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The light-harvesting chlorophyll a/b complex of photosystem II (LHCII) is able to switch to multiple functions under different
light conditions (i.e. harvesting solar energy for photosynthesis and dissipating excess excitation energy for photoprotection).
The role of the different carotenoids bound to LHCII in regulating the structure and function of the complex is a long-lasting
question in photosynthesis research. 9-cis-Neoxanthin (Nx) is one of the important carotenoids, which can only be found in the
LHCIIs. High-resolution structural analysis of LHCII shows that Nx is located between different monomeric LHCIIs, with one
side protruding into the lipid membrane. In this study, the various functional signiﬁcances of this unique feature of Nx
binding in LHCII are studied with the in vitro reconstituted LHCIIs both with and without Nx and the native complexes
isolated either from wild-type Arabidopsis (Arabidopsis thaliana) or from its mutant aba4-3 lacking Nx. Our results reveal
that the binding of Nx affects the binding afﬁnity of violaxanthin (Vx) to LHCII signiﬁcantly. In the absence of Nx, Vx has a
much higher binding afﬁnity to trimeric LHCII. The strong coordination between Nx and Vx at the interfaces of adjacent
monomers of LHCII plays an important role both in operating the xanthophyll cycle and in the transient modulation of
nonphotochemical quenching.

The light-harvesting complex of PSII (LHCII) is a
multifunctional membrane protein that plays important roles in regulating the functions of the thylakoid
membrane under different environmental conditions.
Under moderate light, LHCII absorbs solar light and
transfers the excitation promptly to the reaction center.
Upon overexcitation, it dissipates the absorbed excess
energy to protect the photosynthetic apparatus from
photodamage. The mechanisms of the switch of LHCII
between these two different states, as well as its structural basis, are long-lasting questions that are still debated (Ruban, 2015).
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A unique feature of LHCII is its abundant photonabsorbing cofactors that form an extensive network for
the highly efﬁcient harvest and transfer of solar energy
in spite of the extremely high pigment concentration in
the thylakoid membranes. Besides the 14 chlorophylls
(Chls), each LHCII monomer binds four carotenoid
(Car) molecules, namely two lutein (Lut), one 9-cisneoxanthin (Nx), and one violaxanthin (Vx; Liu et al.,
2004; Standfuss et al., 2005). The two Lut at the L1 and
L2 sites, located at the center of LHCII, possess the
highest binding afﬁnities to LHCII among all the Cars.
Nx, although connected with only one hydrogen bond
with a luminal-loop residue, Tyr-112 (N1), has a relatively high binding afﬁnity via the hydrophobic interaction with the Chlb cluster. In contrast, Vx has the
lowest binding afﬁnity to LHCII. Isolation of the LHCII
complexes with the mildest detergent yielded only
0.2 Vx per monomer (Ruban et al., 1999).
Cars are very important for LHCII, not only in stabilizing the structure of LHCII but also in regulating the
efﬁciency of excitation energy usage (Croce et al., 1999;
Ruban et al., 2007; Kirilovsky, 2015). The Lut at the L1
site regulates the energy transfer to the end emitter Chla
(Ruban et al., 2007), while that at L2, located with one
end in the Chlb-rich region, ensures a close interaction
between Chla 604 and Nx, which is ultimately important in regulating the triplet energy distribution in
LHCII (Zhang et al., 2014). Nx, with its unique 9-cis
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conﬁguration, located at the periphery of LHCII and in
the Chlb region, is involved in scavenging the singlet
oxygen produced under overexcitation conditions
(Dall’Osto et al., 2007). Vx, also located peripherally but
distant from the Nx of the same monomer, is a component of the xanthophyll cycle, as the substrate for
violaxanthin deepoxidase (VDE), which converts Vx to
antheraxanthin and zeaxanthin (Zx). Because of its
longer conjugated double bond chain, Zx is able to accept excitation from Chl and to dissipate the harmful
excessive energy as heat (Holt et al., 2005).
The two peripherally located Cars (Vx and Nx) possess unique regulatory mechanisms in executing their
functions. The most unstable bound Car, Vx, when
functioning as a substrate of VDE, is liberated from
LHCII and transferred to the lipid phase on the lumenal
side of the thylakoid membrane for deepoxidation.
Although the characteristics of VDE were discovered
long ago, the regulatory mechanism whereby Vx dissociates from LHCII remains unclear (Jahns et al., 2009).
Nx, a biosynthetic precursor for abscisic acid (Oritani
and Kiyota, 2003), is the only Car in the photosynthetic
apparatus that is cis-conﬁgured (Liu et al., 2004). This
isomer exists only in PSII of Chla/b-containing chloroplasts (Caffarri et al., 2007), while all-trans-neoxanthin
also can be found in petals or fruits (Takaichi and
Mirauro, 1998). The phylogeny of photosynthesis indicates that the appearance of Nx coincides with that of
Chlb, which may be related to the fact that Nx is closely
associated with Chlb (Takaichi and Mirauro, 1998). It
was observed that a lack of Nx in the Arabidopsis
(Arabidopsis thaliana) mutant aba4-1 inﬂuenced neither
the excitation energy transfer, nor the harmful energy
dissipation, nor the luminal-loop conformation, although it did show the reduced scavenging of singlet
oxygen under excessive light (Dall’Osto et al., 2007;
Mozzo et al., 2008; Fehr et al., 2015). It is proposed that
Nx undergoes conformational change that is indirectly
related to the nonphotochemical quenching (NPQ) in
LHCII, because it is the basis for allosteric adjustment
between unquenched and quenched states under different environmental conditions (Ruban et al., 2007;
Ilioaia et al., 2008). Nx displays special binding characteristics, and its binding to LHCII is thermodynamically reversible (Hobe et al., 2006), which is suggested
to be involved in the reorganization of the photosynthetic membrane supercomplexes that is essential for
the adaptation of the photosynthetic membrane to the
changing environment. Dynamic molecular modeling
indicates that the variations of the interactions between
the hydrogen bond of Nx and the hydroxyl group of
Tyr-112 strongly inﬂuence the site energy of Chla
604 (Müh et al., 2010). This modeling is supported by
experiments showing that the conformational changes
of Nx inﬂuence the Nx-Chla 604-L2 interactions and
adjust the triplet energy distribution in LHCII (Zhang
et al., 2014). The functions of Nx have not yet been fully
understood because of conﬂicting observation results.
In this study, the structural and functional signiﬁcance of the unique features of Nx binding have been

investigated using different LHCII species, including
in vitro reconstituted LHCIIs either containing or
lacking Nx, and also using LHCII puriﬁed from the wild
type (WT-LHCII) and the Nx-lacking mutant aba4-3
of Arabidopsis (native-LV). We have studied the binding
afﬁnity of Nx and its effects on the xanthophyll cycle and
the transiently generated NPQ. Our results show that
the binding of Nx and Vx to trimeric LHCII is closely
coordinated and, thereby, directly affects the operation of the xanthophyll cycle and the dynamics of
transiently generated NPQ.

RESULTS
Binding of Vx Is Apparently Competitively Inhibited by
Nx Binding

LHCII is a membrane protein complex that can bind
photosynthetic pigments in vitro to form recombinant
functional complexes with native conﬁguration. This
allows for the manipulation of the Car composition and
the study of the structure-function relationship of different Cars in the complexes. Table I shows the pigment
stoichiometries, determined by HPLC, of recombinant
LHCIIs refolded in the presence or absence of Nx. The
presence of Nx in the reconstitution process did not
change the Chla/b ratio of LHCII, which was in the
range of 1.11 to 1.18. Since the amount of Chl bound to
the recombinant LHCII was 12 for every 2 Lut (Croce
et al., 1999), the stoichiometry of the bound Car in
LHCII was calculated relative to Chl. LHCII refolded in
the presence of all three Cars (Lut, Vx, and Nx: re-LNV)
had the normal Car composition: ;1.9 Lut, ;1.2 Nx,
and trace amounts of Vx. Omitting Nx in the reconstitution process (re-LV) increased the Vx content to 0.6,
indicating that Nx binding was a key factor interfering
with the binding of Vx to the LHCII complexes.
This interference was further investigated by Nx
reassembly experiments with LHCII complexes lacking
Nx, following the procedure described by Hobe et al.
(2006). Nx was reassembled into different Nx-deﬁcient
LHCII complexes, including the recombinant re-LV
without Nx and the LHCII from the Arabidopsis
mutant aba4-3 that lacks Nx, and isolated by Suc gradient centrifugation of detergent-solubilized thylakoid
membranes (band 3 in Fig. 1A). The Suc gradient
ultracentrifugation of the different LHCII samples, before and after Nx reassembly, showed two bands corresponding to trimeric and monomeric LHCIIs (Fig.
1B). The bands corresponding to the trimeric LHCII
were extracted and further characterized. Figure 1C
shows the pigment composition of the different complexes. According to our analysis (data not shown),
WT-LHCII contains 13 Chl/2 Lut. The amounts of the
different Cars were calculated relative to the Chl content, based on the assumption that each monomer binds
13 Chls. This value differs from that of recombinant
LHCII, where each monomer was assumed to bind
12 Chls. The Car contents were similar in both LHCII
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Table I. Pigment composition of the recombinant LHCII complexes reconstituted with the pigment
mixture with or omitting neoxanthin
The LHCIIs were reconstituted as described before. The Lhcb apoprotein were refolded with pigment
mixture with neoxanthin (re-LNV) or omitting neoxanthin (re-LV). tr, Trace; –, not detectable.
Sample

Chla/b

Chl

Lut

Nx

trans-Vx

re-LNV
re-LV

1.11 6 0.04
1.12 6 0.04

12
12

1.9 6 0.19
2.0 6 0.11

1.2 6 0.09
–

tr
0.6 6 0.06

species lacking Nx, with 2 Lut and 0.5 Vx bound to
native-LV and 2.1 Lut and 0.6 Vx bound to the recombinant ones. Reassembling Nx molecules back to
the Nx-lacking LHCII did not alter the Chl or Lut
composition of both the recombinant and native
LHCIIs. However, the amount of bound Vx decreased
signiﬁcantly upon Nx reassembly. Vx binding in the
native-LV decreased from 0.5 to 0, and that in the
reconstituted complex decreased from 0.6 to 0.1. Both
experiments show clearly that the binding of Nx
resulted in a release of Vx from trimeric LHCII.
The interference of Nx on Vx binding was quantiﬁed
by titrating Nx at concentrations ranging from 5 to
60 mg mL21 into re-LV (Fig. 2). The amount of Lut
bound to the complexes did not change signiﬁcantly
over the titration range, while those of bound Nx or Vx
showed an inverse relationship, saturating at the Nx
concentration of ;40 mg mL21. To investigate the conformational changes of LHCII during the Nx titration,
circular dichroism (CD) spectra were recorded in the
visible wavelength range, reﬂecting the dipole-dipole
interactions of the pigments in LHCII (Fig. 2B).
WT-LHCII showed the typical CD spectrum of LHCII
as reported previously (Hobe et al., 1994). The ratio
of the amplitudes of the two negative bands at
491 and 473 nm (CD491nm/CD473nm) was proportional to
the amount of Nx bound in the complexes (Croce et al.,
1999; Hobe et al., 2006; Liu et al., 2008). Increasing Nx in
the reconstitution process resulted in an enhanced
CD491nm/CD473nm ratio of the LHCII (Fig. 2B, inset). This
demonstrated, ﬁrst, the authenticity of the reconstituted
LHCII and, second, that the amount of Nx determined
chromatographically was quantitatively bound to the
complexes.
One possible explanation of these results is the
competitive binding to the same site. It was demonstrated previously that Vx easily underwent isomerization from all-trans- to cis-conﬁgurations (Niedzwiedzki
et al., 2005; Grudzinski et al., 2016), which might allow it
to occupy the N1 position, as was observed in the parasitic angiosperm Cuscuta reﬂexa (Snyder et al., 2004). To
exclude that Vx might isomerize during reconstitution
and bind to the N1 position in the absence of Nx, we
used resonance Raman spectroscopy that speciﬁcally
identiﬁed 9-cis-isomers by three characteristic bands at
1,134, 1,202, and 1,215 cm21 (Ilioaia et al., 2011; Fig. 3A).
The Raman spectrum of LV-LHCII lacked the peaks
typical for the 9-cis-isomer, while this is always present
in the spectra of re-LN complexes due to the bound Nx.
The absence of 9-cis-Vx was veriﬁed by HPLC of the

reconstituted LHCII: no signal of cis-Vx could be seen
(Fig. 3B). Moreover, the second derivative of the absorption spectra of re-LV showed a peak at 486 nm, and
that of re-LN showed a peak at 488 nm (Fig. 3C), which
refer to the S0 → S2 transition of Vx at the V1 site and that
of Nx at the N1 site, respectively. According to the proposal based on previous research (Caffarri et al., 2001)
that the red-most S0 → S2 transition of Vx at the V1 site is
485 nm and that at the N1 site is 488 nm, it is obvious that
the Vx in re-LV is in an all-trans-conﬁguration and located at the V1 site. All three ﬁndings clearly indicated
that it was not possible for trans-Vx to bind to the N1
position, because only a cis-Car with a C-5-C-6 epoxide
structure fulﬁlls the prerequisite for binding to this site
(Phillip et al., 2002).
Apparent Competitive Binding of Nx and Vx to LHCII
Results in Changes in Conformation and in the Transition
Energy Level of LHCII

Spectroscopic analysis was conducted to investigate
the inﬂuence of the Nx bound to LHCII on the conformation and transition energies of LHCII (Fig. 4). Figure
4A shows the CD spectra of the different LHCIIs isolated from wild-type Arabidopsis (WT-LHCII) and the
aba4-3 mutant before and after the Nx reassembly
[native-LV(Nx)]. WT-LHCII had, in the Qy region, two
negative bands: one at 680 nm and the other at 650 nm
accompanied by a shoulder at 640 nm; in the Soret region, it had one at 491 nm with a shoulder at 498 nm
and the other at 473 nm. Native-LV(Nx) showed a
similar spectrum to WT-LHCII, indicating the restoration of the WT-LHCII conﬁguration by inserting Nx
back to the native-LV, meanwhile conﬁrming the correct insertion of Nx. Compared with WT-LHCII, native-LV that lacks Nx showed signiﬁcantly decreased
amplitudes of the negative bands at 650 and 491 nm,
accompanied by the appearance of a stronger shoulder at 640 and 498 nm (Fig. 4A). The amplitude of
the negative band at 473 nm increased enormously.
Figure 4B shows the absorption spectra of WT-LHCII,
native-LV, and native-LV(Nx). It is clear that lacking
Nx in LHCII induced changes in transit energy in the
Soret region. Besides, the native-LV minus WT-LHCII
absorption difference spectrum in the Qy region also
revealed a slight reduction of the absorption around
654 and 678 nm of the LHCII lacking Nx (Fig. 4B, inset).
The ﬂuorescence excitation spectra were measured by
monitoring the Chla emission (680 nm) over a spectrum
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Figure 1. Nx reassembly experiments with recombinant or isolated native LHCII. A, Suc
gradient centrifugation of detergent-solubilized
thylakoid membranes. Band 3 is the WT LHCII
trimer. B, Suc gradients of LHCIIs after incubation with Nx (+Nx) or without Nx (2Nx) to the
reconstituted LV-LHCII (re-LV) or native Nx
lacking LHCII isolated from Arabidopsis (nativeLV). The Nx reassembly experiments were performed according to the method described by
Hobe et al. (2006). The incubations were carried out for 24 h on ice, and then the mixtures
were loaded on the Suc gradients. C, Pigment
composition of the different LHCII complexes
after the reassembly experiments. tr, Trace; WT,
wild type; –, not detectable. Data are expressed
as means 6 SD (n $ 3).

from 350 to 600 nm at room temperature (Fig. 4C). The
spectra were normalized in the range of 350 to 390 nm,
where the majority energy sensitizing Chla ﬂuorescence
emission was from Chla, rather than from Car, or other
pigments. The reduction in energy emission around
490 nm implied the lack of energy transfer from Nx to
Chla in LHCII.
In conclusion, spectral analysis clearly shows that
occupation of the N1 site affected the dipole-dipole
interactions of Chls and Cars in the complexes, which,
in turn, resulted in changes in the transition energy and,
thereby, modulated the energy transfer to Chla.
Binding of Nx Inﬂuences the Xanthophyll Cycle Kinetics
Directly and the Transiently Generated NPQ

The kinetics of the deepoxidation of Vx in LHCII,
with or without Nx, was investigated to elucidate its
impact on the xanthophyll cycle. The deepoxidation
of Vx in the LHCII was performed at 28°C, catalyzed
by a recombinant VDE in the presence of all the
cofactors, including monogalactosyldiacylglycerol
(MGDG) and ascorbate, according to the method described previously (Morosinotto et al., 2002). The kinetics of the deepoxidation reaction ﬁtted well to a
single exponential curve. Conversion of free pigment
Vx to Zx was almost completed within 15 min (Fig. 5A;
k = 174 [6 17.8] 3 1023 min21). Adding detergentsolubilized Nx to the reaction did not change the deepoxidation rate signiﬁcantly (Fig. 5B; k = 171 [6 18.4] 3
1023 min21). This result demonstrated that Nx did not

interfere with the VDE reaction converting free pigment
Vx to Zx. Figure 5C shows the deepoxidation kinetics of
re-LV, which reveals two features of the VDE kinetics
of LHCII in the absence of Nx. First, the deepoxidation
of Vx in LHCII was strongly retarded (k = 10.4 [6 1.5] 3
1023 min21). Second, Vx could still be completely
deepoxidized after ;220 min, indicating that all Vx was
accessible for VDE in the LHCII without Nx (Fig. 5C).
Adding detergent-solubilized Nx to the deepoxidation
reaction mixture of re-LV signiﬁcantly shortened the
VDE reaction; all Vx was deepoxidized within 30 min
(Fig. 5D). The rate constant was increased 7-fold, from
k = 10.4 3 1023 min21 in the absence of Nx (see above) to
k = 72.3 3 1023 min21 in the presence of Nx.
NPQ formation in the thylakoid membrane, modulated by the xanthophyll cycle, is strongly dependent on
the pH difference across the thylakoid membrane,
which also is strongly dependent on the light intensity.
Measured under nonsaturating light intensity, the time
course of NPQ displayed a transiently formed NPQ
(qETR) followed by a relaxation phase, which indicated
the processes in the reaction center of PSII (Kalituho
et al., 2007). Because the coordination between Nx and
Vx binding is closely related to the xanthophyll cycle,
which, in turn, modulates the activities of PSII, the qETR
in Arabidopsis leaves with or without Nx was studied.
Figure 6 shows the comparison of the qETR measurements of wild-type Arabidopsis and its mutant, aba4-3.
The rate of qETR and the maximal NPQ value in
wild-type plants were much higher than those in aba4-3.
Clearly, lack of Nx reduced the qETR of the plants.
This result seems inconsistent with the observation of
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roles of Nx reveal that Nx is important for scavenging
superoxide anions at PSII (Dall’Osto et al., 2007), for
quenching Chl triplet excitation in LHCII (Zhang et al.,
2014), and also for regulating energy-use efﬁciencies in
PSII (Ruban et al., 2007).
In this study, the amounts of bound Cars of monomeric LHCII were measured and calculated assuming
that each recombinant monomer binds 12 Chls and
that native monomeric LHCII contains 13 Chls. These
assumptions were based on our HPLC measurements
of Chl contents of re-LHCII and native-LHCII and
calculated according to the method discussed (Yang

Figure 2. Changes of pigment composition and spectroscopic characterization of different LHCII complexes containing different amounts of
Nx. A, Changes of Car composition during the Nx titration experiment
using re-LV. The Car composition was calculated based on the assumption that each monomer binds 12 Chls. Data are expressed as
means 6 SD (n = 3). B, CD spectra of LHCII containing different amounts
of Nx during the Nx titration experiment. Nx concentrations ranged from
5 to 60 mg mL21. The inset shows the changes of the ratio of the two CD
bands at 491 and 473 nm (CD491nm/CD473nm) along with the increment of
Nx concentrations in the reassembly reaction. a.u., Arbitrary unit.

Dall’Osto et al. (2007), who could not detect any difference in the NPQ value of wild-type and aba4-1 lines.
Possibly, the NPQ they measured was a steady-state
NPQ rather than the qETR, which reﬂects the physiological status of PSII more clearly.
DISCUSSION

The above experiments show that Nx binding to
LHCII complexes adversely affects Vx binding, accelerates the ﬁrst reaction of the xanthophyll cycle,
namely, Vx deepoxidation, and promotes the induction
of the transient NPQ. Nx is a key Car in the chloroplasts
of oxygenic phototrophs, which is only found at the
monomer-monomer interface of LHCII and at the interface of LHCII, CP26, and CP29 in PSII. It is always
hydrogen bonded to the luminal-loop residue, Trp-112,
and closely interacts with Chlb (Takaichi and Mirauro,
1998; Caffarri et al., 2007). Studies on the physiological

Figure 3. Configuration of violaxanthin in LHCII. A, Raman spectra of
LHCII reconstituted with different Car compositions. B, HPLC measurements of Nx lacking LHCII before or after Nx reassembly. The
known retention time of cis-Vx is indicated by a simple vertical line.
C, Second derivative of the absorption spectra in the Soret region of the
LHCII containing different Cars. re-L, LHCII containing only Lut; re-LN,
LHCII containing only Lut and Nx; re-LV, LHCII containing only Lut and
Vx; re-LV(Nx), LHCII containing all three Cars (Nx was reassembled
back to re-LV).
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the samples did not change signiﬁcantly, it is justiﬁed
to discuss only the relationship of Vx and Nx in our
study. Our results show that Nx is very important both
in operating the xanthophyll cycle and in inducing the
transiently generated NPQ of oxygenic photosynthesis
via its adverse effect on the Vx binding to LHCII.
Binding of Nx at the N1 Site and Vx at the V1 Site in LHCII
Trimer Are Closely Coordinated

Figure 4. Spectroscopic characteristics of different LHCII species. A, CD
spectra of WT-LHCII and native-LV before or after Nx reassembly. The CD
spectra were normalized to A675. B, Room-temperature absorption spectra of
WT-LHCII and native-LV before or after Nx reassembly. The spectra were
normalized at the maximal absorption in the Qy region. The inset shows the
native-LV minus WT-LCHII difference spectrum. C, Room-temperature fluorescence excitation spectra of WT-LHCII and native-LV before or after Nx
reassembly. The fluorescence emission spectra were measured by monitoring the Chla fluorescence emission at 680 nm. The spectra were normalized
in the region between 350 and 390 nm, where the majority fluorescence
emission was sensitized by Chla rather than by other pigments. The inset
shows the WT-LHCII minus native-LV difference absorption spectrum.

et al., 1999; Liu et al., 2008). The nonconformity of our
measured Chl amounts in the native-LHCII monomer
(13 Chls) with those of LHCII in the crystal structure
(14 Chls) might be attributed to the loss of one or two
peripherally bound Chls during the puriﬁcation process. Because both the Chla/b and Chl/Lut ratios of all

Our study shows that Nx not only contributes to the
structural stability of the pigment protein complexes
but also fulﬁlls various physiological functions. Previous in vitro reconstitution experiments have demonstrated that LHCII has a very high afﬁnity for Nx at the
N1 site compared with that for Vx at the V1 site: LHCII
binds quantitatively one Nx per monomer even when
reconstituted with pigments at a high Vx/Nx ratio
(Hobe et al., 2006). This feature also was proven in an
Arabidopsis mutant overexpressing b-carotene hydroxylase, where the Nx binding was not affected even
though the Vx content was increased 2-fold (Davison
et al., 2002). In this study, the binding of Nx and Vx was
shown to be closely coordinated in trimeric LHCII
complexes. The two LHCII species lacking Nx, either
that reconstituted in vitro or the native LHCII isolated
from aba4-3, bind more than half a Vx per monomer.
Upon the reassembly of Nx in LHCII, Vx is dissociated
from LHCII, with a quantitatively negative correlation
to the amount of Nx binding in the complexes (Table I;
Figs. 1–3). The reassembly of Nx to LHCII has not only
conﬁrmed the previous observation that the binding of
Nx to LHCII is fully reversible (Hobe et al., 2006) but
also reveals, to our knowledge for the ﬁrst time, the
corresponding reversible dissociation of Vx of the adjacent monomer (Fig. 1). Structural analysis shows that
the observed competitive relationship between Nx and
Vx binding to LHCII should be attributed to the coordination of the two binding N1 and V1 sites rather than
to the competition for the N1 site. Raman spectrum and
HPLC data have excluded the possibility of 9-ciscarotenoid binding to the N1 site, since no 9-cis-5,6epoxy structure was detected; furthermore, previous
studies have revealed that the binding at the N1 site is
highly speciﬁc for Cars with a 9-cis-5,6-epoxy structure
(Bungard et al., 1999; Phillip et al., 2002). The second
derivative of the absorption spectrum of re-LV (Fig. 3C)
conﬁrmed that Vx was located at the V1 site, rather than
at the N1 site, because it showed only the speciﬁc absorption peak (485.5 nm) of Vx at the V1 site (Caffarri
et al., 2001).
The high-resolution structure of LHCII (Liu et al.,
2004; Standfuss et al., 2005) has shown that Nx is stabilized in LHCII by a hydrogen bond with Tyr-112 and
hydrophobic interactions with ﬁve surrounding Chlb
molecules, which are very close to the interface of the
two adjacent monomers where the phosphatidylglycerol
(PG), Vx, and several Chls form extensive hydrophobic
interactions. The Nx of one monomer interacts indirectly, via the intervening pigment cluster Chlb 606-607,
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Figure 5. Time course of the in vitro Vx deepoxidation reaction in the
LHCII trimer. The VDE was overexpressed in E. coli. The deepoxidation
reaction was performed at 28°C in the presence of MGDG. The VDE
content and Vx concentration were in a similar range in all experiments.
A, Free pigment Vx deepoxidation. B, Addition of Nx to the reaction
system of the free pigment Vx deepoxidation. C, Vx deepoxidation of
the re-LV. D, Vx deepoxidation of re-LV after Nx reassembly. E, Rate
constants derived for the first step of deepoxidation (Vx → Ant) assuming
a first-order kinetics for the reaction. For all reactions, data points were
fitted with a single exponential (k). Rate constants represent mean
values 6 SD (n = 3–5). Ant and Ax, Antheraxanthin.

with the Vx of the adjacent monomer, thus providing a
plausible explanation for the coordinated binding relationship of the two different Cars in LHCII at the
monomer-monomer interface. The V1 site is empty in
LHCII lacking the ﬁrst eight N-terminal residues (4LCZ;
Wan et al., 2014). Figure 7A shows a comparison of the
monomer-monomer interactions of the full-length and
N-terminally truncated LHCII structures by superimposing the two x-ray structures (1RWT on 4LCZ). The
red circles indicate regions where the two structures
differ signiﬁcantly, located mainly at or near the Vx
pocket (Liu et al., 2004; Wan et al., 2014). In the structure
of 1RWT, the cyclohexane epoxide head of Vx pointing
to the stroma side is hydrogen bonded to PG, and the
other head, located at the luminal side, is ﬁxed by a cleft
formed with the carboxyl group of the 17-propionic acid
side chain of Chlb 607 and the C-terminal residues, especially Trp-222 and Ala-225 (Fig. 7B). In the absence of
Vx (4LCZ), the propionyloxy group of Chlb 607 moves
1.69 Å forward toward the empty hole of the V1 site
(Wan et al., 2014). Comparing the two structures (1RWT
and 4LCZ) reveals that the distance of Chlb 607, which
interacts closely with Chlb 606 and Gln-131 (Liguori
et al., 2015), to the V1 site changes from 2.91 to 1.22 Å,

depending on whether the V1 position is occupied or
not. Therefore, it is possible that the van der Waals repulsion between Chlb 607 and Vx inﬂuences the binding
strength of Vx to the V1 site. Considering that Nx is located in the same region, interacting with Chlb 606-607
(Liu et al., 2004), it is reasonable to suppose that the
absence of Nx in the cleft region releases the steric hindrance and increases the binding strength of Vx. Therefore, we conclude that the binding of Nx is coordinated
closely with that of the Vx of the adjacent monomer in
the trimer by controlling the afﬁnity of the V1 site. This
conclusion is supported by previous observations
showing that Vx is more tightly bound to monomeric
than to trimeric LHCII because there is no monomermonomer interface interaction and, therefore, no steric
hindrance to the V1 site caused by occupation of the N1
site by Nx (Ruban et al., 1999).
According to the site energy calculation by Müh et al.
(2010), the absorption around 650 nm can be attributed
mainly to Chlb 606-607, which interacts hydrophobically with Nx. The close interaction between Nx and
Chlb 606-607 also is supported by the spectroscopic
analysis of the native-LHCII with or without Nx. In
comparison with LHCII isolated from wild-type Arabidopsis, the LHCII isolated from aba4-3 showed reduced absorption at 654 nm and increased absorption
at 644 nm, which agrees with earlier results (Fuciman
et al., 2012; Fig. 4B, inset). This coincides with the reduced amplitude of the 650-nm peak in the CD spectrum. These data indicate that the loss of Nx in the
Nx-Chlb region results in an distinct change in the
conformation of Chlb 606-607, which induces the variations in both its transition energy and the dipoledipole interaction with other pigments: the same
changes are observed in response to the presence and

Figure 6. qETR in wild-type (WT) Arabidopsis and its mutant aba4-3.
The dynamics of qETR were determined in dark-adapted wild-type
Arabidopsis and its mutant aba4-3. Leaves were illuminated for 14 min
at a light intensity of 50 mmol photons m22 s21, followed by 10 min of
dark incubation. Mean values 6 SD of three to four independent experiments are shown.
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Figure 7. Representation of the Vx-binding
site in LHCII. A, The interface of adjacent
monomers. Green, 1RWT; purple, 4LCZ.
B, The interaction of one cyclohexane
epoxide head of Vx and Chlb 607. Green,
1RWT; purple, 4LCZ. C, The interaction
of Vx and Nx between adjacent monomers in 1RWT.

absence of Nx in the Nx reassembly experiment. Considered together, these results support the hypothesis
that the interaction between Nx and the Chlb 606-607
cluster plays important roles in modulating the function of LHCII.
Phylogenetically, the appearance of Nx in the chloroplast is associated with the appearance of Chlb
(Takaichi and Mirauro, 1998). The distribution of Nx is
conﬁned to the antenna proteins of PSII, namely, to
LHCII, CP26, and CP29 (Takaichi and Mirauro, 1998;
Caffarri et al., 2007). The structural analysis of LHCII
and CP29 shows that Nx is located in contact distance to
Chlb with hydrophobic interactions (Liu et al., 2004;
Standfuss et al., 2005; Pan et al., 2011). More recently, it
has been shown that Nx, with its cyclohexane ring
stretching out of the antenna protein complexes into the
exterior membrane region, is located mainly between
different antenna proteins of PSII and dominates the
intermolecular interactions between LHCII-CP29 and
LHCII-CP26 (Wei et al., 2016). The key role of Nx is
emphasized further by the close relationship, shown in
this article, between the N1 and V1 sites.
The Interaction between Nx and Vx Is Very Important for
Regulating the Xanthophyll Cycle

One of the possible physiological functions of
these structural modulations by Nx is its inﬂuence
on the xanthophyll cycle that we have demonstrated.
The xanthophyll cycle is an important process in
photoprotection (Eskling et al., 1997). When too many
protons are accumulated in the lumen under strong light
conditions, photosynthesis triggers Vx deepoxidation
catalyzed by VDE, a water-soluble enzyme located on
the luminal side of thylakoids (Hager, 1969). The highlight stress causes LHCII aggregation and MGDG cluster
formation at the luminal face of the thylakoid membrane, which may constitute a signal activating the
mechanisms of Vx dissociation and its migration in the
thylakoid membrane to VDE (Macko et al., 2002; Schaller
et al., 2010). This would locate the deepoxidation in the
MGDG-enriched membrane region and the release of
Vx into the lipid phase (Yamamoto and Higashi, 1978;

Jahns et al., 2009). Vx can bind to all Car-binding sites
in LHCII except the N1 site, where a 9-cis-Car with 5,6epoxy structure is required (Croce et al., 1999; Snyder
et al., 2004). Although Vx deepoxidation is possible for
the Vx bound to almost all sites (Jahns et al., 2001;
Wehner et al., 2004, 2006), the peripherally located
loosely bound Vx, which exists only in the LHCII
complexes, has the highest VDE reaction rates (Ruban
et al., 1999; Duffy and Ruban, 2012; Xu et al., 2015;
Grudzinski et al., 2016). All these data support the hypothesis that LHCII is the main pool for VDE and that
the dissociation of Vx from LHCII and its migration to
the lipid matrix are the limiting factors regulating the
xanthophyll cycle.
Our data also provide a structural basis of the Vx
dissociation mechanism. The in vitro deepoxidation
experiments of the LHCII-bound Vx show that the
reverse-correlated binding of Vx and Nx in LHCII plays
key roles in modulating the dissociation of Vx from
LHCII. The deepoxidation rate of the LHCII trimer
without Nx is reduced by a factor of 7, compared with
complexes incubated with Nx (Fig. 5). This is consistent
with the demonstration in vivo that the Arabidopsis
aba4-1 mutant showed a much slower increase of
the deepoxidation index than the wild-type plants
(Dall’Osto et al., 2007). The fact that Nx inﬂuences
only the deepoxidation rate of LHCII-bound Vx, but
not that of the free pigment, strongly suggests that
the effect of Nx on Vx deepoxidation is related to the
substrate released from LHCII rather than to the kinetics of the deepoxidation. This observation reveals
an important function of the LHCII-bound Nx in
modulating the xanthophyll cycle and, thus, also the
explanation of the mechanism for regulating Vx release
from LHCII to the VDE reaction site. Furthermore, the
delayed deepoxidation in the LHCII of the Arabidopsis
mutant aba4-3 observed in vitro (Fig. 5) is accompanied
by its effect on the qETR measured with the plant leaves
in vivo (Fig. 6). Lack of Nx binding in LHCII retarded
the deepoxidation and, concomitantly, reduced the
qETR of excitation energy in leaves. Our observation is
in agreement with that of Kalituho et al. (2007), who
observed a much reduced qETR in the Zx-deﬁcient npq1
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mutant and an increased qETR in the Zx-rich npq2 mutant. Further research has found that the VDE rate is
the rate-limiting factor controlling the kinetics of
NPQ (Johnson et al., 2008; Chen and Gallie, 2012).
Here, we show that it is the coordination between Nx
and Vx binding that plays important roles in modulating the VDE activity that regulates the transiently
generated NPQ.

reconstituted LHCII. The bands corresponding to the trimers were collected for
further analysis.

Pigment Analysis
The pigments of LHCII isolated by Suc gradient ultracentrifugation were
extracted with 2-butyl alcohol. The pigment composition was analyzed with an
RP-C18 column (Grace) equipped for HPLC (Waters) as described (Qin et al.,
2015).

Spectroscopic Analyses
CONCLUSION

Nx is the only form of neoxanthin existing in the
photosynthetic apparatus. It has been found that the
binding of Nx to LHCII is coordinated by Chlb and near
Vx at the interface of different LHCII monomers. The
presence of Nx repels Vx from the V1 site of the adjacent
monomer. The coordination of Nx and Vx is of great
signiﬁcance in regulating the xanthophyll cycle as well
as in regulating the dynamics of NPQ in plants.
MATERIALS AND METHODS

The room-temperature absorption spectra were recorded using a Shimadzu
UV-VIS 2550 spectrophotometer, and the ﬂuorescence excitation spectra were
recorded by monitoring Chla ﬂuorescence emission at room temperature using
a Hitachi F-7000 spectroﬂuorometer. The excitation spectra were normalized in
the region between 350 and 390 nm because, in this region, most of the energy
sensitizing the Chla ﬂuorescence emission came from Chla rather than from Car
or other pigments.
CD spectra from 350 to 750 nm were recorded with a Chirascan apparatus
(Applied Photophysics) at 4°C, with the spectral bandwidth set to 2 nm and a
step size of 0.5 nm.
Resonance Raman spectra were measured using a JY-T64000 (Horiba/Jobin
Yvon) Raman spectrophotometer. The sample holder was cooled by liquid
nitrogen with a TMS 94 temperature controller (Linkam Scientiﬁc Instruments).
The excitation wavelength was set to 488 nm.

Plant Material and Preparation of Native LHCII

In Vitro Deepoxidation

The Arabidopsis (Arabidopsis thaliana, ecotype Columbia) T-DNA insertion line aba4-3 (SALK_137455C) was obtained from the European
Arabidopsis Stock Centre (http://arabidopsis.info) and veriﬁed by PCR.
The wild-type Arabidopsis and its mutant aba4-3 were grown for 5 weeks in
a growth chamber with a regime of 8 h of light (100 mmol photons m22 s 21 )
and 16 h of dark at 22°C and 50% to 70% relative humidity. Thylakoid
membranes, isolated from leaves of different Arabidopsis species by the
method of Zhang et al. (1999), were ultracentrifuged on a Suc gradient
(0.1–1 M Suc, containing 0.06% n-dodecyl-a- D -maltoside and 10 m M HEPES,
pH 7.5). The band corresponding to the native LHCII trimers was extracted
for experiments.

The VDE enzyme was expressed in E. coli strain Rosetta-gamin B (DE3),
collected, and puriﬁed by the method of Gao et al. (2013). In vitro deepoxidation
was conducted with the method reported previously (Morosinotto et al., 2002)
with some modiﬁcations. LHCII (3 mg of Chl) was mixed with 60 mg mL21
MGDG and added to the reaction buffer (100 m M citrate buffer and 0.03%
n-dodecyl-b- D -maltoside) and ;1.5 3 10 23 units of the VDE enzyme
preparation. For kinetic analysis, the reaction was stopped by mixing the
sample with 2-butanol at different time intervals. The pigment stoichiometry
was analyzed as described before.

Preparation of Recombinant LHCII

To measure the dynamics of the transiently generated qETR, dark-adapted
wild-type and aba4-3 mutant plants grown under the same conditions were
illuminated for 14 min at the light intensity of 50 mmol photons m22 s21,
followed by 10 min of dark relaxation. The time courses of nonphotochemical
ﬂuorescence quenching were recorded over the time span 1 to 900 s. The
minimum ﬂuorescence intensity was measured under a weak measuring light
(wavelength of 650 nm, 0.5 mmol photons m22 s21). The maximum ﬂuorescence in
the dark-adapted state (Fm) and during illumination with actinic light (Fm9)
were measured by applying a saturating pulse of white light (4,500 mmol
photons m22 s21 for 0.8 s). The qETR was calculated as (Fm 2 Fm9)/ Fm9.

The Lhcb1 apoproteins, overexpressed and puriﬁed from Escherichia coli,
were reconstituted with different thylakoid pigments (Chla/b = 2, Car composition varied according to needs) as described previously (Liu et al., 2008).
The LHCII trimerization was performed in an Ni-chelating Sepharose fastﬂow column (Amersham Biosciences; column, 0.8 cm 3 4 cm [Bio-Rad])
according to the method of Rogl et al. (1998). The LHCII trimers were puriﬁed by an 18-h ultracentrifugation (200,000g at 4°C) on Suc density gradients
(0.1–1 M Suc, containing 0.1% n-dodecyl-b-D-maltoside and 5 mM phosphate
buffer, pH 7.5).

Transiently Generated NPQ of Excitation Energy
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