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Summary 

Picosecond time-resolved fluorescence spectroscopy has been used to 
investigate the fluorescence emission from wild-type barley chloroplasts and 
from chloroplasts of the barley mutant ,  chlorina f-2, which lacks the light- 
harvesting chlorophyll  a/b-protein complex. Cation-controlled regulation of  the 
distribution of  excitation energy was studied in isolated chloroplasts at the F0 
and F m levels. It was found that: 

(a) The fluorescence decay curves were distinctly non-exponential,  even at 
low excitation intensities (<2 × 10 '4 photons • cm-2). 

(b) The fluorescence decay curves could, however,  be described by a dual 
exponential  decay law. The wild-type barley chloroplasts gave a short-lived 
fluorescence component  of  approximately 140 ps and a long-lived component  
of  600 ps (F0) or 1300 ps (Fn~) in the presence of  Mg2÷; in comparison, the 
mutant  barley yielded a short-lived fluorescence component  of  approx. 50 ps 
and a long-lived component  of  194 ps (F0) and 424 ps (Fro). 

(c) The absence of  the light-harvesting chlorophyll a/b.protein complex in 
the mutant  results in a low fluorescence quantum yield which is unaffected by 
the cation composit ion of  the medium. 

(d) The fluorescence yield changes seen in steady-state experiments on 
closing Photosystem II reaction centres (Fm/FO) or on the addition of  MgC12 
(+Mg:÷/--Mg ~÷) were in overall agreement with those calculated from the time- 
resolved fluorescence measurements. 

The results suggest that  the short-lived fluorescence component  is partly 
attributable to the chlorophyll  a antenna of  Photosystem I, and, in part, to 

Abbreviations: DCMU, 3-(3',4'-dichlorophenyl)-l,l-diraethylurea; Tris, tris(hydroxymethyl)amino- 
methane ; HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid. 



497 

those light-harvesting-Photosystem II pigment combinations which are strongly 
coupled to.the Photosystem I antenna chlorophyll. The long-lived fluorescence 
component can be ascribed to the light-harvesting-Photosystem II pigment 
combinations not coupled with the antenna of Photosystem I. In the case of 
the mutant, the two components appear to be the separate emissions from the 
Photosystem I and Photosystem II antenna chlorophylls. 

Introduction 

It is generally accepted that the thylakoid membranes of higher plants and 
algae contain three main chlorophyll-protein complexes, namely the light- 
harvesting chlorophyll a/b-protein complex, the Photosystem II antenna 
chlorophyll a protein complex and the Photosystem I antenna chlorophyll 
a-protein complex [ 1 ]. The latter two pigment complexes are intimately asso- 
ciated with their respective photochemical reaction centres, whereas the third 
complex acts as a light-harvesting system which appears to preferentially 
transfer energy to the Photosystem II antenna complex [2]. 

For both photosystems to operate efficiently at non-saturating light inten- 
sities, there must be an equal distribution of excitation energy between the 
reaction centres of the two photosystems. In addition to the possibility of 
direct energy transfer from the Photosystem II antennae to those of Photo- 
system I [3], there is a mechanism for regulating the amount of excitation 
energy reaching the Photosystem I antennae from the light-harvesting complex. 
The latter process can be controlled by the cation composition of the medium 
surrounding the thylakoid membrane and is commonly known as spillover 
[4]. 

Picosecond time-resolved fluorescence spectroscopy can be used to probe the 
way in which energy migrates between the various pigment-protein complexes 
of photosynthetic species, as demonstrated by the recent measurements with 
the red alga, Porphyridiurn cruenturn [5,6]. In this paper, we have used the 
same technique to investigate energy migration between the chlorophyll- 
protein complexes of higher plants. Our approach has been to study the mutant 
barley strain, chlorina f-2, which lacks the light-harvesting chlorophyll a/b-pro- 
tein complex, and to compare the results with those of wild-type barley as the 
control. The fluorescence decay kinetics of these two systems have been 
recorded under various experimental conditions and compared with data 
obtained from steady-state fluorescence measurements via their relative fluo- 
rescence yield changes. 

Materials and Methods 

Wild-type barley (Hordeum vulgare) and the chlorina f-2 mutant [7] were 
grown in soil in a greenhouse under a 16 h light/8 h dark regime. Leaves with 
a length of 10--20 cm were harvested from the plants when they were several 
weeks old. Chloroplasts were released from the whole leaf by immersion under 
low salt buffer (0.33 M sorbitol, 10 mM HEPES with Tris added to pH 7.6) and 
gently scraping the underside of the leaf with a razor blade. After filtration 
through 8 layers of muslin and centrifugation at 3000 ×g  for 2 min, the 
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chloroplasts were resuspended in a minimum volume of the low salt buffer 
described above. For  steady-state fluorescence yield measurements,  the chloro- 
plasts were initially diluted by a factor of  about  30 in distilled water (1.5 ml) 
to break the chloroplast envelope and, after 30 s, 1.5 ml of  double strength low 
salt buffer  was added. Further  experimental details may be found in the legend 
to Fig. 3. 

Absorpt ion specta were recorded on a scanning spect rophotometer  
(Unicam SP800). Fluorescence spectra were measured at a sample concentra- 
tion of  1 ~g chlorophyll/ml on a Perkin-Elmer MPF 3 fluorescence spectro- 
photometer .  Chlorophyll concentrations were measured by a method  described 
by Bruinsma [8] ; other  details are given in the legends to Figs. 1 and 2. 

The picosecond laser apparatus used to s tudy the fluorescence decay kinetics 
has been described in detail elsewhere [9]. Briefly, a PSckels cell electro-optic 
shutter selects a single 6 ps (full width at half maximum height) 530 nm pulse 
from the pulse train generated by a frequency-doubled mode-locked Nd 3÷ :glass 
laser. Fluorescence emit ted by the sample is collected at 180 ° with respect to 
the excitation beam and focussed onto the S 20 photocathode  of  an Imacon 
600 streak camera (John Hadland (P.I.) Ltd.). Any residual excitation light is 
removed by  a 665 nm cut-off  filter (Schott  RG-665) situated before the 
camera. The fluorescence streak trace is detected by a 500 channel optical 
multichannel analyser (OMA 1205 A and B, Princeton Applied Research) and 
stored in a digital memory.  The streak rates used in the present work were 
100 ps/mm (4.62 ps per OMA channel) and 300 ps/mm (11.6 ps per OMA 
channel). To avoid exciton annihilation effects, the excitation intensity was 
kept  below 2 • 1014 photons • cm-2; the transmission of  the sample at 530 nm 
was greater than 70% (1 mm pathlength). 

Chloroplast samples at the Fn~ level were obtained by adding DCMU and pre- 
illuminating with a CW He/Ne laser (intensity 12.5 W.  m -2) as previously 
described [ 10]. 

Results 

Fig. 1 shows the visible absorption spectra of  the isolated chloroplasts from 
both  the wild-type and the chlorina f-2 mutan t  barley. The chlorophyll b 
deficiency in the mutant  is discernable by  the decreased absorption at 650 and 
470 nm, the peak at 495 nm is probably due to fl-carotene. There are no 
obvious differences in the 680 nm chlorophyll  a absorption band of  the two 
strains at the resolution used. At the excitation wavelength, 530 nm, for the 
kinetic measurements,  both  strains exhibited approximately equal absorption 
relative to the maximum at 680 nm. 

Fig. 2 shows that  the fluorescence emission from the wild-type and the 
mutant  barley are similar at  room temperature,  although the wild-type chloro- 
plasts exhibit  a more pronounced shoulder at 730 nm (Fig. 2b). Upon cooling 
to 77 K, the differences between the two emission spectra become more 
apparent;  the ihtensity of  the 684 nm emission from the mutant ,  relative to 
that  of  the broad 730 nm band, is considerably lower than that of  the wild- 
type.  The 695 nm shoulder, detectable in the emission spectrum of the wild- 
type  barley, is not  resolved in the case of  the mutan t  and is possibly obscurred 
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Fig.  1. A b s o r p t i o n  s p e c t r u m  o f  ch lo rop la s t s  f r o m  wi ld  t y p e  a n d  chiorina f-2 m u t a n t  o f  ba r ley  s u s p e n d e d  

in low salt  b u f f e r .  T h e  s p e c t r a  were  t a k e n  on  a U n i c a m  S P S 0 0  s p e c t r u p h o t o m e t e r  f i t t e d  w i t h  a d i f f u s i n g  
pla te  to  r e d u c e  s c a t t e r i n g  a r t e f ac t s .  P a t h l e n g t h  10 r a m ;  m ,  m u t a n t ;  w t ,  wi ld  t y p e .  

by the intense 730 nm band; the 730 nm band of  the mutan t  is also blue- 
shifted by approx. 12 nm with respect to that  of the wild-type. 

The chlorophyll fluorescence induction curves of dark-adapted chloroplasts 
in the presence of DCMU are shown in Fig. 3. The fluorescence yield of the 
wild-type barley rises rapidly to a maximum which is almost twice as intense 
in the presence of Mg 2+ (curve a) as in its absence (curve b). Mutant  chloro- 
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Fig.  2. F l u o r e s c e n c e  e m i s s i o n  spec t r a  o f  ch lo rop la s t s  f r o m  wi ld - type  a n d  chlorina f-2 m u t a n t  o f  ba r ley .  

(a)  m u t a n t  a t  r o o m  t e m p e r a t u r e ;  (b)  w i l d - t y p e  a t  r o o m  t e m p e r a t u r e ;  a n d  (c)  m u t a n t  (m)  and  wi ld  t y p e  
(wt )  a t  77 K.  T h e  s p e c t r a  were  t a k e n  on  a P e r k i n - E l m e r  M P F 3  s p e c t r o f l u o r i m e t e r  f i t t e d  w i t h  a H a m a -  

m a t s u  R 4 4 6 S  p h o t o t u b e 0  a n d  n o t  c o r r e c t e d  fo r  d e t e c t o r  s ens i t i v i ty .  A S c h o t t  R G 6 1 0  c u t - o f f  f i l te r  was  
p l a c e d  b e t w e e n  the  s a m p l e  a n d  t h e  p h o t o t u b e .  T h e  s a m p l e s  were  e x c i t e d  a t  436  n m ,  e m i s s i o n  b e i n g  
m o n i t o r e d  a t  90  ° . I n  (c)  t h e  s a m p l e s  w e r e  in  low sal t  b u f f e r  c o n t a i n i n g  5 m M  MgCI 2. T h e  e m i s s i o n  
m o n o c h r o m a t o r  b a n d w i d t h  was  vaxied b e t w e e n  1.5 a n d  3 n m .  T h e  r o o m  t e m p e r a t u r e  s a m p l e s  were  con-  

r a i n e d  in  10 X 10 m m  f luo re scence  c u v e t t e s ;  a n d  t h e  77 K s a m p l e s  in 2 m m  i n n e r  d i a m e t e r  spec t ros i l  
t u b e s  i m m e r s e d  in l iqu id  N 2. E a c h  s a m p l e  was  d i lu t ed  un t i l  no  f u r t h e r  c h a n g e  in the  shape  o f  the  

s p e c t r u m  w a s  seen ,  w h e n  s e l f - a b s o r p t i o n  cou ld  be  d i s c o u n t e d  ( the  c h l o r o p h y l l  c o n c e n t r a t i o n  was  a b o u t  
1 ~g /m] ) .  
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Fig. 3. E f f e c t  of  MgCI 2 on  c h lo rophy l l  f luorescence  yield i n d u c t i o n  curves  in d a r k - a d a p t e d  ch lorop las t s  
f r o m  wi ld - type  and  chlorina f-2 m u t a n t  baxley. The  h y p o t o n i c a l i y  b r o k e n  ch lorop las t s  we re  suspended  in 
low salt bu f fe r ,  p r e t r e a t e d  w i th  far- red l ight ,  t h e n  5 m M  KCI an d  10 ~M DCMU were  a d d e d  in the  dark .  
I l l u m i n a t i o n  was  w i th  b r o a d - b a n d  b l u e ~ e e n  l ight  (Sch o t t  BG-38,  2 m m ,  m a x i m u m  t ransmiss ion  
3 5 0 - - 5 5 0  n m ;  Calflex C hea t  f i l ter) ,  i n t ens i t y  10  W / m  2 , t h r o u g h  a p h o t o g r a p h i c  s h u t t e r  an d  the  emiss ion  
was  m o n i t o r e d  a t  90  ° wi th  an  EMI  9558B  p h o t o m u l t i p l i e r  p r o t e c t e d  b y  a Balzar  B-40 6 9 5  n m  inter-  
f e r e n c e / S c h o t t  R G - 6 9 5 ,  2 m m  cu t -o f f  f i l ter  c o m b i n a t i o n .  Th e  f luorescence  signal was  digit iscd an d  s to red  
by  a 1 0 0 0  channe l  Da ta l ab  D L 9 0 5  t r ans ien t  r e c o r d e r  and  p r e s e n t e d  on  an  X-Y p lo t t e r .  Curves  (a) and  (b) 
are for  the  w i ld - type  wi th  a nd  w i t h o u t  MgCI 2 add i t i on  (5 raM) respec t ive ly .  Curve  (c) is for  the  m u t a n t  
b o t h  wi th  and  w i t h o u t  MgCI 2. T h e  c h lo rophy l l  c o n c e n t r a t i o n  was  8 Dg/ml fo r  all samples .  Th e  f luores-  
cence  is expressed  on  the  s ame  a rb i t r a ry  l inear  scale for  all curves.  All m e a s u r e m e n t s  were  m a d e  a t  r o o m  
t e m p e r a t u r e .  In  the  case of  cu rve  (c) the  rise to the  F m level is so s low t h a t  it  is n o t  r e a c h e d  dur ing  the  
t i m e  in te rva l  s h o w n ,  in c o n t r a s t  t o  curves  (a) a nd  (b) .  No corxec t ion  has  b e e n  m a d e  for  the  d i f fe ren t  
p r o p o r t i o n  of  b lue-green  l ight  a b s o r b e d  b y  t he  m u t a n t  c o m p a r e d  to the  wi ld - type  because  t ak en  over  the  
who le  a b s o r p t i o n  enve lope  t he  d i f f e rence  is re la t ive ly  small .  

plasts exhibit a much slower rise (curve c), and the maximum fluorescence level 
is lower than that  of the wild-type at the same chlorophyll concentration and 
under the same illumination conditions (Table I). As can be seen from these 
curves (Fig. 3), the assessment of  the F0 level presents some difficulties due to 

T A B L E  I 

C H L O R O P H Y L L  F L U O R E S C E N C E  Y I E L D  OF W I L D - T Y P E  AND CHLORINA f-2 M U T A N T  B A R L E Y  

U N D E R  V A R I O U S  E X P E R I M E N T A L  C O N D I T I O N S  

The  h y p o t o n i c a l l y - b r o k e n  ch lo rop las t s  we re  suspended  in a low salt  b u f f e r  con ta in ing  5 m M  KCI, and  t h e  
f luorescence  was  m e a s u r e d  as desc r ibed  in Fig. 3. When  MgCI 2 was  a d d e d  it  was  p re sen t  a t  a concen t r a -  
t i on  of  5 raM. T h e  ch lorop las t s  we re  d a r k - a d a p t e d  b y  p re - i l lumtna t ion  wi th  f a i r e d  l ight  fo l lowed  b y  a 
d a r k  pe r iod  of  at  leas t  1 min .  W h e n  DCMU was  p~esent ,  it  was  ad d ed  a t  a c o n c e n t r e t i o n  of  10  pM to  the  
d a r k ~ d a p t e d  samples .  Ch lo rophy l l  c o n c e n t r a t i o n :  8 ~g /ml .  F luorescence  in tens i ty  is expressed  in arbi-  
t r a ry  uni ts ;  t e m p e r a t u r e  ffi 22°C.  No te  t h a t  the  F 0 level of  the  wild t y p e  in the  p resence  of  DCMU is 

liable to  o v e r e s t i m a t i o n  a t  t h e  re la t ive ly  high act inic  l ight  in tens i ty  used .  

Cond i t ions  No Mg 2+ Plus Mg 2+ 

Wild- type  M u t a n t  Wild- type  M u t a n t  

- - D C M U  
F 0 2 0  1 1  26 I 0  
F m 46 21 96 19 
F m / F  0 2.8 1.9 3.7 1.9 

+ D C M U  
FO 27 I I  33 10 
F m 51 18 100  18 
F m / F  0 1.9 1,6 3.0 1.8 
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the relatively slow opening time of the shutter (3 ms), however, the estimation 
of F0 in the absence of DCMU is more precise since the fluorescence intensity 
rises more slowly. There is no noticeable effect of Mg 2÷ addition upon the 
induction curve for the mutan t  chloroplasts (Fig. 3, curve c); Table I quantifies 
the fluorescence yields observed at the F0 and F m levels in the presence and 
absence of  Mg 2÷ and DCMU. 

Figs. 4, 5 and 6 show the fluorescence decay curves for the wild-type and 
mutan t  barley chloroplasts under various experimental conditions, i.e. F0 and 
Fm with and wi thout  Mg ~÷ added. Although the excitation intensities used were 
below those required for spurious quenching by excition annihilation, none of 
the fluorescence decay curves can be described by a single exponential decay 
law. Variation of  excitation intensity between 2 • 10 ~3 and 2 • 10 '4 photons/  
cm ~ produced no observable change in the form of  the fluorescence decay 
kinetics. In the past, we have used an empirical law of  the form exp{--At '/2 ) to 
fit these curves; the right hand parts of Figs. 4, 5 and 6 show the fluorescence. 
intensity plotted as a function of  t in. Although this type of decay law was only 
used to provide a simple means of fitting the curves [9], it has been taken to 
indicate a specific mechanism for energy transfer (see ref. 11 for a review). 
However, the non-exponential decay law is probably more an indication of the 
heterogeneity of the system since fluorescence emission should be observed 

ld 

10 

lo 

10 

i | I i ! 

~ 

• • 
I f I I I ' I 

o 1 2 

NANOSECONDS 

I I i I I 

~ 20~ ~ 4~0 ~ 
~_ 

PICOSECONDS 2 

Fig. 4. F l u o r e s c e n c e  d e c a y  kinet ics  of  wi ld - type  ba r l ey  ch lorop las t s  in l o w  salt  b u f f e r  in t h e  a b s e n c e  of  
MgCl 2 ; for  the  da~k-adap ted  s ta te  (F0 )  , a n d  the  m a x i m u m  f luorescence  level  (Fro)  s e e n  o n  add i t i on  of  
D C M U  and  pre - i t lumina t ion .  F luo re scence  is e x p r e s s e d  o n  a l oga r i t hmic  scale as the  n u m b e r  o f  c o u n t s  pe r  
c h a n n e l .  T h e  m e a s u r e m e n t s  w e r e  m a d e  a t  a r e so lu t ion  o f  55 ps on  a t imesca le  of  11.6 ps pe r  c h a n n e l  
O t h e r  deta i l s  a re  given in Table  II .  F o r  c lar i ty ,  on ly  a l t e rna te  da t a  po in t s  have  been  p lo t ted•  Th e  da ta  
r ep resen t s  the  s u m m a t i o n  of  3 f luorescence  t races  r e c o r d e d  u n d e r  the  s ame  c o n d i t i o n s .  
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Fig. 5. F luo re scence  decay  k ine t ics  of  wi ld - type  ba r l ey  ch lorop las t s  a f t e r  add i t i on  of  5 mM MgCI 2. See 
Fig. 4 fo r  f u r t h e r  details .  
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Fig. 6. F luo re scence  d e c a y  k ine t ics  of  ehlor ina  f-2 m u t a n t  bxr ley ch lo rop la s t s /n~!ow salt  bu f fe r ;  add i t i on  
o f  5 m M  MgCI2 h a d  no  e f fec t .  The  m e a s u r e m e n t s  were  m a d e  a t  a r e so lu t ion  of  23  ps  on  a thnesca le  of  
4 .62  ps pe r  channe l .  O t h e r  detai ls  as for  Fig. 4. 
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from Photosystem I as well as Photosystem II (see discussion). In this study,  we 
have therefore returned to the more conventional fitting procedure using a dual 
exponental  decay law; the general equation for the fluorescence intensity at 
time t, IF(t), is: 

I F ( t )  = I F ( 0 ) [ a l  " exp(--t/r~) + a2 • exp(-- t / r : ) ]  
where I f (0)  is the fluorescence intensity at time t = 0, al  and a2 are pre- 
exponential  coefficients (a~ + a2 = 1) and rl and r :  are the 1/e lifetimes of  the 
two components .  Table II summarises the values for these four variables along 
with the calculated fluorescence quantum yield (¢ealc) and the mean fluores- 
cence lifetime (ZM) for each of  the experimental conditions used. It should be 
pointed ou t  that  the evaluation of  the longer lived component ,  ~2, is subject 
to a larger error than that  of  ~ .  A comparison between the fluorescence yield 
changes obtained from the kinetic and steady-state data is given in Table III. 
Since cont inuous illumination of  the sample with the He/Ne laser causes 
excessive electron scatter within the streak camera, the beam was at tenuated 
by a factor of  15 immediately before the time-resolved measurements were per- 
formed. Consequently,  some of the reaction centres may have reopened,  which 
may explain the relatively low value of  Fm/Fo calculated from the fluorescence 
decay curves particularly for the wild-type chloroplasts. The potential error in 
estimating F0 from the fluorescence induction curves may also account  for 
some of this discrepancy. Even so, our kinetic and steady-state yield data are 
both in reasonable agreement with those recently reported by  Lieberman et al. 
[12].  

The addition of  DCMU and subsequent  pre-illumination produces a large 

T A B L E  II  

F L U O R E S C E N C E  D E C A Y  K I N E T I C S  OF W I L D - T Y P E  A N D  CHLORINA f-2 M U T A N T  B A R L E Y  

F luoresence  k ine t ics  were  m e a s u r e d  on  isola ted ch lo rop las t s  w i th  enve lopes  b r o k e n  h y p o t o n i c a l l y  and  sus- 
p e n d e d  in low salt  b u f f e r  wi th  the  a d d i t i o n  of  5 m M  KC1 (no  Mg 2+) or  5 m M  MgC12 (plus Mg2+). Dark-  
a d a p t e d  ch lo rop las t s  we re  used  for  F 0 m e a s u r e m e n t s .  At  the  F m level ch lorop las t s  w e r e  treated  wi th  10 
~M D C M U  and  p re - i l l umina ted  b y  the  CW H e / N e  laser, a t  full in tens i ty  for  3 0 - - 6 0  s, and t h e n  a t t e n u a t e d  
15-fold  i m m e d i a t e l y  b e f o r e  the  t ime- reso lved  m e a s u r e m e n t .  T e m p e r a t u r e  20°C.  

Cond i t i ons  L i f e t imes  (ps) * Relat ive  in tens i t i e s  ~M (PS) ** ¢Pcalc *** 

T1 T2 ~1 ~2 

Wild- type  No Mg 2+ 

F0 157 598 0 .77  0 .23  258 0 . 0 1 5 0  
F m 151 1062  0 .72  0 .28  4 0 2  0 . 0 2 3 3  

W ~ d ~ y p e p l u s  Mg 2+ 

F 0 146 517  0 .66  0 .34  306  0 . 0 1 7 7  
F m 134  1 2 9 0  0 .52  0 .48  6 9 0  0 . 0 4 0 0  

Chlo~na ~ 2  m u ~ n t  

F 0 40  194  0 .76  0 .25  74  0 .0043  
F m 60  424  0 .80  0 .20  135  0 . 0 0 7 8  

* Possible e r ro r  in the  l i f e t imes ,  +_ 20%. 

** T h e  m e a n  f luorescence  l i f e t ime  (TNI) is given by :  T M = (~1 " ~'1 ÷ °~2 " ~'2)/(~1 + °~2). 
*** The  f luorescence  q u a n t u m  yield  ( ~ c a l c )  is given by :  ~ c a l e  = q~O/TOIF(O) fo~ i F ( t  ) . d t ,  v~here T 0 = 

5 7 0 0  PS and  ~P0 = 0 .33  f r o m  ch lo rophy l l  a in v i t ro .  
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T A B L E  I I I  

C O M P A R I S O N  OF Y I E L D  C H A N G E S  O B S E R V E D  IN T H E  S T E A D Y - S T A T E ,  A N D  C A L C U L A T E D  
F R O M  K I N E T I C  D A T A ,  F O R  W I L D - T Y P E  A N D  CHLORINA f-2 B A R L E Y  C H L O R O P L A S T S  

The  s t eady-s ta te  va lues  are  t a k e n  f rom Table  I, for  ch lorop las t s  in the  presence  of  DCMU. Th e  kinet ic  
values  are  t aken  f r o m  Table  II (~'Pcalc)- 

S teady-s ta te  Kinet ics  

Fm/Fo 
wi ld - type ,  no  Mg 2+ 1.9 1.6 
wi ld - type ,  plus  Mg 2+ 3.0 2.3 
m u t a n t  1.7 1.8 

+Mg2+/--Mg2 + 

wi ld - type ,  F 0 1.2 1.2 
wi ld - type ,  F m 2.0 1.7 

increase in the value of  ~2; whereas the addition of  Mg 2+ appears to increase the 
initial intensity of the second component ,  ~ {see Table II and Figs. 4--6). The 
values of  ~2 for the wild-type chloroplasts are in good agreement with previous 
measurements on green photosynthet ic  systems. For  example, values of  ~2(F0 + 
Mg ~+) = 0.6 ns, and r~(F m + Mg 2÷) = 1.3 ns for the wild-type barley chloroplasts 
(Table II) compare favourably with values of  0.5 ns (F0) and 1.6 ns (Fro) 
previously reported for pea chloroplasts [10],  a spinach sub-chloroplast frac- 
tion [13] and Chlorella [14] under the same conditions. 

In the case of  the chlorina f-2 mutant  (Fig. 6), the fluorescence decays more 
rapidly than for the wild-type chloroplasts under the same conditions, although 
the qualitative effect  of  DCMU is the same (Table II). 

Discussion 

The power  of  picosecond time-resolved measurements in the investigation of  
pigment organisation and excitation energy transfer within photosynthet ic  
systems has been demonstra ted by  recent publications [5,6,10].  However,  
some investigators still question the use of laser pulse intensities in the range of  
1013--1014 photons /cm 2 and attr ibute the non-exponentiali ty of the fluores- 
cence decay at short times to residual exciton annihilation (e.g., ref. 15). It is 
therefore important  to show that  the data presented in Table II and Figs. 4--6 
are not  subject to  exciton annihilation induced by  the intensity of  the excita- 
tion pulse (<2 • 10 ~4 photons/cm2).  

There are several lines of  evidence which point  to the absence of  exciton 
annihilation effects. As mentioned above, a reduction of  the excitation inten- 
sity to 2 • 1013 photons /cm 2 produced no observable change in the form of  the 
fluorescence decay kinetics (single pulse excitation); this intensity is well below 
the threshold for exciton annihilation effects [16].  Moreover, previous studies 
of  the variation of  fluorescence lifetime with excitation intensity indicate 
that  an initial lifetime of  the magnitude of  ~ (approx. 150 ps) should only be 
observed at intensities "considerably higher than 10 Is photons /cm ~ [14,16].  
Also, where m~asurements were carried out  under identical conditions using 
Chlorella pyrenoidosa, a lifetime identical to that  previously observed at lower 
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pho ton  densitites was obtained [14]. Another  indication of the absence of 
intensity effects is the agreement between the yield changes obtained from the 
kinetic and steady-state yield data (Table III); the yield changes calculated 
from the kinetic data are extremely sensitive to intensity-induced quenching 
processes [14]. Finally, the loss of  the chlorophyll a/b-light-harvesting com- 
plex in the mutant  should make the photosynthet ic  units less sensitive to the 
intensity of  excitation: the fact that  both  rl and r2 lifetimes are shorter in the 
mutant  compared with the wild-type suggests that  the general form of the 
fluorescence decay curves are indeed characteristic of  the chloroplasts. 

The steady-state fluorescence yield data listed in Table I show that the 
fluorescence yield of chlorophyll a is considerably less in the chlorophyll b-less 
mutant  than in the wild-type barley chloroplasts; this difference is particularly 
pronounced at the Fm level with Mg 2÷ added. Thus, from a steady-state point  
of  view, a considerable proport ion of  the room temperature fluorescence must 
be attr ibutable to the chlorophyll  a/b-light-harvesting complex in higher plants. 
Moreover, the sensitivity of  the system to the Mg 2÷ concentration in the sus- 
pending medium is only observed when the light harvesting complex is present; 
a similar observation has already been reported for the chlorophyll b-less 
mutant ,  chlorophyll  b-deficient mutants  and for greening systems where the 
light harvesting complex had not  ye t  formed [12,17].  Since the kinetic and 
steady-state yield changes are in reasonable agreement, the reduced fluores- 
cence yield from the mutant  can be interpreted in terms of  the exciton lifetime 
within the pigment bed. Indeed, a comparison of  the fluorescence lifetimes for 
the wild-type and the mutant  barley (Table II} clearly shows the marked 
increase in lifetime produced by the presence of the light harvesting complex. 
This observation can be interpreted in one of two ways; either the exciton 
spends a finite time within the light-harvesting pigment bed before being 
irreversibly transferred to the chlorophyll a antenna of  Photosystem II, or the 
exciton is reversibly transferred between the light-harvesting and Photosystem 
II pigment beds as proposed in the tripartite model  of  Buffer [18].  In either 
case, the chlorophyll  a of  the light-harvesting complex retains the excitation 
energy long enough to emit some fluorescence. Since the chlorophyll a emis- 
sions from the light-harvesting and Photosystem II antenna complexes are 
inseparable at room temperature,  the time-resolved fluorescence appears to 
come from a cont inuous chlorophyll  a pigment bed. 

From a simple point  of view, there is no reason to suppose that  the fluores- 
cence decay curves should follow an exponential decay law since there are at 
least two emitting species in the thylakoid membrane;  namely the chlorophyll  
a of  the Photosystem I antenna, and of  the light-harvesting/Photosystem II 
antenna combination.  If a fraction of  the Photosystem I chlorophylls, with 
a fluorescence lifetime of  100 ps [13],  is physically separate from the light- 
harvesting/Photosystem II chlorophylls (e.g. in the stromal lamellae), then a 
dual exponential  fluorescence decay curve would be expected,  with a Photo- 
system I componen t  (100 ps} and a light-harvesting/Photosystem II component  
(F0, 500 ps; Fro, 1500 ps}. The relative ratios of  these two components  and the 
lifetimes observed will be determined by factors such as the state of  the Photo- 
system II reaction centres and the extent  of  spillover between the light- 
ha~'vesting/Photosystem II antenna and the granal Photosystem I antenna. It 
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should be pointed ou t  that, although Photosystem I has a low steady-state 
fluorescence yield, the initial intensity of  this component  in the time-resolved 
fluorescence emission will be proport ional  to the quanta absorbed by this 
system; this may exceed 30% of the total emission at time zero, if the value of  
a = 0.32 given by the tripartite model  [18] is correct. 

Previous studies have clearly shown that the addition of  Mg 2÷ not  only 
increases the fluorescence yield but  also the fluorescence lifetime [10,19,20].  
A qualitative consideration of  the coefficients al  and a2 for the wild-type 
barley chloroplasts (Table II) indicates that  a significant proport ion of  the long- 
lived componen t  (a~, r~) is converted to the short-lived component  (al, T~) 
when Mg ~+ is absent; this appears to be connected with a marginal increase in 
the value of T1 as might be expected for a kinetic redistribution of  excitation 
energy. Both steady-state and kinetic fluorescence data for the F0 levels suggest 
that  the addition of Mg ~+ under these conditions produces a small increase in 
the fluorescence yield (about  20%; see Tables I and II). 

In the absence of  a definite model  for the photosynthet ic  unit, the interpre- 
tation of  these fluorescence lifetimes must  of  necessity remain qualitative, 
although the results presented here should prove useful in the formulation of 
such a model  at a later date. In general, the fluorescence lifetimes of  the long- 
lived component  {~),  both  in the presence and absence of  Mg ~÷, are in agree- 
ment  with the values reported for the l ight-harvesting/Photosystem II pigment 
combinat ion of  other  photosynthet ic  species [10,13,14].  The markedly lower 
value of T~ in the mutant  must  result from the loss of  the light-harvesting com- 
plex, and can therefore be ascribed to the average exciton lifetime within the 
Photosystem II chlorophyll  a antenna system. At the F m level, the fluorescence 
lifetime of  the Photosystem II chlorophyll  a might be expected to increase to a 
value of 4--5 ns, as found for an isolated chlorophyll-protein complex wi thout  
reaction centres {see ref. 21). The absence of  such a long lifetime in the barley 
mutant  could either indicate that  the closed Photosystem II reaction centre is 
still a relatively efficient quencher, or that  energy can migrate from the Photo- 
system II antenna to the Photosystem I antenna in the absence of  the light- 
harvesting complex.  The short-lived component  (~1) observed in the fluores- 
cence from the mutant  is subject to a potentially larger error, however, the 
approximate value of 50 ps is comparable to the 100 ps or less expected for the 
emission from Photosystem I [13].  Similarly, the relative initial intensities 
(a~, a2) are comparable to the relative absorbances expected for the antennae 
of  Photosystems I and II in the absence of the light-harvesting complex [ 18]. 

The relative initial intensities {a~, a2} for the wild-type barley chloroplasts 
probably have less significance since the fluorescence decay curve is presumably 
composed of  more than two exponential components;  additional components  
could arise from the coupling between the light harvesting chlorophyll a/b 
and the antenna of Photosystem I even in the presence of Mg :÷, as suggested 
in the tripartite model  of  Butler [18].  The short-lived component  (~ )  must 
therefore be considered as a mixture of  the emissions from the Photosystem I 
antenna (particularly from the stromal lamellae) and from those light- 
harvesting/Photosystem II pigment beds that  are strongly coupled with Photo- 
system I in the granal lamellae. Consequently,  the r~ components  can be 
ascribed to those light-harvesting/Photosystem II pigment beds which are not  
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coupled with Photosystem I, either because of  a large separation distance of  for 
some reason unknown at present. 

Conclusions 

The data presented in this paper are perhaps the best indication yet reported 
that the fluorescence decay kinetics of  photosynthetic  systems are not  
governed by a single exponential  decay law. Commensurate with our better 
understanding of  the various deactivation pathways for excitation energy, we 
have replaced the purely empirical exp(- -At  ~/2) decay law with a dual 
exponential  decay law which appears to have more significance in this context .  
Eventually, further components  will be required to describe each deactivation 
process in detail, and to denote the emission from all components  of  the thyl- 
akoid membrane. In terms of  a possible model for pigment organisation, the 
majority of  the data is consistent with the tripartite model of  Buffer [18] ,  
although the efficiency of  spillover in the presence and absence of  Mg 2÷ appears 
to be much higher than that predicted by steady-state measurements at 77 K. 
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