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The recent demonstration that the mum temperature fluorescence cmissi }n spectrum of Photosystem I1 may bc described as a 
linear combinalion of Gaussian bands associated with the well-known chlorophyll spectral fl)rms (Zucchelli, G., Jennings, R.C., 
Garlaschi, F.M. (1992) Biochim. B,ophys. Acta, 1099, 163-169) has permitted analysis of a number of fluorcsccncc quenching 
phenomena in terms of the chlnlophyll spectral forms. In this context we have analysed the fluorescence quenching due to open 
reaction eentres and also the light-induced, non-photochemical, non-rcvc,'sible quenching in isolated thyl~koids, a Ph.otosystcm 
II membrane preparation and the major light-harvesting chlorophyll a / b  protein cotr.plcx (LHCII). Whcrcas optn reaction 
centres quench the emission associated with the spectral form ~,~a chl~,s7 with greatest efficiency, thus indicating that it is this 
spectral form which is the most efficient in transferring energy to reaction centres, all the non-photochemical phcnomcm~ 

1,78 684 chl,,~7. investigated show maximal quenching for both ehlt,~n and It is concluded tha: the light-induced, non-phutochemieal. 
non-reversible quenching involves the generation of quenching centres within the Photo~ystem II antenna, possibly at the level of 
LHCII. 

I n t r o d u c t i o n  

The  antenna  system o f  higher plant PS I1 consists of  
a large array of pigment  molecules bound to specific 
polypept ides which form the so-ealle'~ 'chlorophyll-pro- 
tein '  complexes [I,2]. Two distinct molecular  species, 
chlorophyll a and chlorophyll b, are present  at an a / b  

ratio of 2.0-2.3. Chlorophyll a, which is the major 
component ,  accounts for about 8(1% of  PS 11 red (Qy) 
absorption [3] and is present  in a number  of  different  
absorption spectral forms [3-6]. While these spectral 
forms werc initially analysed at low ~emperatues they 
may also be well-resolved in room tempera ture  absorp- 
tion spectra by gaqssian band decomposi t ion [3,5,6], 

Abbrt 'Y, Berthold, Babcock, Yocum [171; chl~,, chloro- 
pl" with absolption maximum at n nm and emission 
m m; DCMU, 3-(3.4-diehlorophenyl)-dimethyk~ea; 
F,,, 1, ,ce.~t: yield with reaction centres open; /"~, fluorescence 
yield with reactitm centres closed; LHCII, the major light harvesting 
chlo~uphyll u / b  protein complex; RC, reaction centre; Tricine. 
N-tris(hyd roxymet hyl)met hylglycine. 
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The spcetral heterogeneity of PS I! antenna absorp- 
tion has suggeslct] the possibility that room tempera- 
ture t luorescence emission might also be heteroge- 
neous. In a recent  analysis of room tempera ture  PS II 
emission spectra,  using both gaussian deconvolution 
techniques  and spectral band calct, lations based on the 
Stepar, ov rotation 17], we have demonst ra ted  dml each 
o f  the main chlorol)hyll absoi'l'~tion spectral fornts has a 
corresponding emission band [8]. ()vcr 65f~- of  the 
main emission band at room tempera ture  comes from 
emission fc, rms with maxima at 6811 nm and 687 nm, 
which arc Stokes-shifted by 2-3  nm with respect tt} 
their  corresponding absorption. 

Identification oi  the fluorescence bands a~,soeiated 
with the various spectral forms is of considerable im- 
portance in unders tanding a number of propert ies  of 
PS !I. ] h u s ,  some of the energy transfer  relationships 
between the PS I1 antenna and reactk)n centes (RCs) 
may be ~tudied by detcrmining the relative quenching 
of  the emission bands due to energy transfer to t)pcu 
RCs. Wc have ,ecently demonst ra ted  that PS !1 I]uo- 
rescence quenching is greatest near 691 nm, decreasing 
progressively at both longer and shor ter  wavelengths 
[9]. Thc,,c data, by analogy with a previous sttudy, in 
which th2 action spectrum of RC quenching wa,~ shown 
to bc maximal at 683 nm [3], wcrc interpreted t~) 
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indicate thai it is tile t~8-I nln ~llllcIllIH absoq~lion 
spcetrztl Iornl ahieh transfers energy to R('s with great- 
est elficicnc.',, follo,.~cd by the ['ITN [nil al~sorption form. 
In the i'n-escnt paper ~e directly analyse open R( '  
quenching ill terms 0l the cmi~sion I~andn. It is demon- 
qralct] thai it i~, imleed, Ihe chl*/.~ ?, which is preleren- 
lially quenched by op¢ll R('s alld which is therefore. 
prestunahly, the nm~t efficient speclr.:tl lornl in Iraus- 
fcrring energy to RCs. The relative quenching effi- 
ciency by RCs of the other emission bands is also 
established. 

Another phenomenon which is anlenablc to analysis 
in terms of the emission bands is the light-induced. 
ut~n-phohwhenlical qtlcnehillg of 1}S II fluorescence. 
While a ntlmher of such plOCCSSCS have bccn distin- 
guished, most of which arc reversible in the dark [10]. 
in isolaled chloroplasls a non-reversible comptmenl is 
also ohr, ervcd. This is thought to be associated with Ihc 
photo-inhibitiorl of PS II R('s [11-13] and is probably 
equivalent to Ihe v¢~' slopply rc~.ersing qu,enching in 
leaves [1(I.14.15]. l h i s  phenomenon is generally ex- 
plained in terms of increased thcmml dissipation at PS 
II R('s associated with photo-inhibition. If this inter- 
prelation is correct ollc would expect Ihis ut}u-photo- 
chemical fltnt~rcsccncc quenching It) be to the same 
emission i~.'uuls as that brought about by photochemical 
quenching at open R('s. In the present paper wc 
imcstigale thi~, possibility. Maximal fluorescence 

• ¢1,~,! 
quenching is shown [o involve both the chl,,s7 and 
c]ll~,~, spectral forms. As a similar fhmrcscc'nce hand 
quenching distribution is dcmonstnttcd to occur for 
ligh~ induced quenching in D, olatcd I.HCII. the princi- 
pal PS ll ;.ullelllla complex, wc suggcsl th',tt the nou-rc- 
vcrsiblc, nort-pholochcnfieal quenching in thylakoids 
Iniiy he ~lll alllellnil.bilsed phellOlnellOll. 

M~pterials and Methods 

Thylakoids ~scre prepared from freshly ha~cs tcd  
spinach leaves, as prcviou,,ly described [1~] and rc-sus- 
pvnded in Tricine (31} nmk pH 8), Na('l (ll} mM). 
N g( ' l :  (5 raM} and sucrose 1ti.2 MI. 

tHt'~-grana were prepared IIoM spinach Ica','e~ ac- 
cording to Bcrthold et al. [17] with omission of the last 
Triton X-lilt) treatment [18,3]. This preparation con- 
tams both I.IK'II and PS 11 core protein complexes 
;ultl is sub!,,l:ultially I'lcc ot P S I  clih)rlq'~hyll-prolcin 
COlllplexe~, {dal;t IllH sllOWll) 

[,ighl-illduccd. ilOll-pht~tochcnlieal qt|enehing Was 
,lchicvcd bv ilhmfinaling samples at 2~'(" with a broad 
b:uld led light (peak transmission at 680 nm. 14.5 mW 
cm ~) h~r between 2 to 111 min. depending on the 
,,ample. al a chlorophyll concentration of approx. IO 
# g / m l  I'~1 Bl:Pl-gnm;t and thyhtktfids and 5 / . tg /ml  for 
I I l ( l l  A~ the fltlorCwcllfe level was noticed Io in- 

crease during the first few minutes after illumination 
had ceased, presumably due to the well characterised 
relaxation of the rew.rslhle non-photochemical quench- 
lug phcnonwna [10.14.15], samples were incubated in 
the dark for 15 rain t,t 2%" and for a further 15 rain at 
roonl temperature prior to commencement of the fluo- 
rescence analysis. This period of dark treatment was 
sufficient to cnsurc that all reversible quenching pro- 
ccsscs had bccn eliminated. 

/-~, and /-~,, fluorcscenec levels were measured in the 
assembly prcviously described [19]. Fm was determined 
in thc presence of DCMU (25 p.M) and hydroxylamine 
(2 raM)+ while F. was mcasured in the same sample in 
the absence of these additions [19]. 

Fluoresccncc emission spectra were mcasvrcd with 
an E G & G  OMA ill  (model 146(I)multi-channel spcc- 
,n}mc,cr. The resolution of this apparatus was about 
(I.5 nm/pixci .  Excitation light was provided by a Heath 
monochn,mator  (excitation wavelength 480 nm; FWHM 
1.2 nm) mmbined with two Corning 4-96 filters. The 
fluorescence cmission was filtcrcd across a Schott OG 
530 filter. This arrangement ensured that stray, seat- 
tcred light was not significant at wavelengths above 650 
nm. as judged by using the fluorescence quencher 
dibromothymoquinone (280 p.M). Total counts accu- 
mulated in the peak channel of  each spectrum were 
between 8. 1(1 ~ and 2- liP. Between 30-60 emission 
spectra were averaged and smoothed, according to 
Savitzky and Golay [211]. Fluorescence was maintained 
near the F. Icvcl by means of a weak cxcitation beam 
and with continual sample stirring, in which only a 
small part of the ~ample was illuminated at any one 
time. Thylakoids wcrc illuminated in the presence of 
methyl viologen (0.1 raM). Emission spectra with closed 
RC's (F,.) were measured in the same sample after 
addition of 25 ~ M  DCMU and 2 mM hydroxylamine. 
in all cases the chIorol,hyll conccntration was below 2 
/xg/ml. The emissi,~,, spectra were corrected for distor- 
tions resulting from a wavelength-dependent response 
of the light-collection setup, using an intensity- 
calibrated source (ISCO Speetroradiometer Calibrator). 

I)ceonvtqution ,malyses of the spectra in terms of 
"asymmetric" Gaussian bands wcrc 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 ~ 3 and the distribution of the residu- 
als 1211. All band parameters were left free in the 
fitting procedure. 

Results 

Photochemh'a/ q.em'hing hy open RC:~ 
|- 'tuolesceu¢¢ emission spectra [I;.IVC been measured 

m both spinach thylakoids and the BBY-grana (PS 11) 
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Fig. I. The rat io o f  the fluorescence emission spectra measured wi th 
PSi l  RCS open to that measured wi th  closed RCs ( . . . . . .  ) for: (A )  
thylakoids and; (B) BBY-grana. Also presented are the fluore,scencc 
emission spectra of  both membrane  preparat ions ( . closed 
RC's )  with the relative ganssian bands obtained by numerical analy- 
sis. The emission spectra have been corrected for the sensitivity of  
the measur ing apparatus  (see Materials  and Melhods). Both 
smoothed (continuous line) and non-smoothed (broken line) ratio 
spectra are presented. For  further details gee Materials ,rod 

Methods. 

preparation with RCs either 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 I, proportionally greater at open 
RCs than at closed RCs. In the present study we 
determined the 'open RC' emission spectrum at Iowcr 
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 
minirmses 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 rim. 

In Fig. 1 the fluorescence ratio spectra arc supcrim- 
posed on the emission spectra (closed RCs) for both 
thylakoids and BBY-grana, in which the different 

gaussian cmissiorl bands arc also indicated. As previ- 
ously demonstrated, these components, up to ~,nd in- 
cluding that emitting near 700 nm, represent the emis- 
sion of the various chlorophyll a spectral h)rms 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 b(~th thytakoids 
and BBY-grana is associated with the 687 nm emission 
form, with decreased quenching of the components 
emitting at longer and shorter wavelengths. From the 
data presented in Fig. I we have calculated the relative 
quenching of each of the spectral bands for both 
BBY-grana and thylakoids. The relative quenching or- 
der for thylakoids is: 

6S7 > fl~[I, t~72 > fib2. 71111 > h52 

and t~}r BBY-grana is: 

h87> 68IF, 701) > 672 > 662 > 652 

Thus the two quenching order sequenccs are in good 
agreement, except for the emission band around 701) 
t im.  

Light-induced. non-photochemical, non-rerersihh, 
qtlenchmg in PS 11 

Fluorescence emission spectra have been measured 
at the F,, fluorescencc 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 measurable chlorophyll pho- 
tobleaching activity. As can be seen in Table 1, the high 
light intensity treatment brought about a marked de- 
crease in the F m level fluorescence in both samples 
with only a small dcclinc in the F, level in chloroplasts, 
as is usttatly observed [I 1-131. Quenching of I'i, fluo- 
rescence was, however, more pronounced in BBY. 
grana. The emission spectra ratios are presented in 
Fig. 2, together with the band dcconvohttion of thc 

TABLt-  I 

Effect o] ilho,ination with high light inte,~ity on the lTt¢~r¢.score 
indtwtimt pammcter~ of BBY-gram~ ~md thylakohL~ 

BBY-grana were illuminated fl~r 2 min and th~.lakoids for Ill rain. 
For other d,:tails see Materials and Methods. 

Non-illuminated l]luminzm:d 

BBY-grana 
E, 34 28 
/'I,, II)'A 48 

Thylakoids 
t-i, 3~ _~3 
F;. I011 64 
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r c l evan l  emission spectra, hl both nlcnthr;mc s; t rnplcs 
the fluorescence ra t i .  spectra Ira'. . . . . .  t;'-~inct ntininmn| 
near fig5 am, which indicate,, n]axinlal fluorcxcencc 
quenching at thi~ wavelength, ('nml~ari~ol~ ~ith thc 
cmksitm bands (Fig, 2) indicates lhal maximal quench- 
ing is ;~stwiatcd apprt)xim:m'ly elite:lily ~itlt the two 
princil~al comf)Ol lcn l '~ ,  pcakin~ :it (iSl) nln and 687 nm. 
with dccrcascd quc,~chht# of h.th thc hmgcr ,rod 
shorter wavelength componenls. 

Light-induced tum-photoehentical qtu'ttching ht isolated 
LttCII 

Wc have recently dcmonst ra tcd  that illumination of 
isolated I, t tCII with relatively high light intensities 
prtwokcs prtm(,unccd lhlorcsccncc quenching, which 
is. in part, t cvcr~iblc [22]. Wc havc now analysed the 
emission Npcclrunl of the non-rcvcr~iblc component  I~y 
comparing the spectra of quenched and non-quenched 
samplcn (Fig. 3). From Fi~. 3 it can bc sccn thai 
maximal quenching occurs in the hXO nm-691) nm 
region ;md is sccn I o  hc grcalcst It~r the ctnisskm 
con]ptlnclll~-, peaking a[ ~811 nm alld ()87 t in,  with 
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Fig. 3. Ti le  ra t io  o f  the flul)rc.~cenee emiss ion  spec t r a  for i so la ted  

t.tl('ll measured with samples in which fluorescence quenching was 
induced h~, predlluminalion to lhal nf rum-pro-illuminated ~amptes 
( . . . . . .  ) Al,,n prcscnled is the cmisMon ~pcctrum with rclalive 
(;,lu,.,.ian hand', obtained by numerical analysis (non-preilh~minated 
",ample, - . . . .  ). "]'he crni,~sion ~ipcclrtlm was e t l r r ce lcd  fl)r instru- 
mcm ',¢m, l l ivily I~,cc Maleri~lls and Methods). Both srm,othed 
( . . . . . . .  ) ;llld nlln-Nllllllllhcd ( . . . . . .  ) ra l io  spec t r a  ;are p r e sen t ed .  

I~rc-i l lumination wa~, fi~r 2 | i n  F a r  fu r the r  de ta i l s  sec Malc r i a l~  and  

Methods .  

decreased quenching o f  both the longer and shor ter  
wavelength components .  
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• ,,n'lll)lc', iii ',~,hith lhe nun-|~hHh~themlcal, iltln-Ii?~,t.l~ihlc qUt'llt 'hin# 

~.~,;l~ ill&~iit't.iI Jl~ i~le-iltlllllln;itltlll hi Ih;ll ill ni in-pl 'c l lhlnl l l l i l |c t l  "~;inl- 

p l c ~  I - ) h . :  ( A )  t h v h l k * l i d ,  a n d  ( F D  I ~ l l l Y - c ~ a ~  .&l,,*~ p r c -  

N~,'l]|~2d ;llC |hc Jlll,Ht.~.qelllJe ellll'~'~il)n '~p'..C|l;t ~)1 holh lileml]ldllL' 

prclpara|it)n'~ ( , n{m-pre- i l lumlna tcd  ",;tH~plr',) v. ith the rektli~¢ 

gLIU:~,iLIn h~lr, d,, obi;dllCd bt, Ill.llncric~ll ;lll;l[}sis. All  H~ectra were  

m¢;t~,t~rcd ~Hlh R(" ,  clo',cd. T h e  cm~s,,itm ' ,peclra hmt" bccn era-  

r e e l e d  h~r m q r u m e n t  ",ca-Ill,  it,, (,,cc M a t e r i a l ,  and Mclhods) .  Both 

'qno{l|hcd ( - - | Llntt llotl ~lllOl)|hcd t . . . . . .  ) IBli(I Npt'Ctl;t {lTd 

I~lt"~cnled I [cqlhl l l l lh , l l i~l l  ol lh~lak~ml', ~as  lur Ill nlin and 2 lain 

lo t  }'~B"I ~r r i IHI h l l l h¢ l  ltctad,, ",eC ,k,|;l t r ia l ' ,  . lad Methods .  

D i s c u s s i o n  

Wc havc previously repor ted  that  small, emission 
wave leng th -dependen t  d i f ferences  in f luorescence 
quenching duc to open PS 11 RCs can be demons t ra ted  
by analysing the steady-state emission spectra at open 
and closed RCs. Thus, in a spinach PS I1 grana prepa-  
ration, tnaximal RC quenching was observed near  691 
am. This was in terpre ted  as indicating that excitation 
~.ncrgy is t ransferred from those me[ecules emitt ing at 
this wavclengtk to  RCs with greatest  efficiency [9]. In 
the prcsent  paper  this observation has been  conf i rmed 
for the BBY-grana preparat ion and spinach thylakoids 
and it has been possible to interpret  the different  RC 
quenching efficicncies, indicative of  relative transfer  
cfficicncies to RCs, in terms of the fluorescence emis- 
sion bands [8]. As thesc emission bands arc associated 
with the well-known chlorophyll absorption spectral 
forms, one may write the following transfer efficiency 
sequence in terms of the chlorophyll spcctral forms: 

hx4 7t, r 71 hi t,4~ 
e h l , , , , .  chl,~2 • t.hl,,~,,~ ,, chit,,,: " chl,.,, 

rHl is  sctltlencc, based on the emission bands,  is very 
similar to that previously suggested tot  the absorption 
spectral forms from an analysis of  the dependence  of  
R(" quenching efficiency on the excitation wavelength 
[3]. Wc have not included the long wavelength band 
chl~'l~,~ in this sequence,  owing to the differences en- 
countcrcd  bctwccn the BBY-grana and thylakoids 
mcnlbranc preparations.  However,  in both cases, this 
long wavelength form is more efficient than chlorophyll 
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Fig. 4. The ratio of fluorescence emission spectra fi~r: (A) open RC 
quenching and; (B) light-reduced, non-reversible, non-photochemical 
quenching few BBY-grana. The spectra are the same as those pre- 
sented in Fig. I and Fig. 2, res,nettively and are shown for direct 

comparison. For details see legends to Figs. I and 2. 

b ~ s  (ehl6.~z) in t ra t ,sferr ing energy  to RCs,  even t hough  it 
is red-sh i f ted  by about  15 n m  with respec t  to the  RC. 

W e  have  d e t e r m i n e d  the f luorescence  q u e n c h i n g  
s p e c t r u m  in bo th  B B Y-g rana  and  thylakoids  of  the  
l ight - induced,  non- revers ib le  quench ing .  In bo t h  cases  
max imal  q u e n c h i n g  was obse rved  nea r  685 rim, T h i s  is 
s ignif icantly b lue-shi f ted ,  with respec t  to R C  quench -  
ing. Th i s  b lue  shif t  is d u e  to the  h igh  sensitivity of  

6144 c,.,6s n,h1~'78 which is q u e n c h e d  equal ly  to chl~,sT. In Fig. 4 
the  emiss ion  rat io spec t ra  for o p e n  R C s  (a) and  light- 
induced  q u e n c h i n g  (b), d e t e r m i n e d  for s imilar  overall  
q u e n c h i n g  levels in BBY-grana ,  are directly compare~ .  
It is ev ident  that  not  only  is the  l igh t - induced  phe-  
n o m e n o n  b lue-sh i f ted  with respec t  to R C  qt ,cnching,  
but  tha t  the  ampl i tude  o f  the  rat io sp , , c t rum is m u c h  
g rea t e r  in the  case of  the  l ight- ind, ,eed pheno t , , enon .  
T h u s  it is clear  tha t  the  l ight - induced,  non-revers ib le  
q u e n c h i n g  in PS 11 is speetral ly d i f ferent  to tha t  due  to 
open  RCs,  which sugges t s  that  :t is incorrect  to inter-  
pret  this  l igh t - induced  quenehi - lg  exclusively in t e rms  
of  R C s  (see In t roduct ion) .  W e  thus  p ropose  that  this  
q u e n c h i n g  p h e n o m e n o n  i~volves the  gene ra t ion  of 
q u e n c h i n g  cen t r e s  in the  PSII a n t e n n a .  This  sugges t ion  
is s u p p o r t e d  by the  t )hservat ion (Fig. 3) tha t  light-in- 
duced  q u e n c h i n g  in isolated LHCII ,  the  principal  PSII 
a n t e n n a  complex ,  is g re ;aes t  for the  s ame  spectral  
fo rms  as the  l igh t - induced  q u e n c h i n g  in PS I1, i.e., 

hl678 and  ~,84 c . , ,~o ch1687. "lhc gene ra t ion  of  l ight - induced 
q u e n c h i n g  processes  within the  PS I1 a n t e n n a  has  been  
previously sugges ted  by Bradbury  and  Baker  [23], 
D e m m i g  et  al. [24] and  R u b a n  el al. [251. 

As  m e n t i o n e d  above,  the  l igh t - induced  q u e n c h i n g  ts 
g rea tes t  for c.hPT~.~(~ and  c h l ~  4 in all th ree  sys tems inves- 
t igated here.  Th i s  sugges t s  ei ther:  (a) that  these  spec- 
tral forms interact  preferent ia l ly  with the  f luorescence  

quenche r s  gcr tcra tcd  by light or; (hi  that  at It:(st some  
molecules  o t  these  spectral  to rms  become,  themselves ,  
fluorcst 'ellec quenchers ,  i.e., arc  conver ted  to forrns 
with increased  the rmal  diss ipat ion.  It is not possible at 
p resen t  to d is t inguish  be tween these  tvvo possibilities. 
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