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Room-temperature steady-state emission and Q, absorption spectra of light-hancsting chlorophyll a/b  protein complex 11 
(LHCII) isolated from spinach have been analysed in terms of a linear combination of as.~mmctric gaussian hands. To imestigate 
a possible correspondence between the absorption and emission bands, the thermal emission specs um of each absorption hand 
has been calculated. It is demonstrated that the calculated fluorescence bands correspond closeb lo those obtained b) gaussian 
deconvolution. It is thus possible to associate an emission band ~ith each absorbing chlorophql spectral species: ,,a~ Cbl~5~" " "  . C h l ~ .  3, 

67(I {17g l~n4 t,q5 Chl~7 z, Chl~sq~. Chl~x7, Chlt,,~7 (Chl'/,, is the spectral spccics that absorbs with maximum at ~a~clcngth n and emits u, ith maximum 
at wavelength m) and to interpret the emission spectrum of LHCII as a linear combination of the emission spectra of each 
absorbing chlorophyll spectral species. In particular, the correspondence between the 684 nm and 695 nm absorptlon bands and 
the emission bands with maximum at 087 nm and 697 nm lends support to the presence of long ~a~clcngth Chl u spectra forms 
in LHCII, the external antenna of PS !!. A close correlation between the emission and absorption gaussian bands is also fuund in 
the analysis of the room temperature absorption and emission spectra of ~uch membrane preparation as BBY-grana from 
spinach and thylakoids prepared from barley wild type and the cblorina f2 mutant (lacking LHCII). On the basis of these data, 
the commonly observed 5-7  nm wavelength difference between the absorption and emission spcctra maxima of chlorophyll 
containing biological membranes is interpreted in tcrm~ of (al the Stokc:, shifts of the single spectral forms together with (b) the 
increased emission contribution of the longer wavelength form~ to lhc emission spectrum caused by energy transfer. 

Introduction 

T h e  photosys tems  of  g reen  p lan ts  absorb  light by 
m e a n s  of  a large array of  chromc.phores ,  mainly chloro-  
phylls, b o u n d  to specific polypept ides  to form chloro-  
phyl l -prote in  complexes  [1,2]. The  n u m b e r  of a n t e n n a  
chlorophyl ls  per  react ion cen t re  is d e p e n d e n t  on the  
type of p lant  and  growth condi t ions.  In normal ly  grown 

Abbreviations: BBY-grana. Berthold, Babcock. Yocum [24]: Chl. 
chlorophyll; DCMU. 3-13.4-dichlomphenyll-l.l-dimethylurea: DB- 
MIB, dibromothymoquinone: F m, fluorescence yield v.ith reaction 
centres closed; F~. fluorescence yield wilh reaction eemrcs open: F,. 
fluorescence at the plateau level of the fast indudion phase; t~,'hm. 
full width at half maximum; LH("II. light harvesting chlorophql u / b  
protein complex I!: PSI. Pholosystem I; PS il. Photmp, tem I1: RC 
reaction centre; Tricine. N-trislh~,dro~melhyllmelh~lgl~cine. 

Corresl~mdence: G. Zucchelli. Centro C N.R. Bmlogia Cellulare c 
Molecolare delle Piante. Dipartimento di Biologia. Universit:', di 
Milano. via Celoria 26, 20133 Milano. Italy. 

p lants  there  are. on average,  about  2()(I-250 a n t e n n a  
Chls per  RC [3,4]. 

The  a n t e n n a  array is formed by two distinct Chl 
species, a and b, with g rea te r  amoun t s  of Chl a. 
Chlorophyl l  a is thought  to be p resen t  as d i f ferent  
spectral  ti~rms, each with a di f ferent  absorp t ion  maxi- 
mum [5]. This  sp read ing  of the spectral  p roper t i es  of 
Chl a is probably  caused by env i ronmen ta l  pe r tu rba -  
t ions of the  e lectronic  t rans i t ion due to local ef tects  [6]. 
The  in te rp re ta t ion  of the  absorp t ion  spect ra  of photo-  
synthet ic  m e m b r a n e s  in t e rms  of  d i f ferent  spectral  
forms rel ies mainly on  derivat ive spectroscopy and  
sub-bands  numer ica l  deconvolut ion  of  the Q ,  region of 
the absorp t ion  spectra  in t e rms  of  gaussian or 
Iorentzian compot :en ts  [5.7-12]. 

The  spectra l  hc te rogenc i ty  of  the  chloroplas t  ab- 
sorpt ion spec t rum raises the  ques t ion  as to whe the r  the  
f luore .~ence emission spec t rum might  not  also be het- 
e rogeneous  with each o2 the absorp t ion  spectral  forms 
having a dist inct  emission.  Emission he terogenei ty  at 
low t e m p e r a t u r e  is well known [9,11,13,14] but  is not 
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thought t~ bc associated ~ith the indixidna! ab~rpli~m 
spectral f~rm~. Marchiarufh~ and Ross [15]. ~orking 
~Aith foonl-lcnl['lcr~lttlFC ch[oll}l'l]i~M cmi,,sion spc.,.'tla. 
which xvcrc gtnill},,cd b} I:.lc[l}l allaI'ysis, dcnlonMr~lled 
only a limited ( t ~  ct)nlpollCnlsl hclcrogcncity ~hich 
they associatcd ~ith the photosystcms. We have re- 
cently demonstrated [1(~.17] on the basis ol a carcful 
anabsis of file chloropla:,( lluorcsccncc cxcitalion and 
emission spectra that the quenching of PS Ii ll.uorcs- 
ccncc is a lunction of both excita!ion and emission 
wavelength. l 'hcsc RC-fluorcsccnce excitation and 
emission quenching spectra arc rcadily interpreted in 
terms of a separate l]uorcscencc emission by cach of 
thc chlorophyll spectral forms. In the present paper 
this aspect is lurther inxcstigatcd. 

The long ~avelength absorption and emission spot- 
Ira of a complex molecule can bc connected by a 
'universal" rclatiol:ship, dctcrmincd on thcrmod.~namic 
grounds, which is based on the attainment of thermal 
equilibrium bct~cen the vibrg, lional dcgrccs of frcc- 
dom bolh of the ground and ~tlc emitting elcctronic 
Mates of the molecule tiN]. This rclationship, the exper- 
imental validity of which has been checked h)r a variety 
ot molecules in solution and also in semiconductors 
[10.20]. has been used here to investigate whether the 
emission spectrum of a photosynthetic membrane may 
be represented as a linear combination of different Chl 
spectral emission lorms. We have initially analysed the 
correlations between the absorption and the emission 
bands obtained by gauss(an deconvolution of the LHCll 
room-temperature absorption and emission spectra. 
Subsequently this analysis has been extended to mem- 
brane preparations such as spinach BBY-grana and 
chloroplasts from barley wild type and chlorina f2 
mutant (lacking I.HCI1). 

Materials and Methods 

LttCI! was prepared from spinach leaves according 
to Ryrie et al. [21] using Triton X-10(t as detergent. 
Final resuspcnsion was in a medium containing sucrose 
111.05 M I and Tricine (5 raM. pH 8). The Chl a to Chl 
b ratio was 1.1 measured according to Arnon [22]. In 
these conditions our LHCll preparation is thought to 
be in the microcDstalline lamcllar sheet form of LHCll 
[231. 

BBY-grana (enriched in PS l l )were  prepared from 
freshly harvested spinach leaves according to Berthold 
et al. [24] with omission of the last Triton X-100 
treatment [I 1]. This preparation contains both LHCII 
and the PS 11 core protein complexes and is substan- 
tially free of PS 1 chlorophyll-protein complexes (data 
not shown). 

Thylakoids from barley wild type and the chlorina f2 
mutant were prepared from freshly harvested leaves as 
previously described [25] and resuspended in Tricine 

130 raM: ptt S), Na('l 110 raM), Mg('l 2 15 raM) an,/ 
sucrose ((I.2 M). 

Absorption ,:lilt] emission ,ncctra were measured 
using an EG&(I  ()MAIil  (model1460)with an intensi- 
fied diode array {model 1420) mounted on a spectro- 
graph (Jobin-Yvon ttR320) with a 150 groove mm l 
grating. The wavelength scal~, of the instrument was 
calibrated using a neon spectral calibration source 
(Cathodcon). The wavelci4g h spacing between pixels is 
about 0.5 nm. An OG 530 filter (Schott) was placed 
bcti~re the collection optics to diminish stray light. 

The absorption spectra were measured using a I 
mm pathlength cuvette with an opal glass placed be- 
hind to substantially eliminate scattering artifacts [26]. 
The residual absorption around 750 nm has been sub- 
tractcd from the spectra when present (BBY-grana and 
thylakoids). The chlorophyll concentration was about 
1(t u g / m l ,  giving a maximum Q, absor0ance of about 
25- 1() ~. Each spectrum is the sum of 3- 104 scans. 
The incident white light from an halogen lamp was 
attenuated by neutral filters, 

The emission spectra were measured using transmis- 
sion geometry. The samples utiliscd were the same as 
lor the absorption measurement but without opal glass. 
DCMU (25 #M) ~as added to BBY-grana and th- 
ylakoids samples to reach the maximum fluorescence 
level. The exciting light was filtered through a combi- 
nation of a 4-96 filter (Coming) and a 450 nm interfer- 
ence filter {Oriel) with a 10 nm bandpass. The back- 
ground reading was measured in the presence of the 
fluorescence quencher DBMIB (280 #M), which elimi- 
nates over 99c~ of the peak fluorescence, and then 
subtracted from the measured spectrum. The maxi- 
mum number of counts in each spectrum was of the 
order of 2" 10 ~. 3he emission spectra were corrected 
f,ar distortions resulting from a wavelength dependent 
response of the light collection setup using an intensity 
calibrated source (ISCO Spectroradiometer Calibrator). 

The emission spectra with open and closed RCs 
were measured using a 10 mm pathlength cuvette and 
the apparatus described above but with some modifica- 
tions: excitation light was provided by an Heath mono- 
chromator (excitation wavelength 4,I0 nm, fwhm 1.2 
nm) combined with two Coming 4-96 filters and the 
viewing angle was 90 ° with respect to the exciting light. 
In this way the level of stray light was not significant at 
wavelengths above 65(I rim, as judged by using DBMIB. 
Each spectrum is the sum of 40 scans with a maximum 
number of counts around 120110 in each scan at the F m 
level. Fluorescence was maintained near the F.  level 
{open RCs; F )  by means of a weak excitation beam 
and continual sample stirring in the presence of meth- 
ylviologen (0.1 raM), Only a small part of the sample 
was illuminated. Emission spectra with closed RCs 
{F m} were measured after the addition of 25 /aM 
DCMU and 2 mM hydroxylamine. 



Deconvolution analyses of the spectra in terms of 
"asymmetric" gaussian bands were performed as alrcady 
described [12]. The absorption anti emission spectra 
,.,,'ere analysed independently to find the minimal ,um- 
ber of bands giving the best fit. as judged using the ~ -~ 
and the distribution of the residuals [27]. All the band 
parameters were left free in the fitting of both the 
absorption and emission spectra. 

Results 

Room temperature absorption and emission spectra 
of LHCil, the external antenna of PS il, are shown in 
Fig. 1 with the gaussian bands obtained by numerical 
deconvolution. The band parameters arc reported in 
Table !. The wavelength spacing between the two 
spectral maxima is about 5 nm. The absorption ~pec- 
trum is resolved into the usually observed bands [5.7- 
12] i.e., the Chl b band at about 648 nm. the flmr 
major Chl a bands up to 684 nm and two minor forms 
at longer wavelengths. The fluorescence emission spec- 
trum is described as the sum of two main emission 
bands with maxima at about 680 nm and 687 nm and of 
nearly equal area and several minor bands both at 
shorter and at longer wavelengths. 

As indicated above, the absorption bands are nor- 
mally interpreted as the electronic band of different 
chlorophyll spectral species. If it is assumed that ther- 
mal equilibrium between the vibrational degrees of 
freedom of each excited species is reached before 
emission, one may calculate from each absorption band 
the expected emission band at a given temperature. 
using the Stepanov [18] relation 

"41~ ' )~ '  ~ C e  ~ ~ - ~ '  " "  (1~  

where A(v) is the absorption spectrum. F(p) is the 
emission spectrum, C is a constant, k t is the Boltz- 
mann constant. T is the absolute temperature of the 
surrounding medium, h is the Planck constant and ~,,.,. 
using the terminology of Stepanov. is the frequency of 
the purely electronic transition, a constant for each 
band. 

In Fig. 2 the comparison between the emission bands 
calculated from the absorption bands with maxima 
between 648 nm and 695 nm and the emission bands 
obtained by deconvolution of the em,ssion spectrum up 
to the 697 nm band is shown. It should be emphasised 
that the fluorescence yield does not explicitly appear in 
the Stepanov expression. Eqn. 1. For this reason the 
calculated emission bands have been normalised to rite 
height of the corresponding fluorescence bands ob- 
tained by r ,merical deconvolution. It is evident that 
there is a rather close correspondence between the 
calculated emission bands and those determined by the 
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Fig. I. Room t e m p e r a t u r e  a b ~ r p t i o n  and cmi-, , ion ~pectra of  I J l C I I  

with lhc rclati'~c gau, ,qan  bands  ob ta ined  b~, numer ica l  anal.~,is. The 

band p a r a m e t e r ,  arc  given in Table  1. The  cmi~,l~m , ,pcclrum ha~ 

been cor rec ted  for the ~,ensili,,iu of  the mc:a~,uring appa ra tus  (s¢¢ 
Malcr ia l s  ar, d M o h o d s t .  The  ~,pectra ha~c bccn normal ized  to the 

peak  ,,alue. Plots o[ l |le re,,iduals ,,re ab, o ',ho',~.n. 

emission spectrum deconvolution. Thus. it is possible 
to associate an cmissi m band with each absorbiilg Chl 
spectral species: "~ ~'~ Ch ~7.~. ,7~ cmp~4 Chl~,5~. Chl ~ ,  . . . . .  ~,x~. Chl.~,~ . . . .  
Chl.,,~ (Chl','. is the spectral species that absorbs with 
maximum at wavelength n and emi~s with maximum at 
wavelength m). The relative contribution of the fluo- 
rescence bands to the emission spectrum is rather 
similar te that expected on the ba.',is of a Bohzmaan- 
~,eighted band population distribution between the 
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f;~lll~WQll l~{llN##l+'h'#~ ]o1 l]l+' dC( ~#tl ¢~[Itll~H H~, lilt IOOt#I-I(IHI~('r~IIIIFC 
£1t~wJlplftHI ( . t t  N/h/ <'IH!,~H~#I rl}  ~/hk t',t +;t ~pltHIt[I I ! t (71  tltld tl 

~pl l l l l l  II .ffr~ltlti /~l'(Thl#'(lll,~tl ¢Bll} k'/<l/l~l ) 

The pul¢cnta,~c arc;I ha', Ilecn cdlculaled 1r~lnl the ".,urn o1' ;ill the 

band +, in lhc Table.  The  Iv, bin i,, g i tcn  a ,  a Iclt and right ,.aluc. T h e  

fv, tun ol each balld 6, lhc ',tim of  lhc I~o  ',aluc',. "1 hc p a r a m e t e r s  fl~r 
the ~,horter ~a,.clcntzlh h<ind~, t lbhiincd b3, gauswan dcconvolut ion ~t' 

the ab,,orplion spcc l :a  a~. ~cll a', tile h m g c q  v~;t~elcnglh hand,, 

( iblaincd in lhe dccoll'~ohltilHl lit lhc enli',~,ilnl spectra  arc not ,,hov.n. 
All the trend p a l a m e t c r s  v~crc lell free in Ihcse lils. 

Band L I I ( ' I I  l lBY-grana  

..t I "  ..I I "  

I ,~ ,, ,~ h4S ~, h52 ti h47.5 h53.4 

I,.~hnl q.a T tl I l l l  Ilk2 kl.4 "7.5 IIl.h ILL" 

Area ' ,  24.4,', 2.21t 17.51 J.qq 
2 A ,,.+~ hhll..l hh3.(I 6i~;I II 6h3.6 

h d m l  S.2 h.5 x.h 5.7 S.:; 7.3 ,~.7 S.4 
Area  ~, 19.111 4.72 It.t)7 4>,2 

3 A r, .... hhtL7 671,6 669/> 67 t .? 
fv, hm 61 5.h (I.1 4,"; h 4  5.h h.7 5.2 

Area  ' ;  I S.-II 11>;2 -'1.32 15.5g 
4 A m.,, 677.S h~(I.2 677.5 f',?l~.7 

lv, hm h.2 6(1 6.11 5.g 5.4 5.4 .~ (I 5.3 

Area  % 21).fi7 34.34 21.42 35.811 
5 A ,,~.~ hg4.ll 6N6N 6K3. t) fish.5 

fD, hm t,.3 6.5 1"1.2 h.6 5 4 g.7 5.7 "7.4 

Area  ~; t4.63 35.4S 12.97 32.54 
6 A m,,, 694.q h97.3 1,95.1 hot).4 

l%hm 4.1 5.8 5.4 h.4 4.6 q.2 5.6 7.7 

A r e a  e;. I.(t l  11.45 2.56 -).26 
7 a m,,, 699.5 7(iKS 

fwhm ,~.11 t>l.t) 33.(} 17.11 

Area "; 1.50 4.24 

excited states of the diffe,cnt chromophorcs (scc Table 
I1). 

The extensive overhtpping betv, ecn the hmg-v,:avc- 

: / / ! 

i i , i  ~it, ::, 

,~,s.e,e~gt h ; . . . .  

Fig. 2. Comparison bet'¢.een the t]uorcsccncc band:, obtained by 
numerical decunvolution of the emission spectrum of LII('II and the 
cmission bands calculated from the absorption bands. - - .  cmin- 

.,,ion bands obtained by numerica l  deconvolut ion;  . . . .  , ca lcula ted  

emission bands. The emission bands calculated from the absorption 
bands using the Stepanov relationship (Eqn. I) for a temperature 
T = 3111) K arc normalized to the height of the corresponding numeri- 

cal emission hands. 

] Att I . t : ;  I1 

771~' ~ omp~trtw,/l hc twcc ,  Uu' /~crfclllail(" umtr ihut ion o/ the dil]'erenl 

chhn'oph311-~'nlitlulv V~CCtc~ to the cl~lL~ton Vwctrum Of L / I f ' l /  oh- 
rained tn  h,,zd~ deck,no/l i t ton arid , a h u h t t c d  liYmg the l~oll2##iantt 
dlstrlbutl,,l 

The B~llt /mann va lues  have been ca lcula ted  f rom the Am.,, o f  the 
absorption bands  of  l_] t ( ' l l  (see Table  I) using the absorption band 
peak ing  al h94.9 nm as re fe rence  and  lhc  rclal ive areas under the 
absorp l iou  bands  ;is "aeighl ing factors.  ] e m p c r a t u r e  T = 3011 K. 

, ~ , ,  ( nm)  652.9 663.1) 671.6 ,58(I.2 686.8 697.3 

Numer i ca l  

deconvohlti,, ,n 2.211 4.72 I 1.82 34.34 35.48 11.45 
l :hdt /mann 

hietor  1.51i 4.5(I 12.00 31.311 42.11tl 8.70 

length absorption and the emission spectra of LHCII 
prompted us to fornmlly use the Stcpanov relation to 
calculate the total absorption spectrum from tile emis- 
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Fig. 3. Comparison between measured and calculated absorption 
spectra of LtlCII. - - .  experimental; . . . .  , calculated. (A) The 
calculated absorption spectrum has been obtained from the meas- 
tired cmission speclrum using the Stepanov relationship (Eqn. I) for 
a temperature T = 31111 K, (B) The calculated absorption speclrum 
has been obtained as in (A) but using the mcasurcd emission 
spectrum with the i..+nor band peaking at about 053 mn deleted 

f rom it. 
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Fig. 4. Comparison between tile fluorescence bands obtained b~ the 
numerical dcconvolulion of the BBY-grana emission spcclrum and 
the emissnon bands calculated from the absorption band~. - -  

emission bands obtained by numerical deconxolul ion-  - . calcu- 

lated emis,,ion hands. For other details sec Fig. 2. 

sion one. The result is shown in Fig. 3a where the 
calculated absorption spectrum for T = 300 K is com- 
pared with the measured absorption spectrum. It can 
be seen that the resemblance between calculated and 
measured absorption spectra is good, with also the Chl 
b absorption peak present. On the other hand. when 
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Fig. 5. Comparison between the Ituores~.~.nce hands obtained h.~ 
numerical deconvolution of the emission spectra of thylakoids lrom 
barley wild type {AI and the chlorina f2 mutant (Bi and the emission 
bands calculated from the absorplion hands . emission bands 
obtained b,, numerical deconvolution: - - - .  calculated emission 

hand:,. For other details sec Fig. 2. 
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(.ictllSXiOtl /~aP2llH¢lt'tx Hit tilt' ~/t',/,,l/t,ltttl,,tl tlt lib Irl~ll; tt'mp~ rutur,. 

cltgXorT}t!Otl ( ~lt tlltd t ,} ,,~lotl i F ;  xih'( trd o¢ IJl~il#.(*ldS lttltH t)tllil'~ ti l / l l  

n p e  at:d thc cll lorit la l~? nnaa l t t  

For  tlehfil~, sec  Table  i. 

Band Barle~ \ V . T  ( 'h lor ina  m u l a n t  

A I: .-t I- 

1 a ,,.,~ 647.g ~5l).(~ 647.5 
hvhm 1(|.6 S.2 S.S 7.g 13.3 ~.~ 

Area  '; 17.24 I. t7 9.6h 

2 a ,:.,, t~ll.6 6h2.7 6hl .0  6f13h 

h' . .hm S.I 7.3 S.,~ q.4 S.6 7.2 S.7 7.4 

A r e a  ' ; t ~.2~ 5.4'4 17.65 5.3(~ 

3 a ,,.,~ t~q~tL3 672.5 t~69.3 t~72.2 

Pe.hm q~9 q).6 v.4 6.,'; 7]) ().2 (}.7 6.2 

A r e a  ';" 2n.(!4 IS. 14 2 2 5 0  1~.19 

4 am.,* ~-7.7 (~81. I h'77.t~ ¢~g I.II 

lv, hm 6.S 8.¢~ h.4 hal 6 4  6.7 h.4 5.fl 

A r e a  G 2(I.74 37.{17 22.25 33.,4,4 
5 am,,~ 684.3 6SS.2 q¢-,4.( I ,qSSH 

f~hm 7.7 7.S 6.5 7.5 ".2 "7.3 ~3.5 "7.6 

A r e a  ' ;  16.54 2 5 8 2  2H.IS 311.S3 
6 a ,,.,, 6q5.7 71)t).4 695.1 71ti.3 

l',~hm 6.0 11.7 7.4 ~ 7  15.3 ta.3 7.7 s.o 

A r e a  ' ;  5.32 12.31 0.31 1 t.~2 

7 am.,, 714.2 7(10.5 
h~hm I1.1 16.4 5'9 t31  

Area "; 1~5 1.45 

the small band peaking at about 653 nm is subtracted 
from the measured emission spectrum and then the 
absorption spectrum is subsequently calculated, all 
traces of tile ('hi b absorption peak are absent (Fig. 
3b). This observation suggests that the minor emission 
band peaking near 653 nm in the spectral deconvolu- 
lion of ;.he emission spectrum is duc to Chl h. In this 
respect it should be noted that the 653 nm band 
corresponds closely to the expected Chl h fluorescence 
calculated using the Stepanov relation (Eqn. 1 ) (Fig. 2). 

A similar analysis has also been performed for the 
absorption and emission spectra of th. BBY-grana 
preparation. The parameters of the gaussian band de- 
convolution are reported in Table I. All the bands 
found in the absorption and emission spectra of LHCII 
are also present in the deconvolution of the absorption 
and emission spectra of BBY-grana. 

We have calculated for BBY-grana the emission 
bands from the absorption ones using the Stepanov 
relation (Eqn. 1) for T = 300 K (Fig. 4). The absorption 
bands utilised ranged from 648 nm to 695 nm. The 
correspondence between the calculated emission bands 
and those obtained by the fitting procedure is good .,,, 
that, also in this case, it is possible to ,',.,,ociate an 
emission band with each absorbing chlorophyll spectral 
species. 

As noted from the above analysis of LHCI1. there is 
a minor emission band peaking at about 653 nm which 
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can be ass~eiated x~i,h ('hi h using the NtcparlO\ rcla- 
lion. When {he mclall  BB'~-grana abs(uptitnl spcc- 
trunl is calculated from the emission ~me. the. specuum 
obtained resembles the mca~tned one with the pt+cs - 
once of the ('Ill /~ at~sofpthm sh~)ulder. ()n the other 
hand. il the minor emission bl, nd at (~53 mn is deleted 
from the mcastlred cnlission sl",eetrtlm awld then tile 
absorption spcelrum in calculated, the {hi h absorp- 
tion shoulder disappears (data not shown), as found for 
LitCI1. 

"Fhc absorption and cnlission spcctla of thylakoids 
from barley wild type al,d the chlorma mutant, lacking 
I.tICll, have also been :malyscd hy gau~sian tleom,.o- 
h, lio,1. The paramclers obtained are rcpo~tcd In fable  
i11. The cnlis>hm spectra utilised Ioi this analysis arc 
the spectra of the ~ariablc lluorcscence /",~ - I-,. In this 
,aa} the ]]UOl'CSCellCe is expected to bc substantially 
frcc of any PS 1 emission eonlribution. l h e  comparis~m 
bet~accn the emissi¢,l bands calculated from lilt ab- 
sorption bands using tile Stcpanov relation {Eqn. I) 
and tile 'lt,t+l+esecllcc bands +~btaincd by gatlssian dc- 
eonvoJution of the lllC;.tsurcd emission spectra is sllov~n 
in Fig. 5 for both the wild t~pe and the chlorina 
mutant. The agreement bcl'~.Cell the calculated bands 
and those obtained h~ ntmlerical deconvolutioll of the 
emission spectra b, good for the ~ild type as ~ell as Ru- 
the ehlorina mutant except |]~r the emission associated 
with the (~t)5 nm absorption fo,m in the ~ild type. In 
the emission spcctrunl of Ihylakoids flora barley ~ild 
typc the,c in a small band peaking at about 650 nm 
which is associated ~ith the ('hi b absorption band 
t'sing (Eqn. I). ]'his cnlission band is nol present in tile 
dcconvolt, ti(m of the emission -peelrunl of chhuina 
mutant thylakoids l,ce Table 111). 

Discussion 

l h c  data presented here sh(~ that tile I(,Om-tem- 
peraturc emission ,,pc~.tra of I H ( I I  and BBY-grana 
from spinach as ~ell as ol thylakoids from barley 
chlorina mutant and its wild type can be convincingly 
dc~,cribed as linear combinations of gaussJan J~allds. 
The nunlber of gau>:.,K,n eonlponents under the nlajor 
band of the cmissitnl spectra corresponds to the iluln- 
her of the absorption spectral lorms found in the 
deconvolution of the O,  region of the absorption spec- 
tra. with a red shift of several nanometrcs between the 
emission band series and the absorption band series. 
For all the preparations investigated similar emission 
components were found, with the two nlain bands 
peaking around 680 nm and 687 nm and several mint), 
bands at shorter and hmger wavelengths. 

The absorption and emission spectra of a cllro- 
mophore can bc conneetc.J using the thermod.vm~mic 
relation given by Stepanov [18] assuming a thermal 
relaxation between the vibrational degrees of freedom 

of the excited chromophore bcfl~re emission. Using this 
approach. ,~c have calculated from the absorption 
bands obtained by ntnncrical deconw~lution ot the ab- 
sorption spectra of I.ttCII. BBY-grana. barley chhlrina 
mutant and its wild type tile cxpcclcd emission bands 
for a tenlperaturc 1 '= 300 K. These calculated enlis- 
sion bands arc very similar to those found by gaussian 
dcconvolution of the measured emission spectra of the 
membrane preparations analysed. It therefore seems  
reasonable to asdgn an emission band to each of the 
Chl a and ('hi b absorption bands composing the 
absorption spectra. The ratio between the area of tile 
fluorescence bands and lhe c(~rresponding absorption 
bands is greater for the hmger wavelength components 
than for the shocter ones. giving a clear indication 
about energy transfer bct~een the different spectral 
forms. In fact. it is denlonstratcd that the absorption 
band population weighted distribution of fluorescence 
emission may be approximated by the Boltznlann dis- 
tribution. The correlation between the emission and 
absorption bands is st,ong evidence that the difDrent 
absorption bands obtained by numerical analysis can 
be interpreted as being due to independent sites of 
electronic excitation. 

The Stokes shifts obtained from our analysis for the 
different spectral forms range from 2 nm to about 5 
rim. Thus it is interesting to note that the wavelength 
spacing betwccn the maxim', of the absorption and 
cnfission spectra of chlorophyll containing membranes 
labour 5-7 nml does not represent a true Stokes shift. 
This wavelength spacil,g is determined not only by the 
Stokes shifts of the single gaussian components but 
also by their relative contribution to the emission spec- 
trunl. Fhc fact that the overall wa'~elength difference 
between tile absorption and emission spectra maxima 
is somewhat greater than the Stokes shift of the single 
bands is duc to the greater contribution made by 
]ongel wavelength hands to fluorescence emission than 
to absorption. Such a result is expected in an energy 
transferring matrix on tile basis of thermodynanfic con- 
siderati(ms. 

hi a previous paper [12] the presence of spectral 
h)rms ~ittl maxima around 6S4 nm and 695 nm in the 
absorption spectrum of an LH('I i  preparation has been 
reported. We now confirm the presence of both bands 
in the I.ttCII absorption spectrum and moreover a 
correspondence between the 684 nm and 695 nnl ab- 
sorption bands and the emission bands with maximum 
at 687 nm and 697 nm, respectively, is established. This 
lends further support to the presence of long-wave- 
length Chl a spectral forms in LHCII. the external 
antenna of PS I!. 

The emission spectra exahfined, with the exclusion 
of that of thylakoids from the chlorina mutant, have a 
small emission band associated with Chl h absorption 
{see Figs. 2. 4.5a). Experimental evidence suggesting a 



Chl  b e m i s s i o n  , ,a: ;  b e e n  p r e v i o u s l y  f o u n d  by c o m p a r -  

ing  t h e  o p e n  t r ap  e m i s s i o n  s p e c t r u m  o f  t he  c h l o r i n a  

m u t a n t  t h y l a k o i d s  wi th  t h a t  o f  e i t h e r  wi ld - type  ba r l ey  

o r  i so l a t ed  L H C l l  [17]. F r o m  th i s  c o m p a r i s o n  it h a s  

b e e n  c o n c l u d e d  t ha t  a r o u n d  65(I n m  t h e  Ch l  h emi s -  

s ion  is r o u g h l y  e q u i v a l e n t  to  251- o f  t h e  Chl  a p e a k  

va lue .  T h e  c o n t r i b u t i o n  o f  t h e  e m i s s i o n  b a n d  p e a k i n g  

at  653 n m  to  t h e  m a j o r  e m i s s i o n  b a n d  is a r o u n d  th is  

v a l u e  ( see  T a b l e  !) a n d  is ve ry  s im i l a r  to  t he  c o n t r i b u -  

t ion  o b t a i n e d  c o n s i d e r i n g  a B o l t z m a n n  w e i g h t e d  dis t r i -  

b u t i o n  o f  t h e  exc i t ed  s t a t e s  o f  t h e  d i f f e r e n t  c h l o r o p h y l l  

f o r m s  ( T a b l e  I!). 

i t  is i n t e r e s t i n g  to  n o t e  t ha t  t h e  u se  o f  t he  S t e p a n o v  

r e l a t i on  to  f o rma l ly  c a l c u l a t e  t h e  a b s o r p t i o n  s p e c t r u m  

o f  L H C I I  f r o m  its to ta l  e m i s s i o n  s p e c t r u m  g ives  an  

a b s o r p t i o n  s p e c t r u m  w h i c h  is r a t h e r  s imi l a r  to  t he  

m e a s u r e d  o n e  a n d  in w h i c h  t h e  Ch l  b a b s o r p t i o n  p e a k  

is p r e s e n t  (Fig.  3). T h i s  p e a k  is, h o w e v e r ,  no t  p r e s e n t  

w h e n  t h e  a b s o r p t i o n  s p e c t r u m  is c a l c u l a t e d  f r o m  t h e  

e m i s s i o n  s p e c t r u m  to w h i c h  t h e  653 n m  b a n d  h a s  b e e n  

s u b t r a c t e d .  T h i s  l e n d s  f u r t h e r  s u p p o r t  to  t h e  i n t e r p r e -  

t a t i on  t ha t  t he  b a n d  p e a k i n g  a t  a b o u t  ¢)53 n m  in t h e  

L H C I !  e m i s s i o n  s p e c t r u m  is d u e  to  a C h l  b e m i s s i o n .  

O n  t h e  ba s i s  o f  t he  d a t a  p r e s e n t e d  h e r e  it is sug-  

g e s t e d  t h a t  e a c h  o f  t h e  d i f f e r e n t  c h l o r o p h y l l  a b s o r p t i o n  

spec t r a l  f o r m s  h a s  its o w n  s e p a r a t e  e m i s s i o n ,  in  t h e  

c a s e  o f  t h e  m i n o r  C h l  b e m i s s i o n  it h a s  b e e n  pos s ib l e  

to  c o n f i r m  th i s  i n t e r p r e t a t i o n  u s i n g  m u t a n t  c h l o r o -  

p l a s t s  l a ck ing  th i s  c o m p o n e n t  a n d  t he  S t e p a n o v  ana ly -  

sis o f  t h e  e n t i r e  e m i s s i o n  a n d  a b s o r p t i o n  b a n d s .  
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