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Abstract Steady-state and time-resolved absorption and
fluorescence spectroscopic experiments have been carried
out at room and cryogenic temperatures on aggregated and
unaggregated monomeric and trimeric LHCII complexes
isolated from spinach chloroplasts. Protein aggregation has
been hypothesized to be one of the mechanistic factors
controlling the dissipation of excess photo-excited state
energy of chlorophyll during the process known as non-
photochemical quenching. The data obtained from the
present experiments reveal the role of protein aggregation
on the spectroscopic properties and dynamics of energy
transfer and excited state deactivation of the protein-bound
chlorophyll and carotenoid pigments.

Keywords Energy transfer - Fluorescence
quenching - Light-harvesting - Photosynthesis -
Pigment—protein complex

Introduction

All photosynthetic organisms contain pigment—protein
complexes that carry out energy transfer and electron
transfer in implementing the process of photosynthesis
(Hofmann et al. 1996; Blankenship 2002; Roszak et al.
2003; Liu et al. 2004; Frank and Cogdell 2012). Energy
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transfer is accomplished by light-harvesting (or antenna)
complexes that absorb light in the visible region of the
electromagnetic spectrum and transfer the energy to the
reaction center protein which undergoes a series of oxi-
dation—-reduction reactions to convert the absorbed energy
into electrical potential (Blankenship 2002).

Green plants contain two different reaction center pro-
teins, photosystem I (PSI) (Witt et al. 1994; Fromme and
Mathis 2004) and photosystem II (PSII), (Nelson and Yo-
cum 2006) and many different light-harvesting proteins
(Peter and Thornber 1991; Horton et al. 1999; Green and
Parson 2003). The most abundant light-harvesting protein
in green plants is the so-called LHCII complex (Fig. 1)
which binds 14 chlorophyll (Chl) molecules non-covalently
to the protein: eight Chl a and six Chl b (Kiihlbrandt et al.
1994; Blankenship 2002; Liu et al. 2004; Telfer et al.
2008). Carotenoids are also found in the structure (Ruban
et al. 1999; Croce et al. 1999; Blankenship 2002). These
include two luteins that are arranged crosswise in the
complex, one neoxanthin and one violaxanthin per mono-
meric unit (Kiihlbrandt et al. 1994; Liu et al. 2004).

As photosynthetic organisms capture and convert light
energy, the amount of energy absorbed but not channeled
to the reaction center must be deactivated so that it does not
lead to the photodestruction of the photosynthetic appara-
tus. This excess excitation energy may result in the for-
mation of Chl triplet states which can sensitize the
formation of singlet oxygen, a powerful oxidizing agent of
Chl (Foote 1968; Foote et al. 1970; Krieger-Liszkay 2004).
Carotenoid pigments protect photosynthetic organisms by
quenching Chl triplet states (Frank and Cogdell 1996;
Foyer and Harbinson 1999; Mozzo et al. 2008). Plants also
dissipate excess energy prior to Chl triplet state formation
and regulate the flow of energy to the reaction center
(Demmig-Adams and Adams 1992; Horton et al. 1996;
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Fig. 1 a Structure and arrangement of pigments in the LHCII trimer.
b Each LHCII monomer subunit consists of eight Chl a (green), six
Chl b (cyan), two lutein (yellow), one neoxanthin (orange), and one

Miiller et al. 2001; Holt et al. 2004; Avenson et al. 2008),
but the mechanisms by which these processes occur are the
subject of intense debate (Horton et al. 1999; Holt et al.
2004; Standfuss et al. 2005; Pascal et al. 2005; Amarie
et al. 2007; Ruban et al. 2007). The dissipation of excess
light energy is typically monitored by the extent to which
Chl fluorescence originating from the light-harvesting
pigment—protein complexes associated with PSII is quen-
ched under different sample conditions (Horton et al. 1996;
Phillip et al. 1996; Ruban et al. 1996). The overall process
is called nonphotochemical quenching (NPQ) (Miiller et al.
2001; Demmig-Adams and Adams 2002; Kulheim et al.
2002; Horton and Ruban 2005). NPQ has many different
components (Miiller et al. 2001), but the largest and most
rapid component in green plants is the pH-dependent
component known as qE.

At least four hypotheses have been advanced to explain
the molecular basis of the qE component of NPQ. In one
model, it is proposed to result from aggregation of the major
trimeric LHCII complex which produces a conformational
change that opens an energy transfer pathway to the lowest
excited, S;, state of a carotenoid for the deactivation of
excess Chl-excited states (Pascal et al. 2005; Ruban et al.
2007). In a second model, energy from bulk Chls finds its
way to a Chl/carotenoid heterodimer which undergoes
charge transfer to form a carotenoid radical cation/Chl
radical anion pair followed by subsequent charge recom-
bination as the means of deactivating excess Chl a excited
states (Holt et al. 2005; Ahn et al. 2008). Fleming and
Niyogi et al. (Avenson et al. 2008; Cheng et al. 2008; Ahn
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violaxanthin or zeaxanthin (red). The notation for the Chl pigments is
taken from (Liu et al. 2004)

et al. 2008; Avenson et al. 2009) have reported that this
process occurs solely in the minor Chl-protein complexes
(Lhcb) and not in LHCII, whereas Kiihlbrandt et al. (Barros
and Kuhlbrandt 2009; Barros et al. 2009) have proposed
that carotenoid radical cation formation is facilitated by the
binding of a separate protein, the PsbS complex (Niyogi
et al. 2005), with either LHCII or an Lhcb subunit. A third
model proposes that carotenoid/Chl exciton coupling pro-
vides a pathway for deactivation of excess excited Chl via
the rapidly decaying S; state of a carotenoid (Bode et al.
2008, 2009; Liao et al. 2010). A fourth model requires
oligomerization or aggregation of LHCII trimers to form
Chl/Chl exciton pairs that undergo charge transfer as the
pathway for Chl-excited state deactivation (Miloslavina
et al. 2008; Holzwarth et al. 2009; Muller et al. 2010).

In the present work, the effect of aggregation of the
LHCII pigment—protein complex on the spectroscopic
properties and dynamics of the bound pigments is exam-
ined. Many reports of fluorescence quenching induced by
aggregation of the LHCII complex have appeared (Bassi
et al. 1991; Mullineaux et al. 1993; Gilmore et al. 1995;
Vasil’ev et al. 1997; Moya et al. 2001; Palacios et al. 2002;
Huyer et al. 2004; Pascal et al. 2005; van Oort et al. 2007),
but the issue of whether aggregation plays a role in facil-
itating quenching of Chl-excited states in vivo has yet to be
fully addressed. It should be emphasized that although
aggregation of pigment—protein complexes has been
implicated in at least one of the mechanisms seeking to
explain NPQ, aggregating randomly dispersed LHCII
in vitro may lead to the pigment—protein complex being
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arranged in orientations different from those achieved
when the complex is constrained by the two-dimensional
structure of the photosynthetic membrane in which it is
naturally bound. Nevertheless, the studies presented here
and elsewhere (Nordlund 1981; Ide et al. 1987; Pieper et al.
1999a; Andreeva et al. 2009; Johnson and Ruban 2009; van
Oort et al. 2011; Ilioaia et al. 2011a; Gruszecki et al. 2012)
on aggregated monomeric and trimeric LHCII are assess-
ing how much quenching occurs when the protein forms
aggregates and what molecular factors control the process
of Chl fluorescence quenching. In addition, the changes in
the energy transfer rates and efficiencies that result from
protein aggregation will help understand the behavior of
closely associated LHCII pigment—protein complexes
in vivo.

Materials and methods
Preparation of LHCII complexes

LHCII trimers were prepared from spinach leaves using
previously described procedures (Das and Frank 2002).
Thylakoid membranes were isolated from spinach leaves
and further resuspended and solubilized to obtain BBY
particles (Berthold et al. 1981). Sucrose density gradient
ultracentrifugation was employed to separate the compo-
nents of BBY. The second band from the top contained the
monomeric LHCII and CP complexes while the third band
contained the trimeric LHCII complex. LHCII trimers were
further purified by a second sucrose density gradient
ultracentrifugation step, dialyzed against buffer containing
10 mM HEPES, 0.06 % n-dodecyl-f-p-maltoside (-DM),
pH 7.6, and stored at —80 °C.

Monomeric LHCII was separated from the CP com-
plexes using the isoelectric focusing (IEF) protocol
described previously (Das and Frank 2002) but with slight
modifications. 100 mL of slurry was prepared and con-
tained 5 % (w/v) Sephadex G-100, 2 % (w/v) Pharmalyte
carrier ampholytes (pH 2.5-5.0), 1 % (w/v) glycine,
0.06 % (w/v) -DM, and distilled water. Six IEF electrode
strips were cut into 10.5 cm lengths and soaked in 2 % (w/
v) Pharmalyte solution. The strips were then placed on both
ends of the Pharmacia Multiphor II Electrophoresis system
gel tray (26.0 cm x 11.0 cm). The slurry was slowly
poured onto the tray and allowed to form a homogenous
layer. Air bubbles were removed carefully and the tray
with the slurry was placed on a balance below approxi-
mately 50 cm of a small fan. ~17-18 g of water was
allowed to evaporate over a period of 2 h. Anode and
cathode strips were placed on top of the electrode strips
prepared by soaking strips in either 1 M phosphoric acid
(anode solution) or 1 M sodium hydroxide (cathode

solution). To insure thermal conductivity between the
cooling plate and the gel tray, a 0.1 % (v/v) solution of
Triton X-100 was applied to the cooling plate. The gel was
pre-focused for 1 h at 8.0 W with the temperature main-
tained at 4 °C. 1 mL of band 2 containing the PS II antenna
complexes from the previous sucrose density gradient
ultracentrifugation step was mixed with 1 mL of deionized
water and 0.5 mL of 3 % f-DM. The mixture was then
kept on ice and stirred occasionally for 30 min before
centrifugation at 12,000xg for 5 min at 4 °C using a
Sorvall SS-34 rotor. ~2.0 mL of the supernatant was
mixed with the gel scraped out using a 10 x 2 cm sample
applicator applied at about 2 cm from the cathode. The
sample slurry was then poured back into the sample
applicator and the applicator removed after which time the
sample was allowed to equilibrate hydrostatically for
~ 3 min. The focusing was continued for 15 h at a constant
power of 8.0 W, 4 °C. The green bands observed after the
completion of the focusing were separated using a frac-
tionating grid frame, collected using a spatula, and eluted
in PEGG elution columns using a minimum amount of
buffer which contained 100 mM HEPES and 0.06 % f-DM
at pH 7.6. Prior to elution, a small amount of each band
was dissolved in deionized water and the isoelectric point
(pI) was measured using a microelectrode. Carrier amph-
olytes and sucrose were removed from the sample by
dialysis against buffer containing 10 mM HEPES, 0.02 %
p-DM at pH 7.6. LHCII monomers were then frozen at
—80 °C until used in the spectroscopic experiments.

Aggregated LHCII complexes were prepared using Bio-
Beads (Bio-Rad 152-8920), which upon addition to the
solution, reduce the f-DM concentration (Ruban et al.
2007). This was accomplished by adding 200 mg of beads/
mL to the LHCII sample and stirring in the dark at room
temperature for approximately 15 min.

Pigment analysis

The pigment composition of the LHCII complexes was
confirmed by extraction using 50/50 (v/v) acetone/metha-
nol and by HPLC analysis as follows: Approximately 1 mL
of the LHCII complex was dialyzed against 1 L of 10 mM
HEPES buffer, pH 7.6 (without -DM detergent) for 24 h
at 4 °C. The dialyzed sample was then placed in a 1.5 mL
Eppendorf tube having small holes at the top and lyophi-
lized for 48 h. After lyophilization, the sample was redis-
solved in 50/50 (v/v) HPLC grade acetone/methanol and
dried under a stream of nitrogen. The dried sample was
then taken up in acetonitrile, which was the HPLC injec-
tion solvent, and filtered through a Millex microsyringe
(0.2 um). The HPLC solvents were: solvent A consisting of
87 % acetonitrile, 10 % methanol, and 3 % water; and
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solvent B consisting of 100 % ethyl acetate. All solvents
were HPLC grade and purchased from Fisher Scientific.
The HPLC protocol was programed for a flow rate of
1 mL/min and was isocratic for the first 15 min using 99 %
solvent A and 1 % solvent B. Then, a linear gradient was
applied over 25 min until the solvent composition was
60 % solvent A and 40 % solvent B. This solvent com-
position was maintained for the remaining 20 min of the
protocol (See Online Resource 1, Fig. S1, for a represen-
tative HPLC trace).

Steady-state spectroscopic methods

A Varian Cary 50 UV/Vis spectrophotometer was used to
obtain steady-state absorption spectra. For the steady-state
fluorescence measurements, a Jobin—Yvon Horiba Fluoro-
log-3 Model FL3-22 fluorimeter having double emission
and excitation monochromators, 1,200 grooves/mm grat-
ings, a Hamamatsu R928P PMT detector, and a 450 W
Osram XBO xenon arc lamp were used. The emission
spectra of LHCII samples were obtained with a sample OD
of 0.05 at the 640 nm excitation wavelength. The bandpass
settings were 2 and 1 nm, for the excitation and emission
monochromators, respectively. The fluorescence excitation
spectra of the samples were recorded with the emission
wavelength set to 700 nm and the bandpass settings were 2
and 4 nm, for the excitation and emission monochroma-
tors, respectively. For spectroscopic experiments on LHCII
samples at cryogenic temperatures, a mixture of glycerol
and 10 mM HEPES buffer, pH 7.6 was added to the
samples to a final concentration of 70 % (v/v) glycerol in
plastic cuvettes (Plastibrand model no. 759150).

For absorption and fluorescence experiments at 77 K, a
custom made optical immersion Dewar cryostat was used
to hold the samples. The cuvette containing the sample was
secured into a sample holder and lowered slowly into the
cryostat containing liquid nitrogen. For the experiments
below 77 K, the sample was placed in a cryostat (Janis
Model STVP-100-1) and liquid helium was introduced via
a transfer arm (Janis ST-LINE).

Time-resolved fluorescence spectroscopy

Time-resolved fluorescence spectra of the LHCII samples
were obtained using Jobin—-Yvon Horiba Fluorolog-3
Model FL3-22 fluorimeter with a time-correlated single-
photon counting (TCSPC) module and a pulsed Nan-
oLED-670L diode generating 665 nm light with a
<200 ps pulse duration as excitation light source. Life-
times and amplitudes were extracted by fitting the time
response data detected at 680 nm using a sum of expo-
nentials function.
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Femtosecond time-resolved transient absorption
spectroscopy

Room temperature transient absorption spectroscopy experi-
ments were performed using the femtosecond transient
absorption spectrometer setup previously described (Ilagan
etal. 2005; Fuciman et al. 2012). The optical densities (OD) of
the LHCII samples were adjusted to 0.4-0.6 at the excitation
wavelength in a cuvette with 2 mm path length. Excitation of
the samples was achieved by tuning the pump beam to either
490 nm which excited the S, state of the carotenoids and the
Soret band of Chl b orto 677 nm which excited the Oy band of
Chl a. The measurements were averaged over 5 s. The pump
beam had 1.2 pJ/pulse energy in a 1 mm diameter spot
size, which corresponded to 3.8 x 10" and 5.2 x 10
photons/cm? pulse intensity at 490 and 677 nm excitation,
respectively. In order to prevent photodegradation, the sam-
ples were continuously mixed using a magnetic microstirrer
and the absorption spectra before and after transient absorp-
tion experiments were taken to assess sample integrity.

Results and discussion
Steady-state absorption and fluorescence spectroscopy

The absorption spectra of the LHCII monomers, trimers,
and aggregates taken at room temperature and 10 K are
presented in Fig. 2. As can be seen in the figure, and
especially in the insets which emphasize the Qy region of
Chl a and b absorption between 600 and 700 nm, aggre-
gation leads to only very small changes in the absorption
spectral features of the complexes. Lowering the temper-
ature to 10 K results in more structured and resolved
spectra compared to those seen at room temperature. Also,
at any given temperature, the absorption spectra in the Qy
region of the aggregated LHCII proteins were slightly
broader, and in the case of aggregated trimers, the maxi-
mum absorption in this region was also slightly red-shifted
by 1 nm, compared to those of the unaggregated proteins.

In contrast to the minimal effect of protein aggregation on
the absorption spectra, the effect on the emission spectral
intensities and lineshapes is striking (Naqvi et al. 1997,
Ruban et al. 1997; Barzda et al. 2001; Gruszecki 2006).
Figure 3 shows that ~ 15 min after addition of the Bio-
Beads to the samples which promotes protein aggregation,
the fluorescence intensity is reduced substantially. Aggre-
gation of the monomers and trimers reduced the fluores-
cence emission intensity by 93 and 91 %, respectively
(Fig. 3). By comparison, the exact same samples exhibited
only a 17 and 5 % change, respectively, in the intensity of
their absorption spectra (Fig. 3). This indicates that the large
reduction in fluorescence intensity cannot be attributed to
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Fig. 2 Overlay of the steady-
state absorption spectra of
LHCII complexes (black line)

—— Monomers

— Aggregated monomers

— Trimers
— Aggregated trimers

and aggregates (red line) at
room and cryogenic RT RT
temperatures. Insets show an 1F —/-/\ 1+
expanded view of the Oy 625 650 675 700 625 650 675 700
absorption region between 625
and 700 nm 8
=
s
=
o
S 0F . . . . 0r . . . .
<
2 | 10K /L 10K ./\jL
N
= Ir | |
=) 625 650 675 700 Ly 625 650 675 700
s
Z
0r . . . . Ot . . . .
300 400 500 600 700 300 400 500 600 700
Wavelength/nm
Fig. 3 Effect of aggregation on Absorption Fluorescence
the absorption and fluorescence T T T T T T T
spectra of LHCII monomers and 201l Monomers 3

trimers. The spectra of the
aggregated monomers was
taken ~20 min following the
addition of the biobeads, and
that of the aggregated trimers
was taken after ~ 10 min

—— Aggregated monomers

4t
3,
2,
1,
00— T

©
1 =
= <
< ~
= z
2 Z
2 20+ Trimers 8 5t
=
< — Aggregated trimers =
150 41
3L
1.0+
2+

05°¢

0.0+

O»A\—

300 400

protein precipitation or degradation. 30 minutes after the
addition of the Bio-Beads, the emission intensity reached a
constant level that was approximately an order of magnitude
less than that of its initial value.

As has been reported previously (Ruban et al. 1995,
1997; Andreeva et al. 2009), there is also a substantial dif-
ference in the emission spectral lineshapes of the aggregated
versus unaggregated LHCII samples taken at various tem-
peratures (Fig. 4). For the unaggregated monomers, at room
temperature, the maximum intensity appeared at 682 nm. As
the temperature was lowered to 80 K, the maximum blue-
shifted to 679 nm, where it remained as the temperature was

800 6%50 760 7&0 7210 760 fSO 800
Wavelength/nm

500 600 700

further lowered to 10 K. Also, as the temperature was
lowered, the spectra became more intense and narrower. The
10 K spectrum had a full-width at half-maximum (FWHM)
of 7 nm and was noticeably sharper than the room temper-
ature spectrum which had a FWHM of 18 nm (Fig. 4).
For the aggregated monomers at room temperature, the
emission band maximum appeared at 681 nm (Fig. 4). As
the temperature was lowered to 80 K, the spectrum
increased in intensity, broadened noticeably to a FWHM of
23 nm, and a shoulder appeared on the long wavelength
side of the major band. When the temperature was lowered
to 10 K, the spectrum gained even more in intensity and,
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Fig. 4 Temperature 15

dependence of the steady-state Monomers 10k Trimers
emission spectra of LHCII — RT
complexes after excitation at 10 + — 180K
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unlike the spectrum of the unaggregated monomers which
narrowed as the temperature was lowered, remained very
broad with a FWHM of 18 nm. Also, its maximum at this
temperature was red-shifted relative to that of the unag-
gregated monomers and appeared at 685 nm.

For the unaggregated trimer sample at room tempera-
ture, the maximum intensity appeared at 682 nm just like
the unaggregated monomer sample. As the temperature
was lowered to 80 K, the maximum blue-shifted slightly to
680 nm. At 10 K, the maximum shifted back to 682 nm.
Also like the monomeric sample, as the temperature was
lowered, the spectrum became more intense and narrower.
The FWHM for the unaggregated trimer spectrum at 10 K
was 7 nm, whereas at room temperature it was 17 nm.

For the aggregated trimers at room temperature, the emis-
sion band maximum was red-shifted to 685 nm compared to
682 nm for the unaggregated trimers at the same temperature.
As the temperature was lowered to 80 K, the spectrum
increased in intensity and split into two noticeable bands
having maxima at 683 and 703 nm. When the temperature was
lowered further to 10 K, the spectrum continued to increase in
intensity, but it coalesced into a single major broad band
having a maximum at 689 nm and a FWHM of 21 nm. It is
important to note that for both the monomer and trimer LHCII
samples, the 10 K emission spectra of the aggregated proteins
were substantially broader than those of the unaggregated
samples. Also, in all cases a minor low-energy vibronic
emission band appeared between 740 and 750 nm.

As control samples and for use in interpreting the effect
of protein binding and aggregation on the Chl emission
profiles, the fluorescence spectra of purified Chls a and b in
2-MTHF were recorded as a function of temperature
(Fig. 5). From room temperature to 10 K the FWHM of the
Qv band of the emission spectrum of Chl a was found to be
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Fig. 5 The effect of temperature on the fluorescence spectra of
purified Chl a (fop) and Chl b (bottom)

only very slightly narrower by ~1 nm than that of Chl
b. Also, as the temperature was lowered from room tem-
perature to 10 K, the maximum in the emission spectrum of
Chl a shifted from 668 to 670 nm. For Chl b, there was also
a noticeable shift in the band maximum from 651 nm at
room temperature to 657 nm at 10 K.

Fluorescence excitation spectroscopy
Figure 6 shows the excitation spectra of the LHCII unaggre-

gated and aggregated monomeric and trimeric proteins mon-
itored at 700 nm overlaid with their respective 1 — T spectra,
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Fig. 6 Excitation spectra (black
lines) overlaid with 1t Monomers RT 1t Trimers RT
1 — T spectra (red lines) of —I-T
LHCII complexes at room and excitation
cryogenic temperatures.
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where T is transmittance. The spectra show a difference in
intensity between the 1 — T and excitation spectra primarily
in the carotenoid absorption region between approximately
400 and 520 nm indicating that energy transfer from the
carotenoids to Chl a is not 100 % efficient. This is consistent
with previous reports (Gradinaru et al. 2000; Croce et al.
2001; Frank et al. 2001; Das and Frank 2002). However, for
the monomeric LHCII complexes (left four panels in Fig. 6),
the excitation spectra in this region match the 1 — T spectra
better at low temperatures than at room temperature
regardless of whether the complexes are aggregated or not.
This indicates that as the temperature is lowered, the effi-
ciency of energy transfer from the carotenoids to Chl a is
enhanced. This is not the case for the trimeric complexes
(right four panels in Fig. 6) where the efficiency of carot-
enoid-to-Chl a energy transfer remains constant at ~70 %.
For all the samples, whether monomeric or trimeric,
aggregated or unaggregated, the agreement between the
excitation and 1 — T spectra in the region of the Chl b Qy
band near 640 nm is excellent indicating a high efficiency of
energy transfer from Chl b to Chl a.

Fluorescence kinetics

The effect that aggregation of the LHCII complexes had on the
kinetics of decay of Chl a fluorescence was investigated using

time-correlated single-photon counting spectroscopy. Fig-
ure 7 shows the results of monitoring the time course of Chl
a fluorescence decay probed at 681 nm following excitation
into the Chl b Qv band at 665 nm. It is seen in Fig. 7 that the
Chl a fluorescence decay time of unaggreggated monomeric
and trimeric LHCII are essentially the same. However,
aggregation of the monomeric and trimeric LHCII complexes
leads to significantly faster deactivation of Chl a excited states
with the aggregated trimers decaying approximately 50 %
faster than the aggregated monomers (compare blue and red
traces in Fig. 7). The results also show that aggregating
monomeric LHCII complexes does not lead solely to trimeric
LHCII or to aggregated LHCII trimers, but instead has its own
Chl fluorescence quenching characteristics.

In order to gain a better understanding of the kinetic
components responsible for the Chl a fluorescence decay,
the time-resolved data were globally fit to a sum of expo-
nentials function which produced decay-associated spectra
(DAS). These are shown in Fig. 8. The fluorescence kinetics
from all of the samples can be accounted for by three decay
components which for the unaggregated LHCII monomers
and trimers (top two panels in Fig. 8) fall within the ranges
of 0.21 &£ 0.4, 3.3 £ 0.1, and 4.9 + 0.5 ns which are very
similar to what was reported previously using picosecond
time-resolved fluorescence on Chl-a/b protein complex at
room temperature (Ide et al. 1987). The DAS from these two
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Trimers
— Aggregated trimers

— Monomers
— Aggregated monomers

Normalized Intensity

Time/ns

Fig. 7 Time-resolved fluorescence decay profiles of LHCII com-
plexes excited at 665 nm and probed at 681 nm at room temperature

samples all have very similar lineshapes with only minor
wavelength shifts. The first and fastest component has a
maximum in the range 677 & 2 nm and very likely corre-
sponds to unequilibrated Chl a excitation. The second and
third components have maxima that are slightly red-shifted
to 682 = 1 and 679 £ 2 nm, respectively and based on
previous work (Ide et al. 1987; Frank et al. 2001; Andersson
et al. 2001) can be assigned to the decay of the vibrationally
equilibrated lowest excited singlet state of Chl a in different
protein environments.

Aggregation of the monomeric LHCII complex slightly
increases the lifetime of the fastest component (square
symbols in the two left hand panels of Fig. 8) and
decreases the lifetimes of the two long-lived components
by a moderate amount (circle and triangle symbols in the
two left hand panels of Fig. 8). The more important
observation is that upon aggregation, the fastest component
(square symbols in the two left hand panels of Fig. 8)
increases in amplitude by nearly a factor of four and red-
shifts by ~7 nm, whereas the amplitudes of the two
longer-lived components decrease by a factor of ~3 and
their wavelength maxima remain relatively unchanged.
Aggregation of the trimeric LHCII complex leads to even
more dramatic changes in the DAS profiles and lifetimes of
the components. The fastest component observed in the
aggregated trimers has a unique band at ~687 nm which
may represent the deactivation of a rapidly populated low-
energy excitation trap. Also remarkable is the observation
that the amplitude of the slowest component has been
diminished by an order of magnitude relative to that
observed in the unaggregated trimer sample. These kinetic
results are entirely consistent with the steady-state fluo-
rescence experiments (Fig. 3) which revealed that the
aggregated monomer and trimer samples were both
~90 % quenched with respect to the unaggregated sam-
ples. However, the more interesting aspect in comparing
the lifetimes of the kinetic components of the aggregated
monomers and trimers is the qualitative differences
observed between these two forms of the LHCII protein.

Fig. 8 Decay associated
fluorescence spectra of the
LHCII complexes taken using r
665 nm excitation at room
temperature as described in the
text. All of the samples were
measured at the same total Chl

concentration
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Transient absorption

Transient absorption spectra of the monomeric and tri-
meric, aggregated and unaggregated LHCII complexes
taken at various delay times after laser excitation are pre-
sented in Fig. 9. Spectra in the visible region recorded
upon excitation at 490 nm (left hand column in Fig. 9)
show that essentially within the time profile of the excita-
tion laser pulse, there occurs an onset of bleaching of the
carotenoid bands in the region 450-525 nm, a bleaching of
the Chl a and b Qy absorption bands at ~685 and
~650 nm, respectively, and a buildup of carotenoid
S; — Sy transient absorption between 500 and 600 nm. In
all of the samples, the carotenoid transient absorption
signal decreases by about 30 % and the Chl » Qy band
bleaching decreases by approximately 90 % in 5 ps (see
green traces in the left hand panels of Fig. 9). However, the
kinetics of the recovery of the Chl a Qy band bleaching
depend on the aggregation state of the LHCII complex. The
recovery is much faster for the aggregated monomers and
trimers compared to the unaggregated complexes. This is
evidenced by the fact that at 500 ps, the bleaching of the

490 nm ex

Monomers

Chl a Qy band in the aggregated complexes is completely
gone (see the blue traces in the second and fourth panels on
the left hand side of Fig. 9), indicating that all the Chl
a molecules have returned to the ground state within this
time frame. However, for the unaggregated monomers and
trimers, a significant amount of bleaching of the Chl a Oy
band persists in the transient spectra taken at 500 ps (see
the blue traces in the first and third panels on the left hand
side of Fig. 9). This indicates that many Chl a molecules
are remaining in the excited state well beyond 500 ps.
Transient NIR spectra recorded upon 490 nm excitation
show a fast-decaying carotenoid signal between 900 and
1,200 nm presumably associated with the S, — Sy tran-
sition (see the black traces in the second column of panels
in Fig. 9). The transient absorption feature at ~ 910 nm
appears slightly sharper in the monomeric complexes, but
otherwise the spectra taken at this delay time and at 300 fs
and 50 ps are very similar for all the complexes. Transient
NIR spectra recorded after exciting the samples directly
into the Oy band of Chl @ with 677 nm light (see the fourth
column of panels in Fig. 9) display features that are not
sufficiently distinct from each other to draw any significant

677 nm ex

— 100 fs
— 300 fs
50 ps

— 150 fs
— 1 ps

5ps
—— 500 ps

— 400 fs
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Fig. 9 Transient absorption spectra of LHCII complexes in the visible and NIR regions. The spectra were recorded at the indicated delay times

after excitation at 490 and 677 nm
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conclusions regarding the differences between the mono-
mers and trimers, or aggregated and unaggregated LHCII
complexes.

Spectra taken at 1 ps in the visible region after 677 nm
excitation directly into the Chl a Qv band (third column in
Fig. 9) show a pronounced bleaching of this band, but also
display a weak positive signal in the spectral region
between 480 and 600 nm which is much more noticeable
for the aggregated complexes compared to the unaggre-
gated complexes (see the red traces in the third column of
panels in Fig. 9). The maxima in the weak positive signals
for the aggregated monomers and trimers correspond pre-
cisely to the position of the S; — Sy transitions seen upon
490 nm excitation (first column of panels in Fig. 9). This
suggests that upon excitation into the Qv band of Chl a at
677 nm, there is some energy transfer from Chl a to the S,
state of a carotenoid which then rapidly deactivates to the
ground state as a mechanism for quenching. The weak
intensity of the carotenoid transient absorption signal
supports the kinetic model for quenching proposed by
Ruban et al. (2007) whereby a relatively slow rate of
energy transfer from Chl a to a carotenoid is followed by
fast deactivation of the excited state energy to the ground
state by the carotenoid. At 50 ps, the weak positive signal
has disappeared, but the Chl a Qy band bleaching persists
albeit to a lesser extent than seen at 1 ps. By 500 ps, the
Chl a Qy band bleaching is greatly diminished in the
aggregated LHCII samples (see the blue traces in the sec-
ond and fourth panels in the third column of Fig. 9),
indicating that almost all the Chl a molecules have returned
to the ground state. This is not the case for the unaggre-
gated LHCII samples (see the blue traces in the first and
third panels in the third column of Fig. 9) where the Chl
a band bleaching is still substantial. This indicates once
again that for the aggregated complexes there is a rapid
pathway for deactivation of excited Chl a, but for the un-
aggregated complexes, many Chl a molecules are
remaining in the excited state well beyond 500 ps.

The profound differences in the kinetics of Chl a excited
state relaxation among the complexes is further illustrated
by the time traces shown in Fig. 10. Upon excitation at
490 nm and monitoring the recovery of the Chl a Oy band
bleaching, monomeric LHCII decays relatively slowly (in
~3 ns) back to the ground state. Trimeric LHCII under-
goes a multiphasic recovery where part of the population
decays rapidly in ~25 ps, presumably due to exciton
annihilation owing to close proximity between pigments in
the trimeric system, and the remaining excited states pop-
ulation decays in ~ 1 ns. Both aggregated monomers and
trimers deactivate much faster (~ 120 ps) than the unag-
gregated systems consistent with the observation of
extensive Chl a excited state quenching seen in the fluo-
rescence experiments (Figs. 3, 7, 8).
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Fig. 10 Transient absorption decay profiles monitored at 683 nm in
the Qy region of Chl a absorption upon 490 nm excitation at room
temperature

In order to obtain a more detailed understanding of the
dynamics of energy transfer and excited state deactivation,
the spectral and temporal datasets from the transient
absorption experiments recorded in the visible and NIR
regions using either 490 or 677 nm excitation were glob-
ally fit according to a sequential excited state decay model.
The analysis yielded evolution associated differential
spectra (EADS) (van Stokkum et al. 2004) that characterize
the excited state energy transfer pathways and decay
components of the carotenoids and Chls bound in the
LHCII complexes. The results of the analysis are presented
in Fig. 11, and the lifetimes of the components obtained
from the fits to the data are given in Table 1. For the
experiments using 490 nm excitation, five kinetic compo-
nents were required to obtain a satisfactory fit to the data
taken either in the visible or NIR regions (see the left hand
columns panels of Fig. 11 and see Online Resource 2,
Fig. S1). The EADS traces generated from the NIR tran-
sient absorption data are provided in the Online Resource
as Fig. S2 from which it can be seen that the traces are very
similar for all the complexes. Hence, the emphasis here
will be on the EADS results generated from the transient
spectra recorded in the visible region.

From Fig. 11, it can be seen that the fastest EADS
component (black traces in the left hand column panels)
decayed in <110 fs with the lifetime of this component
being approximately 20 % faster for the aggregated sam-
ples versus the unaggregated complexes. In fact, all of the
EADS components obtained from the aggregated com-
plexes have shorter lifetimes than the corresponding com-
ponents from the unaggregated samples (Fig. 11; Table 1).
The first EADS component displayed spectral features in
the visible region that can be assigned to a bleaching of the
carotenoid Sy — S, transition as well as bleaching of the
Chl a and b Qy bands. Carotenoids and Chl b are both
directly excited by 490 nm light which explains the
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Fig. 11 Evolution associated difference spectra (EADS) of unaggregated and aggregated LHCII complexes obtained from global fitting the
transient absorption datasets recorded in the visible region using 490 and 677 nm excitation

immediate onset of the bleaching of these pigments.
However, because Chl a does not absorb at this excitation
wavelength, no bleaching of the Qy band of Chl a is
expected unless there is very rapid energy transfer to Chl
a from either the S, state of the photoexcited carotenoids or
Chl b. Indeed, very little bleaching of the Chl a Qy band
appears in this EADS component from either the aggre-
gated or unaggregated monomeric LHCII samples (black
traces in the top left two panels of Fig. 11). However, Chl
a Qy band bleaching is seen in the first EADS component
of both the aggregated and unaggregated trimeric LHCII
samples (black lines in the bottom left two panels of
Fig. 11), with the bleaching being more pronounced for the

aggregated trimers. There is clear evidence of rapid energy
transfer to Chl a from either the S, state of the carotenoids
or Chl b, and apparently, this route of energy transfer is
facilitated by the formation of the trimeric LHCII structure
from monomeric subunits.

In going from the first to the second EADS component,
in all cases, there is a decrease in the bleaching of the
So — S, transition of the carotenoids and a substantial
increase in the bleaching of the Chl a Qy absorption band
(see the red traces in the left hand column of Fig. 11). Also,
the bleaching of the Chl b Qy absorption band at ~ 650 nm
either remains the same (aggregated monomers) or
decreases (all other complexes). This indicates that no
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Table 1 Dynamics of the

excited states of LHCIT LHCII sample Excitation Prqbe Lifetime (ps)
. A (nm) region
monomers, trimers, and 7 75 3 T4 s
aggregates
Monomers 490 Vis 0.110 1.5 13 44 Inf
NIR 0.155 1.0 9.6 34 Inf
677 Vis 1.2 58 Inf - -
NIR 1.7 61 Inf - -
Aggregated 490 Vis 0.085 0.68 3.0 17 142
monomers NIR 0.112 0.513 3.0 21 183
677 Vis 1.1 19 118 - -
NIR 1.2 26 188 - -
Trimers 490 Vis 0.101 0.603 4.1 20.8 Inf
NIR 0.105 0.479 3.0 19 Inf
677 Vis 1.2 14 Inf - -
NIR 1.2 17 Inf - -
Aggregated trimers 490 Vis 0.088 0.412 1.5 16 124
Uncertainties in the values NIR 0.119 0.420 1.9 14 157
based on the goodness of fit 677 Vis 1 15 144 - -
amount to no more than 10 % in NIR 0.860 17 151 _ _
all cases

further energy transfer from the carotenoids to Chl b is
taking place, but that energy transfer to Chl a is occurring
from either the carotenoids or Chl b or both. This second
EADS component also shows a large, broad, positive fea-
ture between 500 and 600 nm that can be attributed to the
buildup of excited state population in the S; state of the
carotenoids via deactivation of the S, state in <155 fs.
From previous work (Fuciman et al. 2012) this broad fea-
ture can be assigned to a vibronically hot S; — Sy tran-
sition of the carotenoids.

As the second EADS component decays to form the
third EADS component, the amplitude of the broad positive
feature between 500 and 600 nm remains relatively con-
stant, but the width of the band narrows (see the green
traces in the left hand column panels in Fig. 11). This
change is accompanied by a further reduction in the mag-
nitude of the bleaching of the Chl b Qv band, but a con-
tinued rise in the extent of bleaching of the Chl a Qy band.
The narrowing of the S; — Sy transition of the carotenoid
is very likely due to relaxation of the vibrationally hot S,
state of the carotenoids (Billsten et al. 2002). Because the
magnitude of this band is not changing very much, the
additional bleaching of the Chl a Oy band that occurs can
be accounted for by energy transfer from Chl b to Chl a.

In going from the third to the fourth EADS component
(purple traces in the left hand column panels of Fig. 11),
there is a significant reduction in the positive amplitude
attributable to the S; — Sy excited state absorption of the
carotenoids. Yet, only a very small increase in the ampli-
tude associated with the bleaching of the Qy band of Chl
a is seen, and this can be correlated with the disappearance
of the bleaching of the Oy band of Chl b. This argues that

@ Springer

no further energy transfer from the carotenoids to Chl a is
taking place, but Chl b is transferring all of its remaining
excited state energy to Chl a in this time domain. More-
over, this observation strongly suggests that the S, state of
the carotenoids is not involved in transferring energy to Chl
a (Connelly et al. 1997). This is because the lifetime of the
third EADS components is very similar to the S; lifetime
reported for the carotenoids in LHCII complexes (Croce
et al. 2001; Fuciman et al. 2012).

The fourth EADS component has a lifetime between 16
and 44 ps, and it decays into the final EADS component
(blue traces in the left hand column panels of Fig. 11). The
most notable spectral change accompanying this decay is
that in all of the samples except the unaggregated mono-
meric LHCII complex, there is a profound decrease in the
bleaching of the Oy band of Chl a. In the unaggregated
monomeric LHCII complex, there is no change in the
magnitude of the bleaching of this band in going from the
fourth to the final EADS trace (see the purple and blue lines
in the top left hand panel in Fig. 11). Also, the lifetime of
the final EADS component is very long (infinite) for the
unaggregated samples, but much faster at 142 and 124 ps
for the aggregated monomers and aggregated trimers,
respectively.

The EADS lineshapes resulting from a fit of the transient
data taken using 677 nm are shown in the right hand col-
umn panels of Fig. 11. In all cases, three kinetic compo-
nents were required to fit the data. Whereas the first two
kinetic components have reasonably similar lifetimes for
all the samples, there is a major difference in the lifetime of
the third and final component. The lifetime of this com-
ponent for the unaggregated monomers and trimers is



Photosynth Res (2013) 118:259-276

271

essentially infinite (non-decaying). However, as was evi-
dent in the fits to the data taken using 490 nm excitation
(left hand column panels of Fig. 11), the lifetime of this
final component decreases significantly upon aggregation
of the LHCII complexes and becomes 118 ps for the
monomers and 144 ps for the trimers. These results toge-
ther with those obtained from the global fitting analysis of
the data recorded using 490 nm excitation described above,
clearly demonstrate that aggregation of either monomeric
or trimeric LHCII complexes accelerates the decay of Chl
a excited states.

The striking reduction in fluorescence intensity upon
aggregation of the monomeric and trimeric LHCII com-
plexes (Fig. 3) is highly suggestive of the formation of a
quenching center (or centers) that facilitates deactivation of
Chl a excited states. This idea is reinforced by the emission
spectra of the aggregated LHCII samples taken at cryo-
genic temperatures (bottom two panels in Fig. 4) which
show red-shifted (low-energy) fluorescence bands not seen
in the spectra of purified Chl a and b (Fig. 5) nor in those
from unaggregated LHCII complexes (top two panels in
Fig. 4). The structure of the LHCII trimer (Liu et al. 2004)
and previous work based on spectroscopy and mutagenesis

(Zucchelli et al. 1990; Trinkunas et al. 1997; Pieper et al.
1999a, b; Remelli et al. 1999; Rogl et al. 2002; Croce et al.
2003) suggest which Chls may be involved in the forma-
tion of these low-energy quenching centers.

It is very challenging to try to gain some insight into
which specific protein-bound Chl molecules may be giving
rise to the spectral differences that occur upon aggregation.
Nevertheless, Gaussian deconvolution in the Oy region was
carried out on the 10 K absorption spectra from aggregated
and unaggregated monomeric and trimeric LHCII com-
plexes (Fig. 12). The figure reveals that a large number of
individual Chl a and b spectra having various amplitudes
and widths are required to simulate the experimental
absorption spectral lineshapes. However, it is clear that
only some of the peaks have shifted or changed intensity
upon aggregation. Difference spectra generated by sub-
tracting the spectra of the unaggregated complexes from
those of the aggregated complexes reveal that the major
change in the lineshapes upon aggregation occurs on the
low-energy side of the Oy band of Chl a. Gaussian com-
ponents 1 and 2 from the trimers undergo a red-shift of
2 nm. The spectral shifts of all the other Gaussian com-
ponents induced by aggregation of either the monomers or
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Fig. 12 Gaussian fits of the 10 K steady-state absorption spectra of unaggregated and aggregated LHCII monomers and trimers. The parameters

used in the fits are summarized in Table 2
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trimers is only 1 nm. Aggregation of the monomeric LHCII
complex leads to an increase in the amplitude of the Chl
a spectral component (Gaussian peak 2) having a maxi-
mum at 682 nm (14,660 cm™') and a decrease in the
amplitude of the Chl a spectral component (Gaussian peak
3) having a maximum at 676 nm (14,790 cm_l), while
aggregation of the trimeric LHCII complex leads to a
decrease in the amplitude of the Chl a spectral component
(Gaussian peak 2) having a maximum at 679 nm
(14,720 cm™ ") and an increase in the amplitude of the Chl
a spectral component (Gaussian peak 3) having a maxi-
mum at 676 nm (14,800 cm™ ") (see Table 2 for a summary
of all the Gaussian fitting parameters). For the aggregated
monomers, the decrease in peak 3 leads to a pronounced
dip in a broad positive band formed from small increases in
the amplitudes of several other Chl absorption bands
(Fig. 12a). This broad positive band in the difference
spectrum is much less evident upon aggregation of the
trimers (Fig. 12d). These results suggest that the Chl

a molecules associated with the red-most absorption bands
in the unaggregated complexes are the ones most affected
by aggregation. It remains to be demonstrated that these are
the Chls involved in fluorescence quenching. If this was the
case, one would expect to see agreement between the
spectra of one or more of the fast-decaying fluorescence
kinetic components shown in Fig. 8 and the red-shifted
fluorescence peaks appearing in the spectra of the aggre-
gated LHCII complexes (Fig. 4). For both monomeric and
trimeric samples, aggregation leads to a very noticeable
increase in intensity and red-shift in the spectrum of the
fastest fluorescence decay component recorded at room
temperature (see the square symbols in Fig. 8), but the
relatively low-resolution steady-state fluorescence spectra
taken at room temperature precludes a precise assignment
of the maximum in the red-shifted peak.

Remelli et al. (1999) proposed on the basis of site-
directed mutagenesis of pigment-binding residues in
recombinant, pigment-reconstituted, refolded monomeric

Table 2 Parameters from the Gaussian fits to the absorption spectra of LHCII monomers, trimers, and aggregates shown in Fig. 12

Peak  Monomers Aggregated monomers
Center of Wavelength  Maximum  Peak FWHM  Center of Wavelength  Maximum  Peak FWHM
gravity (em™  (nm) height area (em™h gravity (em™)  (nm) height area (em™h

1 14,410 694 0.0241 3512 138 14,420 693 0.0143 2.106 139

2 14,660 682 0.0810 18.30 212 14,680 681 0.2218 50.12 212

3 14,790 676 0.8763 134.6 144 14,790 676 0.7316 112.4 144

4 14,920 670 0.7013 1124 151 14,920 670 0.7981 128.0 151

5 15,020 666 0.4473 72.82 153 15,040 665 0.5901 96.067 153

6 15,140 660 0.3886 66.65 161 15,160 660 0.4085 70.06 161

7 15,280 654 0.3323 8526 241 15,300 654 0.4491 115.2 241

8 15,420 648 0.4041 90.68 211 15,430 648 0.3951 88.66 211

9 15,580 642 0.2630 6441 230 15,580 642 0.2625 64.29 230

10 15,750 635 0.1780 45.04 239 15,760 634 0.1993 50.29 239

11 15,970 626 0.2193 3221 223 15,980 626 0.2348 31.88 223

Peak  Trimers Aggregated trimers
Center of Wavelength  Maximum  Peak FWHM  Center of Wavelength  Maximum  Peak FWHM
gravity (cm™")  (nm) height area (cm™") gravity (cm™ " (nm) height area (cm™")

1 14,580 686 0.0239 3241 127 14,530 688 0.0232 3305 134

2 14,720 679 0.2037 27.64 127 14,680 681 0.1399 1990 134

3 14,800 676 0.8154 9291 107 14,790 676 0.9153 1282 132

4 14,900 671 0.6878 96.66 132 14,920 670 0.6241 83.22 125

5 15,010 666 0.3777 65.18 162 15,020 666 0.3780 65.18 162

6 15,140 660 0.3033 51.31 159 15,140 660 0.2897 49.00 159

7 15,270 655 0.2872 51.77 169 15,270 655 0.2872 51.77 169

8 15,410 649 0.4192 73.48 165 15,410 649 0.3818 66.93 165

9 15,560 643 0.2700 55.11 192 15,560 643 0.2592 5291 192

10 15,700 637 0.1163 2215 179 15,710 637 0.0989 18.83 179

11 15,960 626 0.1752 4331 388 15,960 627 0.1472 36.38 388
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LHCII that Chl A2 (denoted a612 in Fig. 1b) accounted for
75 % of the absorption at 681 nm, that it was the chro-
mophore with the lowest energy in LHCII, and conse-
quently represented an important avenue for energy
transfer to neighboring antenna proteins. These authors
also suggested that three other Chl molecules, Al, A6, and
B1, denoted Chl a610, a604, and 608 in the notation of
Liu et al. (2004) (Fig. 1), and Chls 1, 6, and 11 in the
notation of Standfuss et al. (2005), contribute to the low-
energy absorption band at 681 nm for the monomers
(Remelli et al. 1999). Subsequently, Rogl et al. (2002)
argued from similar studies on trimeric complexes that Chl
a612, denoted Chl a2 by these authors, but absorbing at
676 nm in the trimers rather than at 681 nm for the
monomeric LHCII, represented the terminal state in the
energy transfer pathway of LHCII as suggested by Remelli
et al. (1999). However, definitive assignment of the indi-
vidual Chl molecules in the LHCII structure to specific
spectral features on the basis of mutagenesis and/or pig-
ment reconstitution is complicated by the fact that chang-
ing the environment of one Chl may affect the spectrum of
another. Nevertheless, subsequent experimental work and
modeling revealed the details of the interactions between
the pigments, and that Chls a610, a611, and a612 (Fig. 1b)
represented the lowest energy emitters in LHCII (van
Grondelle and Novoderezhkin 2006; Georgakopoulou et al.
2007). These Chls are in close contact with lutein 1
(Fig. 1b) which has been reported to undergo a distortion
during the transition of LHCII into the quenched state
(Johnson and Ruban 2009; Ilioaia et al. 2011b). It was also
shown that isolated LHCII complexes immobilized in a gel
matrix display the same spectral characteristics as seen for
LHCII aggregates (Ilioaia et al. 2011b). This work also
supported the proposal that spectral changes in the bands
associated with Chls a610, a611, and a612 are indicative of
an altered protein environment that enhances energy
transfer to the S excited state of lutein 1 as the quenching
site (Pascal et al. 2005; Ruban et al. 2007, Wahadoszamen
et al. 2012). In other studies, it was shown that different
crystal forms of trimeric LHCII display different extents of
fluorescence quenching, which supports a model for
quenching that involves protein conformational changes
within trimers (van Oort et al. 2011). Thus, it is apparent
that not only aggregation of the LHCII complex, the effects
of which are detailed in the present study, but other per-
turbations that cause protein structural changes, can alter
the absorption and fluorescence spectral profiles of the
bound pigments, modulate their energy transfer and fluo-
rescence kinetics, and result in the dissipation of a large
portion of the absorbed light energy.
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