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Abstract State transition is an important protection mech-
anism of plants for maintaining optimal efficiency through
redistributing unbalanced excitation energy between photo-
system II (PSII) and photosystem I (PSI). This process de-
pends on the reversible phosphorylation/dephosphorylation
of the major light-harvesting complex II (LHCII) and
its bi-directional migration between PSII and PSI. But it
remains unclear how phosphorylation/dephosphorylation
modulates the LHCII conformation and further regulates
its reversible migration. Here molecular dynamics simu-
lations (MDS) were employed to elucidate the impact of
phosphorylation on LHCII conformation. The results in-
dicated that N-terminal phosphorylation loosened LHCII
trimer with decreased hydrogen bond (H-bond) interac-
tions and extended the distances between neighboring
monomers, which stemmed from the conformational ad-
justment of each monomer itself. Global conformational
change of LHCII monomer started from its stromal N-
terminal (including the phosphorylation sites) by enhanc-
ing its interaction to lipid membrane and by adjusting the
interaction network with surrounded inter-monomer and
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intra-monomer transmembrane helixes of B, C, and A, and
finally triggered the reorientation of transmembrane helixes
and transferred the conformational change to luminal side
helixes and loops. These results further our understand-
ing in molecular mechanism of LHCII migration during
state transition from the phosphorylation-induced micro-
structural feature of LHCII.

Keywords State transition · LHCII · Phosphorylation · Con-
formation

1 Introduction

State transition is a short-term photosynthetic response of
plants for acclimating to light environment changes and
maintaining optimal efficiency through redistributing unbal-
anced excitation energy between photosystem II (PSII) and
photosystem I (PSI) on the thylakoid membrane [1–5]. This
regulation process depends on the reversible migration of
the major light-harvesting complex II (LHCII) between PSII
and PSI, the migration from PSII to PSI means dissocia-
tion of LHCII from PSII and bind to PSI, and the migra-
tion from PSI to PSII means the reverse process, i.e., the
dissociation and rebinding of LHCII to PSII or PSI. PSII
lighting that prefers PSII exciting initiates the migration
of LHCII to PSI (state 1–state 2 transition) and PSI light-
ing that favors PSI exciting induces its backward migration
to PSII (state 2–state 1 transition), by which the antenna
cross section of the rate-limiting photosystem is adjusted and
the excitation energy is redistributed [6]. Reversible phos-
phorylation/dephosphorylation, meaning the addition of a
phosphate (PO3−

4 ) group to a protein or reverse process, of
LHCII initiated by the thylakoid-associated kinase STN7 ac-
tivation/inactivation under PSII/PSI lighting is required for
its forwards and backwards migration during state 1–state
2/state 2–state 1 transitions [7]. Two main models, surface
charge model and molecular recognition model, have been
proposed to explain the migration mechanism of LHCII. The
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former proposes that LHCII phosphorylation results in struc-
tural changes of thylakoid membrane, and therefore initiate
the lateral diffusion of LHCII or the spillover of excitation
energy from PSII to PSI [8, 9]. The latter suggests that the
phosphorylated LHCII exhibits different binding specificity
for both photosystems in that the phosphorylation of the
LHCII decreases its affinity to PSII and increases its affinity
to PSI at the specific docking site through the conformational
change of LHCII itself [2, 10]. Also the assembly manner of
LHCII in the migration process remains controversial among
monomer [11], trimer [12], and aggregates [13]. Thus, the
impact of LHCII phosphorylation on structural change is an
important issue for understanding the molecular mechanism
of LHCII migration during state transition.

The basic structural and functional unit of LHCII is
the trimer. Each monomer comprises one ∼ 232 amino acid
polypeptide [14], fourteen compactly bound chlorophylls
(chls) in two varieties (a and b), four carotenoids in three
different kinds, and two different types of lipids [15]. The
secondary structure of monomeric LHCII polypeptide folds
into three membrane-spanning helices of B, C, and A, two
short helices of E and D on the luminal side, and four flexi-
ble loops on the stromal and luminal sides (cf., Fig. 1a). Chls
distribution to the respective stromal and luminal surfaces di-
rects the collection and transmission path of energy from lu-
minal to stromal chls and further to the neighboring LHCIIs
or photosynthetic reaction centers [16–18]. Spectroscopic
studies indicate that LHCII phosphorylation induce a con-
formational change of its N-terminal domain, which leads to
the disassembly of LHCII trimers into monomers [11]. How-

ever, the direct micro-structural evidences of how the LHCII
phosphorylation regulates its conformation are still missing.

Here we applied molecular dynamics simulations
(MDS) to elucidate the structural variations of pea LHCII
trimer induced by its N-terminal phosphorylation. Con-
formational dynamics between phosphorylated and non-
phosphorylated LHCII at atomic-level were compared. Key
residues in different regions and their interactions were ana-
lyzed and the potential pathway of molecular allostery was
proposed. These results would further our understanding in
the molecular mechanism of LHCII migration during state
transition.

2 Method

The crystallized LHCII trimer of pea (PDB code:
2BHW [17]) was employed with isolated polypeptides only.
The N-terminal 1-9 amino acids which are absent in the
crystallized structure were added by homology modeling us-
ing I-TASSER server for yielding the full-length structure of
LHCII trimer [19]. Based on the potential phosphorylation
sites of 3S and 5T [20], three simulation systems were built
for evaluating the impact of phosphorylation on the LHCII
conformation, as shown in Table 1. The first was the con-
trol system without phosphorylation (0P), i.e., no addition of
phosphate (PO3−

4 ) group to LHCII. The second was the one
with only 5T residue being phosphorylated (1P), and the last
was the one with both 3S and 5T residues being phospho-
rylated (2P), i.e., one phosphate (PO3−

4 ) group was added to
5T residue in 1P system, and both 3S and 5T residues were
added by phosphate (PO3−

4 ) group in 2P system.

Table 1 Summary of simulation set-up

Systems Description
Equilibration

time× runs

0P No phosphorylated LHCII trimer 50 ns× 3

1P 5T phosphorylated for all three monomers 50 ns× 3

2P Both 3S and 5T phosphorylated for all three monomers 50 ns× 3

Each system was built by embedding the target LHCII
trimer into a 60 Å× 60 Å (1 Å= 0.1 nm) rectangular POPE
lipid membrane plate with 20 Å water layers capping each
side of membrane, and then neutralized with ∼ 100 mM Na+

and Cl− ions to mimic the physiological ionic environment
(Figs. 1b and 1c). NAMD program [21] with CHARMM27
all-atom force field [22] were used for all simulations with
an integration time step of 1 fs and the periodic bound-
ary conditions. A smooth (10–12 Å) cutoff and the parti-
cle mesh ewald (PME) method were employed to calculate
van der Waals forces and electrostatic interactions, respec-
tively. Every simulation was started from energy minimiza-
tion with gradually relieving of constraints, which included
10 000 steps with all components fixed except for those lipid
membrane phosphorus atoms constrained along the Z-axis,
followed by 10 000 steps with capping waters and neutral-

ized ions being released, and, finally, 10 000 steps with only
protein backbone and Z-axis of lipid phosphorus atoms be-
ing constrained. System heating was then performed from
0 to 300 K at 30 K increment every 5 ps. Finally, 50 ns
free equilibration simulation was carried out after sequent
200 ps relaxation with both protein backbone and Z-axis of
lipid phosphorus atoms being constrained and 300 ps relax-
ation with only protein backbone being constrained. The
300 K heat bath was manipulated by Langevin thermostat,
and the 1 atm (1 atm= 1.01× 105 Pa) pressure was controlled
by Nosé-Hoover Langevin piston method during equilibra-
tion simulations. Each system was simulated three times in-
dependently (Table 1), in which each run exhibited stable
conformation with slight fluctuations in the last 10 ns (see
suplementary material Fig. S1).
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Fig. 1 LHCII structure and simulation system built-up. a Conformational features of LHCII monomer were illustrated with three long
transmembrane helixes of B (55P-87R), C (124I-144A), and A (170P-201T) and two short helixes of E (97W-104I) and D (205P-213L)
locating in luminal side as well as stromal and luminal peptides. The labeling of main helixes in this work followed the naming of pea
LHCII crystal structures. b, c Schematic components of simulation systems under top view from stromal side b and side view c. The LHCII
polypeptide were presented as newcartoon with different color for each monomer, and the surrounding lipid membrane and the capping
water were both presented as name lines

The conformational features of LHCII were figured out
mainly on the entire trimer and each monomer itself for eval-
uating the inter-monomer and intra-monomer changes, re-
spectively. The former was quantified by the hydrogen bond
(H-bond) interactions and the distances between monomer
pairs. The latter was characterized by calculating the root of
mean standard deviation (RMSD) of each residue or special
fragments, the strength or occurrence frequency of H-bond
interactions between target regions or between LHCII pep-
tide and lipid membrane, and the orientation of transmem-
brane helixes B, C, and A which was defined by the angle
between respective helix axis and Z-axis. The H-bond inter-
action was defined with a donor-acceptor distance < 3.5 Å
and a donor-hydrogen-acceptor angle < 45◦. The system
built-up and data analysis were performed using VMD pro-
gram [23].

3 Results

3.1 Inter-monomeric conformational changes of LHCII
upon phosphorylation

Conformational state of LHCII trimer, a basic structural unit,

plays a key role on its biological function. Here the inter-
monomeric conformational changes upon phosphorylation
were evaluated. The H-bond analysis indicated that the in-
teractions between two neighboring monomers (black bars)
mainly resulted from the interactions between neighboring
stromal peptides (dark gray bars) and, especially, between
luminal peptides (light gray bars) of different monomers,
where those interactions between transmembrane helixes
were negligible (Fig. 2a). N-terminal phosphorylation re-
duced the inter-monomeric interactions with decreased H-
bond number from (8.2± 1.8) of 0P to (5.5± 1.5) of 1P
or (6.8± 1.5) of 2P systems (black bars). The reduction
arose from the weakening of luminal peptides interaction
(light gray bars) but not of stromal peptides (dark gray bars)
(Fig. 2a). Accordingly, the lessened inter-monomeric inter-
action due to the residue phosphorylation resulted in the in-
creased distance between the backbone geometry centers of
transmembrane helixes B, C, and A of any two of neigh-
bor monomers (left bars), together with more remarkable in-
crease on its luminal side (right bars) but almost constant on
its stromal side (middle bars) (Figs. 2b and 2c). Moreover,

Fig. 2 Inter-monomeric changes of LHCII trimer upon phosphorylation. a Inter-monomeric H-bond interactions between whole subunits
(black), stromal loops (dark gray) (1R-54D and 145G-169D), and luminal peptides (light gray) (87R-123S and 202G-232K) for non-
phosphorylated (0P) (left), 5T phosphorylated (1P) (middle), and both 3S and 5T phosphorylated (2P) (right) systems. b Schematic defi-
nition of the inter-monomeric distance between the geometry centers of target peptide backbones. c Comparisons of the inter-monomeric
distances between the backbone geometry centers of three transmembrane helixes (B: 55P-87R; C: 124I-144A; and A: 170P-201T) (left),
stromal ends of three transmembrane helixes (57T-62R, 137A-142R and 172A-177K) (middle) and luminal ends of three transmembrane
helixes (80V-85L, 126A-131Q and 194F-199I) (right) among 0P (black), 1P (dark gray) and 2P (gray) systems. The data were the average
of three monomer pairs over the last 5 ns equilibration process for three independent runs ± SD
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the more the occurring phosphorylation, the larger the dis-
tance (dark and light grey bars in Fig. 2c). Thus, the differ-
ences in the H-bond number and the center distance between
0P and 1P or 2P systems, even not so significant, implied that
N-terminal phosphorylation reduced inter-monomeric inter-
actions with enhanced inter-monomeric distances, which
mainly resulted from the conformational change of luminal
side.

3.2 Intra-monomeric conformational changes of LHCII
upon phosphorylation

To further test if the conformational change of LHCII
trimer results from the local structural variation of each
monomer itself, the RMSD profiles for each residue of
LHCII monomer were analyzed based on the backbone
alignment of individual residue (Fig. 3a) or those of trans-
membrane helixes B, C, and A (Fig. 3b). The former repre-
sentes the conformation of each residue itself, and the lat-
ter demonstrates the conformation of whole monomer. It
was indicated that, for each monomer of 0P, 1P, and 2P sys-
tems, the RMSD value of single individual residues was low
(< 0.2 Å) and stable in the regions of three long transmem-
brane helixes (helix B: 55P-87R; helix C: 124I-144A; helix
A: 170P-201T) and two short luminal side helixes (helix E:
97W-104I; helix D: 205P-213L), but highly fluctuated with

large and varied values in the other regions (Fig. 3a), which
exhibited similar features of rigid core with flexible terminus
studied using electron paramagnetic resonance [24]. Specif-
ically, non-phosphorylated 0P system yielded larger fluctua-
tions over the flexible regions than those of phosphorylated
1P and 2P systems. For example, just right after the phos-
phorylated site 5T, the RMSD values for the residues 6T-8K
were smaller than 0.4 Å for 0P system but larger than 0.2 Å
for both 1P and 2P systems (Fig. 3a).

To further elucidate the conformational landscape of
whole monomer, RMSD profile was analyzed based on the
backbone alignment of monomer transmembrane helixes. As
shown in Fig. 3b, the results exhibited trend similar to that of
the profile based on individual residue alignment, that is, it
presented a relatively higher fluctuation for 0P system than
those of 1P and 2P systems. By contrast, some distinct fea-
tures were still found: firstly, the stability and consistency of
the helix regions were abated with more ambiguous bound-
aries, which enlarged the conformational difference among
0P, 1P, and 2P systems; secondly, the difference between in-
tact 0P and phosphorylated 1P or 2P system covered the en-
tire regions from stromal N-terminal to luminal C-terminal
(Fig. 3b). These results indicated that the residue phospho-
rylation resulted in noteworthy conformational change of
LHCII monomer.

Fig. 3 Intra-monomeric conformational changes of LHCII upon phosphorylation. They were evaluated using the RMSD profiles of each
residue upon single amino acid backbone alignment a and transmembrane helixes backbone alignment b. The data were presented as the
average of three subunits over the last 5 ns equilibration process for three independent runs, and SDs were not shown for clarity

3.3 Key residue interactions to phosphorylation-induced
conformational changes

Next, we should ask why and how the single- or double-
residue phosphorylation of LHCII monomer would cause
such the remarkable and global conformational change. It
was reasonable to firstly focus on N-terminal (1R-54D) flex-
ibility, since this peptide included the phosphorylation sites
and served as the triggering source for further conforma-
tional regulation. Low RMSD values of N-terminal peptide
in 1P and 2P, especially for the first 10 residues (Fig. 3b),
indicated that the phosphorylation might form additional in-
teractions to refine its flexibility. Our analysis demonstrated

that more H-bonds strengthened the interactions between N-
terminal peptide and lipid membrane for phosphorylated 1P
and 2P systems, as compared to the 0P system with less
H-bonds (Fig. 4a). Specifically, the enhanced interactions
mainly resulted from those of phosphorylated 5T of 1P or
both 3S and 5T of 2P to lipid membrane (Fig. 4b), because
the residue phosphorylation added negative charges to the
side-chain of the two sites and allow them interacting more
effectively with the positively-charged head of lipid mem-
brane.

By contrast, the interactions between N-terminal pep-
tide and other parts of LHCII trimer did not show significant
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difference in the presence or absence of N-terminal phospho-
rylation. Only the phosphorylation-induced variation was
the reallocation of the major sites involved in the interac-
tions. For example, the 47D and 50G sites were found to be
the main residues for binding to the neighboring monomers
in 0P system, but only 47D was reserved in 1P system and
47D, 31E, and 34S were dominated in 2P system (Fig. 4c and
supplementary material Table S1), implying that the phos-
phorylation of specific residues (3S and 5T) modifies the H-
bond interactions of other residues in one monomer with the
other two monomers. And more residues were also involved
in the interactions of N-terminal with other parts of autolo-

gous monomer (see supplementary material Table S2). N-
terminal phosphorylation resulted in the further increase of
dominant residues from three (43D, 52S, and 54D) for 0P
system, to four (7K, 8K, 41P, and 54D) for 1P system, and
five (8K, 41P, 44Y, 47D, and 54D) for 2P system. The 8K
residue became the main binding site in the phosphorylated
1P and 2P systems (Fig. 4d). In short, LHCII N-terminal
phosphorylation induced its conformational change, which
resulted from the enhanced interaction with lipid membrane
and the binding sites reallocation for inter-monomeric and
intra-monomeric interactions.

Fig. 4 Conformational changes of LHCII N-term (1R-54D) upon phosphorylation. The N-term–lipid membrane interactions were illus-
trated in a and b with the comparisons of all H-bonds a and corresponding distributions b among 0P, 1P, and 2P systems. The H-bond
interactions were mainly concentrated in the phosphorylated residue sites of 5T or/and 3S, and for clarity, the first 10 residues were pre-
sented only. Data were presented as the average of three monomers over the last 5 ns equilibration process for three independent runs
(±S D). The N-term–protein interactions were denoted in c and d with the comparisons of key residue distributions of N-term involving in
the interactions to its neighbor subunits c and with other parts of the subunit self d. The data were presented as the occurrence frequency of
the key residues, which was defined as the occurrence ratio of a residue involving in interactions for three monomers of three independent
runs. Whether or not a residue had interactions was determined by if it keeps the stable H-bond interactions over the last 5 ns equilibration
process. Only the residues with the frequencies of no less than 0.33 were shown for clarity

3.4 Conformational propagation of LHCII upon phosphory-
lation

Furthermore, how the N-terminal conformational change is
propagated to the transmembrane helixes and luminal loops
should be correlated intimately with corresponding struc-
tural features. Overall perspective of LHCII trimer exhibits
that each monomeric N-terminal is surrounded by transmem-
brane B and A helixes from autologous monomer and B

and C helixes from counterclockwise neighboring monomer
(Fig. 5). A possible mechanism referred to that the confor-
mational change of N-terminal upon phosphorylation trig-
gered the change of its interaction with encircled transmem-
brane helixes from autologous or neighboring monomers,
which induced the reorientation of transmembrane helixes
and then forced the conformational change of luminal side
loops.
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Fig. 5 Location features of LHCII N-terminal (1R-54D). LHCII
trimer was presented as newcartoon with different colors of blue,
silver, and pink for respective monomer from stromal side to lumi-
nal side (top view). Corresponding N-terminal structure for each
monomer was highlighted with labeled ellipse of CA-N, CB-N,
and CC-N-terms in short, respectively. Each N-terminal was sur-
rounded by transmembrane helixes of B and A from autologous
monomer, and by the helixes of B and C from its anticlockwise
neighboring monomer. Only those helixes encircling N-terminal
of monomer CB, named as “CB-B helix” and “CB-A helix” for
terming the helixes B and A of monomer CB, or named as “CA-
B helix” and “CA-C helix” for the helixes B and C of monomer
CA, were labeled for the sake of clarity

To test this hypothesis, we firstly analyzed the distri-
bution of main residues involved in the interactions of N-
terminal and transmembrane helixes. On the one hand, the
61N residue of transmembrane B helix gradually released its
interaction to autologous monomeric N-terminal. The occur-
rence frequency was reduced from 44% in 0P system to 33%
and 11% in 1P and 2P systems, respectively (see supplemen-
tary material Table S3 and Fig. 6a1), suggesting that the N-
terminal phosphorylation lowers the probability to reserve
the interactions. And this interaction release offered more
freedom of 61N side-chain for its rotation from pointing to-
ward 52S in 0P system (Fig. 6a2) to gradual deviation in 1P
(Fig. 6a3) and 2P (Fig. 6a4) systems. On the other hand, the
61N was also liberated gradually from clockwise neighbor-
ing monomeric N-terminal interaction with a reduced occur-
rence frequency of 44% in 0P system to 33% in 1P sys-
tem and complete disappearance in 2P system (see supple-
mentary material Table S5 and Fig. 6c1). Inversely, the 56E
became more and more dominated since the frequency in-
creased from zero in 0P to 33% in 1P and 67% in 2P sys-
tems (see supplementary material Table S5 and Fig. 6c1),
due to the newly-formed H-bonds through re-orientating its
negatively charged side-chain to 34S or 35Y in the phos-
phorylated 1P and 2P systems (Figs. 6c1–6c3). The release
of 61N from autologous and neighboring N-terminal inter-
action and the new involvement of 56E for neighboring N-
terminal binding cooperatively adjusted their side-chain ori-
entation, which offered the potential driving force for the re-
orientation of the entire transmembrane helix B.

By contrast, helix A regulated its interactions to the au-
tologous N-terminal with increased occurrence frequency of
175E from 22% in 0P system to 78% and 56% in respec-
tive 1P and 2P systems, and with slightly decreased occur-
rence frequency of 185R from 44% in 0P system to 33%
in 1P and 2P systems (see supplementary material Table S4
and Fig. 6b1). The residue of N-terminal for binding 175E
transferred from 14S in 0P system to 8 K in both 1P and
2P systems (supplementary material Table S4). Similarly,
the enhanced interaction of 175E and the readjustment of
binding residues of N-terminal also changed its side-chain
orientation (Figs. 6b2–6b4), which might provide a poten-
tial triggering force for the reorientation of the entire trans-
membrane helix A. Meanwhile, the interactions between
N-terminal of each monomer and helix C of counterclock-
wise neighboring monomer were relatively weaker, since
the H-bond analyses showed that only 147P was involved
in 0P system with low occurrence frequency of 11%, and
only 142R was involved in 2P system with occurrence fre-
quency of 33% for binding the counterpart residue of 31E
or 47D (see supplementary material Table S6 and Fig. 6d1).
Corresponding conformations of the key residues were illus-
trated in Figs. 6d2–6d4. These results suggested that these
residues of transmembrane helixes B, C, and A adjusted,
by re-orientating their side-chains, their interactions to the
autologous and/or neighboring phosphorylated N-terminal,
which offered the possibility to drive the reorientation of
corresponding entire helix and transfer the conformational
change from stromal side to luminal side.

To further test the hypothesis, we quantified the orien-
tation of helix B, C, or A, using the angle between the helix
axis and Z-axis. The results indicated that the N-terminal
phosphorylation enhanced the angle for helix B (Fig. 7a) but
reduced it for helix C (Fig. 7d) and helix A (Fig. 7g). More-
over, the orientation changes of helixes B and C became
more remarkable with the phosphorylation degree from 1P
to 2P system (Figs. 7a and 7d). Intuitive comparison of helix
orientation was respectively illustrated in Figs. 7b, 7e, and 7h
for helix B, C, and A, demonstrating the significant confor-
mational changes at the luminal and stromal surfaces. And
side-chain orientations of key residues were positively cor-
related with whole helix orientations as shown in Fig. 7c, 7f
and 7i for helixes B, C, and A, respectively, mapping these
distinct key residues at the stromal surface for different he-
lices. Thus, based on the conformational advantage of sur-
rounding transmembrane helixes from autologous and neigh-
boring monomers, the phosphorylated N-terminal triggered
the reorientation of transmembrane helixes by affecting its
H-bond interactions with the respective key residues.

3.5 Conformational change of LHCII luminal side upon
phosphorylation

Reorientation of transmembrane helixes B, C, and A induced
by N-terminal phosphorylation would certainly affect the
conformations of luminal side, including the helix E be-
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Fig. 6 Interaction network changes of transmembrane helixes of B, C, and A to LHCII N-terminal upon phosphorylation. Comparisons
of the distribution (Figs. 6a1,6b1,6c1, and 6d1) and conformation (Figs. 6a2–6a4, 6b2–6b4, 6c2–6c4, 6d2–6d4,) of key residues from
transmembrane helixes of B, C, and A which involved in H-bond interactions to N-terminal (1R-54D). Occurrence frequencies of key
residues from self helix B (Fig. 6a1), self helix A (Fig. 6b1), counterclockwise neighboring helix B (Fig. 6c1) and helix C (Fig. 6d1) were
compared among 0P (left), 1P (middle), and 2P (right) systems for evaluating the distributions of main residues involved in interactions
to N-terminal. The definitions of occurrence frequency and interaction were the same as used in Fig. 4, and only the residues with the
frequency of 0.33 or more were shown for the sake of clarity. Conformational comparison was done in Figs. 6a2–6a4 for autologous helix
B, Figs. 6b2–6b4 for autologous helix A, Figs. 6c2–6c4 for counterclockwise neighboring helix B and Figs. 6d2–6d4 for counterclockwise
neighboring helix C. Partial monomeric conformations were presented as cyan (0P), blue (1P), and silver (2P) newcartoon in Figs. 6a2–6a4,
6b2–6b4, 6c2–6c4, 6d2–6d4, and neighboring monomers were presented as pink newcartoon in Figs. 6c2–6c4 and 6d2–6d4. Key residues
were termed with sequence number and demonstrated by name colored CPK, Licorice, and Bonds for 0P (Figs. 6a2, 6b2, 6c2, 6d2), 1P
(Figs. 6a3, 6b3, 6c3, 6d3) and 2P (Figs. 6a4, 6b4, 6c4, 6d4), respectively. 50 ns snapshots of 0P run1, 1P run2 and 2P run1 were presented

tween helixes B and C, the helix D and C-terminal loop of
LHCII right after helix A. Crystallized structure of LHCII
trimer showed that the C-terminal loop of each monomer is
almost parallel to helix E of counterclockwise neighboring
monomer (Fig. 8b). Thus, we calculated the H-bond inter-
actions between C-terminal peptide (214A–232K) and he-
lix E to evaluate the conformational change of luminal side
loop upon phosphorylation. The results indicated that the
averaged H-bond number decreased gradually from 0P to 1P
and to 2P system (Fig. 8a). The parallel nature between C-
terminal peptide and helix E from neighboring monomers of
0P system (Fig. 8b) was disrupted gradually due to the lat-
eral deviation and vertical crossing of C-terminal peptide in
1P (Fig. 8c) and 2P (Fig. 8d) systems. Also the interactions
between luminal helix D and C-terminal peptide yielded re-
markable difference with close location in 0P and distant sep-
aration in 1P and 2P systems (Figs. 8b–8d). In short, the re-
orientation of transmembrane helixes B, C, and A modulated

the conformation of luminal helixes and loops, and finally
promoted the conformational transfer from stromal side to
luminal side.

4 Discussion

As an important antenna protein, LHCII plays key role in
modulating the energy distribution between PSII and PSI.
Although a few models of LHCII migration were proposed
from phenomenological observations in plenty of experi-
ments [2, 8, 25], the corresponding molecular mechanism
seemed controversial since the micro-structural studies of
LHCII migration upon phosphorylation were missing [11–
13]. The goal of this work is to evaluate the conformational
change of LHCII upon phosphorylation using MDS, and to
further our micro-structural understandings in the molecular
mechanism of LHCII migration during state transition. Our
results indicated that the N-terminal phosphorylation loos-
ened the LHCII trimer by reducing the H-bond interactions
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and enlarged the distance between any two of monomers.
Global conformational change of each monomer stemmed
from stromal N-terminal, followed by the adjusted interac-

tion network between N-terminal and its surrounding trans-
membrane helixes, and finally, transferred to luminal side via
re-orientating these transmembrane helixes.

Fig. 7 Orientation changes of transmembrane helixes of B, C, and A upon phosphorylation. Orientations (Figs. 7a, 7d, and 7g), schematic
reorientation (Figs. 7b, 7e, and 7h), and involved key residues (Figs. 7c, 7f, and 7i) were illustrated for helix B (Figs. 7a–7c), helix C
(Figs. 7d–7f), and helix A (Figs. 7g–7i), respectively. The angle between helix B axis pointing from 55P to 87R, helix C axis pointing from
144A to 124I, or helix A axis pointing from 170P to 201T and Z-axis pointing from luminal to stromal side was used for determining their
respective orientation. Data were presented as the average of three subunits over the last 5 ns equilibration process for three independent
runs±S D. Only transmembrane helixes were presented as cyan, blue and silver newcartoon for 0P, 1P and 2P, respectively, based on
backbone alignment of trimer transmembrane helixes. Key residues were demonstrated by name colored CPK, Licorice, and Bonds in
Figs. 7c, 7f, and 7i for 0P, 1P, and 2P, respectively. 50 ns snapshots of 0P run1, 1P run2, and 2P run1 were presented

Fig. 8 Lumen inter-monomeric interaction changes between C-terminal (214A-232K) and helix E (97W-104I) upon phosphorylation.
H-bond interactions were illustrated in a as the average ±SD of each monomer pairs over the last 5 ns equilibration process for three
independent runs. Conformational charateristics were presented in B, C, and D for 0P, 1P, and 2P, respectively. 50 ns snapshots of 0P run1,
1P run2 and 2P run1 were presented with the same colors in Figs. 6 and 7
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Main findings from our simulations are in good agree-
ment with experimental studies. For example, the conforma-
tional feature of N-terminal peptide, especially three individ-
ual sections of 59S-26G, 26G-14S, and 14S-1R (Fig. 3), are
dominated by flexible structure [24]. And the trimer loosing
upon phosphorylation favors the spectroscopic suggestion of
monomeric migration of LHCII [11]. The conformational
change of luminal side loops is inclined to the molecular
recognition model for LHCII migration, because this struc-
tural variation offers the possibility to adjust its binding affin-
ity to the potential docking sites of PsaI/H/O subunits of PSI,
which all located at luminal side [26–28]. Not only these
comparisons impart confidence for our simulations, but they
also provide a global and subtle conformational landscape of
LHCII upon phosphorylation, which is still missing due to
the limitation of experimental techniques.

From the structural evolution of LHCII trimer observed
in the current work, we proposed a possible conformation al-
losteric pathway and mapped the key residues for modulating
the conformational propagation. Basically, N-terminal phos-
phorylation at the site 3S and/or 5T favors the disassembly
of LHCII trimer. N-terminal conformational change at the
stromal side is able to propagate to the luminal side via real-
locating the key residue interactions and re-orientating three
transmembrane helices. Our simulations provide clues for
regulating the state transition via altering the conformation
of LHCII trimer, as well as for manifesting the roles of key
residues in LHCII function via point mutagenesis.

MD simulation is an effective approach for structural
analysis and has been widely applied to explore the dynam-
ics of conformational evolution at atomic-level for predicting
or validating the structure-function relationship of target pro-
teins [29–31]. This approach would remedy the deficiency
of experimental techniques and obtain a picture of dynamic,
membrane-inserted, and phosphorylated LHCII with high-
resolution. But the MD simulations still has some limita-
tions in functional prediction for LHCII migration. In the
current work, for example, the simulation systems were sim-
plified by excluding the chlorophylls, carotenoids, and phos-
phatidylglycerols, mainly due to the limitation of missed
force field parameters for the complicated pigments and
phospholipids as well as the consideration of balancing com-
putational costs and physiological representation. In fact,
current viewpoint in the state transition prefers the regu-
lation of absorption cross-section of two photosystems re-
sulting from the reversible dissociation/association of LHCII
between PSII and PSI. Whether the conformational change
of LHCII peptide affects the energy absorption and trans-
fer ability through modulating the location or linkage of pig-
ments requires further studies. Nevertheless, this work offers
clues for understanding the molecular mechanism of LHCII
migration during state transitions.
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CAS.
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