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The recent demonstration that the room temperature fluorescence emissi i spectrum of Photosystem 11 may be described as a
lincar combination of Gaussian bands associated with the well-known chlorophyll spectral forms (Zucchelli, G., Jennings, R.C.,
Garlaschi, F.M. (1992) Biochim. B.uphys. Acta. 1099, 163-169) has permitted analysis of a number of fluorescence quenching
phenomena in terms of the chlorophyll spectral forms. In this context we have analysed the fluorescence quenching due to open
reaction centres and also the light-induced, non-photochemical, non-reversible quenching in isolated thylakoids, a Photosystem
1l membrane preparation and the major light-harvesting chlorophyll a/b protein complex (LHCID. Whereas open reaction
centres quench the emission associated with the spectral form chl®3 with greatest cificicncy, thus indicating that it is this
spectral form which is the most cfficicnt in transferring encrgy to reaction centres, all the non-photochemical phenomena
investigated show maximal quenching for both chifi and chi®%?. It is concluded tha: the light-induced, non-photochemical,

non-reversible quenching involves the generation of quenching centres within the Photosystem 1T antenna, possibly at the level of

LHCIIL

Introduction

The antenna system of higher plant PS 11 consists of
a large array of pigment molecules bound to specific
polypeptides which form the so-called *chlorophyli-pro-
tein’ complexes [1,2]. Two distinct molecular specics,
chlorophyll a and chlorophyll b, are present at an a/b
ratio of 2.0-2.3. Chiorophyll a. which is thc major
component, accounts for about 80% of PS Il red (Q,)
absorption [3] and is present in a number of different
absorption spectral forms {3-6]. While these spectral
forms werc initially analysed at low .emperatucs they
may also be well-resolved in room temperature absorp-
tion spectra by gaussian band decomposition [3.5,6].

Abbre 'Y, Berthold, Babcock, Yocum [17): chi?,, chioro-
phk with absorption maximum at 2 nm and emission
m m; DCMU, 3-(3.4-dichlorophenyl)-dimethyl_iea;
F, 1 celae yield with reaction centres open; £, fluorescence

yield with reaction centres closed; LHCIL, the major light harvesting
chloruphyll a /b protein complex; RC, reuction centre; Tricine,
N-tristhydroxymethyDmethylglycine.
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The spectral hezerogeneity of PS I antenna absorp-
tion has suggested the possibility that room tempera-
ture fluorescence emission might also be heteroge-
neous. In a recent analysis of room temperature PS 11
emission spectra, using both gaussiun deconvolution
techniques and spectral band calculations based on the
Steparov refation |7], we have demonstrated that cach
of the main chlorophyll absorption spectral forms has a
corresponding emission band [8]. Over 6577 of the
main emission band at room temperature comes from
emission forms with maxima at 680 nm and 687 nm,
‘vhich are Stokes-shifted by 2-3 nm with respect to
their corresponding absorption.

Identification of the fluorescence bunds associated
with the various spectral forms is of considerable im-
portance in understanding a number of propertics of
PS 1. Thus, some of the energy transfer relationships
between the PS II antenna and reaction centes (RCs)
may be studicd by determining the relative quenching
of the emission bands due to energy transfer to open
RCs. We have recently demonstrated that PS 1 fluo-
rescence quenching is greatest near 691 nm, decreasing
progressively at both longer and shorter wavelengths
[9]. These data, by analogy with a previous study, in
which th: action spectrum of RC quenching was shown
to be maximal at 683 nm [3], were interpreted to
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indicate that it is the 084 nm antenna absorption
spectral form which transfers energy to RCs with great-
est etficiency. followed by the 678 am absorption form.
In the present paper we directly analyse open RC
quenching in terms of the emission bands. B is demon-
srated thit it is, indeed, the it which is preteren-
tally quenched by open RCs and which is therefore,
presumably. the most efficient spectral form in trans-
ferring cnergy to RCs. The relative quenching cffi-
ciency by RCs of the other emission bands is also
estiblished.

Another phenomenon which is amenable to analysis
in terms of the cmission bands is the light-induced,
non-photochemical quenching of PS 11 fluorescence.
While a number of such processes have been distin-
guished, most of which are reversible in the dark f1o}
in isolated chioroplasts a non-reversible component is
also ohserved. This is thought to be associated with the
photo-inhibition of PS It RCs [11-13] and is probably
cquivalent to the very slowly reversing quenching in
feaves [HLI415). This phenomenon is generally ox-
plained in terms of increased thermal dissipation at PS
11 RCs associated with photo-inhibition. H this inter-
pretation is correct one would expect this non-photo-
chemicitl fluorescence quenching to be to the same
entission bands as that brought about by photochemical
quenching at open RCS. In the present paper we
imvestigate  this  possibility.  Maximal  fluorescence
quenching is shown to involve hoth the chltd) and
chiey spectral forms. As a similar fluoreseence band
quenching distribution is demonstrated to oceur for
light induced gquenching in isolated LHCIL, the princi-
pal PS 11 antenna complex, we suggest that the non-re-
versible, non-photochemical quenching in thylakoids
may be an antenna-based phenomenon.

Materials and Methods

Thylakoids were preparcd from freshly harvested
spinach leaves, as previously described [16} and re-sus-
pended in Tricine (30 mm, pH 8) Na(l (10 mM),
N eClL (8 mMo and sucrose (0.2 M)

BBY -grana were prepared from spinach leaves ae-
cording to Berthold et al. [17] with omission of the last
Triton X-H0 treatment [18,3] This preparation con-
tains both LHCH and PS 11 core protein complexes
and is substintially free of PS 1 ehlorophyll-protein
complexes (data not shown)

Light-induced. non-photochemical  quenching was
achieved by illuminating samples at 2°C with a broad
band red light (peak transmission at 680 nm. 145 mW
cm 7Y for between 2 to 10 min, depending on the
sample, wt i chlorophyll concentration of approx. 10
aesml Hor BBY-grana and thylakowds and 5 g /mi for
LHCIL As the fluorescence level was noticed to in-

crease during the tirst few minutes after illumination
had ceased, presumably due to the well characterised
refaxation of the reversible non- photochemical quench-
ing phenomena [10.14,15], samples were incubated in
the dark for 15 min at 2°C and for a further 15 min at
room temperature prior to commencement of the fluo-
rescenee analysis. This period of dark treatment was
sufficient to cnsure that all reversible quenching pro-
cesses had been climinated.

F, and F,, fluorescence levels were measured in the
asscmbly previously described [19]. F,, was determined
in the presence of DCMU (25 pM) and hydroxylamine
(2 mM). while F, was mecasured in the same sample in
the absence of these additions [19].

Fluorescence emission spectra were measured with
an EG& G OMA 111 (model 146() multi-channel spec-
srometer. The resolution of this apparatus was about
0.5 nm/pixei. Excitation light was provided by a Heath
monochromator (excitation wavelength 480 nm; FWHM
1.2 nm) .ombined with two Corning 4-96 filters. The
fluorescence emission was filtered across a Schott OG
530 filter. This arrangement ¢nsured that stray, scat-
tered light was not significant at wavelengths above 650
nm. as judged by using the fluorescence quencher
dibromothymoquinone (280 uM). Total counts accu-
mulated in the peak channel of each spectrum were
between 8- 101 and 2- 107, Between 30-60 emission
spectra were averaged and smoothed, according to
Savitzky and Golay [20]. Fluorescence was maintained
near the F, level by means of a weak cxcitation beam
and with continual sample stirring, in which only a
small part of the sample was illuminatzd at any one
time. Thylakoids were illuminated in the presence of
methyl viologen (0.1 mM). Emission spectra with closed
RCs (F,) were measured in the same sample after
addition of 25 uM DCMU and 2 mM hydroxylamine.
In all cases the chlorophyll concentration was below 2
we/ml The emissica spectra were corrected for distor-
tions resulting from a wavelength-dependent response
of the light-collection setup, using an  intensity-
calibrated source (ISCO Spectroradiometer Calibrator).

Deconvolution analyses of the spectra in terms of
asymmetric” Gaussian bands were performed as previ-
ously described [6.8,9]. Spectra were analysed to find
the minimum number of bands giving the best fit, as
judged using the x° and the distribution of the residu-
als [21]. All band parameters were left free in the
fitting procedure.

Results

Photochemical quenching by open RCs
Fluorescenee emission spectra have been measured
in both spinach thylakoids wnd the BBY-grana (PS II)
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Fig. 1. The ratio of the fluorescence emission spectra measured with
PSII RCS open to that measured with closed RCs (--- - - - ) for: (A)
thylakoids and; (B) BBY-grana. Also presented are the fluorescence
emission spectra of both membrane preparations ( . closed
RC's) with the relative gaussian bands obtained by numerical analy-
sis. The emission spectra have been corrected for the sensitivity of
the measuring apparatus (see Materials and Methods). Both
smoothed {continuous line) and non-smoothed (broken line) ratio
spectra are presented. For further details see Materials and
Me¢thods.

preparation with RCs cither partially open or fully
closed. The ratios of these spectra are presented in
Fig. 1. As previously reported, for the BBY-grana [9)
there is a distinct minimum near 690-691 nm, indicat-
ing maximal RC quenching at this wavelength,

The fluorescence emission ratio spectrum previously
reported for thylakoids {9] was somewhat blue-shifted
with respect to the BBY-grana and to that for th-
ylakoids presented in Fig. 1. This was interpreted as
being due to a minor, long-wavelength fluorescence
contribution by PS 1, proportionally grcater at open
RCs than at closed RCs. In the present study we
determined the ‘open RC’ emission spectrum at lower
steady-state levels of open RCs than previously (higher
excitation beam intensity). This has the effect of reduc-
ing the open-to-closed-RC fluorescence ratio and thus
minimises the effect of a small, but fixed, PS 1 emis-
sion. Under these conditions both BBY-grana and th-
ylakoids display maximal open RC quenching at 690~
691 nm.

In Fig. 1 the fluorescence ratio spectra arc superim-
posed on the emission spectra (closed RCs) for both
thylakoids and BBY-grana, in which the different
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gaussian emission bands are also indicated. As previ-
ously demonstrated, these components, up to and in-
cluding that emutting ncar 700 nm, represent the emis-
sion of the various chlorophyll a spectral forms and
chlorophyll b [8]. The dominant emission bands, peak-
ing near 680 nm and 687 nm. arc associated with the
678 nm and 684 nm absorption forms. respectively. It is
evident that maximal RC quenching in both thylakeids
and BBY-grana is associated with the 687 nm emission
form, with decreased quenching of the components
emitting at longer and shorter wavelengths. Frem the
data presented in Fig. 1 we have calculated the relative
quenching of cach of the spectral bands for both
BBY-grana and thylakoids. The relative quenching or-
der for thylakoids is:

6RT > 6K, 672 > 662, T00 > 652
and for BBY-grana is:
087> 680, 700 > 672 > 662 > 652

Thus the two quenching order sequences are in good
agreement, except for the emission band around 700
nm.
Light-induced, non-photochemical, non-reversible
quenching in PS 11

Fluorescence emission spectra have been measured
at the F,, fluorescence level in thylakoids and BBY-
grana both before, and after. illumination with high-in-
tensity light. This treatment was sufficient to induce
non-reversible, non-photochemical quenching in the
samples. while having no mcasurable chlorophyll pho-
tobleaching activity. As can be seen in Table I, the high
light intensity treatment brought about a marked de-
crease in the F, level fluorescence in both samples
with only a small decline in the F, level in chloroplasts,
as is usually observed [11-13]. Quenching of F| tluo-
rescence was, however, more pronounced in BBY-
grana. Thc emission spectra ratios are presented in
Fig. 2. together with the band deconvolution of the

TABLE 1

Effect of tlumination with high light intensity on the fluorescence
induction parameters of BBY-grava and thylakoids

BBY-grana were illuminated for 2 min and thylakoids for 10 min.
For other details see Materials and Methods.

Non-illuminated Muminated
BBY-ygrana
F, 34 28
F, 0 48
Thylakoids
E, 38 kKl
F, 160 i8]

m
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relevant emission spectra, In both membrane samples
the fluorescence ratio spectra hanve -+ Aistinet minimum
near 685 nm, which indicates maximal {luoreseence
quenching at this wavelength, Comparison with the
emission bands (Fig. 2) indicates that maximal quench-
ing is associated approximately equally with the two
principal components, peaking at 080 nm and 687 nm,
with decreased quenching of both the longer and
shorter wavelength components.,

Light-induced non-photochemical gquenching in isolated
LHCHH

We have recently demonstrated that illumination of
isolated LHCH with relatively high light intensities
provokes pronounced fluorescence quenching. which
is. in part, reversible [22)0 We have now analysed the
emission spectrum of the non-reversible component by
comparing the spectra of quenched and non-quenched
samples (Fig. 3). From Fig. 3 it can be seen that
maximal quenching occurs in the 080 am-690 nm
region and is scen o be greatest for the emission
components peaking at 680 nm and 087 nm, with
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Frg. 2. The rawio of the fuorescence emission spectra measured with
satmples wowhich the non-photochemical, non-revesible quenching
wan induced by pre-itlumunation o tha of non-preiftunumated sam-
ples G ) on (A) thvlakands ands (B BBY -grana. Also pre-
sented are the fluntescence emission spectra of both membrane
preparations { - non-pre-iflumimated samples) with the rekative
gaussian bands obisined by numerical analysis. All spectra were
measured with RO closed. The emission spectra have been cor-
rected for instrument senstivity (see Materials and Methods). Both
smonthed € - ) and non-smonthed - - - - - ) ratio speetta are
prosenied. Tresdlumiation of thylakoids was for 10 min and 2 min
for BBY -erana. For further detinds see Materials and Methods.,
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Fig. 3. The ratio of the fluorescence emission spectra for isolated
LHC! measured with samples in which fluorescence quenching was
induced by pre-illumination to that of non-pre-illuminated samples
[ ) Also presented is the emission spectrum with relative
Caussian hinds obtained by numerical analysis (non-preiftuminated
sample. ————). The emission spectrum was corrected for instru-
ment sensitivity (e Materials and Methods), Both  smoothed
{————) and non-smoothed (------ ) ratio spectra are presented.
Pre-illumination was for 2 min. For further dedails see Materials and
Methods.

decreased quenching of both the longer and shorter
wavelength components.

Discussion

We have previously reported that small, emission
wavelength-dependent  differences in  fluorescence
quenching due to open PS 1T RCs can be demonstrated
by analysing the stcady-state cmission spectra at open
und closed RCs. Thus, in a spinach PS I grana prepa-
ration. maximal RC quenching was observed near 691
nm. This was interpreted as indicating that excitation
unergy is transferred from those melecules emitting at
this wavelengtlk to RCs with greatest efficiency [9]. In
the present paper this obscrvation has been confirmed
for the BBY-grana preparation and spinach thylakoids
and it has been poessible to interpret the different RC
quenching efficiencies, indicative of relative transfer
efficiencies to RCs, in terms of the fluorescence emis-
sion bands [8]. As these emission bands are associated
with the well-known chlorophyll absorption spectral
forms, one may write the following transfer efficiency
sequence in terms of the chlorophyll spectral forms:

nd 7 W)
ChERS > ChIEC - ChIEE) = eIl > chilid

This sequence., based on the emission bands, is very
similar to that previously suggested for the absorption
spectral forms from an analysis of the dependence of
RC quenching efficiency on the excitation wavelength
[3]. We have not included the long waveleugth band
chi%y in this scquence. owing to the differences en-
countered between the BBY-grana and  thylakoids
membrane prepariations. However, in both cases, this
long wavelength form is more efficient thar chlorophyll
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Fig. 4. The ratio of fluorescence emission spectra for: (A) open RC
quenching and; (B) light-induced. non-reversible. non-photochemical
quenching for BBY-grana. The spectra are the same as those pre-
sented in Fig. 1 and Fig. 2, resnectively and are shown for direct
comparison. For details sce legends to Figs. 1 and 2.

b (ch1&®) in traisferring energy to RCs, even though it
is red-shifted by about 15 nm with respect to the RC.

We have determined the fluorescence quenching
spectrum in both BBY-grana and thylakoids of the
light-induced, non-reversible quenching. In both cases
maximal quenching was observed near 685 nm. This is
significantly blue-shifted, with respect to RC quench-
ing. This blue shift is due to thc high sensitivity of
chl®?, which is quenched equally to chi%i. In Fig. 4
the emission ratio spectra for open RCs (a) and light-
induced quenching (b), determined for similar overall
quenching levels in BBY-grana, are directly compared.
It is evident that not only is the light-induced phe-
nomenon blue-shifted with respect to RC gurcnching,
but that the amplitude of the ratio spccirum is much
greater in the case of the light-induced phenoi.enon.
Thus it is clear that the light-induced, non-reversible
quenching in PS I is spectrally different to that due to
open RCs, which suggests that 't is incorrect to inter-
pret this light-induced quenchiig exclusively in terms
of RCs (see Introduction). We thus propose that this
quenching phenomenon involves the generation of
quenching centres in the PSII antenna. This suggestion
is supported by the oubservation (Fig. 3) that light-in-
duced quenching in isolated LHCII, the principal PSI1I
antenna complex, is greatest for the same spectral
forms as the light-induced quenching in PS 1l ic.,
chl®” and chl%3. Tiic generation of light-induced
quenching processes within the PS 11 antenna has been
previously suggested by Bradbury and Baker [23],
Demmig et al. [24] and Ruban et al. [25].

As mentioned above, the light-induced quenching 1s
greatest for chl®l and chi® in all three systems inves-
tigated here. This suggests either: (a) that these spec-
tral forms interact preferentially with the fluorescence
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quenchers generated by light or; (b) that at least some
molecules of these spectral forms become. themselves.,
fluorescence quenchers, ie.. are converted to forms
with increased thermal dissipation. It is not possible at
present to distinguish between these two possibilities.
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