 5B, illustrate the main electrostatic inter-
action partners of the xanthophylls and compare the results
from MD simulations with those from the crystal structure.
Fig. 3C, 4C, and 5C correspond to single MD trajectories and
reveal whether these interactions are stable or labile, whereas
Table 1 summarizes the occurrences of such interactions. In
nearly all cases, the strongest electrostatic interactions result
from HBs between the -OH groups of the xanthophyll
terminal rings and polar/charged amino acid sidechains or
water molecules. However, while in the MD simulations the
vdW interactions approach the values calculated for the
crystal structure and are relatively reproducible throughout
different trajectories, the HBs are often weaker and more
labile than what predicted from a static picture. This is
reasonable because the vdW interactions mostly involve the
xanthophyll conjugated linear chains, which are buried
inside the protein and are therefore relatively static, whereas
the HBs involve the terminal rings, which are more periph-
eral and flexible.”

In particular, the most stable HB for L1 lutein is between its
lumenal -OH and the -NH, group of GLN197 (ligand of Chl
a613), in agreement with predictions based on the crystal
structure. On the stromal side, however, the HB with ASP162 is
much more labile than predicted from the structure, indicating
that dynamic effects are more relevant in this region of the
complex (Fig. 3). Similarly, L2 lutein can form relatively ener-
getic but intermittent HBs with ASP47 and THR48 on the
stromal side. The extent of these interactions is substantially
reduced in the MDs in comparison to the static structure

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Interaction partners of L1 lutein. (A) Binding pocket of L1 lutein in LHCII (coordinates from the optimized crystal structure) with the main
interaction partners highlighted: Chls are in green, lutein in orange, while protein secondary structure and relevant residues are in gray, with the
polar atoms of their side chains (as well as those of lutein) highlighted in red, blue, and white, for oxygen, nitrogen, and hydrogen atoms,
respectively. (B) Average interaction energies of L1 lutein with selected residues. The red and light-green bars indicate the average electrostatic
and vdW energies, respectively, over all cumulated MD snapshots, with their error bars indicating 96% confidence interval (2 times the standard
error, with N = 323). The corresponding energies calculated on the crystal structure are shown in magenta and dark green. Only the interactions
with an average >3.0 kcal mol™ over all MD snapshots are shown. Despite averaging below the latter threshold in the MD simulations, the
electrostatic interaction energy between L1 lutein and ASP162 is also shown, as this pair gives rise to a strong HB according to the crystal
structure and in a substantial fraction of MD snapshots. (C) average electrostatic and vdW interaction energies between L1 lutein and specific
residues over each independent MD trajectory (the error bars indicate 96% confidence intervals, i.e. 2 times the standard error, with N = 60, 48,
53, 55, 55, 52 for trajectories 1-6, respectively).

(Fig. 4). On the lumenal side, an HB with a water molecule, of all MD snapshots). While the carotenoid in L1 forms at least
which is also observed in the crystal structure, is sometimes one relatively stable HB (with GLN197 at the lumen side) in all
present (giving rise to an interaction >3 kcal mol ' in over 40%  MD trajectories, the carotenoid in L2 seems to lack a stable HB
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Fig. 4 Interaction partners of L2 lutein. (A) Binding pocket of L2 lutein in LHCII (coordinates from the optimized crystal structure) with the main
interaction partners highlighted with the same color code used in Fig. 3A. (B) Average interaction energies of L2 lutein with selected residues
(color code and error bars as in Fig. 3B). (C) Average electrostatic and vdW interaction energies between L2 lutein and specific residues over each
independent MD trajectory (color code and error bars as in Fig. 3C). As for the interaction with water, the sum of the interactions with all water
molecules is indicated. However, HBs with water molecules mostly involve the lumenal —OH of lutein, as confirmed by the following statistics:
41% of all MD snapshots display an interaction >3 kcal mol™ between one water molecule and the lumenal —OH, whereas only 8% of all
snapshots display an interaction >3 kcal mol™* involving the stromal —OH.
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Interaction partners of N1 neoxanthin. (A) Binding pocket of N1 neoxanthin in LHCII (coordinates from the optimized crystal structure)

with the main interaction partners highlighted with the same color code used in Fig. 3A. The Mg of Chl a604 is colored in pink. The water
molecule coordinating Chl a604 is also shown. (B) Average interaction energies of N1 neoxanthin with selected residues (color code and error
bars as in Fig. 3B). (C) Average electrostatic and vdW interaction energies between N1 neoxanthin and specific residues over each independent

MD trajectory (color code and error bars as in Fig. 3C).

Table 1 HB partners of the LHCII xanthophylls. Occurrence of HB
contacts between xanthophylls and selected amino acids/cofactors in
native LHCII expressed as the percentage of MD snapshots with an
electrostatic attraction >3 kcal mol~* between the residues of interest.
The values shown in the table are the averages of the percentages
obtained for each independent MD trajectory plus/minus the standard
error (N = 6). Note that the electrostatic interaction between N1
neoxanthin and Chla604 is not an HB, as it involves the oxygen of the
—OH group of neoxanthin and the Mg of the Chl, mostly

L1 partners % L2 partners % N1 partners %
ASP 162 28 £16 ASP 47 38 £17 TYR 112 54 £15
GLN 197 87 +4 THR 48 35+ 15 CLA 604 34+9

Water (lumen) 41 +9

partner. A similar behavior is observed in the other LHCII
variants analyzed in this study (see following sections).

The main electrostatic interactions for N1 neoxanthin
(Fig. 5) involve the ~OH group inside the protein, which can
form an HB with the ~-OH of TYR112, or interact with the Mg of
Chl a604. These two interactions are mutually exclusive, indi-
cating that this binding pocket assumes different conforma-
tions* (Fig. 6). In this respect, the crystal structure seems to
favor the interaction of neoxanthin with TYR112, while Chl a604
is coordinated by a water molecule (Fig. 5A). This water mole-
cule is lost in the MD snapshots where the Mg of Chl a604
interacts with the -OH of neoxanthin (Fig. 6B). In comparison to
the L1 and L2 sites, the N1 neoxanthin also displays a relatively
smaller number of strong interaction partners.

Varying the occupancy of the carotenoid binding sites

To understand whether LHCs adopt different binding strategies
to accommodate chemically distinct carotenoids, similar
calculations to those presented above for LHCII were performed
on two variants of this complex with altered carotenoid content:
(i) LHCII with L2 binding violaxanthin instead of lutein (as L2 of
LHCII can bind both xanthophylls, though it prefers lutein)****
and (ii) LHCII binding astaxanthin in all the internal binding

5M8 | Chem. Sci,, 2021, 12, 5113-5122

sites. The latter case is interesting because astaxanthin can
stably bind to LHCII in vivo* although it differs from the native
xanthophylls from a chemical perspective (it is a keto-
carotenoid; Fig. 1B).

When bound to L2, violaxanthin displays an increased
electrostatic interaction in comparison to lutein (Fig. 7A), as
a consequence of its larger affinity for ASP47 at the stroma
(Fig. 7B), although the interaction remains intermittent (Table
S1}). The vdW interaction energy of violaxanthin in L2 is slightly
lower than for lutein (Fig. 7A), although the overall interaction
pattern with the nearby residues is very similar (Fig. S31). When
the two contributions are summed, the total interaction ener-
gies of the two xanthophylls in L2 do not differ significantly. In
the case of astaxanthin bound to L2, the vdW interaction is not
significantly different from that of lutein (Fig. 7A). However, the
electrostatic interaction is substantially larger due to the
increased affinity for water at the lumenal side caused by the
additional carbonyl group on the astaxanthin terminal ring
(Fig. 7B and Table S1}). In comparison to lutein and viola-
xanthin, the stromal ring of L2 astaxanthin has a larger pref-
erence for THR48 and a lower preference for ASP47, due to the
repulsion between the carbonyl oxygen of astaxanthin and the
negatively charged sidechain of ASP47.

When replacing lutein with astaxanthin in L1 of LHCII, the
total interaction energy is not significantly affected (Fig. 7C). In
particular, the additional presence of carbonyl groups on the
terminal rings of astaxanthin does not affect the electrostatic
interaction, as its HB network remains essentially unchanged
(Fig. S4t). Similarly, the replacement of neoxanthin with
astaxanthin in N1 does not affect the total interaction energy to
a significant extent due to compensating effects in its electro-
static and vdW components (Fig. S51). The main interaction
partners of neoxanthin and astaxanthin in N1 are also very
similar (Fig. S67).

Discussion

Our results suggest that xanthophyll binding to LHCs is mostly
driven by vdW rather than electrostatic forces. This downsizes

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the importance of HBs in the binding thermodynamics. For
instance, according to structural data, the L1 and L2 carot-
enoids in both LHCII** and the minor antenna CP29 (ref. 9
and 55) are anchored to ASP sidechains through HBs
involving their stromal -OH groups. Due to the flexibility of
the xanthophyll terminal rings, however, these interactions
are shown to be only intermittent or, in some cases,
completely absent in the MD simulations, which is consistent
with a series of experimental results. Removal of the entire N-
terminus segment containing THR47 and ASP48 in LHCII**
or mutation of the corresponding ASP35 in CP29,*° for
instance, do not cause the loss of the L2 xanthophyll (lutein
in LHCII and violaxanthin in CP29). Similarly, mutation of
the ASP residue (ASP180) on the stromal side in CP29 does
not cause a loss of L1 lutein.?® Based on our MD simulations,
the only persistent HB involving the central xanthophylls is
between the lumenal ~-OH of L1 lutein and the -NH, group of
a conserved GLN residue (which also coordinates Chl a613).
However, previous experimental work on both LHCII***® and
CP29 (ref. 24) showed that, while the presence of this GLN is
crucial for Chl a613 binding, it is not required for L1 stability.
Although the aforementioned experimental data on LHCs do
not provide clear indications in this respect, it is still possible
that HBs, while still having a small weight in the total

© 2021 The Author(s). Published by the Royal Society of Chemistry

interaction, could be functional for selecting specific carot-
enoid types in other pigment-protein complexes. Such
a possibility is more evident in the single carotenoid binding
site found in the reaction center of purple bacteria.®”

While the HBs mentioned above play only a marginal role in
enthalpic terms, it is evident that xanthophyll binding is
substantially driven by vdW interactions with the surrounding
Chl macrocycles. The latters also represent the most stable
interactions, as they mainly involve the xanthophyll linear
chains and the more rigid domains inside the complex. The
xanthophylls can count on a dense network of vdW contacts
and, although exhibiting relatively strong interactions with
some of the Chls, their binding does not rely on the presence of
specific partners, which is in line with a number of experiments.
For instance, the LHCII mutants lacking either Chl a602 or Chl
a603 are relatively stable and do not lose L2 lutein,” even
though these two Chls are strong vdW interaction partners for
this binding site. Consistently, CP29 does not lose violaxanthin
in L2 when Chl @603 is knocked out®® and mutants of either
LHCII or CP29 lacking either Chl @612 or Chl a613 are stable
and do not lose lutein**?*°¢® even though both Chl a612 and
Chl a613 form strong interactions with L1 lutein. Evidently, the
absence of just one Chl is not sufficient for affecting the stability
of the two centrally bound xanthophylls. However, in the case of

Chem. Sci,, 2021, 12, 5113-5122 | 5119
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CP24, which constitutively lacks Chl a613, the knockout of Chl
a612 translates into a marked loss of lutein.?® This suggests that
the presence of at least one of these two Chls might be necessary
for L1 stability.

In comparison to L1 and L2, electrostatic terms (including
an HB to a conserved TYR residue) have a larger weight in the
binding of N1 neoxanthin, which involves a more restricted
network of strong interaction partners. This can explain why it
was easier to knockout N1 neoxanthin than the two central
xanthophylls via single-point mutations. Mutation of the
conserved TYR residue, indeed, results in a partial loss of neo-
xanthin in LHCII, CP26, and CP29.” Single-point mutants of
LHCII and CP29 lacking either Chl 606 or Chl 609 also lose
neoxanthin."*** Both mutations are localized on Helix C and
involve the loss of other nearby Chls a/b (including Chls a604
and/or Chl b608), which is consistent with our finding that
these Chls are important for N1 stability.

The replacement of the native carotenoids with other
xanthophylls does not produce marked changes in the overall
interaction patterns in any binding pocket. This is particu-
larly true for the L1 and N1 sites, whereas L2 seems somewhat
more capable of tuning its HB network based on the chemical
properties of the xanthophyll. The robustness of the L1
interaction network agrees well with the higher degree of
conservation (it binds lutein in all of the Lhcb genes)®*® and
“stiffness” observed in MD simulations®® and is consistent
with the purportedly predominant role of the L1 carotenoid
in photoprotection. Conversely, the somehow higher flexi-
bility exhibited by L2 agrees with the higher variability
observed experimentally. Indeed, the L2 sites of different

5120 | Chem. Sci, 2021, 12, 5113-5122

LHCs bind either lutein or violaxanthin. Furthermore,
despite preferring lutein, the L2 site of LHCII itself is not
entirely selective and can also bind violaxanthin, depending
on the composition of the pigment mixture available upon
folding." In this respect, our results suggest that the inter-
action energies of lutein and violaxanthin in L2 are not
significantly different, implying that the higher selectivity for
lutein in LHCII observed experimentally should stem from
structural, entropic, or kinetic factors.

In conclusion, while our work makes sense of numerous
experimental data showing that the HBs predicted by the
crystal structure are not a decisive factor for carotenoid
binding, an open question remains: why can LHCs fold only
in the presence of xanthophylls but not carotenes (which lack
oxygen and cannot form HBs)? Based on our results, we
suggest that the -OH groups of xanthophylls are specifically
required for assisting the folding kinetics and might be
involved in transient interactions that elude those present in
the structural data.
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