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Nonphotochemical quenching (NPQ) is a proxy for photoprotective
thermal dissipation processes that regulate photosynthetic light
harvesting. The identification of NPQ mechanisms and their molecular
or physiological triggering factors under in vivo conditions is a matter
of controversy. Here, to investigate chlorophyll (Chl)-zeaxanthin (Zea)
excitation energy transfer (EET) and charge transfer (CT) as possible
NPQ mechanisms, we performed transient absorption (TA) spectros-
copy on live cells of the microalga Nannochloropsis oceanica. \We
obtained evidence for the operation of both EET and CT quenching
by observing spectral features associated with the Zea S, and Zea®*
excited-state absorption (ESA) signals, respectively, after Chl excita-
tion. Knockout mutants for genes encoding either violaxanthin de-
epoxidase or LHCX1 proteins exhibited strongly inhibited NPQ capa-
bilities and lacked detectable Zea S, and Zea®* ESA signals in vivo,
which strongly suggests that the accumulation of Zea and active
LHCX1 is essential for both EET and CT quenching in N. oceanica.

photosynthesis | nonphotochemical quenching | Nannochloropsis |
charge transfer | excitation energy transfer

hotosynthetic organisms must balance the needs for efficient
light harvesting and photoprotection depending on environ-
mental conditions. As such, they have evolved important regulatory
processes [frequently assessed from nonphotochemical quenching
(NPQ)] that allow for the harmless dissipation of excessively excited
chlorophyll (Chl*) during periods of high-light exposure, thereby
minimizing the formation of reactive oxygen species and avoiding
photooxidative stress (1, 2). Energy-dependent quenching (qE) is
the fastest component of NPQ, becoming active on a timescale of a
few seconds to minutes after high-light exposure (2). Due to its
rapid response to light, qE plays a central role in photosynthetic
organisms’ ability to cope with fluctuating light conditions. Recent
studies have shown that genetic manipulation of qE-related pro-
teins in higher plants and green algae could be a promising way to
increase biomass productivity and water use efficiency (3-5).
Extensive studies have aimed to uncover the molecular mecha-
nisms involved in qE. The majority of these investigations utilize
measurements of Chl fluorescence yield quenching, which are un-
able to provide information about the identity of the quenching
species (6-8). Ultrafast transient absorption (TA) spectroscopy
enables the detection of key species (e.g., carotenoid excited states)
associated with specific mechanisms and can provide insight into
the operation and timescales of the associated quenching. However,
most TA experiments have used light-harvesting complex II
(LHCII) or photosystem II (PSII) supercomplexes isolated from
intact systems (9-15). Under in vivo conditions, transmembrane
proton gradients (ApH), along with various interactions between
pigment—protein complexes, control the induction and relaxation of
qE (16, 17). Rapid relaxation of such gradients (18) and subtle
changes in pigment—pigment and pigment-protein orientations and
distances can alter the operation of qE-related processes (19-21).
This suggests that observations from isolated proteins may not

www.pnas.org/cgi/doi/10.1073/pnas.1819011116

capture a full picture of the behavior of natural systems. Un-
fortunately, strong scattering makes fully intact systems (e.g., leaves,
live cells) difficult to study using TA. However, isolated crude
thylakoid membranes, which exhibit moderate quenching capabil-
ities and less scattering, have been a useful sample for studying
NPQ in the near-native state (22, 23). Nevertheless, there are sig-
nificant differences between thylakoid membranes and fully intact
systems in terms of the kinetics of qE induction/relaxation and the
overall extent of quenching. These differences stem from regulatory
loops, including feedback from the plant’s sugar-consuming sink
tissues. This makes it highly desirable to observe the operation of
gE mechanisms in the fully native state.

The heterokont alga Nannochloropsis oceanica is a promising
candidate for live-cell TA spectroscopy due to its small size (2-3 pm
compared with ~10 pm for the reference green alga Chlamydo-
monas reinhardtii) and high quenching capacity (NPQ = 6). Re-
cently, N. oceanica has attracted growing scientific and industrial
interest due to its ability to accumulate high levels of poly-
unsaturated fatty acids and its high growth rate (24-26). Unlike
land plants and green algae, its LHCs bind only Chl a and the
carotenoids violaxanthin, antheraxanthin, and zeaxanthin (Vio—
Anth-Zea) and vaucheriaxanthin (27, 28). This relatively simple
pigment composition allows us to study gE mechanisms in a less
complex system. N. oceanica also lacks the photosystem II subunit S
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(PsbS) protein (29), which is necessary for qE in plants (30), but it
has LHCX proteins (6, 31, 32) that are homologs of the stress-
related LHCSR proteins that function in qE in green algae (33),
mosses (34), and diatoms (35). N. oceanica also has a plant-type
violaxanthin de-epoxidase (VDE) (29), which is a thylakoid lumen
protein responsible for the accumulation of Zea in response to
lumen acidification under high-light conditions. Although both
LHCX1 and VDE are hypothesized to be NPQ components in
Nannochloropsis species (6), it is still unclear which qE mechanisms
are controlled by these two proteins under in vivo conditions.

Although the mechanisms of NPQ in N. oceanica remain to be
determined, it is well known that electronic interactions between
carotenoids (Car) and Chl play a major role in NPQ, and that
coupled Chl-Car pairs can provide quenching sites (36-38). As
shown in Scheme 1, two possible mechanisms of Chl-Car energy
transfer and subsequent de-excitation have been reported to explain
the role of Car as a direct quencher (23, 39). In the first, excitation
energy transfer (EET) quenching can be achieved by energy transfer
from the Chl Qy state to the Car S; state (9, 10, 23, 40). Excitation
energy that reaches a coupled Chl-Car pair undergoes rapid de-
excitation because the lifetime of the Car S; state is much shorter
(~10 ps) than that of Chl Q, (>1 ns). Bidirectional energy transfer,
Chl Qy < Car S, has also been proposed under the condition that
strong electronic coupling exists between the two states (41-43).
Another possible mechanism, charge transfer (CT) quenching, in-
volves the transient formation of a CT state composed of Car®* and
Chl®~ (12-15, 22, 44, 45). The excitation energy in the CT state is
then de-excited through a charge recombination process (>40 ps),
followed by relaxation to the ground states. Ultrafast TA spectros-
copy of plant thylakoid membranes has demonstrated that both the
Car S; and Car®" excited states are transiently populated following
an initial Chl excitation, providing evidence for active EET and CT
mechanisms, respectively (22, 23, 40, 45).

Here, to obtain insight into the possible roles of EET and CT
mechanisms in the qE of N. oceanica, we performed live-cell TA
spectroscopy in conjunction with Chl fluorescence lifetime snap-
shots and time-resolved HPLC measurements. We utilized lhex
and vde mutants of N. oceanica that lack LHCX1 and VDE, re-
spectively, to specifically investigate the involvement of these pro-
teins. We show that both EET and CT mechanisms are active in
wild type and that LHCX1 and VDE are essential for both
mechanisms in N. oceanica.

Chl Q, /ﬂly
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Scheme 1. Schematic illustration for the Chl-Car EET (A) and Chl-Car CT (B)
quenching processes.
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Results

Fig. 1 A and B shows the results of Chl fluorescence lifetime
snapshots of N. oceanica live cells. The data are presented as
amplitude-weighted average lifetime (Taverage) and NPQr values,
respectively (calculations of Tayerage and NPQt are provided in
Materials and Methods) (22, 23). The Chl fluorescence lifetime
of wild-type N. oceanica decreased substantially from 1.25 to
0.22 ns during 10 min of high-light exposure (Fig. 14), which is
equivalent to an NPQr value of 6.2. However, the vde and lhcx1
mutants showed very low quenching (NPQt = 0.4), which was
not rapidly reversible. It is apparent that active VDE and
LHCX1 proteins in N. oceanica are necessary for qE induction.

Fig. 1C presents time-resolved HPLC data for the concentration of
the Zea pigment in response to dark/light exposure. The data confirm
that the vde mutant lacks the ability to accumulate Zea due to the
absence of the VDE enzyme. In contrast, wild type and the /hcx!
mutant actively accumulate Zea in response to high-light exposure,
although the accumulation of Zea in the /icx] mutant was lower than
in the wild type. The reverse reaction of epoxidation (Zea —
Anth — Vio) during the dark recovery period was clearly slower than
that of de-epoxidation. Given that the NPQr value of the wild type
was significantly lowered (6.2 — 0.8) following dark recovery despite
only a small change in Zea concentration (—8.7%), the level of NPQ
was not strictly correlated with the concentration of Zea. These ob-
servations suggest the existence of other qE feedback processes be-
yond the Vio—Anth-Zea cycle, such as sensing of the transthylakoid
ApH, in which the LHCX1 protein is presumably involved.

To investigate the activation of the EET mechanism upon high-
light exposure, we measured the Zea S; excited-state absorption
(ESA) signal in N. oceanica cells before and after high-light ex-
posure (Fig. 24). As shown in Scheme 14, an active EET
quenching pathway results in transient population of the Zea S;
state after Chl a excitation (665 nm), which can be probed at
540 nm (Zea S;-Sy transition) (23, 40). Because a significant
amount of Chl a ESA signal is also detected at this wavelength,
the signals measured at 540 nm after high-light exposure are a
combination of Zea S; ESA and Chl ESA. Because high light
activates a variety of de-excitation pathways, the Chl excited-state
population should be lower in high-light-exposed cells, and, in-
deed, the amplitude of the Chl ESA significantly decreases. This
accounts for the overall lower amplitude of the ESA signal at
540 nm after high-light exposure despite the rapid contribution of
the Zea S; ESA at early time delays (Fig. 24). When we compared
the kinetics of the ESA signals measured in the dark and in high
light, the two profiles were kinetically equivalent at time delays
>40 ps. This ESA signal at longer time delays can mainly be at-
tributed to the Chl ESA since the Zea S, states are almost entirely
de-populated by this time delay. We therefore scaled the kinetic
profile measured in the dark (mostly Chl ESA) to match that in
high light based on signals at about 40 ps. Subtraction of the
scaled dark signal from the high-light signal allows us to extract
the contribution of Zea S; ESA from the overall Chl ESA. The
Zea S, ESA profiles (Fig. 2B) showed a single exponential decay
with a lifetime of 7.71 ps and no resolvable rise time within the
time resolution (~120 fs) of our TA setup. The lifetime of this
difference signal coincides with literature values for the S lifetime
of Zea, which range from 7 to 11 ps (23, 40, 46, 47). Additionally,
the difference spectrum (Fig. 24, Inset) clearly resembles the Car
S; ESA spectrum observed in both methanol (47) and isolated
thylakoid membranes (23, 40). We considered whether the well-
known transient electrochromic shift of the Car Sy-S, absorption
resulting from the light-induced transmembrane electric field
(AY) could give rise to the signal at 540 nm. Typical electro-
chromic shift spectra show peaks between 515 and 520 nm in
various plants and green algae (48), while the difference spectrum
(Fig. 24, Inset) has peak absorption at 540 nm and no absorption
at 520 nm. This, along with the lifetime of this feature, suggests

Park et al.
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Fig. 1. Fluorescence lifetime snapshot results presented as average Chl fluores-

cence lifetime (taverage) (A) and calculated NPQt values for wild type (white
squares), vde mutant (green circles), and /hcx7 mutant (red triangles) (B) in re-
sponse to dark/high-light exposure. Bars at the top of the figures indicate the time
sequence of actinic light on (yellow, 850 pmol of photons per m™2s~") and off
(dark gray). A detailed discussion of T,yerage and calculated NPQr values is pro-
vided in Materials and Methods. (C) Kinetics of Zea concentration determined by
time-resolved HPLC measurements. Data are presented as the mean + SD (n = 3).

that the difference signal most likely comes from Car S;—-Sy ab-
sorption. The lack of positive difference signals from vde and lhcx!
mutants (Fig. 3 4 and C) further supports this conclusion.

Park et al.

Chl*~Chl* annihilation is present at the intensities necessary for
our TA measurements. This additional loss mechanism for excited
Chl results in a decrease of the excitation diffusion length. The
presence of annihilation is signaled by the decrease in the Chl
fluorescence lifetime, which ranged from 0.22 to 1.25 ns (Fig. 14)
under annihilation-free conditions, significantly longer than the Chl
ESA signal lifetime (Taverage < 0.1 ns) observed in our TA mea-
surement (Fig. 24). In this condition, the Chl*~Chl* annihilation
dominantly affects the Chl ESA decay kinetics. Given that the
annihilation rate is constant during the transition from dark to high
light, Chl ESA in dark and high light should have kinetically
equivalent decays, which allows us to extract the Car S; ESA signal
as the difference between dark and high-light TA profiles (23). In
addition, the presence of significant annihilation suggests that only
those Chls that are excited in close proximity to Car molecules will
populate the Car S; state we observe via TA. In this regard, the key
observation in our Zea S; ESA kinetic profile (Fig. 2B) is the lack
of a resolvable rise time, which suggests near-instantaneous exci-
tation energy equilibrium between the excited states of Zea and
Chls nearby to Zea. The results of a kinetic simulation of the Zea S,
state population with specific consideration of annihilation
processes were described in our recent study (23).

Fig. 2C shows the ESA signals measured at 980 nm, where Zea®*
peak absorption appears (14, 22, 45) before and after high-light
exposure of N. oceanica cells. Multiple species (e.g., *Chl*, *Chl*, !
Car*) have ESA at 980 nm, making it difficult to deconvolute the
individual species and corresponding ESA in the intact system.
However, in the absence of Zea®" ESA, we observed no noticeable
change in the amplitude of the 980-nm ESA signal upon high-light
exposure (Fig. 3), which is consistent with our previous observations
in thylakoid membranes (22, 45). Therefore, the dark and high-light
kinetic profiles in Fig. 2C do not need to be normalized in any way.
The difference ESA signal between the high-light and dark condi-
tions (Fig. 2D) corresponds to the kinetic profile of Zea®* and
exhibits both rise (0.61 ps) and decay (40 ps) components. Unlike
the Zea S; ESA, the Zea®" ESA profile has a resolvable rise
component (T, = 0.61 ps). We believe this is due to the slower
(~40 ps) charge recombination process for CT states (Zea®*—Chl®"),
which allows excitation energy to be transferred to and populate the
Chl-Zea pair before dissipation (23). Interestingly, the same Zea®”"
decay time (40 ps) was observed from high-light-exposed spinach
thylakoid membranes in our recent study (22). However, the rise
time constant (0.61 ps) from N. oceanica was significantly smaller
than that from spinach thylakoid membranes (15.4 ps) (22). This
difference may be due to different antenna sizes and structures,
which could influence the extent of annihilation and the kinetics of
excitation transfer and trapping within PSIL

We took advantage of /hcxl and vde knockout mutants to in-
vestigate the specific roles of the LHCX1 and VDE proteins in the
EET and CT mechanisms. In the /icx] mutant, no noticeably pos-
itive ESA signal was observed (Fig. 3 A and B); thus, neither the Zea
S nor Zea®* state appears to be present. This observation strongly
suggests that the LHCX1 protein is necessary for activation of both
EET and CT quenching. We were also unable to observe either Zea
S, or Zea®" ESA in the vde mutant (Fig. 3 C and D), indicating that
accumulated Zea is also necessary for the EET and CT mechanisms
in N. oceanica. In addition to lacking active EET and CT mecha-
nisms, both the lhcx! and vde mutants exhibited negligible overall
Chl* quenching in response to high-light exposure (Fig. 1 4 and B),
further supporting the idea that both EET quenching and CT
quenching play a central role in Chl* de-excitation in high light.

Discussion

Our data clearly provide evidence that both Chl-Zea EET and
CT mechanisms are active in intact live cells of N. oceanica. Our
data do not specifically identify the quenching site(s) in
N. oceanica, but the data in Figs. 1 and 3 strongly suggest that
LHCX1 may be both the sensor of ApH and the actual site of
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quenching. The finding that Zea accumulation alone produces
little E and no detectable Zea S; or Zea®* makes it highly likely
that Zea binding to LHCX1 is essential for qE in N. oceanica, and
that Zea binding to other light-harvesting proteins does not
produce significant qE under the conditions of our experi-
ments. Given that the propensity for either Chl-Zea energy
transfer or change transfer is very sensitive to the spatial
separation of the pair (44), it is possible that a natural (or
controlled) distribution of Chl-Zea separations and energy
gaps within Zea-LHCX1* results in some quenching of ex-
cited Chl by EET and some by CT.

Both mechanisms require the VDE and LHCX1 proteins,
which are activated by the formation of high-light-induced
ApH across the thylakoid membrane (49) (Scheme 2). In this
picture, Zea produced by VDE binds to LHCX1* to generate
a Zea-LHCX1* pigment-protein complex similar to that ob-
served in green algae and moss (12, 50). The quenching sites
associated with this Zea-LHCX1* pigment complex are
switched on and off by at least two in vivo control systems, one
based on the concentration of Zea pigment and one based on
activated LHCX1. An NPQ value (NPQr) of 6 suggests that the
Zea-LHCX1* combination is a remarkably effective quencher.
If the model for green plant thylakoid membranes developed by
Bennett et al. (51) applies to N. oceanica, an NPQ value of 6
implies an excitation diffusion length of less than 20 nm (figure 4
of ref. 51).

3388 | www.pnas.org/cgi/doi/10.1073/pnas.1819011116

Conclusions

It has been shown that it is possible to improve crop yield by
modification of the NPQ response through overexpression of three
genes (3), one specifically encoding for the ApH-sensing protein
(PsbS) and the other two encoding the enzymes responsible for
interconversion between Zea and Vio via the xanthophyll cycle. To
explore how large an increase in yield is possible, a mechanism for
the role of Zea is needed. Measurements on isolated complexes
lacking the full complexity of the intact system with its various
feedback loops, sensing/activating proteins (e.g., PsbS or LHCSR/
LHCX), and protein—protein interactions, along with pH and ionic
gradients, do not capture the behavior of the in vivo system. Al-
though subject to much speculation, no demonstration of the direct
involvement of Zea in intact systems (e.g., live cells, leaves) had
been made before this work. Specifically, the application of TA
spectroscopy to live cells of N. oceanica enabled us to observe the
operation of the Chl-Zea EET and CT mechanisms and their
control systems in vivo. Building upon our previous observations
from spinach thylakoid membranes, which showed that both the
EET and CT mechanisms are involved in gE and are controlled by
PsbS (22, 23), the present evidence further supports that the
presence of de-epoxidized xanthophylls (e.g., Zea) and a ApH-
sensing protein (e.g., LHCX, LHCSR, PsbS) is essential for the
operation of both EET and CT mechanisms of qE in a variety of
photosynthetic organisms. Developing a fundamental understand-
ing of the qE mechanisms operating in vivo should provide a basis
for increasing the yield of N. oceanica, which is a promising source
for renewable biodiesel (24-26).

Park et al.
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Materials and Methods

Strains, Growth Conditions, and Sample Preparation. N. oceanica CCMP1779
wild type and vde and /hcxT mutant strains were grown in F2N medium
under low-light conditions (30 umol of photons per m™2s~") until late-
exponential phase (~5 x 107 cells per milliliter). The Chl a concentration
was determined based on the calculation described by Porra et al. (52). The
cell suspension for TA measurements was adjusted to 80 pug Chl a per milli-
liter by centrifuging the culture at 3220 x g for 5 min and resuspending the
pellet in 20% (wt/vol) Ficoll in 20 mM Hepes-KOH (pH 7.2). The samples were
dark-acclimated for 30 min and transferred to a cuvette for spectroscopic
measurements.

TA Spectroscopy. The pump-probe TA spectroscopy setup was similar to those
described in previous works by Park et al. (22, 23). Briefly, the pump beam,
generated by optical parametric amplification of the 800-nm fundamental
of an amplified Ti/sapphire laser at a repetition rate of 250 kHz, was cen-
tered at 665 nm for the Chl Q, transition. The pump pulses had an energy of
40 nJ per pulse, and the FWHM of the autocorrelation trace was 42 fs. The
probe beam was a white-light continuum, created by focusing the 800-nm
laser on either a 1-mm-thick sapphire or 1-mm-thick yttrium aluminum
garnet crystal, which exhibits greater conversion efficiencies in the visible
and near-infrared (NIR) ranges, respectively. A 700-nm short-pass filter or
850-nm long-pass filter was placed after the crystal for visible and NIR
continuum generation, respectively. The polarizations of the pump and
probe were set to the magic angle (54.7°). The diameters of the pump and
probe at the sample position were 140 pm and 65 um, respectively. After the
sample, a second polarization filter set to the probe polarization and a 658 +
26-nm notch filter were placed to minimize pump scattering and ensure a
clean probe signal. After a monochromator (SpectraPro 300i; Acton Research
Corp.), Si (DET10A; Thorlabs), and InGaAs (DET410; Thorlabs) photodiodes
were used to monitor the changes in absorption signal in the visible and NIR
ranges, respectively. The cross-correlation between pump and probe was
around 120 fs. The actinic light was set to an intensity of 850 pmol of pho-
tons per m~2s~" at the sample position after a heat-absorbing filter (KG1).
The sample solution was gently stirred between measurements, and the
sample cuvette was translocated continuously during measurements to
prevent sample damage. The path length of the cuvette was 1 mm.

Fluorescence Lifetime Snapshot. Our home-built fluorescence lifetime snap-
shot apparatus has been described in detail previously (22, 23, 53). The
excitation laser power was 1.6 mW (21 pJ per pulse), and an actinic light
(Schott KL1500) was set to an intensity of 850 pmol of photons per m=2s~"

at the sample. After fitting the fluorescence decays collected upon
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excitation at 680 nm with two exponential decay components, the
Taverage (Tavg) and NPQ. values were calculated by the following equations
(22, 23, 54):

_ DA
Tavg = EA: 4
I

where A; and 7; are the amplitudes and the fluorescence lifetime
components, respectively, and
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ApH across
Vd? thylakoid membrane
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EET quenching CT quenching
Scheme 2. Proposed scheme for the triggering system of the EET and CT
quenching mechanisms for qE in N. oceanica. VDE* and LHCX1* indicate
activated VDE and LHCX1 proteins, respectively. We hypothesize that Zea
produced by VDE binds to LHCX1* to generate a pigment-protein complex
that is necessary for both EET and CT quenching mechanisms.
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NPQ = Tavg,dark _Tavg,lightl
Tavg,light

where 7,442k is the average of three lifetimes measured at the initial
dark period.

HPLC Analysis of Pigments. Cells were prepared as described above. Five
hundred microliters of the cell suspension was dark-acclimated in the cuvette
for 30 min, followed by a 10-min light exposure (850 pmol of photons per
m~2s7") and a 5-min dark recovery phase. Aliquots of 100 uL for HPLC
analysis were frozen in liquid nitrogen after dark acclimation, 5 and 10 min
of illumination, and 5 min of dark recovery. For pigment extraction, the cells
were thawed at room temperature and pelleted at 10,000 x g for 5 min. The
supernatant was removed, and the pellet was frozen again in liquid
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nitrogen. Cells were broken (6.5 m-s~' for 60 s) using the cryorotor of a
Fastprep-24 (MP Bio) and extracted with 100 pL of acetone by vortexing. Cell
debris was pelleted at 21,000 x g for 5 min. The pellet was extracted a
second time with 100 pL of acetone, and the supernatants were pooled.
Extracted pigments were analyzed with a Spherisorb 5-um ODS1 column
(Waters Corp) as described by Muller-Moulé et al. (55).
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