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Light-harvesting complex Il (LHCII) is the major light-harvesting antenna, which is responsible for
harvesting sunlight energy and photoprotection of photosystem II. In this study, we assessed the
structural changes in LHCII that are induced by lowering the pH. Absorption, circular dichroism and
emission spectra of LHCII indicate that the trimeric LHCII samples were well intact and maintained in
the light-harvesting state, exhibiting a single 3-ns exponential fluorescence decay. Fourier-transform and
two-dimensional infrared spectroscopies reveal a frequency upshifting of amide | band of some a-
helical elements upon increasing acidity, which could be interpreted as a combination of refolding of a
310 helix and a C-terminal coil to form new a-helices. Some sub-stoichiometry formations of B-motifs
were also observed upon acidification with the B-sheet’s size estimated at around 30-40 amino acids.

Received 10th February 2026, This B-sheet can be formed with the N-terminal coil or co-folding between the N-terminus and the

Accepted 18th March 2026 stromal loop. Our results demonstrate that lowering the pH induces significant structural changes in
LHCII, but that they are not sufficient to switch LHCII into a quenched state. In the thylakoid membrane,

such pH-dependent structural changes may enable specific protein—protein interactions between LHCII
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Introduction

Light-harvesting complex II (LHCII) is the major light-
harvesting antenna of photosystem II (PSII) in vascular plants.
It has been well known that PSII is a highly efficient enzyme
that can harvest sunlight energy (with the assistance of LHCII)
and perform photochemistry to extract protons and electrons
from water and drive subsequent processes of photosynthesis.
Due to the high efficiency, PSII is under a potential of being
over-excited under harsh high-light conditions. Hence, a pro-
cess called non-photochemical quenching (NPQ) is utilized by
plants to dissipate the excess absorbed light energy as heat."™
The molecular mechanism(s) of NPQ are still under debate with
various proposed models, spanning a large range of timescales
from seconds to minutes, and involving many different factors,
including LHCIL,>® Psbs,”® xanthophyll cycle,”** and even
membrane reorganization.'® The fastest phase of NPQ happens
within seconds and is triggered by the lumen acidification
under high light.>'* This is called energy-dependent quenching
or qE component of NPQ. For a recent review, see ref. 4.
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and other membrane proteins, in particular PsbS, that are required for non-photochemical quenching.

The most generally accepted picture of the NPQ’s qE phase
usually involves both PsbS and LHCIL"**'* PsbS is known to
be essential for NPQ (the npgq4 mutant plant lacks PsbS and
cannot perform NPQ’), having several pH-sensitive glutamate
(Glu) residues on the lumenal side helices."®™® The pH-
sensitivity of Glu residues of PsbS was confirmed to be in the
physiological range of the values of the lumen by molecular
dynamics (MD) simulation.">*® Hence, NPQ is proposed to
begin with the lumen acidification causing protonation of
Glu residues on the lumenal helices of PsbS. Subsequently,
PsbsS can undergo structural changes,”* and then this could lead to
an increase of PsbS’s affinity with other proteins in PSII super-
complex. A mutagenesis study using the PsbS mutant plants
lacking one or two pH-sensitive Glu residues near the lumenal
side (E122 and E226) observed a lack of quenching, indicating the
importance of PsbS protonation step to initiate NPQ.*'®

After Glu protonation, PsbS may interact with other light-
harvesting antenna proteins to switch them to a quenched
state. It has been shown that almost all lhcb proteins can be
quenched®?*?* but the major quenching and hence the best
candidate for PsbS interaction is LHCIL®?*¢ In this picture,
the association with PsbS will lead to structural changes switch-
ing LHCII from the light-harvesting state to the quenched state.
The two states of LHCII are characterized by two different
fluorescent lifetimes of ~3-4 ns in the light-harvesting state
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and a much shorter (below 0.5 ns) in the quenched state.””° 1
the quenched state LHCII dissipates large part of the harvested
energy, thus delivering less energy to PSII reaction center as
compared to the light-harvesting state, thereby lowering the
probability of over-excitation.

The molecular mechanism for PsbS-LHCII interaction was
investigated in several studies. In proteoliposome systems, both
low pH and PsbS were determined to be essential to induce
quenching®® and PsbS-LHCII interaction was proposed to induce
Chl-Chl charge-transfer state formation in LHCIL>' or enhance
the Chl-carotenoid coupling,> which are able to quench LHCIL. A
cryo-electron transmission microscopy (cryo-TEM) study suggested
that PsbS can associate with LHCII and compress the protein
scaffold of LHCII along the membrane direction, switching LHCII
to the quenched state.®® An MD simulation study on pH-
dependent structural changes of PsbS predicted that the amphi-
pathic helix H3 is the docking site responsible for interaction with
other light-harvesting complex.*®

The necessity of PsbS in triggering NPQ was questioned by a
biochemical study.** Using diaminodurene (DAD), the lumenal
pH was reduced to around 4, which is well below the physio-
logical value of 5.5. This highly acidic condition was found to
enable similar levels of NPQ in both wild-type (WT) and npq4
mutant chloroplasts. Hence, the authors suggested that PsbS is
not indispensable for NPQ and acts as an allosteric regulator
for LHCII, allowing the switch to a quenched state to occur at a
higher pH value.

In a recent cryo-EM study on LHCII, various structural
differences were observed in the protein scaffolds between
two pH conditions (7.8 and 5.4). However, LHCII trimers were
not quenched upon lowering the pH to the physiological value
of 5.4 in both detergent-solubilized and nanodisc forms as no
significant changes were observed in the sub-ns component of
the fluorescent decay kinetics.**

In this work, we used a much more acidic condition (pH 4.4)
that in vivo was shown to be sufficient induce quenching in
LHCII even in the absence of PsbS.?? We therefore performed a
comprehensive spectroscopic analysis to investigate whether
these conditions could alter the light-harvesting dynamics and
structural organization of LHCII.

We investigated trimeric LHCII solubilized at two pH condi-
tions using different spectroscopic techniques. These include the
state-of-the-art two-dimensional infrared (2DIR) as well as Fourier
transform infrared (FTIR) spectroscopy to probe the structure of
LHCII protein, due to the high sensitivity of the amide I vibrational
modes of the protein backbone to the secondary protein structural
motifs. To complement the IR results providing structural infor-
mation of the protein scaffold, we also report the spectroscopic
observables in the visible region, probing the electronic spectral
properties of chlorophyll (Chl) pigments in LHCII.

n

Results and discussion

In this section, we present the visible spectroscopic results to
validate the integrity of LHCII trimers after buffer exchange
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procedure. Subsequently, IR spectroscopies focusing on protein
structural information will be discussed. We note that the IR
spectroscopic observations specifically focus on the amide I
band region around 1650 cm™*, strongly overlapping with H,O
absorption.*® Therefore, it is a common practice to substitute
H,0 with D,0, and all proteins and buffers used in this study
were deuterium exchanged to the maximal possible extent. All
pH values in this study will be henceforth mentioned as pD,
and the pD value is determined as pD = pH* + 0.4, where pH* is
the reading from the commercial glass electrode pH meter.*
All the visible spectroscopies were performed on the deuterated
samples as IR spectroscopies for the sake of consistency.

Absorption, circular dichroism and fluorescence spectroscopy

In order to investigate the electronic spectral properties in
LHCII, we performed steady-state absorption and -circular
dichroism (CD) measurements on the solubilized trimeric
LHCII samples at pD 4.4 and pD 7.5. Henceforth, the pD-4.4
and pD-7.5 samples will be called acidic and neutral samples,
respectively. All the one-dimensional spectra will be colored in
orange/green for acidic/neutral samples and the difference
spectra will be defined as acidic-minus-neutral spectra and
plotted in black, unless otherwise stated.

Steady-state absorption spectra of both samples exhibit the
typical shape of LHCII's absorption comprising two main
bands: the Q, band in the red region and the Soret band in
the blue-green region, as observed in Fig. 1(a). The absorption
spectrum of the acidic sample shows an additional small
absorption at 540 nm and in the 400-420 nm region. This
indicates that under highly acidic conditions, a minor fraction
of Chls has been converted to pheophytin.

CD spectra are sensitive to excitonic couplings of the Chl
pigments. Fig. 1(b) shows that the typical W-like lineshape at
the Q, spectral region is well conserved in both samples. This
indicates that the excitonic coupling networks of LHCII trimers
are largely retained. The trimeric form of LHCII remains intact
under highly acidic conditions as monomerization would col-
lapse the negative feature at 475 nm of the trimeric LHCII’s CD
spectra,®” which is not observed here.

As described before, the aggregation of LHCII can be sensi-
tively detected by low-temperature fluorescence with the char-
acteristic F700 band.*® Hence, to further verify the integrity of
trimeric LHCII samples, we performed both steady-state and
time-resolved fluorescence measurements and the results are
presented in Fig. 2.

Low temperature (77 K) steady-state fluorescence spectra of
both LHCII samples are presented in Fig. 2(a). The excitation
wavelength 440 nm was chosen to mainly excite Chl a’s Soret
band. Despite some minimal variations within +1 standard
deviation uncertainty, both fluorescence spectra are virtually
identical. The putative F700 band, which is a marker for
aggregation,®® is clearly absent in our samples. Two more
excitation wavelengths at 475 nm and 500 nm, preferentially
exciting Chls b and carotenoids, respectively, were also used to
measure 77-K steady-state fluorescence. The same spectra were
obtained for these excitation wavelengths (shown in Fig. S1 of
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Fig.1 Comparison of steady-state visible absorption (a) and circular

dichroism (b) spectra of trimeric LHCIl solubilized in deuterium-
exchanged buffers at pD 4.4 (orange) and pD 7.5 (green). The steady-
state absorption spectra were normalized to the corresponding Q, max-
ima at around 676 nm. Each spectrum was the average of four replicas
measured on two different purification batches. Each spectrum is overlaid
with +1 standard deviation as shading areas. The black spectra plotted
underneath each steady-state panel are the acidic-minus-neutral differ-
ence spectra.

the SI), indicating that excitation energy transfer between
pigments is properly retained at the two pD conditions. The
time-correlated single photon counting (TCSPC) traces in
Fig. 2(b) are strongly overlapped and also identical within the
noise level. The Laplace transformation of two TCSPC decay
traces yields the corresponding lifetime distribution of the
decay dynamics shown in Fig. 2(c). The lifetime distributions
of both samples show a single peak at ~3-4 ns, which is the
well-established lifetime of the light-harvesting state of
LHCIL?**?” No sub-ns lifetime, which is characteristic for the
quenched state, can be resolved.

With the above-described analysis and interpretations on
UV-vis spectroscopic observables, we can confidently confirm
that the trimeric LHCII samples were intact after the buffer
exchange procedure and the excitonic couplings between Chl
pigments were altered very minimally. However, these small
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Fig. 2 Fluorescence measurements of LHCII at two pD conditions. (a) 77-
K steady-state fluorescence spectra excited at Chl a’s Soret band 440 nm.
(b) Time-correlated single photon counting (TCSPC) traces detected at
680 nm upon excitation at 440 nm. The grey shaded area depicts the
instrument response function (IRF) measured with pinacyanol iodide in
methanol. (c) Lifetime density of the TCSPC traces obtained by performing
Laplace transformation of the traces in (b) taking into account the IRF and
using 0.3% intensity regularization with Tikhonov algorithm.*°

changes do not form any quenched population of LHCII in both
pD conditions.
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FTIR spectroscopy

We further applied infrared spectroscopy to study the effect of
acidification on the LHCII protein structure. As mentioned
above, the amide I band is specifically sensitive to the protein
secondary structure. The amide I vibrational mode is mainly
contributed by the stretching vibration of the C—=O in the
amide bond together with a minor contribution of the bending
motion of the adjacent N-H bond. Once folded to form sec-
ondary structures, almost all C=0 groups will form hydrogen
bonds (H-bonds) with N-H (and/or N-D) of the proximal
residues. On top of that, for well-defined secondary structural
motifs like o-helices or B-sheets/strands, all C=O bonds are in
an almost parallel/anti-parallel alignment. These make the
amide I vibrational modes delocalize over the broad spatial
extent of the corresponding protein backbones*® and hence, are
sensitive to the structures of the protein motifs.

In Fig. 3, the solvent-subtracted FTIR spectra of LHCII at
both pDs are presented. Three protein-related spectral regions
are observed in the FTIR spectra. The amide II’ region between
1400-1500 cm " is dominated by the N-D vibrational motions
and quite structurally insensitive, hence will not be discussed
further.*"*

The intermediate band between 1500-1600 cm™ " is complex
as this region can be contributed by various factors in the
protein. This can be the remnant amide II vibration (N-H
vibration) due to non-exchangeable H atoms, which are deeply
buried inside the hydrophobic core of the protein. Two sharp
vibrational modes at around 1515 and 1550 cm ' can be
attributed to the Chls’ and carotenoids’ C—C stretch motions,
respectively.*>** A broad band between 1565 and 1585 cm "
can be attributed to the asymmetric stretch of the deprotonated
carboxylate group on the sidechain of aspartate (Asp) and Glu
residues.”” This is consistent with the fact that the FTIR
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Fig. 3 (upper) Solvent-subtracted FTIR spectra of LHCII trimers at two pD

conditions. The pD-7.5 FTIR spectrum was normalized to have the same
integrated intensity between 1600-1700 cm™~ (amide | region) as the pD-
4.4 FTIR spectrum. (lower) The difference spectrum AFTIR is the acidic-
minus-neutral spectrum. We note that the region below 1540 cm™ is not
very reliable in AFTIR as it was partially influenced by the absorption of
HOD contamination in the samples.
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intensity in this region is lower in acidic conditions. The
high-frequency spectral region above 1700 cm ™" exhibits some
minor signal. These signal can be assigned as the vibrations of
C=O0 in ester groups of Chls.*® In addition, the protonation/
deuteration of Asp and Glu residues shifts the C=O0 vibrational
frequencies of the carboxylate sidechains to the 1710-1720 cm™*
region.”> Hence, this can contribute to the increase of pD-4.4
signal in this region as observed in AFTIR spectrum.

The amide I region between 1600-1700 cm ™" contains lots of
information about the protein secondary structure. The amide I
spectra of both sample are dominated by a sharp peak at
1650 cm ™ ". This can be ascribed to the o-helices’ signals, which
are usually resolved as an asymmetric peak at 1650 cm™'. The
asymmetry of the o-helix peak is explained by the fact that for
the idealized infinitely long o-helix, the amide I band is
comprised of two modes called A and E; having transition
frequencies split by around 10 cm™",*' which is smaller than
the linewidth of the IR transition peaks (20-25 cm™ ). Hence, in
the complicated large-size protein like LHCII, these two modes
can be treated as one single asymmetric o-helix signal. The
domination of a-helix signal in the amide I band is expected
since the protein motif of LHCII contains mostly a-helices,
resolved by various structural techniques,*”*® under different
pH conditions.**

We note that the area-normalization forces the AFTIR spec-
trum to be conservative, i.e., integrated area = 0 between 1600-
1700 cm ™. This can be true with the assumption that the area
of amide I is linearly proportional to the number of C=0O
oscillators. In reality, the transition dipole moments of C=0O
bonds are not the same in all protein motifs, e.g., the random
coils exhibit lower transition dipole moments than a-helices,
despite similar transition frequencies.”’ In addition, solvent
subtraction can also introduce some artificially tilted baseline,
which can make the area-normalization less certain. Hence, we
will refrain from making extensive quantitative interpretations
and only focus on overall features when discussing difference
spectra (both AFTIR and A2DIR) in IR regimes.

Lowering the pD from 7.5 to 4.4 leads to the overall
broadening of the amide I band. Area-normalization slightly
increases the peak intensity of the pD-7.5 spectrum relatively to
the pD-4.4 one. This results in the negative feature at 1640 cm
in the AFTIR spectrum (Fig. 3). Concomitantly, there is an
intensity increase at higher frequency region extending from
1660-1740 cm ™ ". This signal is relatively broad and non-trivial
to assign as it is extended towards rather high frequency, which
is not the central frequency of normal amide I vibration. The
AFTIR signal above 1700 cm ™" is due to the Asp/Glu protona-
tion as described previously, and the lower frequency part
(<1700 ecm™') is due to amide I band spectral changes.
In addition, there is a small increase in intensity of the pD-4.4
spectrum at around 1620 cm ™ '. This can be assigned to some
additional B-motifs that have been formed at lower pD. Another
explanation for this positive 1620-cm " signal is the downshifting
of the low-frequency mode of some B-motifs that increase in size
when lowering the pD. These assignments will later be reaffirmed
and discussed with 2DIR spectra.
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2DIR spectroscopy

To further disentangle the spectral changes observed in the
AFTIR spectrum, we performed 2DIR measurements on LHCII
at neutral and acidic conditions. With the additional frequency
axis, 2D spectroscopy was extensively utilized as a powerful
technique to disentangle the congested spectral features.>*™?
In this study, the 2DIR spectra will be presented with the axis
convention as: the vertical axis depicts the excitation frequency
Vexe and the horizontal axis shows the detection frequency vget.
All signals on each 2D spectrum will be denoted as a (Vexc, Vdet)
coordinate, except the diagonal signals, which have veye = Vget-
The sign convention for the 2DIR signal is adopted from
transient absorption spectroscopy, with the negative diagonal
signals indicating the ground-state bleach (GSB) of v=0 > v=1
vibrational transitions, and the red-shifted positive signals of
excited-state absorption (ESA) corresponding to the v =1 —
v = 2 transitions.

Fig. 4 presents the 2DIR spectra of LHCII recorded at a
population time of 500 fs using the perpendicular (ZZYY)
polarization scheme to enhance contrast for the excitonic
coupling cross-peaks.>® First of all, the 2DIR spectra at the
two pDs are nearly identical, which is not unexpected, as can be
seen in the FTIR spectra in Fig. 3 that the amide I bands of the
two samples are very similar. Both of them contain a diagonally
elongated negative feature of GSB, accompanied by the red-
shifted positive band of ESA. The diagonally elongated 2D
peakshape indicates that the amide I band of LHCII is broa-
dened mainly due to the inhomogeneous distribution of the
transition frequencies of different oscillators, not due to the
homogeneously broadening lineshapes.** Almost no excitonic
coupling cross-peaks are observed in Fig. 4(a) and (b). Hence,
we can interpret the diagonally elongated signals in both 2DIR
spectra as (mostly) the combination of various signals coming
from different parts of the protein.

The acidic-minus-neutral A2DIR spectrum in Fig. 4(c) exhi-
bits three main features along the diagonal. As being defined as
the acidic-minus-neutral difference spectrum, together with the
fact that the GSB signals along the diagonal line are negative,
the negative/positive diagonal signals of the A2DIR spectrum
correspond to an intensity increase/decrease in acidic condi-
tions, relative to the neutral spectrum. The most noticeable
feature in the A2DIR spectrum is the broad negative feature
extending diagonally from around 1680 cm ' to more than
1720 em ™', This corresponds to the increased signal in acidic
conditions as observed in Fig. 3 as the broad positive signal in
the AFTIR spectrum. As described before, this increased signal
in acidic spectra can be partially explained by the protonation/
deuteration of the Asp and Glu sidechains, hence, shifting the
signals from 1560-1580 cm™ " (not covered in 2DIR) to higher
frequency region of around 1700-1720 cm ™.

The increased signal in acidic conditions at a high frequency
regime is not just contributed by the protonation of Asp and
Glu residues, but also by some intensity reduction around
1640 cm ™' as observed as the positive diagonal signal in the
A2DIR spectrum, corresponding to the negative signal in the
AFTIR spectrum at the same region. In both difference spectra
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Fig. 4 2DIR spectra of LHCII trimers recorded at the population time of
500 fs using ZZYY polarization scheme at pD 4.4 (a) and pD 7.5 (b).

(c) A2DIR spectrum calculated as the acidic-minus-neutral difference
spectrum.

(AFTIR and A2DIR), this 1640-cm™ ' feature has a narrower
linewidth, extending between 1620-1660 cm . This frequency
region is slightly lower than the normal central frequency of
the idealized o-helix. Together with the fact that the spectral
linewidths of o-helices are usually broad (~30-40 cm %),*?
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we assign this reduced signal in the acidic sample to be due to
the frequency upshifting of some a-helices. As the spectral
linewidth is broader than the frequency upshifting, this fre-
quency shift will result in the reduction of the low-frequency
signal and the increase at the high-frequency edge of the
bandwidth. While near the peak center, most of the signals
will be canceled out in the difference spectra (compensating
effect). This explains the broad linewidth of the increased
signal in AFTIR and A2DIR spectra at the high-frequency
region, and the near-zero signal around 1660 cm ' in the
A2DIR spectrum.

The assignment of o-helices frequency upshifting is sup-
ported by the structural alterations of LHCII protein motifs at
low pH observed by Ruan et al. using cryo-EM.** The overall
comparison of the protein manifold of LHCII in detergent at
PH 7.8 and pH 5.4 is presented in Fig. 5(a). Three main helices
(helix A, B and C) are largely similar between the two structures,
evidenced by almost perfect structural overlay in Fig. 5(a). On
the other hand, noticeable differences can be observed around
helix E, helix D and the C-terminal coil.

At pH 5.4, helix E was observed to refold from a 3,, helix to
an o-helix. As depicted in Fig. 5(b), the green 3,, helix is the pH-
7.8 structure exhibiting a slightly smaller radius compared to
the red o-helix of the pH-5.4 structure. The H-bond network is
also more periodic and regular in the o-helix. As 3;, helix is
expected to exhibit slightly lower amide I frequency compared
to the a-helix (~5-10 em™"),>® hence, the refolding of helix E
can slightly upshift (part of) the amide I band of LHCII in acidic
conditions.

In addition, the C-terminal coil near helix D was also
observed to fold to an o-helix when lowering pH from 7.8 to
5.4. As shown in Fig. 5(c), despite the ribbon cartoon, the green
C-terminal coil looks more unstructured compared to the red
a-helix, with only one detectable H-bond while the red a-helix
shows 4 H-bonds with regular periodic spacing pattern. The
random coils are usually expected to have a lower transition

(b)
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dipole moment, while exhibiting very similar transition fre-
quency as o-helix. In addition, a coil element is expected to
yield a much lower signal in 2DIR than a helical element
because of the 4th power scaling of the transition dipole
moment in 2D spectroscopy.”” Hence, the folding of the C-
terminal coil to an o-helix will increase the signal in acidic IR
spectra, and this can make the AFTIR and A2DIR become non-
conservative.

Another possible contribution to the amide I band frequency
upshifting is the movement of any helical elements towards the
hydrophobic core of the protein. The frequency upshifting of -
helix is explained as the stabilization of the overall helical
structure when being buried in the more compact hydrophobic
core. This structural stabilization enhances the couplings of the
vibrational excitons, together with altered surrounding refrac-
tive index,*® and/or the smaller degree of hydration®® causing
the amide I frequency upshifting. This effect has been reported
in a similar membrane protein PsbS with the amphipathic helix
retraction towards the membrane,*! as well as artificial peptide
using o-helix stabilization agent.>® In the case of LHCII, a small
translational motion of helix D can be observed in the cryo-EM
structures.”® The red helix D in Fig. 5(a) is slightly translated
towards the core of the protein compared to the green helix D.
Ruan et al. explained this motion as the allosteric effect caused
by the refolding of both helix E and C-terminal coil forming two
new o-helices and pushing helix D towards the protein core
upon acidification. We note that, although the translation of
helix D in cryo-EM structures is quite small, the acidic pH used
in the cryo-EM study was 5.4, while in our study the pD is 4.4,
which is more acidic and hence, can enhance the movement of
helix D.

The third feature observed in the amide I region of A2DIR
is the increase of acidic signal at lower frequency of around
1600-1620 cm . This frequency is very low compared to the
normal central frequency of o-helices. The signal in this fre-
quency range usually indicates B-motifs. In B-sheets/strands,

Fig. 5 Demonstration for the structural alterations of the LHCII protein motifs. (a) Overlaying the protein scaffolds of one monomeric unit of LHCII in
detergent at neutral pH 7.8 (green) and acidic pH 5.4 (red) fetched from the Protein Data Bank cryo-EM structures (PDB IDs: 8IWX and 8IWY).** (b) and (c)
The structural comparison focusing on helix E (b) and the C-terminal coil (c). Dashed lines indicate the H-bonds. The protein figures are prepared with

ChimeraX software.>®
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the regular periodic repetitions of coupling pattern between
adjacent amino acids create a large delocalization effect of
C=—O vibrations over the whole spatial extension of the
B-sheets/strands. This delocalization effect yields the redistri-
bution of transition dipole moments and usually two strong
vibrational modes can be observed for B-motifs. The stronger
mode is called v, and exhibits lower central frequency in the
range of around 1600-1640 cm ', depending on the B-sheet’s
size.®® The weaker mode is called v having higher frequency of
around 1690 cm ™', These two modes are excitonically coupled
as they are formed by the same collection of oscillators. Hence,
the cross-peaks connecting these two modes are the signature
for B-motifs and should be resolved in 2DIR spectra. However,
inspecting Fig. 4 does not provide any signature of the cross-
peaks coupling two B excitonic modes as expected.

To visualize the small features in 2DIR spectra, we reset the
color bars and contours of Fig. 4(a) and (b) to 10% of the
corresponding maximum. The new plots are presented in
Fig. 6(a) and (b). With the new scaling, the small features in
2DIR spectra are enhanced and two cross-peaks corresponding
to the B-motifs can be easily recognized. The below-diagonal
cross-peak is located at (Vexe, Vaer) = (1610, 1690) cm ™, while the
above diagonal cross-peak at (1720, 1620) cm ™" is a bit off from
the expected coordinate, which should be a mirror-image of the
other cross-peak via the diagonal line. This non-symmetric
cross-peak pair can be explained as the above-diagonal cross-
peak is strongly distorted by the large ESA positive signal as the
major protein motif of the whole trimeric LHCII is still the
a-helix.

The quasi-transient absorption (quasi-TA) spectrum can be
extracted from a 2D spectrum by taking a horizontal slice at a
certain excitation frequency vey. (or integrating several horizon-
tal slices within a certain range around ve). The quasi-TA
spectrum, as described by the name, can be considered analo-
gous as the TA spectrum recorded using ultra-narrowband
excitation frequency ve. Any signal along 4. dimension is
the spectral signature of molecular factors induced/created by

1650
(em™)

1700

Vet

View Article Online
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the excitation of ve.. Inspecting the quasi-TA spectra extracted
from two 2DIR spectra at two pDs (see SI) reveals that the cross-
peaks are somewhat clearer in the pD-4.4 spectrum. Hence, it
would be interesting to inspect the quasi-TA spectra extracted
from the A2DIR spectrum, which can highlight the pD-
dependent B-motifs.

The low-frequency quasi-TA spectra (Vex = 1610-1620 cm ™)
in Fig. 7(a) exhibit some diagonal features due to the newly
formed B-motifs upon acidification, as discussed above. These
diagonal peaks are coupled with the cross-peaks (indicated with
arrows) having dispersive lineshape with a positive feature at
Vexe = 1680 cm ™" and a negative peak at ve, = 1690 cm™ . The
clearest dispersive lineshape of the cross-peak is observed in
the quasi-TA spectra of vex = 1620-1630 cm ™.

The high-frequency quasi-TA spectra are presented in
Fig. 7(b). In this region, beside the increased signal from (-
motifs, some contribution from o-helices also appears as we
observe the frequency upshifting related to the o-helices dis-
cussed above. As we can see the dispersive lineshape of the
cross-peak is resolved clearest with the 1685-1695-cm ™" spec-
tra, and the diagonal features are also strongest in these
spectra. The cross-peak has a negative peak around
1625 cm™ " and a positive peak around 1610 cm™*, as indicated
by the arrows in Fig. 7(b). Together with the interpretations
obtained from low-frequency quasi-TA spectra, we can conclude
that two excitonic modes v, and v of B-motifs form upon
acidification are centered at around 1625 cm ™' and 1690 cm ™ ?,
respectively. For these frequencies, recent theoretical calcula-
tions estimate that the B-sheet size should be around 30-40
amino acids,*® depending on how long each B-strand is and
whether the B-folding motif is parallel or anti-parallel.

As mentioned before, the increase signal around 1620 cm™
in acidic spectra observed in A2DIR and AFTIR spectra can also
be explained as the frequency downshifting of the v, mode.
Due to the strong dependence of the v, mode frequency on the
extension degree of the f-motif, if the acidification enlarges the
B-sheet size, the v, mode frequency will be downshifted

1

1740 8
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1700 4
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E 1660 10
2
0 1640 {2
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Fig. 6 Same as Fig. 4(a) and (b) with the maximal intensities set at 10% of the original maximal intensities to visualize the small features. The dashed
rectangles roughly indicate the cross-peaks position corresponding to the B-motifs.
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Fig. 7 Quasi-TA spectra extracted from A2DIR spectrum in Fig. 4(c). The
denoted frequencies in the legend are the corresponding excitation
frequency vexe. The low-frequency quasi-TA spectra are presented in (a)
and the high-frequency ones are presented in (b) highlighting the below
and above diagonal cross-peaks, respectively. The arrows indicate the
maxima of the positive and negative features of the cross-peaks as
discussed below.

(probably from 1630-1640 cm™ " to 1620 cm™ '), and will result
in the decrease/increase of 1640/1620-cm ™" signal as observed
in both A2DIR and AFTIR spectra. However, this possibility can
be excluded by fitting the cross-peak region of quasi-TA spectra
extracted at Ve, = 1690 and 1695 cm ™ '. The fitting results
presented in the SI show that the frequency of v, mode stays
constant around 1622 4+ 4 cm ™' in all six quasi-TA spectra
inspected. Hence, the B-sheets observed in both 2DIR spectra at
two pDs exhibit the same size within the fitting uncertainty and
the increase of signal around 1620 cm ™' region is really due to
the increase amount of f-motifs formed upon acidification.

pD-dependent structural changes in LHCII: implications for
the NPQ mechanism

We confidently determine that lowering the pD from 7.5 to 4.4
causes substantial alterations to the protein manifold of tri-
meric LHCII. The refolding of the 3;, helix E and C-terminal

Phys. Chem. Chem. Phys.
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coil to a-helices creates allosteric effects to push helix D deeper
into the protein hydrophobic core, causing frequency upshift-
ing of amide I band. Some B-motif formation is well-resolved
with two excitonic coupling cross-peaks indicating two exciton
bands v, and v at 1622 £ 4 cm™ " and 1690 cm ™, respectively.
Theoretical calculations give an estimation of around 30-40
amino acids forming this B-sheet, corresponding to around
10-15% of the total number of amino acids in lhcb1
sequence.”” This amount of B-motif is not so small in percen-
tage per sequence but the very low signal in 2DIR (1-2 mOD
signal of B-sheet cross-peaks out of 80 mOD maximum)
indicates that the B-sheet was formed in sub-stoichiometry
upon acidification. We note that this estimation about the
amount of newly formed B-sheet upon acidification depends
on the accuracy of the theoretical calculation used to estimate
the B-sheet size.®® We emphasize that all the structural altera-
tions inferred from the 2DIR spectra aided with cryo-EM
structures are related to the membrane-exposed region of the
LHCII protein (helices D and E, C-terminal coil and N-terminal
coil mentioned later). This is reasonable as LHCII is a
membrane protein, with the hydrophobic core embedded in
the membrane in vivo or well-protected by the detergent shell in
solubilized state. Therefore, no or very minimal effects of the
acidification are expected to happen in the hydrophobic core
region of the LHCII.

In the context of NPQ, we hypothesize that the structural
response of LHCII to lowering pH is required to enable specific
interactions with PsbS that switch LHCII to a quenching state,
which may involve repositioning and refolding of amphipathic
helices at the lumenal side.’®?' In additions, even if no
B-motifs were resolved in LHCII structural studies,>**”*® we
present clear evidence of the presence of B-sheets at both pD
conditions, and that the amount of B-sheet increases upon
lowering the pD. The observation of B-motifs is in line with a
recent MD study, indicating that monomeric LHCII, upon MD
equilibration, forms some B-motifs at the lumenal loop near
helix E, the stromal loop, and the N-terminal coil.® Hence,
most of the disordered elements, which are not well-resolved in
the crystal and cryo-EM structures, may in fact form B-motifs.
With our estimation of around 30-40 amino acids for the pD-
dependent B-sheet detected in A2DIR, the lumenal loop of
LHCII, having 33 amino acids (90th-122th residues), is
not long enough to form B-sheet of this size (and helix E
occupies the 96th-106th amino acids). On the other hand, the
N-terminal coil has 53 amino acids and the stromal loop has 31
residues (137th to 168th). We hence propose that upon acid-
ification of LHCII in vitro, the B-sheet could be formed either by
the N-terminal coil, which contains sufficient number of resi-
dues required for the proposed fB-sheet size of 30-40 amino
acids, or by co-folding of the N-terminal coil and the stromal
loop. In vivo, only the lumenal side is acidified under high light
conditions, and it is hence unclear whether in the thylakoid
membrane, a similar increase of B-sheet content in LHCII
occurs upon lumen acidification. Nevertheless, our results
clearly show that LHCII has a propensity to form B-sheets at
the stromal side, and we tentatively propose that through
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transmembrane allosteric effects, B-sheet formation in the
stromal elements may occur. The stromal disordered elements,
which are not well resolved in any published structures, were
proposed to be the interaction region of LHCII and might play a
role in grana stacking.®”

Conclusion

In this study, we performed a comprehensive spectroscopic
investigation on the major light-harvesting complex, LHCII, in
two pD conditions. The steady-state absorption and CD results
revealed a very minimal change in the excitonic network of
LHCII in highly acidic conditions of pD 4.4. The low pD did not
switch LHCII from light-harvesting state to quenched state,
evidenced by the persistent 3-ns single exponential decay life-
time. Aggregation and/or precipitation issue was also ruled out
by the lack of the typical fluorescence emission band at 700 nm
in the 77-K steady-state fluorescence spectra. Our results show
that even if LHCII undergoes significant and specific protein
structural changes upon lowering the pH, such changes are not
sufficient to switch LHCII into a quenched state. We propose
that in vivo, lumen acidification may result in an intrinsic
structural response of LHCII similar to that reported here (even
if the pH does not attain the very low values applied here).
However, interactions with other components in the thylakoid
membrane, in particular PsbS, are likely required to induce a
proper gE response.

Infrared spectroscopies shed light on the protein secondary
structure of LHCII. Upon acidification, a major frequency
upshifting of the amide I band was observed in both FTIR
and 2DIR spectra. This frequency upshifting could be explained
as the combination of various structural alterations reported
previously by cryo-EM, including refolding of a 3, helix and a
C-terminal coil to form new o-helices, and possibly an allosteric
effect of the newly formed helices pushing helix D towards the
protein hydrophobic core. These changes at the lumenal side of
the membrane may align with corresponding pH-dependent
structural changes in PsbS'?' and facilitate the interactions
that are required for a qE response.

In addition, we demonstrated the presence of a small but
significant amount of B-sheet motifs at both pD conditions,
and that the amount of B-sheet increases upon acidification.
The A2DIR spectrum revealed two excitonic cross-peaks,
which can be unmistakably assigned to the v, and v excitons
of the B-sheet. An estimation of around 30-40 amino acids for
the pD-dependent B-sheet size was made based on the fre-
quencies of two B-sheet excitons. With this size, the B-sheet
observed in our 2DIR results was likely formed in the stromal
disordered elements either by the N-terminal coil itself or by
the co-folding of stromal loop and N-terminal coil together.
Although the stroma is not acidified under NPQ conditions
in vivo, B-sheet formation at the stromal side through allos-
teric effects cannot be ruled out and may play a role in
mediating interactions with other components in the thyla-
koid membrane.
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