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Snapshot transient absorption spectroscopy: toward in vivo
investigations of nonphotochemical quenching mechanisms

Soomin Park'?3 . Collin J. Steen'?3 . Alexandra L. Fischer'>3* . Graham R. Fleming'*3

Abstract

Although the importance of nonphotochemical quenching (NPQ) on photosynthetic biomass production and crop yields
is well established, the in vivo operation of the individual mechanisms contributing to overall NPQ is still a matter of
contro-versy. In order to investigate the timescale and activation dynamics of specific quenching mechanisms, we have
developed a technique called snapshot transient absorption (TA) spectroscopy, which can monitor molecular species
involved in the quenching response with a time resolution of 30 s. Using intact thylakoid membrane samples, we show how
conventional TA kinetic and spectral analyses enable the determination of the appropriate wavelength and time delay for
snapshot TA experi-ments. As an example, we show how the chlorophyll-carotenoid charge transfer and excitation energy
transfer mechanisms can be monitored based on signals corresponding to the carotenoid (Car) radical cation and Car S,
excited state absorption, respectively. The use of snapshot TA spectroscopy together with the previously reported
fluorescence lifetime snapshot technique (Sylak-Glassman et al. in Photosynth Res 127:69-76, 2016) provides valuable
information such as the concurrent appearance of specific quenching species and overall quenching of excited Chl.
Furthermore, we show that the snapshot TA technique can be successfully applied to completely intact photosynthetic
organisms such as live cells of Nannochloropsis. This demonstrates that the snapshot TA technique is a valuable
method for tracking the dynamics of intact samples that evolve over time, such as the photosynthetic system in response
to high-light exposure.

Introduction

Photosynthetic organisms must consistently balance effi-
cient light harvesting and the need to avoid the harmful
effects associated with absorbing too much light (Barber
and Anderson 1992; Li et al. 2009). One such way that
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photosynthetic organisms minimize photooxidative dam-
age is through the dissipation of excess absorbed light
energy as heat, a process referred to as nonphotochemical
quenching (NPQ). Technically, NPQ encompasses a suite
of different processes that differ in the molecular species
involved, in the timescales of their activation and subsequent
relaxation, and possibly in their specific location within the
chloroplast. The activation of NPQ decreases the lifetime
of excited chlorophyll (Chl*), which in turn can make the
formation of reactive oxygen species less probable. Energy-
dependent quenching (qE) accounts for the majority (~75%)
of the overall NPQ (Demmig-Adams et al. 1996) and is the
most rapid component of the photoprotective response,
becoming active within seconds to minutes of exposure to
high light (Miiller et al. 2001). A deeper knowledge of the
underlying molecular mechanisms associated with qE is
beneficial especially since it has recently been shown that
regulating proteins involved in qE can improve water use
efficiency (Gtowacka et al. 2018) as well as increase biomass
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productivity in algae (Berteotti et al. 2016) and green plants
(Kromdijk et al. 2016) under fluctuating light conditions.

Despite the importance of qE to plant fitness and survival,
its underlying mechanisms remain controversial or unknown.
Several different mechanisms have been proposed including
excitation energy transfer (EET) quenching in which energy
is transferred from a Chl molecule to a carotenoid (Car)
molecule followed by energy dissipation (Fig. 1a) (Ruban
et al. 2007; Staleva et al. 2015; Liguori et al. 2017). Charge
transfer (CT) quenching is also possible in which electron
transfer from Car to Chl results in the formation of a dimer
state which can accept energy from a neighboring Chl mol-
ecule (Fig. 1b) (Dreuw et al. 2003; Ahn et al. 2008). This
is followed by charge recombination and rapid relaxation to
the ground state, dissipating energy in the process. Other
proposed mechanisms include an excitonic quenching model
based on bidirectional energy transfer between Chl and Car
(Bode et al. 2009) and Chl-Chl CT (Miloslavina et al. 2008;
Miiller et al. 2010). We note that it is possible that multiple
mechanisms may be occurring simultaneously and that the
given mechanisms may differ depending upon the overall
protein (and chemical) environment.

However, these proposed mechanisms have been largely
based on in vitro studies of isolated proteins, which cannot
reflect normal physiological conditions. Recent studies have
revealed that Car orientations (Liguori et al. 2017; Hontani
et al. 2018), as well as various Car-Chl (Balevicius et al.
2017), Car-protein (Liguori et al. 2017), pigment-protein
(Pascal et al. 2005; Wahadoszamen et al. 2014; Sacharz
et al. 2017), and protein—protein interactions (Liguori et al.
2015) can control the dynamics of excitation energy in intact
systems. As such, to obtain physiologically relevant infor-
mation, it is necessary to perform experiments on systems
that exist in a state as near native as possible. For example,
previous transient absorption (TA) spectroscopy studies of
crude thylakoid membranes from spinach and Arabidopsis
thaliana have confirmed the presence of both EET (Ma et al.
2003) and CT (Holt et al. 2005) quenching based on the
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Fig. 1 Schematic energy-level diagrams illustrating the steps involved
in the proposed excitation energy transfer (EET) and charge transfer
(CT) quenching mechanisms involving Chl-Car interactions

observation of Car S, and Car™ excited state absorptions
(ESA) after Chl excitation. However, it is still very challeng-
ing to obtain information on specific mechanisms in vivo
because conventional TA measurements of intact samples
(e.g., cells, leaves, and thylakoid membranes) are accompa-
nied by large scattering, many spectrally overlapping signals,
and a poor signal-to-noise ratio. For these reasons, it has not
been possible to collect quantitative and dynamic informa-
tion on the specific quenching mechanisms in intact samples.

To address these issues, we have developed an ultrafast
spectroscopic technique called snapshot TA spectroscopy.
Using this technique, snapshots that correspond to the ESA
signal can be collected from intact thylakoid membranes or
whole cells in 10 s windows at intervals ranging from 30 s
to 1 min, which is adequate to resolve the timescale of qE.
Consequently, snapshot TA allows us to not only observe the
molecular species involved in the gE mechanisms, but also
to monitor their participation as photosynthetic organisms
experience changes in light intensity in real time.

In this paper, we introduce the snapshot TA technique
and describe how it is a useful development for answer-
ing long-debated questions about the mechanism of NPQ in
photosynthesis. Specifically, we describe the application of
snapshot TA spectroscopy to monitor the Car S; and Car™
signals as a photosynthetic sample is exposed to high light,
which directly probes the in vivo operation of the Chl-Car
EET and CT mechanisms, respectively. Furthermore, we
present the activation and relaxation of the EET and CT
mechanisms in the context of overall Chl* quenching by
showing our snapshot TA data in conjunction with the Chl
fluorescence lifetime snapshots, which are measured using
the previously reported Chl fluorescence lifetimes snapshot
technique (Sylak-Glassman et al. 2016).

Methods

Snapshot TA measurements were carried out using a simi-
lar procedure to that described by Park et al. (2017, 2018)
(Fig. 2a). A Ti/sapphire regenerative amplifier (Coherent,
RegA 9050) seeded by a Ti/sapphire oscillator (Coherent,
MIRA Seed) and a diode-pumped laser (Coherent, Verdi
V-18) was used to generate 800 nm pulses with a repetition
rate of 250 kHz.

The 800 nm beam was split using a beam splitter. To gen-
erate the probe, the beam was focused on a 1 mm sapphire
crystal or yttrium aluminum garnet (YAG) crystal to produce
a visible continuum or a near infrared continuum, respec-
tively. Following continuum generation, a 700-nm short-pass
filter or a 850-nm long-pass filter was placed to filter out
undesired wavelengths. To generate the pump, an optical
parametric amplifier (Coherent, OPA 9450) was tuned to
generate pulses centered at 650 or 665 nm for either the
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Fig.2 Experimental setup and data acquisition sequence for snapshot
transient absorption spectroscopy. a Block diagram of the laser uti-
lized for snapshot TA spectroscopy. b Pictorial representation of the
sample cell containing thylakoid membranes or live N. oceanica cells

Chl b Q, transition or the blue edge of the Chl a Q, transi-
tion, respectively. The pump pulses had a FWHM of 50 fs.
The pump and probe were 150 pm and 65 pm in diameter,
respectively, and the beams were overlapped at the sample at
the magic-angle (54.7°) polarization. At 540 nm, the cross-
correlation time between the pump and probe was found
to be ~ 120 fs. Another polarization filter set to the probe
polarization and a 658 +26 nm notch filter were placed after
the sample to minimize pump scattering and ensure a clean
probe signal. The probe then passed through a monochroma-
tor (Acton Research Corp., SpectraPro 300i). The signal was
detected using a Si-biased photodiode (Thorlabs, DET10A)
connected to a lock-in amplifier (Stanford Research, SR830),
which was synchronized to a chopper positioned in the
pump beam path. For high-light exposure, an actinic light
with a heat absorbing filter (KG1) was set to an intensity of
850 pmol photons-m™~2 s~ at the sample position.

To prepare crude thylakoid membranes, fresh spinach
leaves were purchased from a local market the day before
the measurements and stored in the dark at 4 °C overnight.

in a cuvette. ¢ Schematic of the data acquisition process. Shutter 1
controls the exposure of the sample to an actinic light, while shutter 2
controls the exposure of the laser beams to the sample for data acqui-
sition as described in main text

Crude thylakoid membranes were isolated in a dark cold
room (4 °C), using a procedure similar to that reported pre-
viously (Gilmore et al. 1998). The final concentration of all
thylakoid samples was adjusted to 50—100 pg Chl/ml using
reaction buffer immediately before the measurement (Porra
et al. 1989). The reaction buffer contained 30 mM ascorbic
acid, 0.5 mM ATP, and 50 pM methyl viologen at pH 8. For
snapshot TA of Nannochloropsis oceanica microalgae, live
cell sample solutions were prepared in Ficoll 400 buffer at a
concentration of 40 mg Chl a/mL. For all experiments, the
sample cuvette had a path length of 1 mm and was continu-
ously translocated to prevent sample damage and accumu-
lation of long-lived triplet Chl* state. Photodegradation is
primarily dependent on the stability of the sample through-
out exposure to the laser and actinic light. Spinach thylakoid
membranes and intact cells of N. oceanica were found to be
stable for at least 30 min of snapshot TA. Importantly, to
further prevent sample agglomeration and precipitation, the
sample solution was gently mixed by bubbling air between
snapshot measurements (Fig. 2b).



A custom LabVIEW program was used for data collec-
tion. Each snapshot measurement was controlled by a shutter
programmed to open for 10 s increments at various times
throughout the exposure of a sample to high light or dark
conditions, while the data was continuously collected by
the lock-in amplifier. Further decreases in the duration of
the data acquisition (below 10 s windows) is limited by the
signal-to-noise (SN) ratio. Measurements of intact samples
(e.g., thylakoid membranes and live algae cells), though
physiologically relevant, exhibit high scattering and con-
sequently poor SN ratio. This required us to use a rather
intense pump laser (20-40 nJ/pulse), which can generate
significant Ch1*~Chl* annihilation and provide an additional
Chl* de-excitation pathway beyond the naturally occurring
NPQ mechanisms. For samples with very little scatter, it will
be possible to decrease the snapshot time windows. It is also
possible that a more sensitive detector (e.g., a photodiode
and data acquisition card whose sampling clock is synchro-
nized to the repetition rate of the laser (Werley et al. 2011))
could help to minimize annihilation processes by permitting
the use of reduced pump power and increasing the temporal
resolution (currently 10 s) of the snapshot TA system.

The specific actinic light and snapshot sequence used in
our TA experiments is depicted in Fig. 2c. Snapshots were
taken periodically throughout an initial 3 min dark period.
Then, an actinic light with intensity 850 pmol photons
m~2s~! was used to activate gE. The actinic light remained
on for 15 min and snapshots were taken throughout this
period. Following light exposure, snapshots were taken for
5 min in the dark to assess recovery from gE. A second cycle
of 5 min periods of light and dark exposure was incorporated
in order to assess the effect of dark recovery and subsequent
re-exposure to quenching-inducing conditions.

As shown in Fig. 3, 15 data points can be collected dur-
ing the 10 s time window between shutter open and close.
Note that the number of data points collected within the time
window can be controlled by adjusting the time constant
of the lock-in amplifier. When shutter 2 opens, the signal
transiently fluctuated due to the response time of the sensing
system before stabilizing within a few seconds. In order to
obtain reliable data and ensure that all PSII reaction centers
are closed, we calculate the average of five data (dAOD)
points which were collected 5.5-8.5 s after the opening of
the shutter.

Fluorescence lifetime snapshot measurements have been
performed based on the previously reported method (Sylak-
Glassman et al. 2016). The power of 420 nm excitation pulse
was approximately 1.6 mW (21 pJ/pulse) at the sample. The
amplitude-weighted average lifetime (. ) is calculated
using the following equation:
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Fig.3 Representative snapshot TA data measurement performed on
spinach thylakoid membranes. Vertical lines correspond to the time
at which the laser shutter was opened or closed. The red region cor-
responds to reliable measurements which were averaged to provide a
single “snapshot” data point

where A; and 7; are the amplitudes and the fluorescence life-
time components, respectively, which is obtained from fit-
ting the fluorescence decay with 3 exponentials. The NPQ
response (NPQ,) in terms of the average florescence lifetime
is defined as:

NP QT _ Tavg,dark — Tavglight @

Tavg,li ght

where 7,4 4 18 the average of three lifetime snapshots
measured during the initial dark period.

Results

Snapshot TA is a variation of conventional TA spectroscopy
that utilizes a fixed time delay and wavelength in order to
monitor slow changes (s to min timescale) in the dynamics
of ultrafast processes (fs to ps timescale). Here, we focus on
the detection of Car S; and Car* ESA signals via snapshot
TA spectroscopy, thereby demonstrating its utility to monitor
the EET and CT mechanisms in spinach thylakoid mem-
branes and live cells of Nannochloropsis oceanica. First, the
time delay and probe wavelength for snapshot TA experi-
ments must be selected to correspond to the time delay and



wavelength associated with the absorption maximum in
the TA kinetic profile and spectrum, respectively.

Figure 4 shows conventional TA kinetic profiles
and reconstructed spectra of Car S, and Car® ESA
measured in spinach thylakoid membranes after Chl
excitation at
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Fig.4 TA kinetic profiles for spinach thylakoid membranes probed at
540 nm (a) and 1000 nm (c) under dark and high-light conditions,
respectively. Note that the dark profile at 540 nm was re-scaled to
account for the decrease in overall Chl ESA that occurs in the vis-
ible region upon high-light exposure. Difference TA kinetic profiles
obtained by subtracting the dark kinetic profile from the high-light
profile, which corresponds to Car S; ESA signal (b) and Car* ESA
signal (d). The inset graph shows the difference TA spectra measured
in the visible and near-IR regions. Dashed vertical lines indicate the
specific time delay and wavelength selected for each snapshot TA
measurements. Each data point is presented as the mean+ SE (n=5)

Table 1 Equations used to calculate Car S, and Car™ ESA signals

650 nm. The ESA signals at 540 nm in dark and high light
were measured to evaluate the Car S; ESA. In high light,
there is a decrease in the overall contribution of Chl a ESA
in the visible region due to the activation of de-excitation
pathways (NPQ, etc.) for the Chl Q, excited state. However,
the dark and high-light TA kinetic profiles exhibit nearly
identical kinetics for time delays greater than 40 ps. In order
to extract the contribution of only the Car S;—Sy ESA from
the overall profile, it is necessary to scale the dark profile
to match the high-light profile at a time delay of 40 ps in
order to remove the contribution of Chl @ ESA. The scal-
ing factor is simply the ratio between the OD at 40 ps in
the light (AODat40 ps(t)) and dark (AODat40 ps(dark)). It
should also be noted that the decrease in Chl a ESA upon
high-light exposure is rather insignificant in the near IR;
thus, no re-scaling is necessary for the Car radical cation
signal (Fig. 4c). This scaling process is described in Fig. 4a
and Table 1 of the manuscript. Therefore, for accurate
kinetic analyses, precise determination of the background
signal (dark signal) is important in order to assess the effect
induced by high-light exposure. Our previous publications
(Park et al. 2017, 2018) include similar snapshot TA data
for spinach thylakoid membranes and above-mentioned data
analyses.

The general form of equation for extracting snapshot TA
signal (dAOD) can be written as

dOD,(T) = dOD,, ,(T) — C - dOD, ,(T = 0)

where x is the excited-state species of interest (i.e., Car S,), ¢
and A are the time delay and wavelength where the maximum
signal was observed from conventional TA spectroscopy,
respectively. T is the real time (time after high-light expo-
sure) and C is the scaling factor, the ratio of amplitudes of
background signals at 7=0 compared to 7, which is used to
remove the contribution of Chl a ESA as mentioned above.

Figure 4b shows difference (1AOD) TA profiles, which
were fitted well to a single exponential decay with a lifetime
of 8.03 +0.40 ps, which is consistent with the characteristic

Excited state  Equation
Car S AOD 405 (T)
ar$, dAOD g, (T) = AOD, 1 (T) = AOD,p(dark) x ( o=
Conditions Selected wavelength/time delay: 540 nm/1 ps
Car S; ESA at 40 ps = 0 (Ma et al. 2003)
AOD, g, (high light) < AOD,, (dark) (Park et al. 2018)
Car* dAOD,+(T) = AOD, 50, (T) — AOD, 5 (dark)

Conditions

2017

Selected wavelength/time delay: 1000 nm/20 ps

Chl ESA, 5, (high light) & Chl ESA, 0., (dark) (Holt et al. 2005; Park et al.
)

Note that AOD,,

(T), AOD,p0,(T), and AOD,4,,(T) represent the snapshot TA signal measured at time delays of 1 ps, 20 ps, and 40 ps,

respectively, over the course of light exposure. AOD(dark) is the average of TA signals measured during the initial dark period



decay time for the S, state of the carotenoid zeaxanthin
(Zea). The spectrum of this difference TA signal (Fig. 4b,
inset) closely resembles those reported in the literature
for a Car S|—Sy transition (Polivka and Sundstrom 2004).
Additionally, this difference TA spectrum exhibits a peak
at 540 nm which is slightly blue-shifted (~ 15 nm) from the
Zea S-Sy absorption peak measured in methanol, likely
due to differences attributed to the environment (protein vs.
solvent) (Polivka and Sundstrom 2004). Finally, we have
previously observed that treatment with DTT, an inhibitor
of violaxanthin de-epoxidase (VDE), resulted in negligible
accumulation of Zea and elimination of the Car S| ESA sig-
nal (Park et al. 2018), further suggesting that the specific
carotenoid involved is zeaxanthin. Detailed information on
the kinetics of this Car S; ESA signal will be discussed later.
Based on these observations, snapshot measurements of the
Car S| ESA signals were collected at a selected time delay
of 1 ps and a wavelength of 540 nm.

Using a similar subtraction of dark and high-light
kinetic profiles, the Car* ESA shows a characteristic rise
(Trise =19.2£13.7 ps) and decay (7ge,y =34.4+18.7 ps)
(Fig. 4c and d). For snapshot TA, we selected a time delay
of 20 ps and a wavelength of 1000 nm because this is where
the Car't ESA signal shows maximum absorption. Using
these fixed time delays and wavelengths, the ESA signals
were collected during the time sequence of actinic light on
and off. The specific equations used to calculate Car S, and
Car™ ESA (dAOD) and related assumptions are presented
in Table 1.

Figure 5a shows the results of snapshot TA measurements
on isolated spinach thylakoid membranes. The signals for
both Car S, and Car* ESA clearly increase and decrease in
response to high-light and dark exposure, suggesting that the
EET (Chl Qy—> Car S,) and CT (Chl'~—Car'*) mechanisms
become active in the high-light-adapted state of spinach thy-
lakoid membranes. Both signals rapidly increase and reach
a maximum within 2 to 3 min of high-light exposure and
quickly disappear within 5 min of subsequent dark exposure.

These snapshot TA results are well complemented by flu-
orescence lifetime snapshot measurements (Sylak-Glassman
et al. 2016). Fluorescence lifetime snapshots provide direct
information on the quenching of Chl* by monitoring the
evolution of the fluorescence lifetime as intact samples adapt
to high light. Fluorescence lifetimes are also independent
of photobleaching and chloroplast movement, making them
preferable to conventional PAM fluorescence. Figure 5b
shows the results of fluorescence lifetime snapshots of spin-
ach thylakoid membranes. Upon illumination, the average
Chl fluorescence lifetime rapidly decreases from~ 1.5 ns
to~0.3 ns, which is indicative of the activation of qE. Fol-
lowing 15 min of high light, the actinic light was turned off
and the fluorescence lifetime increased to ~ 0.8 ns, reflecting
recovery of qE. Subsequent light exposure results in another
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Fig.5 TA and fluorescence lifetime snapshot results for spinach thy-
lakoid membranes. a TA snapshots corresponding to the Car S; ESA
and Car™ ESA are shown in green circles and red squares, respec-
tively. The probe wavelength was set to 540 and 1000 nm for the
EET (Car S; ESA) and CT (Car* ESA) mechanisms, respectively. b
Fluorescence lifetime snapshots (pink squares) and the corresponding
NPQrt parameter (blue circles). The bars at the top of the panels indi-
cate the time sequence of actinic light on (yellow) and off (dark gray)

decrease in the fluorescence lifetime. All of these changes in
the fluorescence lifetime are contained in NPQ,_ (blue data
points in Fig. 5b, see “Methods” section for the calculation),
a lifetime-based parameter analogous to the conventional
NPQ value (NPQ = (F,, — F/)/F).

Fundamentally, fluorescence tells us that “energy goes
away”, but it provides no indication as to “where it goes”.
In this regard, snapshot TA is a valuable complement to
the fluorescence lifetime snapshot technique. The combina-
tion of snapshot TA results and fluorescence lifetime snap-
shots (Fig. 5) can simultaneously show the appearance of
the quenching species (i.e., Car S, and Car'™) in the overall
context of Chl* quenching (i.e., Chl fluorescence lifetime).
In spinach thylakoids, while the Car S, and Car™ signals
were at their maximum after 5 min of light exposure, 82% of
the overall NPQ_ was achieved. In the subsequent 5 min of
dark exposure, both ESA signals rapidly disappeared while
a 75% loss in the NPQ_ level was observed. Moreover, the
second period of high light generated a similar amplitude of
both ESA signals. These observations suggest that the Chl-
Car EET and CT mechanisms play a central role in rapidly



reversible qE and photoprotection under fluctuating light
conditions. Note that both Car S, and Car™* signals are zero
in the second dark period, but the fluorescence lifetime is not
fully recovered to the original dark-adapted value, suggest-
ing a longer-lasting mechanism not signaled by absorptions
at 540 nm or 1000 nm.

In the quantitative analysis of Car S; and Car* ESA
snapshots and their correlation with Chl* quenching as
determined by fluorescence, we face two main issues. First,
precise molar extinction coefficients (¢) for the Car S;—Sy
and Car™ DD, transitions in the photosystem II (PSII) pro-
tein environment are unavailable. If the values for € become
available, the density of quenching traps could then be calcu-
lated and incorporated in quantitative models of gE (Amar-
nath et al. 2016; Bennett et al. 2018). The second issue is
related to the process of annihilation, which is more preva-
lent within photosynthetic complexes at high pulse powers
(Gulbinas et al. 1996; Barzda et al. 2001). Our snapshot TA
measurements are taken at pump intensities ranging from
20 to 40 nJ/pulse. Given that the lifetime of the Chl ESA
signal observed in the TA measurement is less than 0.1 ns
(Fig. 4a), which is significantly lower than the Chl fluores-
cence lifetime (0.3—1.5 ns, Fig. 5b) measured under anni-
hilation-free condition (21 pJ/pulse), it seems obvious that
annihilation significantly affects the dynamics of excitation
energy transfer. As discussed below, this difference makes
it difficult to directly correlate the appearance of quenching
species observed from snapshot TA with the degree of Chl*
quenching quantified by Chl fluorescence lifetime snapshot
measurements.

For example, under annihilation-free (natural) condi-
tions, the rate of excitation energy transfer via diffusion
(Kgitrusion = (350 ps)™'; see details in Table 2) is signifi-
cantly slower than that of de-excitation by EET quenching
(KeETquenching = (8 ps)”'; see details in Table 2). This fast
quenching rate results in negligible population of the Car S,
excited states (Fig. 6a) (Polivka and Sundstrém 2004). How-
ever, in our TA measurement, the diffusion length for excita-
tion energy becomes significantly restricted due to the pres-
ence of annihilation, which apparently acts as a strong Chl*
quenching pathway (Barzda et al. 2001). Consequently, only

(a) Annihilation-free (Fluorescence t measurement) condition
5 a0 = A 3

Ml

Fig.6 Proposed scheme showing the excitation diffusion length (Lp,
red circles) in dark and high-light-exposed grana membranes when
all reaction centers (RCs) are closed. a Under annihilation-free con-
ditions, such as the pulse powers used in fluorescence lifetime snap-
shots, the diffusion lengths were estimated based on the recently
developed multiscale model (Bennett et al. 2018) and our Chl fluo-
rescence lifetime snapshot data (Fig. 5b). In response to high-light
exposure, the appearance of quenching sites (red dots) decreases the
diffusion length to 25 nm which corresponds to NPQ 2 3, accord-
ing to the empirical relationship between the NPQ parameter and L,
shown in Bennett et al. (2018). Under this condition, the rate of exci-
tation diffusion is less than that of quenching, resulting in the case
where excited states of the quencher are hardly populated. b Intense
pump powers, such as those used in the snapshot TA measurements,
can result in significant annihilation. This results in a dramatic
decrease in the excitation diffusion length regardless of the presence
of quenchers. If the reduced diffusion length is small enough, the rate
of diffusion becomes faster than the rate of quenching. In this case,
we can observe both the rapid population of the excited states of the
quenching species as well as the subsequent relaxation process

energy residing on Chl pigments that are very close to a Car
molecule can populate the Car excited states. In other words,
we can only observe the populated Car S, state and corre-
sponding ESA signal presented in Fig. 4b under conditions

Table 2 Estimated rate constants of excitation diffusion and de-excitation by quenching

Process Rate constant

Experimental basis

Reference

Excitation diffusion Kgiftusion = (350 ps)~!

EET quenching KgETquenching = (8 ps)”!

CT quenching kcquenching = (40 ps) ™" to

(150 ps)~!

Chl fluorescence lifetime (z~350 ps) of quenched thyla-
koids under annihilation-free condition

S, lifetime of carotenoid Zea (gecay ~ 8 PS)

Lifetime of Car radical cation (74, =40-150 ps)

This study (Fig. 5b)
Park et al. (2017, 2018)
This study (Fig. 4b)
Ma et al. (2003)

Park et al. (2018)

This study (Fig. 4d)
Holt et al. (2005)

Park et al. (2017)




where annihilation is active. The lack of rise time for the
Car S, ESA signal in Fig. 4b indicates that the Car S, state
is instantaneously (< 120 fs) populated after Chl excitation,
which is possible only if Kyigysion > KEETquenching (F1g. 6b).
Interestingly, in the case of the Chl-Car CT state (Car* ESA)
we were able to observe an increasing population of the CT
state with a rise time of ~20 ps. This difference is likely
attributed to the slower Chl*—Car™* charge recombination
process (< (40 ps)~!; see details in Table 2) relative to Car S,
relaxation. Therefore, to draw more quantitative information
(e.g., the densities of EET and CT quenching sites) from our
snapshot TA data, the relative speeds of excitation diffusion
and quenching in addition to the effect of annihilation on
Chl* dynamics need to be considered when developing a
quantitative qE model such as Bennett et al. 2018. Once
annihilation is incorporated into the model, we will be able
to accurately simulate the natural dynamics of excitation
energy transport in intact grana membranes based on the
appearance and disappearance of EET and CT quenching
sites as determined from TA spectroscopy.

While we have thus far focused on snapshot TA investi-
gations of isolated thylakoid membranes, the technique can
also be applied to completely in vivo systems. As an in vivo
proof-of-concept study, we performed snapshot Car S; ESA
TA measurements on live cells of an alga, Nannochloro-
pis oceanica. N. oceanica appears to be an ideal sample
for snapshot TA given that is smaller (2-3 pm) than other
model algae (Vieler et al. 2012) and it possesses a simple
pigment composition (Llansola-Portoles et al. 2017). These
factors result in suppressed pump scattering and less spec-
trally overlapping signals, respectively. Figure 7 shows the
results of in vivo TA and snapshot TA spectroscopy and the
corresponding Chl fluorescence lifetime snapshots. Since V.
oceanica does not contain the carotenoid lutein, zeaxanthin

a C
( ) —v— Dark (scaled), ( ) "
—~ 4 =— High-light o
> S 154
S 3 Apump = 665 Nm =
a Apmbe =540 nm )
@] 2 1.0+
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0.0 1
3 D 8
O
-0.5 1

is the most probable Chl* quencher. In fact, a knock-out
mutant of violaxanthin de-epoxidase (VDE), an enzyme that
is responsible for the accumulation of Zea in response to
high light, lacks most of the qE capabilities of wild-type N.
oceanica (Park et al. 2019). The Car (Zea) S; ESA signal
extracted by subtracting the dark signal from the high-light
signal (Fig. 7a) was fitted well with a single exponential
decay (Tgeeay="7.71 £ 1.34 ps), which is almost identical to
the decay of the Car S; ESA observed in spinach thylakoid
membranes.

Interestingly, it appears that the Car (Zea) S, snapshots in
N. oceanica correlate well with the onset of overall quench-
ing as evidenced by the NPQt values calculated from fluo-
rescence lifetime snapshots (Fig. 7c), suggesting that EET is
one of the mechanisms that is responsible for qE activation.
While NPQrt decreases upon returning to the dark, the Car
(Zea) S, signals slightly decrease (Fig. 7c). This observa-
tion could indicate that the decrease of EET mechanism is
also involved in the relaxation of qE in N. oceanica. We
recently discovered that this EET mechanism as well as the
CT mechanism is controlled by two important proteins (Park
et al. 2019).

Concluding remarks

Although NPQ processes are routinely assessed by meas-
uring the reduced amount or lifetime of Chl fluorescence,
which is a downstream effect of quenching, the complex-
ity of NPQ mechanisms and their ensemble effect make it
infeasible to characterize individual quenching mechanisms
and understand the design principles of such mechanisms
under in vivo conditions. By monitoring the Car S, and Car™*
ESA in real time as intact samples adapt to high light, it

T — T T T T T 1
0 20 _40 60 80 100
Time (ps)

Fig.7 TA spectroscopic studies of N. oceanica live cells. a TA
kinetic profiles under dark and high-light conditions. The probe
wavelength was set to 540 nm for the EET (Car S; ESA) quenching
mechanism. b Difference TA kinetic profile (geq,y=7.71 & 1.34 ps)
obtained by subtracting the scaled dark kinetic profile from the high-
light profile. ¢ TA and Chl fluorescence lifetime snapshots for N. oce-

T T T T
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anica live cells. The TA snapshots corresponding to the Car S; ESA
are depicted by red circles. Each data point is presented as the mean
+ SE (n=5). The NPQt values (blue circles) were calculated from
Chl fluorescence lifetime snapshots using Eq. 2. The bars at the top of
the panels indicate the time sequence of actinic light on (yellow) and
off (dark gray)



is possible to observe the timescale and activation dynam-
ics of the Chl-Car EET and CT mechanisms. Using similar
measurements to those described here along with known
chemical inhibitors of important qE players (e.g.,
PsbS, VDE), we were able to observe the EET and CT
quenching mechanisms in spinach thylakoid membranes,
each of which is triggered by different processes (Park
et al. 2017, 2018). By recording quantitative and dynamic
signals of the indi-vidual quenching mechanisms and
combining the data with fluorescence lifetime snapshots
(Sylak-Glassman et al. 2016) performed on the same intact
samples, we are able to provide a broader picture of the
overall excitation quenching mecha-nisms that are so
essential to plant fitness and crop yields.

Our studies have focused exclusively on the temporal
response of the photosynthetic apparatus to high-light expo-
sure, but the snapshot TA technique is potentially valuable
for tracking the excited state population and dynamics within
any sample that changes over time. Some examples of this
include tracking processes such as in situ thin-film formation
for photovoltaic applications (Hernandez et al. 2015; Wilson
and Wong 2018) and degradation of perovskites by moisture/
O, (Wang et al. 2015; Ginting et al. 2017).
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