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Nonphotochemical quenching (NPQ) of chlorophyll fluorescence plays an important role in the protection of
plants against excessive light. Fluorescence quenching of the major light-harvesting complex (LHCII) provides

a model system to study the mechanism of NPQ. The existence of both quenched and nonquenched states of
LHCII has been postulated. We used time-resolved fluorescence and hydrostatic pressure to study differences
between these states. Pressure shifts the thermodynamic equilibrium between the two states. The estimated
volume difference was 5 mL/mol, indicating a local conformational switch. The estimated free energy difference
was 7.0 kJ/mol: high enough to keep the quenched state population low under normal conditions, but low
enough to switch in a controlled way. These properties are physiologically relevant properties, because they
guarantee efficient light harvesting, while at the same time maintaining the capacity to switch to a quenched
state. These results indicate that conformational changes of LHCII can play an important role in NPQ.

Introduction and kinetic properties of NP& Despite a long history of NPQ

) . ) . research, neither the molecular mechanism nor its control is
Photosynthesis provides a large input into the global food \e|_understood. It is currently one of the major topics in the

chain by converting solar energy into chemical energy. Primary j,creasingly multidisciplinary field of photosynthesis resedrch.
reactions of this process take place in the thylakoid membrane, 1,4 of the key mechanistic questions regarding qE are as
where a number of protein complexes are organized to conducttg|ioys: how is the transition into the photoprotective mode
the photon energy conversion into the energy of ATP and ,ccyrring, and what is the physical nature of the energy
NADPH. The photosynthetic systems are organized as super-gissination process- the quencher’s identity? Protonation of
complexes: reaction centers are surrounded by antennae. Thg yic)y proteins is currently considered a major gE event,
antennae consist of several pigmeptotein complexes contain-  yjgqering a conformational transition in antenna into a dissipa-
ing large amounts of photochemically inactive pigments, which e "ohotoprotective stafeThe NPQ-associated events in LHCII
greqtly enhgnce the effective reaction center aF’SOVPt'O” Cr0SSantenna have been the focus of a number of important recent
section. This enables plant growth at very low light intensity. studies’"12 Most of them agree that a conformational change

However, the light in_tensity can quctuat_e greatly during a o_lay within the LHCII system is behind th@echanic®f the process.
(up to hundreds of times). Too much light can be damaging, |t hag peen suggested that gE is the result of a protonation-

par tip ularly for photosystem Il, which carries one of the greatest j,quced conformational change in the LHCII antenna associated
oxidizers in nature, reaction center P680, capable of removing with the promotion of proteinprotein association leading to

electrons from water, using it as fuel for driving the photosyn- aggregation (for a recent review, see ref 6). Isolated LHCII has
thetic electron transpottin order“to avoid_ppteTtiaIIy Iethal_ been found to dissipate excita,ltion energy very efficiently,
damage.to the membrane by the “great oxidizer”, a r.neChan.'smreproducing closely the main gE featuféd?The extent of this
(.)f NPQ IS gmployeﬂ.NPQ responds to frequent Va”a“"'.‘s In aggregation was found to be controlled by the xanthophyll cycle
light intensity, working as a safety valve to reduce the excitation carotenoids in such a manner that, while violaxanthin inhibits
pressure in photosystem Il. aggregation, zeaxanthin promotes it, causing amplification in
NPQ is a well-controlled and heterogeneous process. It energy quenching4 These observations led to the further
consists of gE and ql. qE is rapidly reversible in the dark and geyelopment of an allosteric model for NPQ, where protonation-
is triggered by an increase in tigH across the photosynthetic triggered LHCII aggregation caused changes in chlorophyll
membrane. gl has slower recovery kinetics and can appear aghiorophyll or chlorophyk-carotenoid interactions in the an-

photoinhibition, which may actually be due to a photoprotective tanna, leading to the formation of energy dissipating pairs of
mechanisn?. Three known major factorsApH across the pigments®

photosynthetic membrane, the xanthophyll cycle carotenoid,

zeaxanthin, and PSII protein, PsbS, determine the magnitude Recently, we obtained the first direct evidence that the

conformational state of the LHCII trimer tunes its biological

. function by altering the configuration of bound pigmettShe

; Phone:-_l-3131748_520(_);faxﬁ-31317482725;e-ma||: bart.vanoort@wur.nl. structural model of this complex, as determined by X-ray
Wageningen University. 6 .

*Queen Mary University of London Mile End. crystallographyé was found to be that of the photoprotective

8 Microspectroscopy Centre Wageningen. or dissipative antenna state because of the 5 times reduced
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chlorophyll excited state/fluorescence lifetime. Because of a TABLE 1: Main Results of Steady-State and Time-Resolved

particular order of trimers in the crystal, the likelihood of Fluorescence Experiments: Shift of Emission Maximu

: ; : ; : (dv/dP), Relative Fluorescence Quantum Yield Change with
formation of abnormal pigment interactions leading to the Pressure (dp/dP), and Fluorescence Quantum Yield at 400
quenched state, as was frequently argtfedtas excluded. A \pa Relative to that at 0.1 MPa @ Ao0MPaya

group of long-wavelength low-temperature fluorescence bands

and specific Raman features arising from the neoxanthinbChl trimeric LHCII uncoupled LHCII
domain were detected in crystals; these were similar to those dv/dp (cm */MPay -0.118 (0.011) -0.160 (0.019)
reported earlier for quenched LHCII aggregates, but with greatly g‘pfjgp E%mgg;’ :8'833 8883 :gltl)ﬂs((zboggz)a
enhanced spectral resolution arising because of the high dg/dg (%/MPay -0.091 (0:005) e '
uniformity of protein conformation in the crystal. @A00MPa(0/p)p 0.623 (0.007) 0.516 (0.009)
The fluorescence decay of various LHCII preparations was  ¢¢*%°"Pa(%)° 0.910 (0.004) 0.954 (0.002)
often found to be biexponential, with the major part of the decay ~ ¢1* (%)’ 0.638 (0.017) e
in ~4 ns, and a small fraction decaying with .3 ns'#-20 aValues result from linear fits of and ¢+ vs pressure. Standard

These two lifetimes are likely to arise from LHCII in different  errors calculated from the fits are in parenthe8ésom steady-state
conformationg®19 supporting the idea of the existence of a fluorescencet From two-component fit of fluorescence decéyrom
conformational switch. In this work, we use high hydrostatic three-component fit of fluorescence dec&h third component was
pressure to shift the thermodynamic equilibrium in order to "NOt detected.
estimate volume and free energy differences between the two
postulated states.

We show that a conformational switch of LHCII does exist
and leads to the quenching. We provide the thermodynamic
analysis of this transition. The quenched state is present to a

smalll extgnt in JSOl?]t,e‘:] LE'%” (few percent) and bicomes, n;]or.e were fitted to a sum of exponentials, with home-built softwére.
populated ‘under high hydrostatic pressure. The switch IS g f,0rescence setups were equipped with a high-pressure

associated with a small volume difference, indicating a local (ISS Inc./APP). Samples were in a®6 mn? quartz cuvette
switch. The associated energy difference is high enough to keepge 516 with plastic foil and placed in the ethanol (spectroscopic
the population of the quenched state low under standard

diti but the diff s | h i | grade, Merck) bath which was then pressurized. Pressure was
conditions, but the difference Is low enough to easily populate i, aa5eqd in 12 evenly spaced steps from atmospheric pressure
it under favoring conditions.

to 400 MPa. At each pressure, the samples were equilibrated

) for at least 5 min prior to measurements. All experiments were
Experimental Methods performed at 287 K.

polarization, through a 665 nm long wave pass filter (Schott).
Fluorescence decay data were stored in 4096 channels of a
multichannel analyzer (5.0 ps time spacing). The instrument
response functionm¢30 ps fwhm) was obtained with pinacyanol
iodide in methanol (10 ps fluorescence lifetime). Decay traces

Sample Preparation. Trimeric LHCII was isolated from
maize plants £ea maysL. cv. LG11) of approximately two

weeks old, using the method of Caffari et?alSamples were Steady-State Fluorescencale measured fluorescence emis-
stored at—70 °C in 0.5 M sucrose and measured within sjon and excitation spectra of LHCII trimers in micelles at
6 months after isolation. For all experiments, the samples were various hydrostatic pressures. As a reference, we studied LHCII
diluted at least 100-fold in sucrose-free medium (0.Q6®M in which all pigments were uncoupled by 5% Triton X-100
(Inalco S.p.A., Milan, Italy), 10 mM Hepes (Sigma, MO)), (detection at 675 nm: mostly Chl). The main results are
which is a pressure-independent pH buffépH 7.5, toan OD  summarized in Table 1 and Figures-3. The quenching and
of less than 0.05 at 435 nm. As a reference experiment, thespectral shift of fluorescence upon pressure variation were
concentrated sample was diluted in 5% Triton X-100 (Pharma- reversible within the accuracy of the experiment.
cia, Uppsala, Sweden). This leads to complete uncoupling of At 435 nm mostly Chl and a small amount of Xan and Chl
pigments (see results, and, e.g., ref 23). This sample is named are excited® In the intact complex, excitation energy on Xan
“uncoupled LHCII". All buffers were prepared with ultrapure and Chib is rapidly transferred to Cta;2° therefore, almost all
water (MilliQ gradient A10, Millipor, MA). The Chla/b ratio fluorescence originates from Cél In the uncoupled complexes,
was 1.33, and the Chl/Xan ratio was 4.1, as determined by no energy transfer occurs, so both Ghand b fluorescence
deconvolution of the absorption spectra of the 80% acetone can be observed. Fluorescence detected frombGhiroughly
extract with the spectra of the individual pigmet& refine- 95% weaker than that from Cllbecause of (i) selective Chl
ment of the method of Porra et #). a excitation, (ii) selective detection of CHd, (iii) lower
High-Pressure Fluorescence MeasurementSteady-state  concentration of Chb, and (iv) lower fluorescence quantum
fluorescence spectra were recorded on a Spex-Fluorolog 3.2.2%yield of Chl b.%0
spectrofluorimeter (Jobin-Yvon Horiba). For emission spectra, A selection of emission spectra is given in Figure 1. All
excitation was at 435 nm. For excitation spectra, detection was spectra are corrected for concentration changes due to compres-
at 681 nm with trimeric LHCII and at 675 nm with uncoupled sion of the solverit and for changes in the absorption at the
LHCII. Slit widths were 0.5 nm (excitation) and 5 nm (detection) excitation wavelength by a shift of the absorption bands due to
in order to reduce photodegradation while maintaining sufficient the applied pressure. Such a correction, with the use of excitation
detection sensitivity. spectra, is straightforward, because the shape of the 435 nm
Fluorescence decay curves were recorded by time-correlatedabsorption band does not change significantly upon shifting
single photon counting (TCSPC) as described elsewidre. (based on the excitation spectra; results not shown).
brief, the samples were excited with vertically polarized The fluorescence yield decreases with increasing pressure:
435 nm wavelength light pulses of 0.2 ps duration at a repetition 0.093%/MPa for trimeric LHCII and 0.121%/MPa for uncoupled
rate of 3.8 MHz, with typically 100 nW average power LHCII (Figure 2, Table 1). The emission spectra shift to the
(annihilation free). Fluorescence was collected at a right angle red: 0.118 crm/MPa for trimeric LHCII and 0.160 cm/MPa
with respect to the exciting light beam and at magic angle for uncoupled LHCII (free pigments in ethanol showed similar

Results
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Figure 1. Fluorescence emission spectra of trimeric (upper) and
uncoupled LHCII (5% Triton X-100), at 283 K at different pressures.
Spectra were recorded at 33 MPa intervals; for clarity, not all spectra
are shown.

denatured LHCII |
—— unaligned
8L aligned

1

-
o

o
®

1 1 L
350 400 450 500 550

wavelength (nm)

o
[=2)

fluorescence (a.u.)

041 . Figure 3. Fluorescence excitation spectra of trimeric LHCII (detection
o trimeric LHCII at 681 nm) and uncoupled LHCII (detection at 675 nm) at 0.1 MPa
0.2} x denatured LHCII [] (upper), and fluorescence excitation difference spectra {400 MPa)
0.0 L . L \ . of trimeric LHCII (middle) and uncoupled LHCII (lower). Difference
0 100 200 300 400 spectra were calculated after normalizing the area of the Soret region
pressure (MPa) of the spectra. Difference spectra calculated from spectra that were

Figure 2. Integrated fluorescence emission intensity of trimeric and aligned on the 435 nm peak are shown in dotted lines.
uncoupled LHCII at different pressures, with linear fit (line and dashed o . .
line; see also Table 1). Data were obtained at increasing and decreasing 1 Ne fluorescence excitation spectrum of trimeric LHCII also
pressure, with 5 min equilibration time at each pressure. shifts. The difference spectrum contructed from the “aligned”

results). The fluorescence quenching and shift resemble thos 400 MPa spectrum (3.8 nm blue-shifted) shows a decrease in
. : . q 9 dethe Chla (375-450 nm) and the Ch/neoxanthin (488 nm)
induced by aggregation, although high pressure does not lea

to aggregation (see ref 32 and discussion) regions, and an increase at 505 nm.
ggreg o L . Time-Resolved FluorescenceThe quenching process(es)
Fluorescence excitation spectra are sensitive to changes in

absorotion spectra and changes in enerav transfer amona €€ further studied by time-correlated single photon counting
psorption sp 2 9 9y o g(TCSPC). Each fluorescence decay trace was fitted by a sum
different pigment molecule®. Therefore, changes of excitation

L . . of exponentials. At each pressure the sum of pre-exponential
spectra provide information on conformational changes. Both ! . Lot
; : . . factors (amplitudes) was normalized. For trimeric LHCII, both
in the Chl and in the Xan regions the spectra change. Difference . o
spectra are also shown in Figure 3- spectra at 400 MPa minusthe amplitudes and the lifetimes depend on pressure, whereas
P 9 - SP€ for uncoupled LHCII, this is only the case for the lifetimes.
0.1 MPa. The spectra were first normalized on the area of the ; ) : -
. . The decay times change approximately linearly with pressure.
Soret region. A large fraction of the change appeared due to a : . - .
. . The main TCSPC results are summarized in Table 1 and in
shift of the Chl spectra. Therefore, difference spectra were aIsoFi ure 4
calculated from a 400 MPa spectrum that was shifted such that 9 )

the peak at 435 nm overlapped with the 0.1 MPa spectrum. VaLZegltu;tr;zze%(;igu?g;iﬁg'?sld ?Seelret? smérelf th(raot\zc}gg that
The fluorescence excitation spectrum of uncoupled LHCII P P 9 yeq..p

shows no sign of energy transfer from Ghor Xan to Chia, the two fitted lifetimes are the only ones present in the sample.

so all pigments are uncoupled. The difference spectrum P + abrd
constructed from the “aligned” 400 MPa spectrum resembles a @b = 1 mere (1)
Chl b minus Chla spectrum. So, (1) for free Chl, the absorption ary + ayry
bands shift, and (2) relatively less Ghfluorescence is detected

at high pressure. Observation (2) is not due to a relative decreasén eq 1,a° andz! are the amplitude and lifetime of component
of the Chla fluorescence quantum yield (see discussion), but n at pressurg; p = 0 indicates atmospheric pressure.

due to a red-shift of the emission spectra, which leads to a First, we present the TCSPC results on LHCII trimers. The
relative decrease of Chh fluorescence at the detection fluorescence decay is described very well with two lifetimes:
wavelength (675 nm). 71 = ~0.5 ns (very small amplitude) and = ~3.5 ns. This



7634 J. Phys. Chem. B, Vol. 111, No. 26, 2007

T T T T T

36} 4

g g,
o L o] ° 5
£ 34 o p 8 g g S o ; 2
© o
£ 3210 8 8]
[0}
o P4 =
o 4 4
cest
o
S o6f .3 bl I |
= ° o °
0_4_' b HI J
6.0 : | | =
g B B g
B o
"g 55 Boodga 9
o 30r 1
g n .I’\
;§ [ ] n g1,
o 25fm m : 1 . B
e [ ] L H H
Q | g
@ 20 ] 1
o u
9] " a
3
L : = ' .
09}o g ®a,(2)10
[0 [e) —_
cooilgessgs JpR TS
;.-l ..ggigogoa3(3) -
o [ ¢} 2
2o} :.8 506 g
g H 2
$0-90- [} —0.42-
= & ®
T 088l PN 580 ©
T 0098 vo 102 2
= RS s
L o o
086 $<> <|> L 1 |—O'0
0 100 200 300 400

pressure (MPa)

Figure 4. Fit results of fluorescence decay: lifetimes of trimeric LHCII
(upper) and uncoupled LHCII (middle). The relative amplitudes of two-
component#(2)) and three-componerd3) andas(3)) fits for trimeric
LHCII are in the lower panel. At each pressure, the sum of amplitudes
equals unity (including amplitude 1, not shown). The lifetimes are the
results of two-component fits and are identical to those of the fit with
an additional (25+ 9 ps) component. The relative amplitudes of
uncoupled LHCII were independent of pressue:= 0.101 (standard
error: 0.008) ang, = 0.899 (standard error: 0.008).

agrees with previous experiments, e.g., Palacios &1 &.
slightly increases ant slightly decreases upon increasing the

pressure. The relative fluorescence yield at 400 MPa is 0.91,

van Oort et al.

at 400 MPa is 95% relative to that at atmospheric pressure as
calculated according to eq 1; however, the steady-state experi-
ments give 52%.

The remaining 43% of fluorescence quenching must be
caused by ultrafast quenching of a large fraction of the Chls.
Global analysis did not resolve an additional decay path.
Therefore, the lifetime should be shorter than the time resolution
(~5—10 ps).

If an addional fluorescence lifetime component exists, and
this component is not present at atmospheric pressure, then the
relative quantum yield is given by eq 2. With{®*""2=1 —

p.p p._p p.p
Ty T ayr, + agry

[
f

@ )

ayr + a1,

0.49= 0.51 and usings < 10 ps, it follows thatag” "™~
0.47. So, in uncoupled LHCII, 47% of all Chl is in a strongly
guenched state at 400 MPa. The relative amplitudes ofaChl
andb do not depend on pressure. So, fluorescence quenching
is equally strong for Cha andb.

Discussion

Fluorescence Excitation SpectraThe fluorescence excita-
tion difference spectrum of trimeric LHCII at 400 MPa minus
0.1 MPa shows a decrease in the @hiegion and the Chl
b/neoxanthin region~+488 nm) and an increase at 505 nm
(Figure 3). It is remarkable than vivo quenching is ac-
companied by an absorption increase at 505 nm, which is usually
ascribed to de-epoxidation of violaxanthin into zeaxanttin.
our sample, such a de-epoxidation does not take place, and the
increase is most likely due to a red-shift of one (or more) of
the carotenoids. However, we cannot be sure that the spectral
change is directly related to the fluorescence quenching.

The 25 ps Fluorescence Lifetime of Trimeric LHCII. The
fluorescence quenching of trimeric LHCIlI upon increasing
pressure from atmospheric to 400 MPa is 37%. 26% of the
guenching is due to the formation of a 25 ps decay path. The
fraction of LHCII trimers with this fluorescence lifetime
increases from 0% to 31% when the pressure increases from
atmospheric pressure to 400 MPa. Our experiments do not give
information on the nature of the quenching species. We used

according to eq 1; however, the steady-state experiments givevery low excitation power €0.1 pJ per pulse, 3.8 MHz

a value of 0.62 (Figure 2). Thus, a two-component description

repetition rate), so the 25 ps decay is not due to singletglet

of the system is incomplete: an additional fluorescence decay or singlet-triplet annihilation.

path must be present.

One strongly quenched Chl can quench all the fluorescence

The additional decay path must be fast or else the quality of of an LHCII trimer. The time needed for an excitation on an
the two-component fits would have been bad. To resolve the arbitrary pigment within the trimer to reach a quencher is

third lifetime (z3), we fitted decay traces at all pressures
globally: 73 was forced to be equal at all pressures, while all
other parametersa , , 7} ;) were not restricted.

An additional lifetime was now resolvedrs = 25 ps. The
other lifetimes and the ratia,/a; hardly change. The amplitude

expected to be on the order of the spatial excitation equilibration
time. This time was estimated to be 48 ps in trimeric LCHII
and 32 ps in trimeric units within aggregated LH&Thus, it
seems likely that the 25 ps lifetime reflects the time for an
excitation to reach a single quenching site in a trimer. This

ag represents the relative concentration of a strongly quenchedmeans that, with 42 Chls per trim&r|ess than 1% of all Chls

fraction of LHCII. The concentration increases from 0% at

atmospheric pressure to 31% at 400 MPa. The relative fluo-

are highly quenched, whereas in uncoupled LHCII, 47% of all
Chls are highly quenched. The possible role of this quenching

rescence yield is 0.64, as calculated from eq 1 extended to thredn vivo will be discussed below.

lifetimes. This yield is identical (within the errors; see Table 1)
to that of the steady-state experiments.

Second, we present the TCSPC results on uncoupled LHCII.

The fluorescence decay curves contain two lifetime2 ns
(Chl b) and~5.7 ns (Chla) (lifetime attribution with ref 30).

The ~0.5 ns Component Is Not Caused by Aggregation.
Several arguments plead against thé.5 ns component
originating from aggregates of LHCII: (1) The changes in the
absorption spectra due to pressure are identical in LHCII in
agarose gel (no aggregation) and under high detergent concen-

Both lifetimes decrease with increasing pressure (Figure 4). Thetration32 (2) The fluorescence quenching is the same in LHCII
corresponding amplitudes do not change. The total fluorescencen agarose gel and in micellé%(3) The aggregation-dependent
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Figure 5. Ratioay/a; from the three-lifetime analysis of time-resolved

fluorescence of trimeric LHCII fitted with eq 4. See text for more
details.

scatter does not change (Figure 3 and ref 32). (4) The
fluorescence lifetime of the-0.5 ns component increases with
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structural changes observed during quenching by detergent
removal (without aggregatiosy.

How does this volume difference relate to the protein
compression at 400 MPa? Typical values for the protein
compressibility £) are in the range 0.650.15 GPal.®8 The
spectral shift of chromophores in solution depends on pressure
according to eq 5, which emerges from the theory of Laird and
Skinners?

AVIAp =3 (v, — Va0 (5)

AvIAp is pressure shift of the absorption maximum (in
wavenumbers per GPa),compressibility v, frequency of the
absorption maximum at atmospheric pressung, frequency
of the optical transition in vacuun=15 551 cn* for Chl a*0),
and the attractive chromophersolvent interactionk) depends
on the intermolecular distanétaskE = constantx R". Although

pressure, whereas the lifetimes of aggregates decrease (resultgis equation describes chromophores in solution, it was proven
not shown). (5) The change of relative ampludes of the various to apply for photosynthetic complexes, provided the Chls are
decay paths was completely reversible in trimeric LHCII, and well-separated, with weak electrostatic couplings and with small

not in aggregates (results not shown).

The Longer Fluorescence Lifetimes of Trimeric LHCII.
What do the two major fluorescence lifetimes of trimeric LHCII
mean? Moya et al? and later Huyer et al® correlated two
lifetimes to two conformations of the LHCII, one of which might

charge-transfer-state effeéfsThis is the case for LHCHZ44
The compressibilty of LHCII at 77 K is 0.045 GP&a as
calculated from the shift of the absorption maximum at
676.1 nn1i3 using eq 5. The shift at 287 K is probably several
tens of percent higher than at 77*KNext, we will estimate

function as a sink for excess light energy and the other as anthe LHCII compressibility from our data.

efficient light harvester. Some studies found single-exponential

fluorescence decaf;3> and the number of lifetimes seems to

depend on sample preparatié¥nThe pressure dependence of

the amplitudes of the lifetimes provides additional information.
Suppose the two lifetimes correspond to two distinct con-

formations of LHCII. The concentration (proportional &>)

of each conformation depends on pressure (Figure 4). An

If we assume that the pressure shift of the @lbsorption
maximum is roughly equal to the shift of the emission
maximum, the compressibility at 287 K is 0.08 GPgwith
vm = 675 nm,Av/Ap = —0.012 cm/MPa). This assumption
is not entirely correct: after absorption, the excitation energy
redistributes over the Chég with different absorption maxima.
These maxima, between 664.9 and 683.3*hkprrespond to

increase in pressure favors reduction of the volume of a system.compressibilities between 0.12 and 0.06 GPaost of the
If higher-order terms are neglected with respect to pressure, thefluorescence originates from the red Chls, which indicate a

Gibbs free energy difference between two state&6) is a
linear function of pressure (eq 3),

AGy, = —RTIn K, = AGJ, + pAV,, ©)
whereAG‘l)2 is the standard Gibbs free energy difference (at
0.1 MPa (1 bar), 297 K)AV;, the partial molar volume
difference between the two stateR; the gas constantT
temperature;p pressure; andi, the equilibrium constant
governing the process. Thus, in an equilibrium of two confor-
mations,K1, depends on pressure as eq 4.

a
5(P) — g (AC% +PAVi)) RT— c,xe?®
ay(p)

KiAp) =

with constants, between, = ¢ “**/RT andc, = AV,J/RT

AV,
T RT

— 0
c,=e (AGLO)RT

4

We obtained a good fit of the ratio of amplitudes to eq 4
(Figure 5), withAGY, = —7.0 (0.3) kJ/mol and\V;, = 5.3 x
1076 (1.5 x 1075 m¥mol or 8.8 x 10723 (2.5 x 1078 nm¥/
trimer (values in parentheses indicate 95% confidential inter-
vals). The volume of trimeric LHCII is approximately 150 fim
as calculated from the LHCII crystal structures of spirtdaind
peal” using SwissPdbViewefv. 3.7). The relative volume
difference between the two conformations is thus 0.006%. This
small structural difference relates well with the very small

compressibility of 0.06:0.08 GPal. This compares well with
the value calculated from the 77 K absorption spectra. We
conclude that LHCII compression is approximately 3% at
400 MPa.

Thus, the volume difference between the two conformations
(AVip) is much smaller (0.006%) than the LHCII volume
difference between atmospheric pressure and 400 MB&o|.

This suggests thatV;, may depend on pressure, which would
explain the slight deviation between our data and the fit with
eq 4 (Figure 5). Nevertheless, eq 4 still describes the data fairly
well. This has some implications.

First, the amplitudes behave according to the thermodynami-
cal description of a two-state system. So, the two fluorescence
lifetimes represent two states, i.e., two different protein con-
formations, in agreement with results from low-temperature
time-resolved fluorescendé&!®Moreover, the results show that
these states are in a dynamic equilibrium.

Second, the two conformations are quite resistant to pres-
sure: the volume decrease due to pressure exceeds the volume
difference between the conformations 500-fold, yet there remain
two distinct conformations (the conformations maintain distinct
fluorescence lifetimes). Apparently, the pressure-induced volume
changes affect mainly other conformational properties than those
that form the difference between the two conformations identi-
fied by the two lifetimes. It points to a local conformational
change with a volume change that is much smaller than the
overall volume change upon compression.

Several processes can lead to a volume difference on the order
of AVi, (5 mL/mol) and an energy difference cxf&G(l’2
(—=7.0 kd/mol), for example, hydrogen bond formation and
solvation of singly charged iorf$.Cis—trans isomerization of
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a carotenoid can also lead to a similar volume change, e.g., inorganization appears to be less “perfe®t®’ At the same time,
bacteriorhodopsif® however, the free energy change of this different conformations exist with different fluorescence yields,
reaction is 59 kJ/md}? much higher than ouAG;.. It should and the difference in free energy between them is high enough
be noted that, in contrast with LHCII, in bacteriorhodopsin the to keep the quenched-state population low under normal
chromophore is covalently bound to the protein. Bending of a conditions, but low enough (much lower than the energy of a
carotenoid would probably lead to a smaller volume and energy photon) to switch in a controlled way. These properties
change than isomerization. Raman spectroscopy showed twoguarantee efficient light harvesting, while at the same time
major difference between nonquenched LHCII trimers in maintaining the capacity to switch to a quenched state, possibly
micelles and quenched LHCII crystals: bending of the neox- a physiologically relevant quenching one. These results indicate
anthin and hydrogen bonding of at least one &H Lampoura that conformational changes of LHCII can play a role in NPQ
et al. demonstrated changes in the €@hr interaction upon in vivo.
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