
Effect of Electron Transfer Inhibitors and Uncoupling Agents 
on the Chlorophyll Fluorescence Lifetime during Slow 
Fluorescence Decline in Bean Leaves and Intact Chloroplasts
Elena A. K o tova  a n d  M arina  D. Il’ina

A. N. Belozersky Laboratory o f  Molecular Biology and Bioorganic Chemistry, Moscow State 
University. Moscow 117234, USSR

Z. Naturforsch. 39c, 9 3 -  101 (1984); received October 5, 1983

Photosynthesis, Chlorophyll Fluorescence Lifetime, Electron Transfer Inhibitors, Uncouplers,
Bean Leaves, Intact Chloroplast

Fluorescence measurements were performed with bean leaves and intact chloroplasts, which 
are characterized by a slow fluorescence decline. The fluorescence lifetime (r) ana the fluores­
cence relative quantum yield (q>) o f intact chloroplasts, measured with the phase fluorometer, 
showed nearly proportional light-induced decrease with a halftime o f  ~ 3 0  s, which was removed 
by 3-(3.4-dichlorophen y l)-1.1 -dimethylurea (DCM U), by 4.5,6,7-tetrachloro-2'-trifluoromethyl- 
benzimidazole (TTFB). by carbonyl cyanide /?-trifluoromethoxyphenylhydrazone (FCCP) at a 
low concentration and by gramicidin D. Simultaneously the slow light-induced increase in 
absorbance at 518 nm (A A 518), reflecting thylakoid membrane energization, was eliminated. The 
data on r o f intact chloroplasts are original, the other results agree with literature data. In leaves, 
the slow light-induced fluorescence decline, with r dropping from ~ 2  to ~ 0.6 ns, was abolished  
by FCCP at a concentration o f 5 ^m. However, while r was stabilized at a level close to the initial 
(maximum) one or somewhat higher, q> became close to the minimum value. Besides, the 
amplitude o f A A 518 was lowered about three times. These effects seemed to be due to multiple 
action o f FCCP as a protonophoric uncoupler and an electron transfer inhibitor. In the presence 
o f another uncoupling agent, TTFB, which, besides, is a diuron-like inhibitor o f  the electron 
transfer in chloroplasts, we observed the light-dependent, but hardly linked to changes in 
membrane potential, great increase in r o f a leaf from ~  1.9 to ~ 4 .3  ns, with cp decreasing 
slightly. Addition o f  DCMU together with FCCP to the incubation medium or infiltration o f a 
leaf with DCMU alone stimulated the rise in r only to ~ 3  ns. The increase in r o f a leaf observed 
in the presence o f  FCCP and DCMU, and especially with TTFB, may be associated with protein 
conformation changes which (i) alter the lifetime o f nanosecond recombination luminescence o f  
the photosystem II and /or (ii) disturb excitation energy transfer from the light-harvesting 
chlorophyll a /b  com plex to other pigment-protein complexes.

Introduction

At the onset  o f  i l lu m in a t io n  in tact chloroplasts  
re tain ing envelopes, cells o f  g reen  a lgae an d  w hole  
leaves exhibit a ra th e r  fast increase  in fluorescence 
to a m a x im u m  level P, w h ich  is followed by a slow

Abbreviations: RC, reaction center; LHC, the light- 
harvesting chlorophyll a /b  complex; P680, the primary 
electron donor o f PSII; Q, the primary nonporphyrine 
electron acceptor o f PSII; B. the secondary electron 
acceptor o f PSII; Ph, pheophytin. the intermediary electron 
acceptor o f PSII; DCMU, diuron, 3-(3,4-dichlorophenyl)-l,
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methylbenzimidazole; FCCP, carbonyl cyanide /7-trifluoro- 
methoxyphenylhydrazone; CCCP, carbonyl cyanide m- 
chlorophenylhydrazone; Hepes, N-(2-hydroxyethyl) 
piperazine-N'-2-ethanesulfonic acid; Mes, morpholino- 
etnane sulfonic acid; Tris, tris(hydroxymethyl)amino- 
methane; Tricine, N-tris(hydroxymetnyl) methylglycine; r, 
fluorescence lifetime; cp, relative fluorescence quantum  
yield; AA. absorbance change; Aip, transmembrane electric 
potential difference.
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(with a  ha lf t im e o f  3 0 - 6 0  s) decline  to a s teady-sta te  
level S. A lgae an d  leaves can  show  ad d i t ion a l  
S -» M -» T  fluorescence transit ion  [1, 2], T he  process 
is reversed in the dark . T he  slow ligh t- induced  
fluorescence decline  has a com plex  na tu re .  Firstly, 
u nd er  certa in  cond it ions  it m a y  be associa ted  with 
reoxidation  o f  the  so-called “ p r im a ry ” e lec tron 
accep tor o f  PSII, Q, w hich  is in the  re d u ce d  state 
(Q~) w hen  f luorescence reaches  the  P level [3, 4], 
Secondly, it m ay  be  l inked  to energ iza t ion  o f  a 
thylakoid  m e m b ra n e ,  in pa r t icu la r  to m a g n es iu m  
ion release from the  in t ra th y lako id  space  to the  
stroma in response  to the l igh t-dr iven  u p ta k e  o f  
p rotons by thy lako ids  [4 - 9 ] .  Thirdly , a slow light- 
d ep en d en t  q u e n c h in g  o f  ch lo ro p las t  fluorescence 
m ay  be caused  by A T P -d e p e n d e n t  p ho sp h o ry la t io n  
o f  the l igh t-harvest ing  c h lo rophy ll  a /b  com plex  
(LH C) ca ta lyzed by k inase, with the  activity b e ing  
controlled by the  redox  sta te  o f  p la s to q u in o n e  [ 1 0 ,
11 an d  refs, therein]. In  a leaf, the m os t com p lex  
intact system, p ro bab ly ,  each  o f  the th ree  m echa -
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nisms m akes  a ce r ta in  co n tr ib u t io n  to the P -> T 
fluorescence transit ion  [3. 12, 13].

The ideas o f  the  abo v e  m ec han ism s  are  based  to a 
considerab le  ex tent on  d a ta  co nce rn in g  action  o f  
d ifferent agen ts  on  f luorescence intensity. The 
reversible l igh t- induced  q u en c h in g  o f  f luorescence 
o f  intact ch lorop las ts  is rem o v ed  by a n u m b e r  o f  
u nco up lin g  agents , e.g., the  io n o p h o ro u s  an tib io t ic  
g ram icid in  D  [6 ] a n d  the  p ro to n o p h o r ic  u n cou p le r  
F C C P  [5, 7, 8 ], F C C P  a n d  its an a lo g u e  C C C P  
p roduce  the  s im ilar  effect on  the  fluorescence 
decline in g reen  a lgae  [14, 15]. H ow ever,  add i t io n  o f  
F C C P  at c o n cen tra t ion s  exceed ing  1 |iM leads to 
irreversible l ig h t-d ep en d en t  q u e n ch in g  o f  ch lo ro ­
plast f luorescence [7, 8 ]. P robably , this is re la ted  to 
the d iscovered  in ear l ier  s tudies  [1 6 -1 9 ]  light- 
d e p e n d e n t  action o f  C C C P  a n d  F C C P  on e lec tron 
transfer o n  the d o n o r  side o f  PSII.

The slow fluorescence decline  is abo lish ed  also by 
d iuron-like  inh ib ito rs  in in tac t  ch lorop lasts  [ 4 - 6 ] ,  
green a lgae [20, 14] a n d  leaves [12]. It is w ell-know n 
that d iu ron-like  inh ib ito rs  b lock elec tron  transfer  on 
the accep to r  side o f  PSII b e tw een  Q a n d  the  next 
electron carrier, p la s to q u in o n e  B [21], bu t the 
m echan ism  o f  the ir  inh ib ito ry  action  rem a in s  u n ­
clear. It was co nsidered  to be based  on redu c t io n  o f  
the m id p o in t  po ten t ia l  o f  the  coup le  B /B ~  [22], N ow  
it is suggested [23, 24] tha t  an  inh ib i to r  m olecu le  
can d isplace B from its b ind ing  site on  the  special 
p rote in  w ith  a m o lecu la r  w eight o f  32 k D a  regu la t­
ing e lec tron transfe r  be tw een  Q an d  B (see [25, 26] 
and  refs, therein) .  A n o th e r  possibility is discussed 
also: b in d in g  o f  the  in h ib i to r  w ith  the  32-kD a 
pro te in  m ay  in du ce  s t ruc tu ra l  re a r ra n g e m e n ts  in it, 
which d is tu rb  e lec tron  transfer  b e tw een  Q a n d  B 
[21. 2 6 -2 9 ] ,

A study o f  the effect o f  d iu ron- l ike  inh ib ito rs  on  
fluorescence in d u c t io n  still re m a in s  u rgen t to date, 
as in the presence  o f  these agents  excit ing light 
p rovides accu m u la t io n  o f  PSII reac t ion  centers 
(RCs) in the state P680 Q~. (The sam e occurs  in the 
dark  u p o n  add i t io n  o f  the reduc tan t-d i th ion i te ) .  
A ccord ing  to recen t d a ta  (see [30]), this state o f  the 
RCs is no t ac tua lly  the  “ c losed” one. Between P680 
and  Q, there  is an  in te rm e d ia ry  elec tron  acceptor,  
ph eo ph y tin  (Ph), which ope ra te s  similarly  to 
b ac te r io ph eop hv t in  in p u rp le  bacte ria  [3 1 -3 3 ] ,  In 
this connection , it has been  suggested  tha t  the 
increase in the ch lo rophy ll  f luorescence yield and  
the em ergence  o f  a f luorescence c o m p o n e n t  w'ith a

lifetime o f  2 - 4  ns in ch lorop las ts  [34. 35] an d  4.3 ns 
in p igm en t-p ro te in  com plexes  o f  PSII [33], observed  
upon  reduct ion  o f  Q, are du e  to n a n o se co n d  lu m in ­
escence. resulting from charge  reco m b in a t io n  in the 
ion-radical pa ir  P 680+Ph~ [34], The following 
a rgum ents  are  in favour o f  this hypothes is : (i) the 
nanosecond  lum inescence  s t im u la ted  by d ith ion ite  
vanishes, w hen  R Cs tu rn  in to  the  state P680Ph~Q ~ 
[33. 34]; (ii) the fluorescence yield  in the  presence o f  
d ith ionite  is affected by m agn e t ic  field (see [36] and  
refs, therein). H owever,  its effect in ch lorop lasts  an d  
algal cells increases (bu t  no t d rop s )  u p o n  low ering 
the te m p era tu re  from 200 to 100 K. in con trast  to 
that in purp le  bacte r ia  (see [36] a n d  refs, therein). O ne 
o f  the a rg um en ts  agains t  the rec o m b in a t io n  na tu re  
o f  the n ano seco nd  lum inescence  is the  absence  o f  
the long-lived (n ano seco nd )  c o m p o n e n t  in f luores­
cence o f  m u ta n t  barley  ch lo rop las ts  lacking L H C  
[37]. Besides, it shou ld  no t be neg lec ted  that, ac ­
cording to the da ta  in [38], the  life tim e o f  the PSII 
recom bina t ion  lum inescence  is o f  the  o rd e r  o f  
150 ns.

In purp le  bacteria ,  the  im p o r ta n t  fact tha t  has lent 
suppor t  to the idea  o f  re c o m b in a t io n  n a tu re  o f  the 
nanosecond  fluorescence is the  h igh sensitivity o f  
the latter to the t r a n s m e m b ra n e  electric po ten t ia l  
difference (Axp) [3 9 -4 1 ] .  A d d it io n  o f  un cou p ling  
agents to energized c h ro m a to p h o re s  leads to the 
increase in the f luorescence life tim e (r) an d  the 
decrease in the relative fluorescence  q u a n tu m  yield 
(cp) which have been  a t t r ibu ted  to the  change  in the 
activation energy o f  the n a n o se c o n d  recom b in a t io n  
luminescence. The effect o f  an  u n c o u p le r  on fluores­
cence has been  recently  used to  s tud y  the  n a tu re  o f  
nanosecond  emission in g reen  a lgae  [15],

It is no tew orthy  th a t  in the  early  phase  fluoro- 
metric studies [42, 20] o f  the in d u c t io n  p h e n o m e n a  
in fluorescence o f  g reen  a lgae  a n d  h igher  p lan t 
leaves, r  and  y  w ere  m e a s u re d  s im u l tan eou s ly  an d  
the ratio o f  these p a ram e te r s  ( r / cp) was show n to 
rem ain  constan t in the course o f  the ir  slow paralle l 
decline. Form ally , this is ind ica tive  o f  the h o m o ­
geneous cha rac te r  o f  the fluorescence. Nevertheless, 
the co m p u te r  analysis  o f  the f luorescence decay  
after a w eak  laser pulse ap p l ied  to g reen  a lgae an d  
h igher p lan t chlorop lasts  has revea led  tha t  it is well 
s im ula ted  by a sum  o f  three  ex po nen tia l  c o m p o ­
nents [35. 43. 44],

In view o f  e luc ida tion  o f  the n a tu re  o f  n a n o ­
second emission o f  ch lo rophy ll  in h igh e r  plants, it
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seem ed in terest ing  to us to pe rfo rm  m easu rem en ts  
o f  r  in in tact objects ( in tac t  ch lorop lasts ,  leaves) and  
to s tudy sensitivity o f  r  a n d  cp to e lec tron  transfer 
inhibitors a n d  u n co u p l in g  agents  u n d e r  the  co n d i­
tions o f  the slow fluorescence  decline.

Materials and Methods

For infil tration, a freshly cu t g reen  b e an  lea f  was 
p lunged  in to  0.05 Tris -H C l or T r ic in e -N a O H  buffer 
solution (p H  8 ), w hich  was su b seq u en t ly  degassed 
with a w a te r- je t  p u m p  d u r in g  20 min. T hen  air  was 
let to com e  in to  the vessel with a l e a f  As a result o f  
a sharp  ch ang e  in pressure , the  buffe r  so lu tion  cam e 
into the le a f  tissues, a n d  the  le a f  b ecam e  tr an s ­
parent.  A  rec tan g u la r  piece was cu t o u t  o f  the lea f  
infiltrated in such a w ay  a n d  p lace d  on  a t r an s­
paren t  p la te  a long  the  d iago na l  p la n e  o f  a m e a ­
suring cuvette.

For isolation o f  in tac t  ch lo rop las ts  acco rd ing  to 
the m e th o d  descr ibed  in [45], freshly cu t b ean  leaves 
were g ro u n d  by m e a n s  o f  a do m es t ic  h o m og en ize r  
at 0 ° C  for 5 s in th e  so lu tion  “ A ” [46, 47], After 
filtration th ro u g h  8  layers o f  a cheese-clo th , the 
suspension was cen tr i fuged  for 40 s a t  2000 Xg. The 
precipita te  was carefu lly  se p a ra te d  from the su p e r ­
n a tan t  a n d  re su sp en d ed  in a small vo lum e ( ~ 0 .5 m l )  
o f  the so lu tion  “ C ” . Both so lu tions  co n ta in ed  0.33 m  

sorbitol, 2 m M  ED T A , 1 m M  M gC l2, 1 m M  M n C l2 . 
Besides these co m p o n en ts ,  the  so lu tion  “ A ” co n ­
ta ined  0.05 m  M e s-N aO H  (p H  6.1), 10 m M  N aCl,
4 m M  cysteine, 2 m M  ascorba te ,  1 m g / m l  bovine

serum album in ,  the  so lu tion  “ C ” c o n ta in ed  0.05 m  

H ep es-N aO H  (p H  7.6).
The fluorescence param ete rs ,  r  a n d  cp. w ere  m e a ­

sured with the p h ase  f luorom eter ,  as in [48], 
Fluorescence was excited by 404 an d  436 nm 
m ercury  lines, w ith  the  in tensity  o f  excit ing light 
being 5 0 J - m - 2 - s -1. F luorescence  spectra  w ere 
recorded with the spec tro f lu o r im e te r  H itachi MPF-4.

The ligh t- induced  ab so rb an ce  ch anges  (A A) in 
the region o f  4 0 0 -6 0 0  nm  w ere  m e asu red  w ith  the 
differential d u a l-b e a m  sp ec tro p h o to m ete r ,  as in [40]. 
The 400 W  tungs ten  la m p  was used as a source  o f  
the actinic light. T he  glass fi lter t r an sm it t ing  the 
A > 620 n m  range an d  the  in te rfe rence  filter IF  675 
(VEB Carl Zeiss J e n a )  w ere  p laced  in fron t o f  this 
lamp. The p ho to m u lt ip l ie r  was p ro tec ted  from 
scattered actinic light by  the glass filter cu t t in g  off  
the X > 600 nm  range.

Results and Discussion

In p re l im inary  ex p er im en ts  we did  no t  de tec t  any 
effect o f  the ligh t- induced  m e m b ra n e  po ten t ia l  on 
the fluorescence o f  b ro k en  chloroplasts .  T herefore ,  
we decided to s tudy  this effect with systems closer to 
the in vivo state -  in tact ch lorop las ts  re ta in ing  
envelopes an d  w hole  leaves.

I f  d a rk -a d a p te d  in tac t  ch lo rop las ts  a re  exposed  to 
s trong i l lum ination , the ir  f luorescence p a ram ete rs ,  r  
an d  (p, show the g ra d u a l  nearly  p ro p o r t io n a l  d e ­
crease dow n to the  s teady-s ta te  levels, w h ich  are 
reached  in 1 - 2  m in  (Fig. 1 A). T he  f luorescence

1.0 0.92

0.7

B C

L

t t

1.05 1.05

Fig. I. The fluorescence lifetime (r) and the fluorescence relative quantum yield (see numbers above the traces o f r) o f 
intact chloroplasts without additions (A), in the presence o f  0.5 jim  FCCP (B), o f 5 um  FCCP (C) and o f 30 ^iM TTFB (D), 
(t) and ( i)  designate the moments, at which chloroplasts are exposed to the cxciting light o f the phase fluorometer and 
then replaced by the reference cuvette with latex.
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q u e n ch in g  is reversed  in the dark . The slow light- 
induced  decline  in b o th  p a ra m e te r s  is rem ov ed  by 
D C M U , by F C C P  a t a co n cen tra t io n  o f  0.5 fxM 
(Fig. 1 B). by TTFB (the d iu ron- l ike  inhib ito r,  which 
is an uncoupler as well [49, 50, 21]) (Fig. 1 D) and by 
gram ic id in  D (n o t  shown). T he  values  o f  r  a n d  cp, 
w hich  rem a in  co n s ta n t  u n d e r  p ro longed  i l lum ina ­
tion  o f  in tact ch lorop las ts  in the  presence  o f  these 
agents , are  close to m a x im u m  values observed 
w i tho u t  addit ions . Raising  o f  F C C P  concen tra t io n  
to 5 jiM leads to irrevers ib le  p ro p o r t io n a l  decrease  in 
r a n d  cp (Fig. 1 C).

Fig. 2. The light-induced changes in the absorbance at 
518 nm (A 4 518) o f  intact chloroplasts incubated without 
additions (A), in the presence o f  0.5 |̂ m FCCP (B), of 
5 |j.m  FCCP (C), o f  0.5 |j.m  gramicidin D (D), o f  30 (iM 
TTFB (E) and o f 20 |j.M DCMU (F). (T) and (1), switching 
the actinic light on and off, respectively.

The reversible l ig h t- ind uced  decline  in r  an d  cp o f  
in tact chloroplasts  co rre la tes  k inetically  with the 
slow light- induced  increase  in the  a b so rb an ce  at 
518 nm  (Z l^518) (Fig. 2), w hich  reflects the  energy- 
linked changes in l igh t-sca tter ing  by ch lo rop las t  
m em b ran es  [51. 52], A A 5l8 d is app ea rs  up o n  the 
add it ion  o f  anv o f  the  a b o v e -m e n t io n e d  agents  
(Fig. 2).

Thus, i f  the  m a x im u m  va lues  o f  r  a n d  cp m easu red  
for chloroplasts  u n d e r  h igh light cond it ions  (with 
PS II RCs being in the P680 Ph Q~ state) are believed 
to be d ue  to the n a n o se c o n d  re c o m b in a t io n  lu m i­
nescence, one m ay  co n c lu d e  th a t  the d a ta  o b ta in ed  
indicate on  the absence  o f  the  specific (charac te r ized  
by changes in r  and  cp in o pposi te  d irec tions [40]) 
effect o f  the l ig h t-d ep en d en t  m e m b ra n e  energ iza tion  
on  this lum inescence. H ow ever ,  it shou ld  be noted , 
that in the l igh t- induced  ab so rb a n ce  changes  o f  
intact chloroplasts  a t  ~  520 n m  there  is no  fast rise 
(Fig. 2 A, [8 ]), w hich  is charac ter is t ic  o f  the electro- 
chrom ic  shift o f  the  p ig m e n t  ab so rp t io n  b an d s  
reflecting g enera t ion  o f  Axp across a thy lakoid  
m e m b ra n e  [53].

F igure 3 illustrates f luorescence  m e a s u re m e n ts  
with an  infil tra ted leaf. It is seen tha t  the exciting 
light brings a b o u t  the g ra d u a l  decrease  in r  (f rom 2  

to 0.6 ns) an d  in cp (by a fac tor o f  2) o f  the  leaf. The 
fluorescence decrease  is reversib le  an d  can be o b ­
served again  after ap p ro x .  1 0  m in  o f  da rk  a d a p ­
tation.

F igure 4 shows the l igh t- in du ced  changes  in the 
absorban ce  o f  the in f i l tra ted  l e a f  a t  518 nm. The

r 3T ,n s

2

1.80 1.74

1.55

J

Fig. 3. The fluorescence lifetime (r) and 
the fluorescence relative quantum yield 
(see numbers above the traces o f  r) o f  a 
bean leaf infiltrated with 0.05 m Tricine- 
NaOH buffer solution (pH 8 ): A. without 
additions; B. after 40-min incubation in 
the dark with 5 |.im  FCCP; C, after 80- 
min incubation with 5 |am FCCP; D, (C) 
after 30-min incubation in the presence 
o f IOOum DCMU.
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a SIS

AAV 30 S 

B

t t t

Fi2. 4. The light-induced changes in the absorbance at 
51% nm (zL4518) o f a bean leaf infiltrated with 0.05 m  
Tricine-NaOH buffer solution (pH 8): A, without additions 
just after infiltration; B, without additions after 30-min 
keeping in the dark; C, after 55-min incubation with 5 jim 
FCCP; D, after 75-min incubation with 5 |iM FCCP; E, (D ) 
after 30-min incubation with 100 îm DCM U.

a A
0.006

0.004

0.002

A,nm

450«. 500 550

- 0.002

Fig. 5. The spectrum o f  the fast phase o f  the light-induced 
changes in absorbance (A A ) o f an infiltrated bean leaf.

kinetic trace o f  A A 518 is co m p o sed  o f  a fast p h ase  
(see its sp ec tru m  in Fig. 5) a n d  a slow one. T he  
am p l i tud e  o f  the fast phase, p ro b ab ly ,  is p r o p o r ­
tional to Arp [53], while  com plex  trans ien ts  o f  the  
slow phase are  associated  with s t ruc tu ra l  r e a r ra n g e ­
ments induced  by  p H  changes w ith in  the in tra thy -  
lakoid space [52, 54]. The kinetics o f  A A 518 poo r ly  
correlates with th a t  o f  changes in r  a nd  cp o f  the  leaf.

Addition  o f  5 u m  F C C P  to the  buffe r  m e d iu m ,  in 
which the inf il tra ted  lea f  is p lu ng ed ,  leads (af ter  
keeping for 40 m in)  to e lim in a t io n  o f  the light- 
induced changes  in r  an d  cp (Fig. 3 B. C). The v a lue

o f  r  is m a in ta in ed  close to the m ax im u m , o r  h igher  
by ~  15% (in o ther  experim ents),  b u t  the value  o f  
-  close to the m in im u m  one, observed  w itho u t  
additions. The am p l i tu d e  o f  the fast A A 518 d rop s  by 
a factor o f  approx . 3. S ub seq u e n t  add i t io n  o f  100 [iM 
D C M U  brings a b o u t  the increase in r  to 2.9 ns 
(Fig. 3 D )  and  a change  in the p a t te rn  o f  A A 518 with  
a slight decrease in its am p l i tu d e  (Fig. 4 D ,  E). After 
keeping o f  a lea f  for 1 0 -1 5  m in in the in cu ba t ion  
m ixture con ta in ing  1 0 0 -2 0 0  u m  D C M U , b u t  w i tho u t  
FC CP, the ligh t- induced  decline in r  a n d  cp is also 
abolished, with r  and (p values being stabilized near  
the initial level ( r  =  2.4 ns) (da ta  no t shown). I f  a lea f  
is inf il tra ted  in the presence o f  D C M U , r  a m o u n ts  
to 2.9 ns.

The absence  o f  corre la t ion  in r  an d  varia tions 
induced  by F C C P  ( r  rem ains  u n a l te red  or rises, 
while q) drops, as co m p a red  to th e  initial level) m a y  
be a tt r ibu ted  to m ul t ip le  action  o f  this agent: o n  one  
side, as a p ro to n o p h o r ic  u n co u p le r  which (i) 
e l im inates  the energy-linked  ligh t- induced  decline  in 
r  an d  q> a n d  (ii) causes a rise in r  an d  a d ro p  in cp o f  
the nanosecon d  recom b in a t io n  lum inescence; on  the 
o ther  side, as an  in h ib ito r  o f  w ater  cleavage, w hich 
d is turbs electron transfer on the d o n o r  side o f  PSII 
an d  brings ab o u t  fluorescence q u en ch in g  unre la ted  
to p ro ton  g rad ien t  collapse [16, 18]. W itho u t  tak ing  
into accoun t the reco m bina t io n  lum inescence , the 
d isp roport ion  in varia tions o f  z  a n d  cp m ay  be 
expla ined  by suggesting th a t  F C C P  induces 
fluorescence q u en ch in g  only  in som e pa r t  o f  the 
hete rogeneous  p ig m en t  system o f  a leaf.

Perhaps, c lear da ta  concern ing  the  in f luence  o f  
the light- induced  m e m b ra n e  po ten t ia l  on  lea f  
fluorescence could  be o b ta in ed  w ith  m ore  specific 
agents, io n o ph o rou s  antibiotics, b u t  we failed to 
observe an y  effect o f  g ram icid in  D, as well as o f  
nigericin in com b in a t io n  with v a l inom ycin  on  lea f  
fluorescence. Possibly, pene tra t ion  into le a f  chloro- 
plasts is h in d e red  for these antibiotics.

The experim ents  with  an o th e r  un cou p lin g  agent, 
TTFB, which h ad  no t been  used earlier  in f luo­
rescence studies,  were m ore  successful. As seen from 
Fig. 6 , exposure  o f  an  inf il tra ted  le a f  to the exciting 
light after  keep ing  it du r in g  2 0  min p lu ng ed  in to  the 
buffer solution contain ing 100 jaM T T F B  leads to 
the increase in r  from ~ 2 . 1  to ~ 4 . 3  ns. The initial 
values o f  r  a n d  qi practically  coincide  with the ir  
m ax im u m  values m easu red  before  a d d it ion  o f  
TTFB. The rise in r  is not a cco m p an ied  by a
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Fig. 6 . The effect o f  TTFB on the fluores­
cence lifetime (r, O), on the fluorescence rela­
tive yield {cp, A). on the x/cp ratio ( • )  and on 
the amplitude o f  the fast phase o f  the light- 
inducea absorbance changes at 518 nm (AA, 
■ ) o f  a bean leaf infiltrated with 0.05 m  
Tricine-NaOH buffer solution (pH 8). (T) and
(I) denote the moments, at which a leaf and a 
reference cuvette with latex are exposed to the 
exciting light, respectively. The big arrow 
designates the m oment o f adding o f  TTFB to 
the incubation medium. (TTFB is added from 
0.02 M solution in ethanol.)

co rrespond ing  increase in  cp\ while r  rises, the 
fluorescence intensity  e i ther  slightly d im inishes,  or 
does not change  at all, so tha t  finally the  cp value 
becom es by ~ 3 0 %  low er th a n  the initial one  and  
the x/cp ra t io  increases by a factor o f  2 .5 -3 .0 .  The 
process is no t reversed  in the dark . As show n by 
m ea su rem en ts  o f  the ab so rb ance  changes, a c o n ­
siderable  part  o f  the  increase in r  p roceeds in a lm ost 
un cou p led  m e m b ra n e s :  by  the beg inn ing  o f  the 
process,  A A 518 has a l r ead y  d ro p p ed  by approx .  60%, 
p robab ly  as a  result o f  the uncoup lin g  action  o f  
TTFB (Fig. 6 ).

Similar results were o b ta in ed  after inf il tra t ion  o f  a 
lea f  with the buffer so lu tion  con ta in ing  1 0 0  |iM 
TTFB d u r ing  ~ 90 m in  in the dark. After the onset 
o f  i l lum ina t ion  the  ra th e r  fast rise (with a half time 
o f  ~ 3 0 s )  in r  from 1.85 to 3.15 ns was observed, 
which was followed by the slower increase up  to 
4.3 ns (Fig. 7 A. B). The a m p l i tu d e  o f  the  fast phase  
o f  A A 5lg, be ing  part ia l ly  suppressed  after  infil tration 
o f  the lea f  with TTFB, slightly ch ang ed  in the course 
o f  the increase in x (Fig. 7 A). It is rem ark ab le  tha t  
the increase in r, ind u ced  by in tense il lum ination , 
starts from the  low value. 1.85 ns, i.e. the p ro longed  
k eep ing  an d  even inf il tra tion  o f  a lea f  with TTFB in 
the dark  do  not cause  the  increase in r, b u t  only 
accelerate  the process o f  its ligh t- induced  rise (c f  
Figs. 6  an d  7 A). Thus, the d iscovered p h e n o m e n o n  
o f  the increase in r  is the l igh t-dep end en t  process, 
hard ly  linked to changes  in m e m b ra n e  potentia l .  It 
has been  noticed , by the way, tha t  it is the blue, but 
not red. light tha t  initiates the process.

The t ime courses o f  the ligh t- induced  increase in r  
varied in different experim ents ,  p ro bab ly  d u e  to

changes in the  a m o u n t  o f  TTFB having  p en e tra ted  
into lea f  chloroplasts .  A d d it io n  o f  e than o l  together  
with TTFB is o f  no im p o r tan ce ,  as we have o b ta in ed  
s im ilar results  while using  a n  a lka l ine  w a te r  solution 
o f  TTFB (n o t  shown).

It is no te w o r th y  tha t  the  increase in r  up  to 4.3 ns 
is no t a c c o m p a n ie d  by  app rec iab le  changes  in a 
roo m  te m p e ra tu re  f luorescence  spec trum  o f  a lea f  
(no t show n). M oreover,  th e  values o f  r, m easu red  
with the use o f  a glass filter t ransm itt ing  a lm o st  the 
whole sp e c t ru m  o f  l e a f  fluorescence ( /  > 620 nm), 
an d  those o b ta in e d  w ith  a filter tran sm it t ing  only 
the long-w aveleng th  p a r t  o f  the spec tru m  (A > 
730 nm ) are  practically  the  sam e, tho ug h  the  cor­
re sp on d ing  fluorescence in tensities differ by a factor 
o f  ~ 3 . 5 .  W h en  tak ing  in to  accoun t th a t  in the 
absence  o f  TTFB the k inetics  o f  the ligh t- induced  
decline in r  o f  le a f  fluorescence  at X > 730 n m  is 
ana lo go us  to tha t  at A > 620 nm (Fig. 8 ), the co n ­
clusion m a y  be d ra w n  th a t  TTFB produ ces  the sam e 
effect on  r  in the  sh o r t-w aveleng th  an d  in the  long- 
w avelength  parts  o f  the fluorescence spec trum .

In the  course  o f  this inves tigation  we have  not 
o b ta in ed  c lea r  d a ta  co nce rn in g  the effect o f  the 
l igh t- induced  m e m b ra n e  po ten t ia l  on n an osecon d  
lum inescence  o f  c h lo rophy ll  in ch lorop lasts  and  
w hole leaves. Most p ro b ab ly ,  the m ag n i tu d e  o f  Axp 
m ain ta in ed  across a thy lako id  m e m b ra n e  by p h o to ­
synthetic electron flow is too  small [53], so th a t  the  
effect o f  Axp on  the  n ano seco n d  lum inescence  
can n o t  be  de tec ted .

As to the  effect o f  TTFB on  lea f  f luorescence, two 
phases are  d iscernab le  in the process o f  the r  
increase af ter  inf il tra tion  o f  a lea f  with this agen t:  (i)
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the fast rise in r  from ~  2 to ~  3 ns observed  in the 
time range o f  seconds an d  tens o f  seconds, a n d  (ii) 
the slow increase in r  from ~ 3  to ~ 4 . 3  ns w ith  a 
halftime o f  ~  30 m in. I f  TTFB is s im ply  a d d e d  to 
the incuba t ion  m e d iu m  o f  an  infi l tra ted  le a f  the 
m on o ton ou s  slow rise from ~ 2  to 4.3 ns is o b ­
served. The fast rise is s im ilar to the  chan ge  in r,
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Fig. 7. (A) The time course o f the fluorescence lifetime (r, 
O), the fluorescence relative yield {cp, A), the z/cp ratio ( • )  
and the amplitude o f  the fast phase o f  the light-induced 
absorbance changes at 5 l8 n m  (AA, ■ ) o f a bean leaf 
infiltrated in the dark for ~ 90 min with 0.05 m Tris-HCl 
buffer containing 100 p.M TTFB. (B) The fast phase o f  the 
kinetics o f  z and (p (see numbers above the trace o f r) 
shown in (A).
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Fig. 8. The kinetics o f the fluorescence lifetime (r) and the 
fluorescence relative yield (see numbers above the traces o f 
r) o f a bean leaf infiltrated with 0.05 m Tris-HCl buffer 
solution. The trace A is detected through a glass filter 
transmitting fluorescence in the range o f A > 620 nm and 
trace B -  through a glass filter transmitting the X > 730 nm 
range.

which occurs after infil tration o f  a le a f  w ith  1 0 0  p.M 
D C M U  (not show n) or after add it ion  o f  5 (im F C C P  
together with 100 jiM D C M U  to the  incuba t ion  
m ed ium  (Fig. 3 D ) .  Possibly, these changes  have the 
co m m o n  nature .  The  first phase  o f  the increase in r  
is characterized by a decrease in cp, as co m p a re d  to 
the initial level, by 2 0 -3 0 %  in the case o f  TTFB and  
by ~ 5 0 %  -  in the case o f  F C C P  plus D C M U . 
D uring  the second phase  observed  w ith  a TTFB- 
infiltrated leaf, cp rem a ins  unaltered .

The effect o f  TTFB on  lea f  fluorescence m ay  be 
tentatively expla ined  from two view points ,  bo th  
seem ing p lausib le  to us:

I. W hen  believing th a t  the  r e c o m b in a t io n  lum i­
nescence o f  PSII m akes  the  m a jo r  con tr ib u t io n  to 
the chlorophyll  fluorescence o f  green p lan ts  un d e r  
high light conditions, one  m ay  suppose  th a t  a light- 
d e p e n d en t  co nfo rm at iona l  change  takes place upon  
b ind ing  o f  TTFB with the 32-kD a p ro te in ,  reg u ­
lating elec tron transfer be tw een  p la s to qu in on es  Q 
an d  B. This leads to a decrease  in the ra te  constan t 
o f  radiative recom b in a t ion  o f  charges in the  ion pair  
P680+PhT as a result of, e.g., an  increase  in the 
dis tance be tw een  P680 and  Ph. In this case, r  and  cp 
m ay actually  change  in opposi te  directions, as it is 
observed during  the first phase.

II. W hen  assum ing  the  n ano seco nd  emission o f  
chlorophyll in h igher  p lan ts  to be d u e  to the 
functionally sepa ra ted  ligh t-harvest ing  ch lorophyll  
a /b  com plex  [37, 55, 43], it m ay  be suggested  tha t  (i)

i,ns <p,rel u.
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the 32-kD a p ro te in  plays an  im p o r tan t  role in 
m ed ia t ing  excita tion  energy transfer from L H C  to 
the core a n te n n a  o f  PSII, and  the inh ib ito r- induced  
confo rm at ion a l  ch an g e  in the p ro te in  lowers the 
efficiency o f  this process, or (ii) the  T TFB -induced  
confo rm at iona l  c h a n g e  involves no t only the 32-kD a 
protein , bu t also the  prote ins  o f  LHC. an d  thereby  
d is turbs excita tion  energy  transfer from L H C  to 
o the r  p ig m e n t-p ro te in  complexes, which results in 
the considerable increase in r and (p. In order  to m ak e  
the hypothes is  II self-consistent, an  add it iona l as­
sum p tion  should  be m a d e  th a t  the en h an cem en t  
o f  fluorescence o f  L H C  is a c com p an ied  by q u e n c h ­
ing o f  fluorescence o f  som e o th e r  complexes. O th e r ­
wise, the  increase in the r /<p ra t io  observed in the 
presence  o f  TTFB w ould  be unclear.

The b iphasic  ch a rac te r  o f  fluorescence changes, 
possibly, is re la ted  to the p r e d o m in a n t  effect o f  
TTFB at  first o n  the  electron transfer  (the h y p o ­
thesis I) and  then  on  the  excitation energy transfer 
(the hypothesis II).

In fact, the use o f  TTFB unexpected ly  gave us the 
first op p o r tu n ity  to observe with an  in tact p h o to ­
synthetic  object, a m a tu re  green leaf, the high values 
o f  the m ea n  f luorescence lifetime ( 4 . 0 - 4 . 3 ns), 
ap p ro ach in g  those m e asu red  for a dilute  so lu tion  o f  
chlorophyll  a [56]. S im ilar  values o f  r  (up  to 5 ns) 
were m easu red  earl ie r  only with etiolated leaves

[42], A ccord ing  to the  da ta  o f  phase  a n d  pulse 
fluorometry. the  m ax im u m  m ean  va lues  o f  the 
chlorophyll fluorescence lifetime in g reen  p h o to ­
synthetic objects, such as leaves, a lgae a n d  c h lo ro ­
plasts, at ro o m  te m p e ra tu re  hard ly  exceed 2  ns (see 
[2. 35] an d  refs, there in . [48]), w hereas  r  m e a s u re d  for 
the m o n o m e r ic  form o f  the  iso lated  L H C  is o f  the 
ord e r  o f  3 - 4  ns [55, 57. 58], Possibly, we w ere lucky 
to observe a n  un u su a l  sta te  o f  LHC in vivo, w hen  
there is practically  no excita tion  transfe r  from 
ch lorophyll o f  this co m p lex  to any  q u en ch in g  
centers. This is o f  in terest for e luc ida tion  o f  the  state 
o f  LHC in a th y lak o id  m e m b ra n e  an d ,  in general , 
the state o f  ch lo rophy ll  in vivo. The  fact is th a t  in 
solution with p ig m en t  co n cen tra t ion  as h igh  as tha t  
in a leaf, chlorophyll fluorescence is highly quench ed  
( r <  I n s  [59]). Thus, in te rac t ion  with pro te ins  
prevents  the co nce n t ra t io n  q u en ch in g  o f  ch lorophyll  
f luorescence a n d  prov ides the special state o f  ch lo ro ­
phyll, charac te r ized  by low n o n rad ia t ive  losses o f  
excitation energy.
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