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The fluorescence of chiorophyllase-bound bis(ANS) (4,4'-bis(1-anilino-8-naphthalene suifonate) is partly 
quenched by chlorophyllide. Evidence is obtained that this quenching is due to an interaction of chlorophyl- 
lide with bis(ANS) which is bound to a lipid binding site of chlorophyllase. Measurement of fluorescence of 
both bis(ANS) and chlorophyllide shows that fluorescence excitation energy is transferred from bis(ANS) to 
chlorophyilide. A similar energy transfer was observed when D G D G  liposomes were used instead of 
chlorophyllase-associated lipids. It  is concluded that chlorophyllide migrates from the active site of chloro- 
phyllase to a lipid site on the enzyme. When the chlorophyllase-bis(ANS) complex becomes saturated with 
chlorophyllide, its residual fluorescence is independent of Mg 2+ and is due to the binding of bis(ANS) at or 
near the active site of chlorophyllase. Fluorescence determinations of chlorophyllide formed upon incubation 
of chlorophyilase with chlorophyll provide evidence that chlorophyllide that has accumulated in enzyme-asso- 
ciated lipids can enter the aqueous phase surrounding the enzyme. A tentative model for the action 
mechanism of chlorophyllase on a molecular basis is presented. 

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

In the preceding article [1], isolated chlorophyl- 
lase was shown to contain two different kinds of 
binding site for the fluorescent probe molecule 
bis(ANS). One of these binding sites, called the 
'prote in  binding site', has protein characteristics. 
Since bis(ANS) inhibits chlorophyllase activity 
competitively, it was concluded that this site is 

Abbreviations: bis(ANS), 4,4'-bis(1-anilino-8-naphthalene 
sulfonate); DGDG, digalactosyl diacylglycerol; PC, phos- 
phatidylcholine. 

located at or near the active site of the enzyme. 
The second binding site, called the 'lipid binding 
site', consists of tightly enzyme-bound lipids. The 
purpose of the present article is to evaluate the 
significance of these lipids in the molecular mecha- 
nism of chlorophyllase functioning. To this end, 
the interaction of enzyme-bound bis(ANS) with 
chlorophyllide was determined by means of fluo- 
rescence measurements of both bis(ANS) and 
chlorophyllide. Chlorophyllide, like chlorophyll, is 
non-fluorescent in an aqueous medium, but fluo- 
resces in a lipid environment. Unlike chlorophyll, 
however, chlorophyllide spontaneously binds to 
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l iposomes when the latter are added to chloro- 

phyll ide dispersed in an aqueous medium. This 

means that chlorophyll ide format ion can be moni-  

tored by means of its f luorescence [2]. 

The exper imental  results described below sug- 

gest that the lipids which are conta ined in isolated 

chlorophyllase play a role in the regulation of the 

enzyme activity in that they rapidly remove the 

reaction product  chlorophyl l ide  from the active 

center  of the enzyme. 

Mater ia l s  and M e t h o d s  

On the whole, the materials  and methods  are 

the same as described in the preceding article [1]. 

Chlorophyl l in  (sodium-copper  salt) was pur- 

chased from Sigma. 
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Fig. 1. (A) Fluorescence course of bis(ANS) upon its addition 
to chlorophyllase, measured in an aqueous medium in the 
presence or absence of MgCI 2. 66 ,ug chlorophyllase in 200 /~1 
20 mM Tris-HCl (pH 8.0) with (O) or without (e) 10 mM 
MgCI 2, were titrated with a 4-10 4 M or 8.10 4 M bis(ANS) 
solution in the same medium. The final volume was 220 /~1. 
Data were corrected for chlorophyllase dilution. Excitation was 
at 365 nm. (B) Fluorescence decline of the chlorophyllase- 
bis(ANS) complex upon the addition of chlorophyll, measured 
in the presence ((2)) or absence (O) of MgCI 2. Chlorophyllase- 
bound bis(ANS), obtained in the experiments part (A) was 
titrated with 2 mM chlorophyll in acetone. The final acetone 
concentration was under 0.5%. The final volume was 240 ,ul. 
Data were corrected for chlorophyllase dilution. 
Chlorophyll(ide) fluorescence at 505 nm was negligible. (C) 
Influence of chlorophyllin addition on 505 nm fluorescence of 
chlorophyllase-bis(ANS)-chlorophyllide complex, measured in 
the presence (O) or absence (O) of MgCI 2. Chlorophyllin (2 
mM in 20 mM Tris-HCl buffer (pH 8.0)) was added to the 
chlorophyllase-bis(ANS)-chlorophyllide complexes, obtained in 
the experiments of part (B). The final volume was 250 ~1. Data 
were corrected for chlorophyllase dilution. 

Chlorophyl l  is added to the reaction mixtures as 

a freshly prepared acetone extract of  spinach chlo- 

roplasts: 1 -2  g chloroplasts  (wet weight) were 

extracted at about  4 ° C  with 5 ml acetone. The 

chlorophyl l  concentra t ion  (about  2 /~g//zl) was 

de termined  according to the method of Bruinsma 

[3]. The acetone extract also contains carotenoids  

and other lipids [4]. This unpurif ied chlorophyll  

solut ion was used because lipids are required for 

chlorophyl lase-catalyzed chlorophyll  hydrolysis [4] 

(experiment  of Fig. 4). 

Chlorophyl l ide  was prepared by incubat ion of 

0.4 nmol chlorophyll  with 2/~g chlorophyllase for 

15 rain at room temperature.  In this case, too, 

unpurif ied chlorophyll  was used as a substrate. 

The amount  of lipids or chlorophyllase present in 

the chlorophyll ide preparat ion was too small to 

interfere with the fluorescence experiments  (Figs. 

1 3). 

The fluorescence of l ip id-bound chlorophyl l ide  

was excited at 365 nm and measured either at 678 

nm or in the wavelength range from 650 to 700 

nm. General ly  the absorbance of  protein or chro- 

mophore  in the cuvette was kept below 0.1 at 365 

nm to ensure l inearity of concentra t ion  and fluo- 

rescence. In the exper iment  shown in Fig. lc ,  the 

final absorbance rose to 0.2. Even then the chro- 

mophore  concentra t ion  and its f luorescence were 

reasonably linear. 

Resul t s  and conc lus ions  

Interaction of chlorophyllide and chlorophyllin with 
chlorophyllase-bis(ANS) complex 

Bis(ANS) exhibits very low fluorescence in an 

aqueous  medium, but fluoresces strongly upon its 

binding to chlorophyllase [1]. Fig. 1A shows the 

course of the f luorescence intensity both in the 

presence and absence of Mg 2+, when chlorophyl-  

lase is t i trated with bis(ANS) until near-saturat ion 

values are reached. When at this point  chlorophyll  

is added to the chlorophyl lase-bis(ANS) complex,  

a strong quenching of  the bis(ANS) fluorescence is 

observed (Fig. 1B). Despite  the presence of  

bis(ANS),  the chlorophyllase concentra t ion  used 

in these exper iments  is so high that chlorophyll  is 
ins tantaneously hydrolyzed;  therefore, the de- 

crease in the bis(ANS) fluorescence is actually 

caused by chlorophyl l ide  and not by chlorophyll .  



The  f luorescence of ch l o rophy l l a s e -bound  
bis(ANS) does not disappear entirely upon the 
addition of excess chlorophyll(ide), but reaches a 
steady value. This residual fluorescence intensity is 
independent of the presence or the absence of 
Mg 2+. Results reported in the previous article [1] 
show that with saturating amounts of bis(ANS) 
the number of 'protein binding sites' of chloro- 
phyllase is unaffected by Mg 2+. Moreover, the 
florescence intensity of the maximum amount of 
bis(ANS) molecules bound to the protein binding 
site per mg chlorophyllase, n 1 in Ref. 1, agrees 
well with the residual fluorescence intensity ob- 
served in the present experiment (Fig. 1B). It is 
concluded that this residual fluorescence originates 
from bis(ANS) bound to the protein binding site 
of chlorophyllase. Thus, the decrease in fluores- 
cence of chlorophyllase-bis(ANS) complex upon 
the addition of chlorophyll (Fig. 1B) is caused by 
the interaction between chlorophyllide and 
bis(ANS) bound to the lipid component  of the 
enzyme (see also the following section). 

In the preceding paper [1] it was concluded that 
bis(ANS) and chlorophyll compete for the active 
site of chlorophyllase. As the fluorescence of 
bis(ANS) bound to the protein binding site of the 
enzyme is not significantly influenced by the pres- 
ence of chlorophyllide (Fig. 1B), it follows that 
chlorophyllide is rapidly removed from the active 
site. In Fig. 1C it is shown that chlorophyllin (a 
substrate analogue that resembles chlorophyll, but 
lacks the two esterified alcohols) is able to quench 
the bis(ANS) fluorescence that is left when excess 
chlorophyllide has been added. Chlorophyllin, like 
bis(ANS), inhibits chlorophyllase, presumably by 
binding to the catalytic centre of chlorophyllase. 
The fluorescence of the protein-bound bis(ANS) 
may be quenched either through the displacement 
by chlorophyllin or through the transfer of excita- 
tion energy to chlorophyllin. Since chlorophyllin 
does not exhibit any detectable fluorescence, it has 
not been possible to determine which explanation 
is the correct one. In any case, these results pro- 
vide additional evidence that the protein binding 
site for bis(ANS) is at or near the catalytic site of 
chlorophyllase. 

Energy transfer from bis(ANS) to chlorophyllide 
It was shown in the previous section that the 

199 

quenching of the bis(ANS) fluorescence upon ad- 
dition of chlorophyll (Fig. 1B) is a result of the 
interaction between chlorophyllide and those 
bis(ANS) molecules that are bound to the lipid site 
of chlorophyllase. The number of lipid-bound 
bis(ANS) molecules increases upon the addition of 
Mg 2+ [1]. Fluorescence quenching by chlorophyl- 
lide is at its maximum when excess chlorophyllide 
is present. Again, this fluorescence decrease can be 
caused either by displacement of the lipid-bound 
bis(ANS) by chlorophyllide or by excitation en- 
ergy transfer from bis(ANS) to chlorophyllide. In 
this case we can discover which process is involved 
by measuring the fluorescence of bis(ANS) and of 
chlorophyllide, excited at 365 nm, in two different 
wavelength regions: 470-570 nm (maximum 
bis(ANS) fluorescence) and 650-700 nm (maxi- 
mum chlorophyllide fluorescence). Chlorophyllide 
in an aqueous medium is virtually non-fluorescent. 
It was observed that chlorophyllide bound to chlo- 
rophyllase fluoresces at 678 nm (Fig. 2A; solid 
lines). This fluorescence can be measured in the 
absence of added lipids when large amounts of 
chlorophyllase are used: this observation can serve 
as an additional argument for the presence of a 
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Fig. 2. (A) Effect of bis(ANS) ( . . . .  ) on the fluorescence (678 
nm) of chlorophyllase-bound chlorophyllide, measured in the 
absence or in the presence of MgC12. (B) Effect of chlorophyl- 
lide ( . . . .  ) on the fluorescence (505 nm) of chlorophyllase-bound 
bis(ANS), measured in the absence or in the presence of 
MgCI 2. Reaction mixtures: 100 /zg chlorophyllase; 40 /~M 
Bis(ANS); no or 10 mM MgCI2; 2 /~M chlorophyllide; 20 mM 
Tris-HC1 (pH 8.0). Total aqueous volume, 200/d. Fluorescence 
excitation was at 365 nm. 
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l ipid componen t  in ch lorophyl lase  (cf. Ref. 2). 
A d d i t i o n  of  b i s (ANS)  enhances  the 678 nm fluo- 
rescence of  a ch lorophyl lase -ch lorophyl l ide  com- 
plex (Fig. 2A; do t t ed  lines). The observed en- 
hancement  is larger in the presence of Mg 2+, due 
to an increased number  of  l i p id -bound  b i s (ANS)  
molecules.  We  checked that  the ch lorophyl l ide  flu- 
orescence is unaffec ted  by  Mg 2+ in the absence of 
b i s (ANS)  (Fig.  2A; solid lines). F luorescence  of 
b o u n d  b is (ANS) ,  on the other  hand,  is decreased 
by  ch lorophyl l ide  (Fig.  2B; do t t ed  lines). F r o m  all 
these results it is conc luded  that  the l i p id -bound  
b i s (ANS)  and  the l i p id -bound  ch lorophyl l ide  are 
in such p rox imi ty  that  exci ta t ion energy t ransfer  
occurs  from b is (ANS)  to chlorophyl l ide .  However ,  
the poss ib i l i ty  that  some d i sp lacement  of  b i s (ANS)  
by  ch lorophyl l ide  may  still occur  cannot  be ruled 

out. 
Fur the r  evidence for energy t ransfer  between 

adjacent  b i s (ANS)  and ch lorophyl l ide  molecules,  
both  bound  to the l ipid site of chlorophyl lase ,  is 
der ived f rom the results  of the exper iments  de- 
p ic ted  in Fig. 3. Here  D G D G  l iposomes  were used 
ins tead  of  chlorophyl lase .  Essent ial ly  the same pic- 
ture emerges:  b i s (ANS)  enhances  ch lorophyl l ide  
f luorescence (Fig.  3A) and,  in turn, b i s (ANS)  fluo- 
rescence is quenched by ch lorophyl l ide  (Fig. 3B). 
PC l iposomes  gave s imilar  results. These experi-  
ments  provide  further  evidence that  energy trans-  
fer observed between b is (ANS)  and  ch lorophyl l ide  
in the presence of  ch lorophyl lase  occurs  at a l ipid 
site on the ch lorophyl lase  molecule.  

Chlorophyllide fluorescence in the absence of 
bis(,4NS) 

F r o m  the results  of the two previous  sections 
one can say that  as soon as ch lorophyl l ide  is 
fo rmed  after  ch lorophyl l  hydrolysis ,  it migrates  
from the active center  of  ch lorophyl lase  to a l ipid 
componen t  that  forms a par t  of  the enzyme. The  
results  of the exper iments  presented  in Fig. 4 show 
that  ch lorophyl l ide  thereaf ter  can enter  the aque-  
ous phase su r rounding  the ch lorophyl lase  mole-  
cule. Fig. 4, curve a, shows the increase of  chloro-  
phyl l ide  f luorescence at 678 nm, when chlorophyl l  
is a d d e d  to a small  amoun t  of  ch lorophyl lase  in 
the presence of an excess of  l ipids  ( D G D G ) .  Since 
ch lorophyl l ide  d ispersed  in an aqueous  environ-  
ment  is vir tual ly  non-f luorescent ,  it is assumed 
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Fig. 3. (A) Effect of bis(ANS) ( . . . .  ) on the fluorescence (678 
nm) of DGDG-bound chlorophyllide, measured in the absence 
or in the presence of MgC12. (B) Effect of chlorophyllide ( . . . .  ) 
on the fluorescence (505 rim) of DGDG-bound bis(ANS), 
measured in the absence or in the presence of MgCI 2. Reaction 
mixtures: 40 /~g DGDG (liposomes); 40 p.M bis(ANS): no or 
10 mM MgCI2; 2 /~M chlorophyllide: 20 mM Tris-HCl (pH 
8.0). Total aqueous volume, 200 p.1. Fluorescence excitation 
was at 365 nm 

that  the measured  f luorescence is due to l ipid-  
b o u n d  ch lorophyl l ide  (cf. ref. 2). When,  in the 
absence  of a d d e d  l ipids,  ch lorophyl l  is added  to a 
large amoun t  of  ch lorophyl lase  (Fig.  4, curve b), 
an immedia t e  increase of ch lorophyl l ide  fluores- 
cence is observed;  this f luorescence is ascr ibed to 
ch lorophyl l ide  b o u n d  to ch lorophyl lase-assoc ia ted  
l ipids.  However,  the observed f luorescence is lower 
than  in Fig. 4, curve a, a l though,  with the high 
enzyme concent ra t ion  used, it can be assumed that  
ch lorophyl l  has been comple te ly  conver ted  into 
chlorophyl l ide .  This suggests that  par t  of  the chlo- 
rophyl l ide  is not  b o u n d  to the l imi ted  amoun t  of 
intr insic  l ipids of ch lorophyl lase  but  is present  in 
the aqueous  phase  in a non-f luorescent  form. This 
hypothes is  was verified by the observat ion  that  
add i t i on  of  excess l ipids (Fig. 4, ar row curve b) 
shifts the b ind ing  equi l ibr ium comple te ly  to the 
l ip id  phase  and thus m a x i m u m  fluorescence is 
observed.  The  results  shown in Fig. 4, curve c, 
once more  conf i rm our  hypothesis .  In these experi-  
ments  the condi t ions  were the same as those for 
curve a in Fig. 4, but  no external  l ipids  were 
added .  Only  a small  f luorescence increase is ob-  
served and this is ascr ibed to the presence of  a 
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Fig. 4. Chlorophyllase-catalyzed chlorophyll hydrolysis, mea- 
sured from the increase of the chlorophyllide fluorescence at 
678 nm. Reaction mixtures: (a) 2 ttg chlorophyllase; 40 fig 
DGDG (liposomes); 20 mM Tris-HC1 (pH 8.0); 10 mM di- 
thiothreitol; total volume, 200 /.tl. 0.16 nmol chlorophyll was 
added at zero time; (b) 100/~g chlorophyllase; 20 mM Tris-HC1 
(pH 8.0); 10 mM dithiothreitol; total volume, 180/tl. 0.16 nmol 
chlorophyll was added at zero time and 40 /~g DGDG (lipo- 
somes) in 20/~1 20 mM Tris-HCl (pH 8.0) were added after 7 
min; (c) the same as under (a), but now DGDG was added 
after 10 min incubation with chlorophyll. Temperature, 21+ 
I°C. 

small amount  of lipid present in the chlorophyll  
extract [4]. U p o n  addit ion of  excess lipids (Fig. 4, 
arrow curve c) maximum fluorescence again shows 
up. This shows that chlorophyll  had been com- 
pletely hydrolyzed and that most  of  the chloro- 
phyllide was present in the aqueous phase. 

Discuss ion  

Results of  previous experiments indicated that 
bis(ANS) binds to the catalytic site of chlorophyl-  
lase [1]. This hypothesis is supported by the ob- 
servation, made in the present experiments, that 
the substrate analogue, chlorophyllin, is able to 
quench the fluorescence of  bis(ANS) bound  to this 
site (Fig. 1C). 

Whereas the binding site ment ioned above is 
located in the protein part  of  the enzyme, fluores- 
cence spectra of  chlorophyl lase-bound bis(ANS) 
suggested that a second binding site for bis(ANS) 
consists of enzyme-associated lipids [1]. Our  pre- 
sent results provide additional evidence for this 
hypothesis. With D G D G  liposomes, containing 
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both  bis(ANS) and chlorophyllide, it was shown 
that l ipid-bound chlorophyllide quenches the fluo- 
rescence of  l ipid-bound bis(ANS) through excita- 
tion energy transfer (Fig. 3). Since the same phe- 
nomenon  was observed when chlorophyllide and 
bis(ANS) were bound  to chlorophyllase, it is con- 
cluded that (i) chlorophyllide and bis(ANS) are 
both  bound  to the lipid component  of  the enzyme 
and (ii) the two molecules are so close to each 
other within this lipid component  that energy 
transfer is possible (Fig. 2). Only part  of the total 
bis(ANS) fluorescence is quenched upon addit ion 
of chlorophyll  to a chlorophyllase-bis(ANS) com- 
plex (Fig. 1B). The residual fluorescence is ascribed 
to bis(ANS) bound  to the active site. On a time- 
scale of  minutes this fluorescence is not influenced 
by chlorophyllide, indicating that energy transfer 
f rom this bis(ANS) to chlorophyllide does not 
occur. On a time scale of seconds quenching of  
active site-bound bis(ANS) fluorescence upon 
chlorophyll  addit ion is expected to occur through 
displacement of bis(ANS) by chlorophyll.  Since 
relatively high concentrat ions o f  chlorophyllase are 
used in these fluorescence experiments (Fig. 1), the 
conversion of chlorophyll  into chlorophyllide is 
almost instantaneous. This may explain why a 
decrease in active site-bound bis(ANS) fluores- 
cence is not observed, even when all l ipid-bound 
bis(ANS) fluorescence is quenched. The results 
indicate that once chlorophyllide is formed at the 
active site it can be readily removed and enters a 
lipid site which is part  of  the enzyme (Fig. 2). 
Earlier, evidence was found that the active center 
of  chlorophyllase is near the carbohydrate  part  of 
the molecule and is exposed to the aqueous medium 
[2]. Our present results suggest that this active 
centre is located on the boundary  between the 
hydrophyl ic  and lipophylic part  of  the enzyme. 

Al though other membrane  proteins have been 
shown to contain lipids after their purification 
[5-11], it has been shown only in a few cases that 
these endogenous lipids are directly involved in 
the functioning of  the membrane  protein, e.g., 
light-harvesting chlorophyll-protein complex [12], 
N A D H : u b i q u i n o n e  reductase [13], cy tochrome 
oxidase [14,15], Ca 2 +-ATPase [16,17]. 

Chlorophyll ide is not  restricted to the lipid 
phase; it has been shown (Fig. 4) that it can also 
enter the aqueous phase. Apparent ly  chlorophyll- 
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ide prefers a lipid environment, since the addition 
of relatively small amounts of lipids shifts the 
partitioning equilibrium to the lipid phase. 

The combined results presented in this and the 
preceding paper lead us to the following tentative 
model for chlorophyllase action: the substrate 
chlorophyll is attached to the active site of the 
enzyme. The accessibility of this site, which is 
situated close to the hydrophobic carbohydrate 
part of the molecule, may be regulated by Mg 2~. 
After the chlorophyll is hydrolyzed, the reaction 
product - chlorophyllide - is immediately re- 
moved to a site on the enzyme which consists of 
protein-associated lipids. The headgroups of these 
lipids can again be influenced by Mg 2+. Finally, 
the chlorophyllide can migrate from this lipid site 
to the aqueous medium surrounding the (isolated) 
enzyme. 
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