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The major light-harvesting complex of photosystem I (LHCII) has a dual

regulatory functionin a process called non-photochemical quenching

to avoid the formation of reactive oxygen. LHCIl undergoes reversible
conformation transitions to switch between a light-harvesting state

for excited-state energy transfer and an energy-quenching state for
dissipating excess energy under full sunshine. Here we report cryo-electron
microscopy structures of LHCIlin membrane nanodiscs, which mimic
invivo LHCII, and in detergent solution at pH 7.8 and 5.4, respectively.

We found that, under low pH conditions, the salt bridges at the lumenal
side of LHCII are broken, accompanied by the formation of two local
a-helices onthe lumenside. The formation of a-helices in turn triggers
allosterically global protein conformational change, resulting in asmaller
crossing angle between transmembrane helices. The fluorescence decay
rates corresponding to different conformational states follow the Dexter
energy transfer mechanism with a characteristic transition distance of 5.6 A
between Lutl and Chl612. The experimental observations are consistent
with the computed electronic coupling strengths using multistate density

function theory.

In green plants, the antenna light-harvesting complex of photosys-
tem II (LHCII) not only absorbs and transports excitation energy
towards the photosynthetic reaction centre but also serves as a site
for energy dissipation'™. The latter self-regulatory process is known
as non-photochemical quenching (NPQ)*” and is responsible for the
conversion of excess photo-excitation energy under intense sunlight

radiation into thermal energy to prevent photo-damage to the plant
cells®. Although the phenomenological processiis fully characterized,
its molecular mechanism remains unknown. An understanding of the
molecular mechanism regulating energy dissipation can provide the
much-needed guidancein designing transgenic plants that regulate the
NPQ process. For example, anacceleration of NPQ relaxation by genetic
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Fig.1| Cryo-EMstructures of LHCIl in nanodisc and in detergent solution.

a, Two-dimensional and 3D images of LHCIl embedded in10 nm nanodisc. At high
pH (7.8), asingle 3D reconstruction density map for an unprotonated structure
ataresolution of 2.64 A is obtained. At low pH (5.4), two distinctive 3D structures
canbeidentified: one unprotonated structure at a resolution of 2.80 A, and the
other protonated structure at a resolution of 2.63 A. b, Two-dimensional and 3D

images of LHCIl in detergent solution. At high pH (7.8), a single 3D reconstruction
density map for an unprotonated structure at a resolution of 2.59 A is obtained.
Atlow pH (5.4), there is one unprotonated structure at a resolution of 2.52 A, and
another protonated structure at aresolution of 2.68 A. The top-view images with
membrane scaffold protein are shownin a, whereas the side view is showninb.

engineering can substantially increase biomass production by 33% in
soybean’ and 15% in tobacco'. The overall NPQ involves a multitude of
interdependent processes across spatial and temporal scales, initiated
by anincrease in acidity in the lumen, leading to accumulation of the
zeaxanthin (Zea) via the light-intensity-dependent xanthophyll cycle
and PsbS-dependent aggregation of LHCII in the membrane. Here we
reportthe cryo-electron microscopy (cryo-EM) structures of LHCIIin
its photo-active and photo-protecting states obtained under high (7.8)
andlow (5.4) pH conditions (Fig.1). Analyses of these structures reveal
an allosteric regulation mechanism for the interconversion between
light-harvesting and energy-dissipating processes.

The crystal structures of the trimeric LHCII" show that each mono-
mer consists of three transmembrane (TM) helices (helices A,Band C)
and one amphiphilic helix (helix D), along with an amphoteric short
3,0-helix (helix E) at the lumenal side of the membrane (Fig. 2a). The
crystal structures correspond to a photo-protecting state, reflected
by a substantial reduction in the fluorescence lifetime of LHCII. In
particular, the fluorescence decay of the non-aggregated LHCII trimer
has an average lifetime of around 4 ns”* ™, which is decreased to a fast
rate of energy quenching of 0.1-0.6 ns™>'®. LHCII crystals show char-
acteristic fluorescence lifetime signatures around 1 ns''"""°, partly
due to crystal packing. The presence of an equilibrium between the
photo-active and photo-protecting states was postulated on the basis
of fluorescence decay kinetics?® and single molecular spectroscopy®-*.
In this work, we show an ensemble of six cryo-EM structures of LHCII
trimer in detergent solution and confined in membrane nanodisc at
different pH values, where the membrane confinement and pH values
regulate the conformational transition between the light-harvesting
and energy-quenching states, and we observed that LHCII confined in
membrane nanodisc has different fluorescence lifetime signatures at
different pH values. Together with the known crystal structures'*2¢
of aggregated LHCII in a fluorescence-quenching state, the cryo-EM
structures show the protein conformations responsible for light har-
vesting and energy quenching. These cryo-EM structures help identify
LHCll allosteric conformational changes in response to the change in
pH conditions and the effect of membrane confinement.

LHCII from spinach was purified at pH 6.5 and then solubilized in
0.03% (w/v) n-dodecyl 3-p-maltoside (3-DDM) solution at a final pH
adjustedto 7.8 and 5.4, respectively (Extended Data Fig.1). LHCII nano-
discs were prepared by embedding asingle LHCII trimer into asoybean
lipid nanodisc, confined by membrane scaffold protein (MSP1E3D1),
withadiameter of 10 nm as measured by cryo-EM single-particle imag-
ing (Fig. 1a and Extended Data Fig. 1) at the same pH conditions. The
corresponding fluorescence decay kinetics were determined using
the time correlated single-photon counting method, and the fitted
lifetimes under different conditions are listed in Extended Data Fig. 2.

We performed cryo-EM single-particle analysis of the LHCII in
detergent solution and in nanodiscs at pH 7.8 and 5.4, resulting in a
total of six structures. We differentiate these as unprotonated and
protonated structures based onthe protonation states of D54 and E207
atdifferentacidic conditions (Fig. 2b,c), resulting in four unprotonated
structures at pH 7.8 and 5.4, and two protonated structures at pH 5.4
(Fig. 1). After two-dimensional (2D) and three-dimensional (3D) clas-
sification of the cryo-EM images, the final 3D reconstruction maps for
these six LHCII structures were refined to resolutions between 2.52 A
and 2.80 A (Fig.1and Extended Data Figs. 3 and 4 and Extended Data
Table1). The density maps allowed us to build reliable models for the
protein and all associated pigments.

Unprotonated and protonated conformations

Figure 2b,cand Extended DataFig. 5a,b show the formation and disrup-
tion of the K203-E207 salt bridge at the lumenal side, and the hydrogen
bond network of D54 at the stromal side of LHCIl in nanodiscs and in
detergentsolutionat pH 7.8 and pH 5.4; these results suggest the pro-
tonation of D54 and E207 after acidification. Figure 2b and Extended
Data Fig. 5a only show the K203-E207 salt bridge in one monomer but
the conformation of the salt bridge is identical in the other two subunits
ofthe different structures (Extended DataFig. 5c). The corresponding
residue-density maps are shown in Extended Data Fig. 6. Hence, we
classify these two different structures as unprotonated at pH 7.8 and
protonated at pH 5.4 (Fig. 1). We then compared the protonated and
unprotonated conformations of the LHCII nanodisc. Interestingly,
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Fig.2|Protein secondary structures and pigments in different
conformations. a, Structure of LHCII trimer (PDB: 1IRWT) showing the locations
0of K203-K207in amonomer at the lumenal side and D54 in three monomers in
the stromal side, highlighted in green and pink boxes, respectively. b, Formation
(dotted line) and disruption of the salt bridge between K203 and E207 in the
unprotonated (pink) and protonated (teal) conformations of LHCII nanodisc.

¢, Formation and disruption of the hydrogen bond network among D54 of

each monomer in the protonated and unprotonated conformations of LHCII
nanodisc. The arrows indicate the inward motion of each D54 at the stromal side
after protonation. d, Alignment of the crystal structure (blue; PDB: IRWT) and
cryo-EM structure of LHCIlin detergent solution at pH 7.8 (green); the yellow
spheres represent Ca of T57-C69-R185-Q197, which define the crossing angle

of TM helices A and B. e, Structural comparison of helix Ein LHCII nanodisc
without and with acidification (pH 7.8, left; pH 5.4, right): achange from a
3,0-helix to an a-helix occurs. f, Structural comparison of the C-terminal in LHCII
nanodisc without and with acidification (pH 7.8, left; pH 5.4, right): a change from

"

C-terminal random coil into an a-helix occurs along with retraction towards
helix D. The long teal dotted line marks the end of random coil for unprotonated
LHCII, and the short one for that after acidification. The teal arrow indicates

the direction of structural contraction. g, Typical bound pigment molecules
inthe LHCIl monomer. The crossing angle between Lutl and Lut2 (shownasa
red arc corner) is defined by two red lines through C-9 to C-15 of Lutl and C-15

to C-29 of Lut2. h, Structural alignment of Lut1-Chl612 pigment pair in the
unprotonated structure at pH 7.8 and in the protonated structure at pH 5.4 of
the LHCII nanodisc. The dotted lines represent the corresponding interpigment
separation, defined as the distance between the Mg atom of Chl612 and the
C-15atom of the conjugated m system of Lutl. i, Alignment of the unprotonated
structure at pH 7.8 and protonated structure at pH 5.4 of the LHCII nanodisc
viewed from the lumenal side. The distance between helix Eand D is defined

by the distance between the Ca of V96 and G204. The teal arrows indicate the
respective motion direction of helix D and E. The yellow arrow points to the
specified distance between helix Eand D.

we found that T57 forms hydrogen bonds with N61 withineach mono-
mer of the protonated conformation (Extended DataFig. 5d), but these
hydrogenbonds do not existin the unprotonated form. This observa-
tion verifies the prediction from a previous molecular dynamics (MD)
simulation?.

Atahigh pH (7.8), the structures of the LHCII trimer share acom-
mon conformation both in detergent solution and in lipid nanodisc,
where the protein’s secondary structures are consistent with those
of the crystal structure. In Fig. 2d, the cryo-EM structure of LHCIl in
detergent solution at pH 7.8 is superimposed on that of the crystal

structure (PDB: 1IRWT). The crossing angle between TM helices A and
B are different for LHCII in detergent solution and in crystal, which is
119.3°in detergent solution and 117.4° in crystal (Fig. 2d and Extended
Data Table 2). The corresponding crossing angles of helices A and B
for cryo-EM structures in detergent solution, nanodisc and crystal
structures are given in Extended Data Table 2.

AtalowpH (5.4), two distinctive classes of 2D images can be identi-
fied for LHCIIbothin detergent solutionand in the nanodisc construc-
tion. These two classes of images can be fully separated and analysed,
resultingin two structures corresponding to different conformations
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of LHCII. One of the two conformations can be fully superimposed
over the cryo-EM structures from detergent solution and nanodisc
at pH 7.8 (Extended Data Fig. 5e), and the two acid sites (D54 and
E207) are unprotonated (Fig. 1). The second conformation, however,
adoptsadifferent conformational state, with several notablelocaland
protein-wide global changes, including a transition of the 3,,-helix E
into an a-helix and the formation of a new a-helix segment from the
carboxy-terminal (C-terminal) random coil (LHCII nanodisc in Fig. 2e,f
and LHCIlin detergent solutionin Extended Data Fig. 5f,g); in this case,
D54 and E207 are protonated.

Compared with the unprotonated structures, we found that helix
Eof LHCIlin nanodiscinserts into the subunit hydrophobic core along
with retraction of the C-terminal towards helix D. Interestingly, these
secondary structural changes mirror those predicted in MD simulations
of LHCIl in a lipid membrane under acidic conditions” . Further-
more, Fourier-transform infrared (FTIR) spectral changes have been
detected when going from neutral to acidic conditionsin the amide I’
region, corresponding to achange froma 3,,-helix and coil to an a-helix
conformation (Extended Data Fig. 2c,d). These local conformational
changes, involving small segments of a-helix formation at the lumenal
side of the membrane, are accompanied by anoticeable changein the
crossing angle between helices A and B, from 121.9° (unprotonated
structures) to117.9° (protonated structures) in the nanodisc, and from
119.3° (unprotonated) to 116.6° (protonated) in detergent solution.
Because the two types of image at low pH were prepared by increasing
theacidity levels of both the detergent solution and nanodisc systems,
we hypothesize that the observed coexistence of the unprotonated and
protonated conformations of the LHCII trimer are in chemical equilib-
rium. Also, the fact that asingle formof cryo-EMimageis obtained at pH
7.8 reaffirms the presence of an equilibrium between two distinctively
different conformational states of LHCII. However, the ratio between
unprotonated and protonated particlesis slightly different for LHCIlin
detergent solutionandin the nanodisc. In particular, we observed that
therelative proportion of the protonated conformationincreases from
42%inthe detergent solution to 71% in the nanodisc. A possible reason
for this is that the COO™ groups of aspartic (D) and glutamic (E) acids
are more readily protonated in nanodisc than that in solution owing
to a more hydrophobic environment. It is known that the pK; value
of aspartic acid can change from 2.4 to 6.4 in different hydrophobic
environments®*?,

We also inspected the conformational changes of Nex in dif-
ferent environments because a twisted Nex conformation has been
used as a reporter of the LHCII conformational changes and the
energy-quenching state of LHCII'"**?°, We found that the configura-
tions of Nex embedded in LHCII in detergent solution (either pH 7.8
or 5.4) and in nanodisc at pH 7.8 are essentially the same as that in the
crystal (Extended DataFig. 5Sh) with atwisted configuration. Moreover,
we noticed thatanobvious twist of the hexyl ring of Nex on the stromal
side occursin the protonated structure at pH 5.4, whereas it is absent
in the unprotonated structure at pH 7.8 in the nanodisc (Extended
DataFig. 5h).

Lutl-Chl612 separation distanceis the key switch

Both ultrafast time-resolved spectroscopic studies*>>** and MD sim-
ulations'***? support excited-state energy transfer (EET) from the
lowest excited state (Q,) of Chl612 to the spectroscopically dark state
(S,) of Lutl as the main quenching site for LHCII excess energy dissipa-
tion. Therate of EET is determined by the electronic coupling between
the two locally excited states of Chl612 and Lutl, which is more pro-
nounced on structures at a low pH?”%>**, The strength of electronic
coupling decays exponentially with the distance between the two
chromophores. The fluorescence decay rates measured at conditions
corresponding to the present cryo-EM and previous crystal structures
of LHCII are plotted in Fig. 3a against the Lut1-Chl612 separation dis-
tance. The fluorescencerateis a direct measure of EET from Chl612 to

Lutl, and Fig. 3a shows a striking, sharp increase as the Lut1-Chl612
distance becomes shorter than the critical distance of about 5.6 A. To
understand the origin of the observed spectroscopic behaviour, we
determined the electronic coupling strength nghlélz,sgu between the
locally excited S, state of Lutland the Q, state of Chl612 using multistate
density functional theory (MSDFT) on the basis of the four cryo-EM
structures determined in this work and the known crystal structures
(Extended Data Table 2).

We optimized the locally excited initial state of Chl612 in the

presence of Lutl in its ground state ¥; = |43 by (i, initial state)

Chl612 Lut

andthelocally excited ﬂnal S, state of Lutlinthe presence of Chl612in
thegroundstate ¥y = |¢Ch161z Lutl>(f final state). Then, the electronic
coupling matrix element is determined by V, Vo, cmerz g = (¥ |H| ),
where A is the Hamiltonian operator. All calculatlons were performed
using the Minnesota M06-2X density functional and the cc-pVDZ basis
set using the Qbics computer program developed in our laboratory.
For comparison, we also computed the electronic coupling between
Lutl and the second neighbouring pigment Chl610 (Extended Data
Table 2 and Extended Data Fig. 7a). The computed |V, Q,CMe12 glun &
values are also given in Fig. 3a and are proportional to fluorescence
decayrate. Overall, the contribution from the Lut1-Chl610 pairis much
smaller than that of Lut1-Chl612 (Extended Data Table 2), supporting
the proposal that the observed fluorescence quenching of Chl612 in
LHCIlis due to the energy transfer from the Q, state of Chl612 to the S,
state of Lut1***>*, Importantly, Fig. 3a shows that the trends of the
experimentally observed fluorescence decay rates and the computed
electronic coupling constants are inremarkable agreement. As the two
pigments are in close spatial proximity, we used the Dexter model®
for EET to fit both experimental and computational results,
thatis, kger = ko + kt‘#llm e~P(R=Ro) where Ris the Lutl-Chl612 separa-
tion distance and R, is a characteristic contact distance, k-U%__is the
rate constant for the energy transfer from excited Chl612 to Lutl ata
separationof R, isthe attenuation factor, and k, is a constantaccount-
ing for background contributions from all other pigments, independ-
ent of the distance between Chl612 and Lutl. We obtained the
following values for the rate equation: k,=0.31ns™, kil , = 0.31ns™",
B=250A"andR,=5.6 A.

Several observations can be made. First, the experimental fluo-
rescence decay rates are in good accord with the computed coupling
strength for EET from the lowest energy Q, state of Chl612 to the spec-
troscopic dark state S, of Lutl. The energy in the Lutl excited state is
then dissipated thermally through vibronic coupling, which is not
investigated further here. The electronic coupling between Chl610 and
Lutlis muchsmaller than that of Lut1-Chl612. Therefore, we conclude
that the observed variationin fluorescence decay rateis chiefly due to
thestructural displacement between Lutl and Chl612 chromophores,
whichis primarily responsible for the light-harvesting state and excited
energy-quenching state transitionin LHCII.

Second, carotenoid Lutl and Lut2 are embedded along the TM
helices A and B, respectively (Fig. 2g), and their structure variations
and proximity to other pigments, including chlorophylls, are directly
associated with the motions of the two helices, with a nearly perfect
correlation in their crossing angles (Fig. 3b). Thus, in going from an
open conformation (greater crossing angle of the TM helices) to a
closed conformation (smaller crossing angle), the antenna pigments
Lutland Chl612 canbebrought closer together with ashorter contact
distance. However, Fig. 3creveals that additional factors are involved.
As the pH lowers from 7.8 to 5.4, the interhelical angles between TM
helices A and B are decreased by about 2.7° in detergent solution,
whereas the corresponding change in the nanodisc is greater, reduc-
ing by 4.0°. However, we did not find an obvious change in the distance
between Lutl and Chl612, suggesting that the chlorophyll pigments
also undergo dynamic fluctuations to avoid close contact. While
Fig.2h and Extended Data Table 2 show that the Lut1-Chl612 distance
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is in fact markedly shorter by about 0.4 A in the nanodisc structures
(5.63 Aand 5.59 A at pH7.8and 5.4, respectively) than that in detergent
solution (5.99 A and 6.00 A at pH 7.8 and 5.4, respectively). In fact,
the interpigment distances between Chl612 and Lutl in the nanodisc
structures are similar to those found in the crystal. We attribute the
observation of closer contacts between Chl612 and Lutl to lattice
packing in the crystal structures and the structural confinement in
the nanodisc environment. A similar outcome can also result from
anisolated LHCII confined in rigid media such as gels***” in which the
fluorescence lifetime is reduced. Although the variation in the Lutl-
Chlé12 distance between two atomic distances (5.63 A and 5.59 A) in
the nanodisc at different pH conditions is rather small, beyond the
precision of the structural resolution, structural differences between
the two chromophores canbe observedin their structural alignmentin
Fig.2h. Specifically, the polyene chains of the Lutlmolecule seenin the
structures at different pH values are almost perfectly superimposed,
but the chlorin ring of Chl612 in the protonated state of LHCII in the
nanodisc is visibly closer to Lutl than that in the unprotonated state.
This distance change is consistent with the experimental observation
thatacid hasinduced extra fluorescence quenchingin LHCII nanodisc
(Extended DataFig.2a). This small separation difference can have a sub-
stantial effectin the computed electronic coupling strength because it
occursrightatthe critical value of the characteristic distance from the
rate equation. The fitted curve of the computed electronic coupling
strength (Fig. 3a) shows that asmallchangein the Lut1-Chl612 distance,
for example, 0.02 A around R, =5.6 A, canresultin a transition froma
light-harvesting state to energy-quenching state. Figure 3a shows that

the fluorescence decay rateis substantially greater at distances shorter
than this critical value. When the distance between Chl612 and Lut1is
above R, LHCIladopts alight-harvesting state with aslow background
fluorescence decay rate at k,,.

Inward motion of helix D and E enhances
quenching

What structural changes are responsible for allosterically driving
the light-harvesting state to the energy-quenching state transition in
energy dissipation? By examining the three crystal structures and the
two cryo-EM conformations in nanodisc, we found that the interheli-
cal angle between TM helices A and B is directly correlated with the
distance between the local helices D and E (Fig. 3d and Extended Data
Table2).Shortdistances between helices D and Ein crystal structures
havebeennoted and attributed to crowding effects at the trimer-trimer
interface, giving rise to van der Waals repulsions between hydrophobic
residues of the adjacent trimers®. Anoticeable decrease in the distance
between helices D and E is also observed from 7.01 A to 6.38 A as the
pH changes from 7.8to 5.4 in LHCII nanodisc (Fig. 2i), whereas this dis-
tanceincreasesslightly for LHCIlin detergent solution whenthe pHis
lowered from 7.8 t0 5.4. In this case, the cryo-EM structures show thata
low-pH environmental condition caninduce the formation of two local
a-helices, one fromthe 3,5-helix Eand one from the C-terminal coil. Asa
remarkable confirmation of the cryo-EM experiments, these structural
transitions have been predicted from molecular dynamic simulations®.
These local helical structure formations, due to variation in external
conditions, cause the allosteric conformation transition of LHCII from
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anopenformtoaclosed configuration, characterized by the crossing
angle between TM helices Aand B. Combining Fig. 3aand Fig. 3d, it can
be concluded that it is the inward motion of helices D and E that leads
to the reduction in the separation distance between Lutl and Chl612,
switching fromalight-harvesting state to an energy-quenching state.
However, a global conformational change to the closed conformation
does not directly produce the energy-quenching state characterized
by aLutl-Chl612 distance shorter than 5.6 A, unless LHCII is confined
as observed in crystal structures and in the nanodisc at low pH value,
consistent with PsbS-assisted aggregation of LHCII in plants. Indeed,
in detergent solution, although the TM interhelical angle is changed,
albeit to a smaller angle, the distance between Lutl and Chl612 is not
affected. Therefore, alargerlateral constraint forceis needed tolead to
ashorter Lutl-Chl612 separation distance, hence ashorter fluorescence
lifetime. This is verified by inspecting the reported data***° and our
current data plotted in Extended DataFig. 7c. We find that LHCIl embed-
dedinasmaller-sized nanodiscinduces ashorter fluorescence lifetime.
We attribute this observation to a smaller radius of the polypeptide
ring, which would give rise to a larger lateral constraint force* as the
curvature force*. This phenomenon has been noted recently and it was
concluded that the increased quenching in a smaller-sized nanodisc
is due to interactions at the edge of the nanodisc between LHCIl and
the scaffolding proteins or water molecules®**. Furthermore, recent
small angle X-ray scattering measurement of lipid nanodiscs based
onmembrane scaffold proteins shows that larger nanodiscs are more
structurally flexible**. This finding is consistent with the present fluores-
cence lifetime of LHCII nanodiscs of varied size (Extended Data Fig. 7c).

Protein structural changes driving state
transition

Our structural findings unambiguously show that itis the combination
ofthe pH-induced secondary protein structural changes and environ-
mental confinement of LHCII that jointly drives the switch between the
two functional states of light harvesting and energy quenching. For the
NPQ invivo, in addition to pH variation, the structural protein PsbS
in photosystems Il and the accumulation of Zea also play important
rolesin NPQ. PsbSis required for LHCIl aggregation after dissociation
from the PSIl complex as a result of a decreased pH. It has been noted
that, without aggregation of LHCII, the lowering of pH is insufficient
to induce fluorescence quenching in isolated LHCII'. Furthermore,
the aggregation of LHCIl is inhibited in a PsbS-knockout construct,

whereas LHCIl aggregation is enhanced when PsbSis overexpressed**°.
It has been suggested that PsbS plays arole in maintaining membrane
fluidity, triggering the dissociation of PSII-LHCII super-complexes and
LHCII aggregation in response to a pH gradient**, Meanwhile, it has
been shown that Zea prompts a rapid NPQ but it also slows down the
dark-state recovery kinetics (qE). Consequently, Zea acts as an allosteric
regulator rather than a quencher®*’, Recently, it has been suggested
that,inthe presence of unbound Zea, lateral membrane pressure can be
increased, whichalters protein-lipid interactions and induces confor-
mational changes in LHCIlin favour of the energy-quenching state**°.
As shown above, either LHCII aggregation or a lateral constraint is a
prerequisite for fluorescence quenching. Figure 4 shows the key struc-
tural components, highlighting an allosteric mechanism involving a
global change of TM helices A and B induced by the formation of two
local helices. Specifically, the LHCII trimer acts asamolecular machine:
its TM helices A and B constitute the blades of a pair of scissors that
pivot around the fulcrum anchored by the salt bridge R70-E180 and
E65-R18528 (Extended Data Table 2). The increased acidity induces a
local structural transition to convert the 3,,-helix E and C-terminal coil
intotwo a-helices at the lumenal side. In LHCIl aggregates or a confined
state, a-helices D and E are pulled closer together (inward motion)
against TM helices A and B, shifting its conformational equilibrium to
asmaller crossing angle, and hence asmaller crossing angle of Lutland
Lut2. The netallosteric effect of such an overall conformation change
istoreduce the contact distance between Lutl and Chl612, enhancing
their electronic coupling strengthin favour of the excited energy trans-
fer fromexcited Chls (Q,) to the S, dark state of Lutl. This mechanism
also providesasolid structural basis for the various proposed models
for the NPQ mechanism, including LHCIl aggregation®>*, change in pig-
ment configuration® and an allosteric effect causing protein scissoring
motions®. The mechanismin Fig. 4 is also consistent with the fact that
heat stress caninduce aggregation of LHCIIboth invivoandin vitro®>.
We further examined the fluorescence reversibility of aggregated LHCII
under different pH values by the steady-state fluorescence measure-
ments (Fig. 5) and found that the fluorescence is reversible. Figure 5a
shows intensive fluorescence quenching when the 3-DDM is lowered
from 0.03% to 0.002% (aggregated) at pH 7.8, and extra fluorescence
quenchinginducedbyalower pH value of 5.4 can be observed. Later we
restored the pH value for LHCIIin 0.002% 3-DDM from 5.4 to a neutral
condition by the addition of Tris solution, and we observed that the
fluorescence intensity increases to 76% of the aggregated LHCII at
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arrow shows the fluorescence quenching induced by the lowering of the pH
value when LHCll is in an aggregated state; the blue arrow shows the recovery of
fluorescence intensity when the pH value is tuned back to neutral.

pH 7.8 after 15 min equilibration, and to 84% after 1 day equilibration
(Fig.5b). The final pH value of 7.4 for the LHCII trimer in 0.002% (3-DDM,
restored fromapH of 5.4, was measured at the end of the fluorescence
measurement.

The fluorescence quenching induced by nanodisc confinement
can be related to the xanthophyll cycle and PsbS-dependent NPQ.
It has been shown that, in contrast to non-aggregated LHCII, LHCII
aggregates showing NPQ have higher mechanical stiffness®. In con-
trast, the membrane under the NPQ condition also becomes more
rigid, which is directly related to the xanthophyll cycle**~. Further-
more, single-molecule unfolding experiments showed that inclusion
ofthe non-bilayer lipid monogalactosyldiacylglycerol can substantially
increase the mechanical stability (rigidity) of the LHCII trimer in the
membrane by exerting lateral pressure on the periphery of LHCIl due
to steric matching of conically formed monogalactosyldiacylglycerol
and the hourglass shape of trimeric LHCII”. Thus, we can conclude that
the natural photosynthetic systems use both strategies of LHCIl aggre-
gation and xanthophyll cycle-dependent lateral pressure on LHCII to
maintain a rigid LHCII protein frame and realize efficient NPQ. As a
physical model, one confines the LHCII trimer in a lipid nanodisc®**°
or polyacrylamide gels®*® to achieve stiffness in the LHCII structure
to mimic the state of aggregated LHCIl in Zea-accumulated photo-
synthetic membrane. Remarkably, obvious fluorescence quenching is
observed in these artificial systems®>*%, Therefore, the LHCII nanodisc
bears the same fluorescence-quenching conditions as the xanthophyll
cycle and PsbS-dependent NPQ to achieve arigid state of LHCII. The
rigid state of LHCII is a prerequisite for fluorescence quenching. Phe-
nomenologically, rigidity of the LHCII protein is reflected as LHCIl in
the aggregated state.

In summary, by inspecting a series of LHCII structures spanning
from light-harvesting to energy-quenching states, we find that (1)
aggregation or confinement of LHCllis a prerequisite for fluorescence
quenching, whether LHCII is at high or low pH conditions. The lateral
pressure caused by protein aggregation or confinement is a key fac-
tor for realizing an energy-quenching state. (2) At low pH conditions,
unprotonated and protonated conformations coexist for both LHCII
innanodiscandindetergent solution. In contrast to the unprotonated
conformations, the protonated conformation has obvious secondary
proteinstructural changes onthe lumenalside, thatis, conversion of a
3,0-helix Eto anormal a-helix, and a C-terminal random coil to a short
a-helix. Such conformational changes only lead to enhancement of
fluorescence quenching when LHCII is in an aggregated or confined
state. (3) The Lutl-Chl612 pigment pair is the main quenching site in

LHCII. We found that aslight change iniits critical separation distance
of 5.6 A can cause LHCII to switch from a light-harvesting state to an
energy-quenching state, and vice versa. This is further corroborated
by the calculated electronic coupling strength between the Q, excited
state of Chl612 and the S, state of Lutl. The critical distance obtained by
thefitting decay rateinto adistance-dependent energy transfer equa-
tion corresponds to the characteristic contact distance of a Dexter-type
energy transfer for the Lut1-Chl612 pigment pair.

Methods

Sample preparation

Preparation of spinach LHCII. LHCII trimers were prepared from
spinach leaves according to a previously protocol®**’, with a few modi-
fications. For purification of trimeric LHCII, thylakoid membrane was
washed with anice-cold buffer containing 50 mM HEPES (pH7.5),2 mM
MgCl,, 400 mMNaCland1 mMEDTA, and subsequently centrifuged at
6,500gfor 10 min (AvantiJA14; Beckman Coulter). The pellets were solu-
bilized in 5% Triton X-100 to a final protein concentration of S mg ml™,
stirred for 15 mininthe dark and then centrifuged at 48,000gfor 25 min
(AvantiJ-25.5; Beckman Coulter). The PSll-enriched pellets were resus-
pendedin20 mM Bis-Tris buffer (pH 6.5) and solubilized in1.25% (w/v)
B-DDM. After eliminating the insolubilized material, the solubilized
samples were fractionated by ultracentrifugation on asucrose density
gradient at 284,000g for 15 h (P40ST rotor; Hitachi), and the con-
tinuous gradients containing 0.03% (w/v) 3-DDM and 20 mM Bis-Tris
(pH 6.5) were prepared in the tube by freezing at -80 °C and thaw-
ing at 4 °C. Two major bands of trimeric LHCIl and monomeric Lhcb
proteins were well separated (Extended Data Fig. 1a), and the trimeric
band was harvested with syringes. Centrifugalfilters (50 kDa; Amicon
Ultra-4-Millipore) were used for sample elution and concentration.
LHCII trimers under acidic and mild basic conditions were generated
from an addition of Tris-HCl buffer (pH 5.4 and pH 7.8, respectively) to
afinal concentration of 10 mM, and the non-aggregated LHCII trimers
were prepared in 0.03% (w/v) 3-DDM.

Expression and purification of membrane scaffold protein
MSP1E3D1. The membrane scaffold protein MSP1E3D1 contain-
ing 7His-tag was overexpressed and purified following a previously
reported protocol’**° with minor modifications. The recombinant
plasmid, using Ncol and Hindlll as restriction sites, was transformed
into Escherichia coliBL21(DE3) competent cells, and E. coli strains were
grownin Terrific Broth (TB) medium containing 50 pg ml™ kanamycin
with optical density at 600 nm checked every hour. When the optical
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density reaches 3.0-4.0, protein production was started by the addi-
tion of MM IPTG and the culture was left at 20 °C for about 20 hours.
After thisinduction period, cells were harvested by centrifugation and
disrupted promptly using a high-pressure homogenizer at 800 bar
pressure. The overexpressed MSP1E3D1 was purified by nickel affinity
and size-exclusion chromatography on an AKTA purification system,
and the protein purity was checked by running SDS-PAGE (Extended
DataFig.1b).

Assembly and purification of LHCII nanodisc. The constitution was
performed according to the reported protocol***° with a few modifi-
cations. LHCII trimer complexes were first mixed with soybean lipids
(Sigma) solubilized in 10 mM sodium deoxycholate and 0.1% (w/v)
3-DDM andincubated for1hat 4 °C on arotator. The membrane scaf-
fold protein MSP1E3D1 was then added to a final molar ratio of LHCII
to lipid to MSP1E3D1 of 1:440:8 and then incubated for 2 h at 4 °C on
arotator. Next, the mixture was eluted with 40 mM Tris-HCI, 125 mM
NaCl at a pH of 7.8 using 10 kDa filters (Amicon Ultra-4-Millipore) to
remove detergent while self-assembly took place. LHCII nanodiscs
were purified through the 6x histidine tag of MSP1E3D1 on a nickel
affinity column (HisTrap excel) at 4 °C (Extended Data Fig. 1c), that
is, the column was washed with 40 mM Tris-HCland 125 mM NaCl at a
pH of 7.8 and the sample was eluted with 40 mM Tris-HCI, 125 mM
NaCl and 500 mM imidazole at a pH of 7.8. Further fast protein liquid
chromatography purification was performed on the size-exclusion col-
umn (Superdex200 Increase 10/300 GL; Cytiva) at 4 °C (Extended Data
Fig.1d), and fractions of the main peak were collected and analysed
by ultraviolet-visible absorption spectroscopy, SDS-PAGE (Extended
DataFig.1b) and transmission electron microscopy to identify the peak
containing LHCII nanodisc. Allmeasurements were performed within
24 h of sample preparation. For infrared spectroscopy experiments,
LHCIInanodiscs were eluted with 40 mM Tris-HCland 125 mM NaClin
D,0 (99.9%; Cambridge Isotope Laboratories) at pH 7.8 or 5.4.

Cryo-EM data collection and processing. A 3 pl droplet of LHCII
nanodisc in a protein concentration of 1.4 mg ml™ was applied to a
glow-discharged holey carbon grid (Au, 300 mesh, 1.2 hole size and
1.3 pm spacing; Quantifoil), which was discharged in a mixed atmos-
phere (O, to Ar ratio of 1:3) for 25 s, and LHCII in detergent solution
withaprotein concentration of 5 mg ml™ was applied toaholey carbon
grid (300 mesh, 1.2 pm hole size and 1.3 pm spacing; GIG), which was
discharged in a mixed atmosphere (O, to Ar ratio of 1:2) for 10 s. The
grids wereimmediately plunge frozeninto liquid ethane using Vitrobot
Mark IV (FEI) with a4 swaiting time, a4 sblotting time and aforcelevel
of 2at 100% humidity and a temperature of 20 °C. Micrographs were
collected on a300 kV FEI Titan Krios electron microscope equipped
with a Gatan K3 Summit direct electron detector using beam-image
shift data collection methods® and a200 kV Arcticawith a Cetacamera
was used for sample screening.

The physical pixel size was set to1.10 A and 1.04 A for LHCII nano-
disc, and 1.07 A for LHCII in detergent solution, corresponding to a
super-resolution pixel size of 0.55 A, 0.52 A and 0.535 A, respectively,
with different Titan Krios machines. For LHCII nanodisc and LHCIl in
detergent solution, each video was exposed for about 4.5 s and dose
fractionedinto 32 frames, with atotal dose of -60 e A2, and the defocus
values used during data collection varied from -1.5 pm to —2.5 um. All
images were collected using the EPU/SerialEM automated data col-
lection software package®. A total of 8,894 micrographsat pH7.8 and
11,375 micrographs at pH 5.4 were collected for the 3D reconstruction
for LHCIInanodisc; 7,282 micrographs at pH 7.8 and 12,453 micrographs
at pH 5.4 were collected for LHCII in detergent solution.

Allimages and particles were processed in the cryoSPARC® plat-
form. The images were first motion corrected by ‘Patch Motion Cor-
rection’, and their contrast transfer functions were estimated by ‘Patch
CTF Estimation (multi)’. The particles were auto-picked using ‘Template

Picker’and extracted with abox size of 200 pixels. For LHCII nanodisc at
pH 7.8, the auto-picked particles (5,123,887) were screened from 8,894
motion-corrected images and selected by ‘Reference-Free 2D Classifi-
cation’, while the classes with resolutions below 5 A were deleted. The
remaining particles (817,473) were then used for ‘Ab-initio Reconstruc-
tion’ withoutimposing any symmetry, and the initial density map was
used for ‘'Homogeneous Refinement’ to get a more complete density
map with C;symmetry. The final density map for LHCII nanodisc at pH
7.8 was obtained at a resolution 2.64 A by means of ‘Non-uniform 3D
Refinement’ and ‘Local Refinement’ tools with the 0.143 criterion in
the gold-standard Fourier shell correlation coefficient.

The data for LHCII nanodisc at pH 5.4 were processed in a
similar manner. The auto-picked particles (6,256,638) from 11,375
motion-corrected images were further screened and selected in the
Reference-Free 2D Classification step. A total 0f 1,214,050 good parti-
cles were used for creating a ‘clearer’ density map by Ab-initio Recon-
struction and Homogeneous Refinement. However, these particles
were then used for further classification by ‘3D Classification’ for two
classes. Two set of particles (860,690 and 353,360) were then left
for final Non-uniform 3D Refinement and Local Refinement. Based
on the 0.143 criterion in the gold-standard Fourier shell correlation
coefficient, the density maps for LHCII nanodisc at pH 5.4 were finally
obtained at resolution of 2.63 A and 2.80 A, respectively. In addition,
the local resolution of the final density maps for the different recon-
structions were analysed and estimated by the ‘Local Resolution Estima-
tion’ in CryoSPARC, using 0.143 as the threshold value. Furthermore,
to analyse the accuracy of the critical local structures and to assess
thestructure’s fitness to the density map, we calculated the local reso-
lutions of major pigments and local structures, and the correlation
coefficient between the local clusters and map, using phenix.valida-
tion_cryoem (Extended Data Fig. 6d).

The data for LHCII in detergent solution at pH 7.8 and 5.4 were
processed in the same manner described above.

The homologous cryo-EM structure of LHCII trimer (PDB: IRWT)"
was manually fitted into the corresponding maps at different confor-
mations using CHIMERA®*. Further improvement of the initial models
was processed by iterative positional and B-factor refinement using
Phenix real space refinement®. The final models were corrected and
rebuilt in COOT®, and then evaluated by Phenix Validation cryo-EM
and EMRinger®. The buried surface area and the root mean square
deviation were analysed using PDBePISA (http://pdbe.org/pisa/) and
CHIMERA, respectively. Theamino acid sequences of LHCII trimer were
aligned using ClustalW2 (ref. 67) and visualized with the ENDscript 3
server (http://espript.ibcp.fr)®s. Figures were made using UCSF Chimera
and Pymol (https://www.pymol.org).

Steady and transient fluorescence spectroscopy at room
temperature. Steady-state fluorescence spectra of LHCII trimer
were measured on an F-7000 spectrometer (Hitachi) at a protein
concentration of 0.05 mg ml™ (optical density at 675 nm of 0.36 with
2 mm pathlength) inaquartz cuvette of 2 mmin optical path length.
Time-resolved fluorescence spectraof LHCIlin detergent solutionand
LHCII nanodisc under various conditions were collected using acom-
prehensive spectroscopy system (Light Conversion, LTU; HARPIA),
with afemtosecond laser (PH1-SP-1m}, Light Conversion, LTU) and an
Optical Parametric Amplifier (Light Conversion, LTU; ORPHEUS) as
the light source. The excitation wavelength was set to 480 nm with
arepetition frequency of 100 kHz at an average power density of
1.5 mW cm, and theinstrument response factor of the detection sys-
temwas 0.115 ns. Samples at a protein concentration of 0.03 mg ml™
were placed ina quartz cuvette (JGS1) of 1 mm in optical path length
atroomtemperature. The kinetic decay traces were examined at dif-
ferent excitation powers, which indicates that the decay traces were
not affected by the excitation power of 0.5-3.0 mW cm2 under the
current conditions.
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FTIR spectroscopy at room temperature. FTIR spectra at differ-
ent pH values were acquired on a spectrometer (VERTEX 70v; Bruker
Optics) with a protein concentration of 1.9 mg ml™ and 4.6 mg ml™
for LHCII nanodisc and LHCII in detergent solution, respectively.
Athree-compartment CaF,sample cell witha50-pum-thick Teflon spacer
was used for loading the proteinsolution and the reference. The meas-
urements were performed in a home-built vacuum chamber, with
temperature controlled at 25 °C by a water circulator.

Calculation of the electronic coupling strength between the
excited state of Lut1 and Chl612/Chl610. The coordinates of the
lutein-chlorophyll pair were extracted from the corresponding
experimental structures, where the phytol chain was truncated after
the C=C double bond. Constrained geometry optimization was per-
formed at HF/3-21G (HF, Hartree-Fock; 3-21G, 3-21 Gaussian basis
set) level using GAUSSIAN16 to relax the hydrogen atoms while all
heavy atoms are fixed at the experimental positions. The optimized
structures then served as the starting points for electronic coupling
calculations with MSDFT. All the MSDFT calculations were performed
using the B3LYP functional along with 6-31G(d) basis set. First, the
singlet excited state of the lutein monomer and chlorophyll monomer
were tested to show the reliability of the MSDFT method. It has been
provenrecently that MSDFT is an exact density functional theory of
the excited state, complementing the ubiquitous Kohn-Sham DFT
for the ground state, and the method has been used in a number of
applications. The ground-state and single excitation configurations
constructed inthe HOMO-1to LUMO+1space are shown in Extended
DataFig. 8a.

The excitation configurations were individually optimized
using the TSO* method and dynamic correlation were incorporated
via DFT. Then, the non-orthogonal state interaction Hamiltonian
matrix of these nine configurations could be constructed and
solved to obtain the ground and excited states. The off-diagonal
element between configurations A and B of the non-orthogonal
state interaction Hamiltonian is defined using the overlap-weighted
approximation:

Hap = (ZAlHIW,) + %SAB(Ec[pA] +Ec[ps]) @

where S,; is the overlap integral between the two non-orthogonal
Kohn-Shamdeterminants AandB, E.[p,] and E.[pg] are the correlation
energies for the determinants A and B, which can be approximated
by the energy difference between block-localized DFT and HF theory
using block-localized Kohn-Sham (BLKS) orbitals. The excitation
energies and corresponding reference values’®” are listed in Extended
DataFig. 8b.

TheS, states for chlorophylland lutein monomer are <15z‘h| and dﬁlt,
respectively. For the Lut-Chl pair, the diabatic states of electronic
localized excitation were constructed via BLKS orbitals combined with
localization using TSO:

D) = AW w3} @)
B(Schp) = A{w>e ws (3)
( Chl) { Lut Chl}

where A{WLSL‘“LPCS;:I} specifies an antisymmetric wave function for the

locally excited monomer lutein, coupled with monomer chlorophyll
inthegroundstate, whereas A{ngt nglﬂ} isanantisymmetric wave func-
tion for excited monomer chlorophyll, coupled with monomer lutein
in the ground state. The locally excited monomer 7, and %!, in the
Lut-Chl pair were constructed in the same way as @fht and @f:‘hl, illus-

trated in Extended Data Fig. 8a.

Then, the coupling energy was obtained by solving 2 x 2 the
non-orthogonal block-localized DFT Hamiltonian matrix of the two
diabatic states:

Vap = Hap — Sap€g )

&, is the adiabatic ground-state energy obtained as the lowest
eigenvalue by diagonalizing the 2 x 2 Hamiltonian matrix.

More in-depth description of MSDFT theory and calculation can
befoundinrefs.72-74.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The cryo-EM maps of spinach LHCIlin nanodisc and in detergent solu-
tion at pH 7.8 or pH 5.4 have been deposited in the Electron Micros-
copy Data Bank under the accession codes EMD-35785, EMD-35786,
EMD-35787,EMD-35782, EMD-35783 and EMD-35784. The correspond-
ing structure models are deposited in the Protein Data Bank (PDB)
under accession codes 8IX0, 8IX1, 81X2, 8IWX, 8IWY and 8IWZ. The
LHClII crystal structures used inthis article canbe accessed inthe PDB
using the accession codes IRWT and 2BHW.
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Extended Data Fig.1| Sample purification of LHCII and LHCII nanodisc.
a, Sucrose density gradient ultra-centrifugation separation of LHCII trimer.
b, SDS-PAGE of LHCII nanodisc, LHCIlin detergent solution and membrane
scaffold protein MSP1E3D1. The experiment was repeated three times

independently with similar results. ¢, Absorption trace at 280 nm and 672 nm
during the Ni-NTA column purification of LHCII nanodisc. d, Absorption trace at
280 nm and 672 nm during size exclusion chromatography column purification
of LHCII nanodisc.
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Extended DataFig. 2 | Fluorescence decay kinetics and UV-visand FTIR
absorption spectra of LHCII nanodisc and LHCII in detergent solution.

All spectra are the averaged results of three measurements. a, Fluorescence
decay kinetics of LHCIIin 0.03% 3-DDM at pH 7.8 and 5.4 and LHCII nanodisc at
pH 7.8 and 5.4 respectively, excited at 480 nm laser with a repetition frequency
0f100 kHz, an average power density of 1.5 mW/cm?, an instrumental response

factor (IRF) of 0.115 ns. b, UV-vis absorption spectra of LHCIl in detergent
solution and LHCII nanodisc. ¢, Secondary derivative FTIR spectra of LHCII
trimerin 0.03% DDM at pH 7.8 and 5.4 respectively. d, Secondary derivative FTIR
spectra of LHCII nanodisc at pH 7.8 and 5.4 respectively. e, Lifetime constants
and the associated amplitudes of LHCIl in different environments based on
biexponential fitting.
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Extended Data Fig. 3 | Structural analysis flow chart of LHCII nanodisc at The distribution was calculated with CryoSPARC 4.0. The different colors
pH7.8(a)and 5.4 (b). a, I, Arepresentative cryo-EM image of 8,894 collected for indicate the different number of particles that have such orientations according
LHCIInanodisc at pH 7.8.11, 2D class averages of characteristic projection views to the bar shown on the right. VI, Local resolution map analyzed by the local

of cryo-EM particles selected for further processing. Ill, Gold-standard Fourier resolution estimation tool in CryoSPARC. b, Protonated (left) and unprotonated
Shell Correlation (FSC) curves of unprotonated conformation at pH 7.8, the 0.143 (right) conformation at pH 5.4; the detailed illustrations of I, IL, III, IV, Vand Vl are

cut-offvalueis indicated by a horizontal blue line. IV, Flowchart for cryo-EM data thesameasthoseina.
processing. V, Angular distribution plot of particles used for final 3D refinement.
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Extended Data Fig. 4 | See next page for caption.
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Extended DataFig. 4 | Structural analysis flow chart of LHCIlin detergent
solution at pH7.8 (a) and 5.4 (b). a, I, A representative cryo-EM image of
7,282 collected for LHCII in detergent solution at pH 7.8.11, 2D class averages
of characteristic projection views of cryo-EM particles selected for further
processing. Ill, Gold-standard Fourier Shell Correlation (FSC) curves of
unprotonated conformation at pH 7.8, the 0.143 cut-off value is indicated by
ahorizontal blueline. IV, Flowchart for cryo-EM data processing. V, Angular

distribution plot of particles used for final 3D refinement. The distribution

was calculated with CryoSPARC 4.0. The different colors indicate the different
number of particles that have such orientations according to the bar shown on
theright. VI, Local resolution map analyzed by the local resolution estimation
toolin CryoSPARC. b, Protonated (left) and unprotonated (right) conformation
at pH 5.4; the detailed illustrations of I IL IlI, IV, Vand Vl are the same as those in a.
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Extended DataFig. 5| Comparison of proteinsecondary structures and
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among D54 (b) at stromal side of each monomer in the unprotonated (green) and
protonated (magenta) conformations of LHCIl in detergent solution, suggesting
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three monomers. *: Unprotonated conformation at low pH (5.4) condition. &
Protonated conformation at low pH (5.4) condition. Datain bracket are the
standard deviations of the average values. d, T57 and N61in unprotonated

(pink) and protonated (teal) conformations for LHCII nanodisc, the black

arrow indicates the conformational transitions associated with protonation.

e, Alignment of unprotonated structures at pH 7.8 (pink, green) and pH 5.4

(light blue, yellow) of LHCII in nanodisc (left) and in detergent solution (right).

4 N

Detergent v Lutd “é‘

f, g, Structural comparison for helix E (f) and C-terminal (g) of LHCIl in detergent
solution without (pH 7.8, left) and with acidification (pH 5.4, right), a change from
3,0-helix or C-terminal random coil to a-helix is observed, along with C-terminal
retraction towards helix D. h, Nex alignment of unprotonated structure at pH 7.8
(pink; green) and corresponding protonated structure at pH 5.4 (teal; magenta)
of LHCII nanodisc (left) and LHCII in detergent solution (right), respectively,

and a twist of the hexyl ring at stromal side occurs upon acidification for LHCII
innanodisc (expanded view). i, Lutl and adjacent Chl610 pigment alignments of
unprotonated structure at pH 7.8 (pink) and corresponding protonated structure
at pH 5.4 (teal) of LHCII nanodisc, Lutl-Chl610 distanceis 6.15 Aand 5.58 A
respectively, characterized by the Mg atom of Chl610 and the C,; atom in the
conjugated m-system of Lutl. j, Vio alignment of unprotonated structure at pH 7.8
(pink; green) and corresponding protonated structure at pH 5.4 (teal; magenta)
of LHCIlin nanodisc (left) and in detergent solution (right).

Nature Plants


http://www.nature.com/natureplants

https://doi.org/10.1038/s41477-023-01500-2

NEX

. VIO
d

Chi610

Lut1-Chl612

Structures

Local resolution (A)

Nanodisc pH 7.8

Nanodisc pH 5.4%
Detergent pH 7.8
Detergent pH 5.4%

Helix-E

2.58 (0.90
2.40 (0.87
2.52 (0.84
2.46 (0.87

)
)
)
)

C-terminal

2.52 (0.88)
2.43 (0.87)
2.55 (0.85)
2.62 (0.90)

NEX

2.57 (0.92
2.36 (0.87
2.49 (0.86
2.55 (0.89

— e e

VIO

2.65 (0.91)
2.48 (0.88)|2
2.74 (0.80)
2.61(0.88)

Lut1

2.61(0.92
0.89
2.66 (0.81

(
34 (
(
2.42 (0.86

)
)
)
)

Chl610

2.64 (0.84)
2.41 (0.84)
2.63 (0.84)
2.51 (0.87)

Chl612

2.54 (0.87)
2.47 (0.83)
2.48 (0.85)
2.52 (0.89)

Extended Data Fig. 6 | See next page for caption.
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Extended DataFig. 6 | Electron-density map and resolution of local
structures and pigments of unprotonated structures at pH 7.8 and
protonated structures at pH 5.4 for LHCIl in nanodisc and in detergent
solution respectively. Local structure of pigments is double checked in COOT
with best real space refinement statistics, such as Bonds, Angles, Torsions,
Planes, Chirals, Non-bonded and Rama Plot. a, Local structural density map
thatinvolved D54-D54 and K203-E207 for LHCII in nanodisc (upper panel)
andin detergent solution (lower panel), unprotonated structures are to the
left of the dashed line (the key residues are shown in green (pH 7.8) or yellow

(pH5.4)) and protonated structures are at right (key residues are shown in

blue). b, Density map of local structures and pigments for the unprotonated
conformation at pH 7.8 (left) and protonated conformation at pH 5.4 (right)

of LHCIlin nanodisc. ¢, Density map of local structures and pigments for the
unprotonated conformation at pH 7.8 (left) and protonated conformation at pH
5.4 (right) of LHCIl in detergent solution. d, Local resolution and local correlation
coefficients (in bracket, model vs map) for significant structures in different
LHCII conformations, analyzed by phenix.validation_cryoem. *: Protonated
conformationat pH5.4.
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a, Depiction of the minimal number of configurations necessary to model and lutein and the reference values.

first singlet excited states of the chlorophyll monomer and lutein monomer.
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics of LHCII structures at different
conditions

Conformations Nanodisc pH 7.8 Nanodisc pH 5.4 Detergent pH 7.8 Detergent pH 5.4

Data collection and

processing

Magnification 22,500 22,500 22,500 22,500
Voltage (kV) 300 300 300 300
Electron exposure (e"A2) 60 60 60 60
Defocus range (um) 1.5-2.5 1.5-2.5 1.5-2.5 1.5-2.5
Pixel size (A) 1.1 1.04 1.07 1.07
Symmetry imposed C1 C1 C1 C1
Images (no.) 8,894 11,375 7,282 12,453
Initial particle images (no.) 5,123,887 6,256,638 3,583,010 5,436,117
Final particle images (no.) 817,473 860,690 653,924 648,142
Map resolution (A) 2.64 2.63 2.59 2.68
FSC threshold 0.143 0.143 0.143 0.143
Refinement

Model compaosition

Initial model used (PDB code) 1RWT 1RWT 1RWT 1RWT
Model resolution (A) 2.72 272 2.72 272

B factors (A2)

Protein 2412 23.71 26.50 24.06
Ligand 23.72 23.16 24.43 23.39
R.m.s. deviations

Bond lengths(A) 0.008 0.007 0.005 0.009
Bond angles (° ) 1.564 1.645 1.280 1.682
Validation

MolProbity score 1.74 1.98 1.79 1.91
Clashscore 11.96 13.71 11.05 12.63
Poor rotamers (%) 0.20 0.79 0.99 0.79
Ramachandran plot

Favored 97.22 95.22 96.45 95.68
Allowed 2.78 4.78 3.55 4.32
Disallowed 0.00 0.00 0.00 0.00
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Extended Data Table 2 | Structural parameters for LHCII at different conditions.  Protonated structures at pH 5.4.": Data
not available. *: Salt bridge separation distance, which are slightly affected by acidification. Data in bracket are the standard
deviations of the average values

Cryo-EM Structures Crystal Structures
Structures LHCII nanodisc LHCII in detergent 1RWT 2BHW | Cucumber
pH=7.8 pH=5.4% pH=7.8 pH=5.4%
Lifetime (ns) 2.28 2.03 292 2.88 0.89 [ /*
State Partially Partially Un- Un-
Quenched | Quenched | quenched | quenched | Quenched | Quenched | Quenched
Lut1-Chl612
electronic 76.9 152.6 32.3 40.8 105 217.6 /"
coupling (cm™)
Lut1-Chl610
electronic 89.7 111.5 47.4 9.7 85.4 58.33 /"

coupling (cm™)

Salt bridge* 2.67 2.72 3.61 3.1 2.97 3.21 2.93
R70-E180 (A) | (0.33) (0.14) (0.26) (0.24) (0.07) (0.05) (0.08)
Salt bridge* 2.84 2.88 3.56 2.64 2.84 2.79 2.88

E65-R180 (A) |  (0.46) (0.29) (0.30) (0.23) (0.12) (0.03) (0.10)

Lut1-Chi612 5.63 5.59 5.99 6.00 5.54 5.43 5.60
distance (A) (0.12) (0.28) (0.03) (0.7) (0.06) (0.04) (0.04)
Lut1-Chi610 6.15 5.58 5.17 5.77 5.54 5.58 5.50
distance (A) | (0.14) (0.27) (0.05) (0.14) (0.05) (0.01) (0.05)

Helix D-E 7.01 6.38 5.95 6.14 55 5.42 5.38
distance (A) | (0.08) (0.17) (0.03) (0.21) (0.06) (0.06) (0.09)

Helix A-B

crossing 121.9 117.9 119.3 116.6 117.4 116.4 117.3
angle (deg) (1.2) (1.3) (0.6) (1.6) (0.2) (0.1) (0.2)

Lut1-Lut2

crossing 80 76.7 82 75.1 73.4 74.6 73.2

angle (deg) (1.1) (1.2) (0.7) 2.1) (0.3) (0.1) (1.1)
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with vertex 70V (Bruker Optics, DE). The steady and transient fluorescence spectroscopy were taken with F-7000 spectrometer (Hitachi, JP)
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The structures and cryo-EM maps have been submitted to PDB&EMDB and will be released upon publication. The respective PDB and EMDB codes are listed below:
Unprotonated structure of LHCIl in detergent solution at pH 7.8: 8IWX, EMD-35782

Protonated structure of LHCII in detergent solution at pH 5.4: 8IWY, EMD-35783

Unprotonated structure of LHCIl in detergent solution at pH 5.4: 8IWZ, EMD-35784

Unprotonated structure of LHCIl in nanodisc at pH 7.8: 81X0: EMD-35785

Protonated structure of LHCII in nanodisc at pH 5.4: 8I1X1, EMD-35786

Unprotonated structure of LHCIl in nanodisc at pH 5.4: 81X2, EMD-35787
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Data exclusions  The initial cryo-EM images are checked manually to exclude those with low contrast, thick ice or severe ice contaminations, which is a
standard procedure for cryo-EM data processing. No spectral data have been excluded.

Replication All spectral experiments were conducted three times for average.
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