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Isolated chlorophyllase (chlorophyll chlorophyllido-hydrolase, EC 3.1.1.14) interacts with the probe molecule 
4,4'-bis(1-anilino-8-naphthalene sulfonate) (bis(ANS)), resulting in a strongly fluorescent chlorophyllase- 
bis(ANS) complex. Analyses of the fluorescence spectra and of bis(ANS)-binding kinetics reveal that 
isolated chlorophyilase contains two different kinds of binding site for bis(ANS): a high-affinity and a 
low-affinity one. The high-affinity site is at or near the active site of chlorophyllase and therefore is located 
in the protein part of the enzyme. Bis(ANS) competes with chlorophyll for this active site. The low-affinity 
site is located in tightly chiorophyllase-bound lipids. Mg 2+ affects the binding of bis(ANS) to the two kinds 
of binding site on chlorophyilase. In the case of the high-affinity (protein) site Mg z+ causes a large increase 
in the affinity of the enzyme for bis(ANS), but the binding capacity remains the same. In the case of the 
low-affinity (lipid) site Mg 2+ causes only a small increase in the affinity for bis(ANS), but the binding 
capacity of the enzyme for bis(ANS) is enlarged 2-3-fold. The relation between these observations and the 
effects that Mg 2+ has on chlorophyllase activity is discussed. 

Introduction 

The hydrolysis of  chlorophyll  into chlorophyl-  
lide and phytol  is usually considered to be the first 
step in the degradat ion of  chlorophyll  in plant  
organisms. This hydrolysis is catalyzed by the en- 
zyme chlorophyllase (chlorophyll chlorophyll ido- 
hydrolase, EC 3.1.1.14). The enzyme is an intrinsic 
membrane  glycoprotein, localized in thylakoid 

Abbreviations: MGDG, monogalactosyl diacylglycerol; 
DGDG, digalactosyl diacylglycerol; PG, phosphatidylglycerol; 
SQDG, sulphoquinovosyldiacylglycerol; PC, phosphatidylcho- 
line; ANS, 1-anilino-8-naphthalene sulfonate; bis(ANS), 4,4'- 
bis( 1-anilino- 8-naphthalene sulfonate). 

membranes  [1-4]. The main goal of our research is 
to gain insight into the structure and function of  
the isolated chlorophyllase and to determine the 
factors that are involved in the regulation of  en- 
zyme activity; one of  these factors, for instance, is 
the presence or absence of  divalent cations: Mg 2÷ 
activates the chlorophyllase-catalyzed chlorophyll  
hydrolysis [5]. For  this activation the presence of 
certain chloroplast lipids is required [6]. Since 
various interactions between chlorophyllase, chlo- 
rophyll(ide), lipids and cations occur, the interpre- 
tation of experimental results is complicated [6,7]. 
In order to elucidate the mechanism by which 
chlorophyllase functions, it is therefore necessary 
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to separate the factors that ultimately determine 
the enzyme activity. This approach has enabled us 
to determine which plant lipids are directly in- 
volved in the interaction with the enzyme. It was 
found that chlorophyllase could be reconstituted 
with a mixture of galactolipid ( M G D G  or D G D G )  
and PG and that this reconstitution effectively 
prevents the enzyme from heat denaturation [8]. 

To study the interaction of the substrate, chlo- 
rophyll, and the product, chlorophyllide, with iso- 
lated chlorophyllase, we combined the fluores- 
cence probe bis(ANS) with the enzyme. In this 
paper  we describe the way in which bis(ANS) 
binds to chlorophyllase and its interaction with 
chlorophyll; in a second, accompanying paper [9] 
we discuss the interaction of chlorophyllase-bound 
bis(ANS) with chlorophyllide. 

Bis(ANS) has essentially the same fluorescence 
characteristics as the monomer ANS [10,11]. Like 
ANS, bis(ANS) is virtually non-fluorescent in 
aqueous solutions, but becomes strongly fluo- 
rescent in non-aqueous solvents or when it is bound 
to hydrophobic sites in proteins [10] or several 
lipids (see this paper). Unlike ANS, however, 
bis(ANS) binds readily to chlorophyllase. Several 
other investigators have found that bis(ANS) is 
strongly absorbed to certain proteins, whereas the 
monomer  shows hardly any interaction [12-19]. 
The results presented here show that bis(ANS) 
binds to two different kinds of binding site on the 
isolated chlorophyllase: a 'protein binding site' 
with relatively high affinity and a ' lipid binding 
site' with relatively low affinity for bis(ANS). 
Binding of bis(ANS) to the protein binding site 
occurs at or near the active center of chlorophyl- 
lase, resulting in a competitive inhibition of en- 
zyme activity. 

Mg 2÷, which activates the enzyme reaction, 
induces an enhancement of the fluorescence of the 
chlorophyllase-bis(ANS) complex. The reasons for 
this enhancement are analyzed and the implica- 
tions for the functioning of the enzyme are dis- 
cussed. 

Materials and Methods 

PC (egg lecithin) and PG were purchased from 
Sigma and M G D G ,  D G D G  and SQDG from 
Lipid Products, Nutfield Nurseries, Surrey, U.K. 
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Part of the bis(ANS) (dipotassium salt) was a gift 
from Dr. D. Jameson, University of Illinois, 
Urbana;  the rest was purchased from Molecular 
Probes. All other chemicals used were of analytical 
quality. 

Chlorophyllase was isolated from Phaeodacty- 
lum tricornutum, according to the method de- 
scribed in Ref. 6. The concentration of bis(ANS) 
was determined spectroscopically, using a molar 
absorption coefficient of 16.8 • 1 0  3 M -1 • c m  - 1  at 
385 nm [11]. A stock solution of 1 .10  -3 M 
bis(ANS) in 20 mM Tris-HCl buffer (pH 8.0) was 
used for the experiments. Lipids were extracted 
from isolated chlorophyllase according to the 
method of Bligh and Dyer [20]. The lipid compo- 
nents were separated by one-dimensional thin layer 
chromatography on silica plates (HPTLC, silica-gel 
60, Merck). The solvent system used was 
C H C 1 3 / C H 3 O H / H 2 0  (65 : 25:4,  v /v) .  Protein 
content was estimated either from 280 nm absorp- 

~-01% of 1.0 [6], or by the tion, assuming an --1 cm 
Bio-Rad microassay [21]. Lipid suspensions (' lipo- 
somes') were prepared as follows: lipids in hexane 
or chloroform were evaporated to dryness in an N 2 
current, 20 mM Tris-HC1 buffer (pH 8.0) was 
added to the residue, and the suspension was 
sonicated under N 2 for 30 min in a Bransonic 
bath. 

Two different methods were used to determine 
the chlorophyllase activity: 
(a) The 'chemical assay'; with this method, which 

was described in Ref. 6, chlorophyll in an 
acetone extract of spinach chloroplasts and 
chlorophyllase were incubated together for 17 
h at 23°C; thereafter, chlorophyll and chloro- 
phyllide were separated by partitioning be- 
tween aqueous acetone and petroleum spirit. 

(b) The 'fluorescence assay'; with this method 
chlorophyllide formation was monitored di- 
rectly by its fluorescence in added lipids [22]. 
Fluorescence excitation was at 546 nm. En- 
zyme activity was determined from the initial 
slope of the curve of chlorophyllide fluores- 
cence (678 nm) versus time. Details of the 
reaction mixtures are given with the figures. 

Fluorescence was measured with an apparatus 
essentially the same as that designed by Goedheer 
[23]. A 125 W mercury lamp (Philips) was used as 
a light source. Excitation light of 365 and 546 nm 
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(see the individual experiments) was selected with 
interference filters. The sample cuvette was placed 
in this light beam at an angle of 45 °. The emitted 
fluorescence light passed through a Bausch and 
Lomb monochromator  (7.2 nm bandwidth; 500 
mm focal length) and was detected with an RCA 
4832 photomultiplier. The signal was fed into a 
lock-in amplifier and then recorded. Samples (200 
ttl) were placed in cuvettes with an optical path of 
1 mm. A standard of 5 ttM quinine sulfate in 0.1 
M H2SO 4 was used throughout all the experiments 
to permit direct comparison of the results. 

Chlorophyllase was titrated with bis(ANS) by 
adding small aliquots of bis(ANS) solutions (4. 
10 -4  M or 8 -10  -4  M)  to  a chlorophyllase pre- 
paration. Details of the titration procedure are 
given with the figures. Fluorescence of unbound 
bis(ANS) is negligible. In all instances the ab- 
sorbance of protein or chromophore in the cuvette 
at the wavelength of the incident light did not 
exceed 0.1. This ensures linearity of fluorescence 
with chromophore concentration. As the maxi- 
mum of ANS fluorescence lies at a wavelength 
where absorbance is negligible, reabsorption of 
fluorescence can be neglected. In the conversion of 
fluorescence data to binding data, the following 
equation was used: 

[bis(ANS) ]b Fobsd 

[bis(ANS) ]tota, F~ 

where [bis(ANS)]tot~ is the total amount of 
bis(ANS) (nmol per mg enzyme), [bis(ANS)] b the 
chlorophyllase-bound bis(ANS) (nmol per mg en- 
zyme), Fobsa the observed fluorescence at 505 nm 
of the chlorophyllase-bis(ANS) complex and F~ 
the calculated fluorescence at 505 nm when all the 
bis(ANS) present is bound to the enzyme. This 
fluorescence value of totally bound bis(ANS) is 
obtained by extrapolation to infinite protein con- 
centration, using plots of 1/Fobsa vs. 1 / P  o (Po = 
protein concentration) at a fixed bis(ANS) con- 
centration [24]. The binding data obtained were 
plotted according to the method of Scatchard [25]: 

[bis(ANS)]b 1 
[bis(ANS)] r Ka (n-bis(ANS)b) 

where [bis(ANS)] b is ch lorophyl lase-bound 
bis(ANS) (nmol per mg enzyme); [bis(ANS)]f, un- 

bound bis(ANS) (mol/1); n, binding capacity, i.e., 
m a x i m u m  amoun t  of ch lorophyl lase-bound 
bis(ANS) (nmol per mg enzyme); K~, dissociation 
constant of the chlorophyllase-bis(ANS) complex 
(mol/1). 

The binding data were fitted, using a non-linear 
least-squares method, with a Langmuir-type equa- 
tion: 

[bis(ANS)]b - n l ' [ b i s (ANS) ] f  
Kdl + [bis(ANS)]f  

n 2 - [bis(ANS)] f 
q- + ... 

Kd2 + [bis(ANS)]f  

Here n 1, n 2 . . .  are the respective maximum 
amounts of bound bis(ANS) and Kal, Ka2 .. .  the 
respective dissociation constants of chlorophyl- 
lase-bis(ANS) of the different kinds of binding 
site. Quantum yields were determined by compari- 
son with bovine serum albumin, assuming an abso- 
lute quantum yield of bovine serum albumin- 
bis(ANS) complex of 0.7 [10]. 

Results 

Fluorescence enhancement o f  b is (ANS)  upon its in- 
teraction with chlorophyllase 

Bis(ANS) in aqueous solution shows very little 
fluorescence and has an emission maximum at 555 
nm (Fig. 1, curve b). When chlorophyllase is ad- 
ded to a bis(ANS) solution, the bis(ANS) fluo- 
rescence intensity is considerably enhanced and 
there is a concomitant blue shift of the emission 
maxima (Fig. 1, curves c-e).  In the absence of 
bis(ANS) chlorophyllase does not exhibit any 
measurable fluorescence in the wavelength range 
studied (Fig. 1, curve a). These results show that 
bis(ANS) interacts with chlorophyllase. Closer ex- 
amination of the chlorophyllase-bis(ANS) interac- 
tion reveals that at relatively low bis(ANS) con- 
centrations (Fig. 1, curve c) the fluorescence maxi- 
mum lies at 500 nm, but with increasing bis(ANS) 
concentrations the fluorescence maximum gradu- 
ally shifts towards longer wavelengths (508-510 
nm) (Fig. 1, curves d and e). In the literature no 
information could be found about bis(ANS) bind- 
ing to biomembranes. However, with ANS, similar 
shifts of the fluorescence maximum towards longer 
wavelengths have been shown to occur upon its 
binding to biomembranes [26-29]. In these cases 
ANS is assumed to bind to both proteins and 
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Fig. 1. Fluorescence emission spectra of chlorophyllase, 
bis(ANS) and chlorophyllase-bis(ANS) complexes in an aque- 
ous medium. (a) 0.5 mg/ml  chlorophyllase; (b) 60 /xM 
bis(ANS); (c) 0.5 mg /ml  chlorophyllase + 5/~M bis(ANS); (d) 
0.5 mg /ml  chlorophyllase+ 30 t~M bis(ANS); (e) 0.5 mg/ml  
chlorophyllase+60 ktM bis(ANS). Aqueous medium: 20 mM 
Tris-HC1 (pH 8.0). Fluorescence excitation at 365 rim. 

lipids present in the membrane (see also the fol- 
lowing sections). Since chlorophyllase is a mem- 
brane enzyme, the observed fluorescence shifts 
(Fig. 1, curves b - e )  could well be caused by the 
presence of two different kinds of binding site for 
bis(ANS) on the molecule, presumably a protein 
site and a lipid site. Extraction of an isolated 
chlorophyllase preparation with methanol /chloro-  
form and analysis of the extract by TLC on silica- 
gel plates (see Materials and Methods), did indeed 
show the presence of lipids. M G D G ,  PG and 
carotenoids were most prominent, but traces of 
other typical plant lipids, such as D G D G ,  SQDG 
and PC, could be detected as well (data not shown). 
No quantitative analysis of the lipids was made, 
but at a rough estimate 100-200 ~g lipid per mg 
enzyme was present. Further evidence for the pres- 
ence of lipids and their involvement in the binding 
of bis(ANS) is presented in the following sections. 

Competitive inhibition of chlorophyllase activity by 
bis(ANS) 

Chlorophyllase-catalyzed chlorophyll hydrolysis 
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is inhibited by bis(ANS). 'Chemical '  as well as 
'fluorescence' assays of chlorophyllase activity (see 
Materials and Methods) yielded similar results in 
this respect. Fig. 2 shows the effect that bis(ANS) 
at various concentrations has on the rate of chlo- 
rophyll hydrolysis. The results, presented in a dou- 
ble-reciprocal plot (Lineweaver-Burk plot), indi- 
cate that bis(ANS) acts as a competitive inhibitor; 
i.e., the rate of chlorophyll hydrolysis decreases 
with the addition of increasing amounts of 
bis(ANS), but in the presence of a sufficient 
amount of the substrate (chlorophyll) the same 
maximum enzyme activity can be reached at all 
bis(ANS) concentrations (Fig. 2; intercept with 
ordinate equals 1/Vma~). This strongly suggests 
that bis(ANS) competes with chlorophyll for the 
active site of chlorophyllase. As can be derived 
from Fig. 2, the maximum enzyme activity under 
the specified conditions and in the absence of 
bis(ANS) is 19 nmol chlorophyll /min per mg en- 
zyme and the K m is 0.5 /~M. 

A plot of the strength of inhibition (i.e., the 
slopes of the lines in Fig. 2) versus various inhibi- 
tor (bis(ANS)) concentrations does not yield a 
straight line (insert Fig. 2); the inhibition increases 
to a specific level and then increases no further. 
This type of inhibition is referred to as partially 
competitive and indicates that, contrary to what 
occurs with fully competitive inhibition, the bind- 
ing of bis(ANS) does not entirely prevent the 
binding of chlorophyll to the active site (and vice 
versa). This type of inhibition indicates that a 
chlorophyllase-chlorophyll-bis(ANS) complex may 
exist [30]. For the reasons mentioned above, it is 
not possible to determine an exact value for the 

TABLE 1 

B I N D I N G  PARAMETERS OF CHLOROPHYLLASE-  
BIS(ANS) 

K d ,  dissociation constant of chlorophyllase-bis(ANS) complex. 
n, binding capacity, i.e., maximum amount of chlorophyllase- 
bound bis(ANS) (nmol per mg enzyme). The data were derived 
from the results of experiments shown in Fig. 4B and C. 

_ Mg 2+ + Mg 2+ 

Kdl 6.2.10 -6 M 8.6-10 7 M 
Kd2 2.0-10 -5 M 1.2.10 -5 M 

n] 13.5 13.7 
n 2 14.4 37.8 
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Fig. 2. Competitive inhibition of chlorophyllase activity by 

bis(ANS), as shown in double-reciprocal (Lineweaver-Burk)  
plots of enzyme activity (V)  versus substrate concentration 
(S) .  Enzyme activity was determined by the 'fluorescence 
assay '  (see Mater ia l s  and Methods). Reaction mixtures: 0.4 t~g 

chlorophyllase, 20 ~g  PG ( ' l iposomes ' )  10 m M  dithiothreitol, 
10 m M  MgCI 2, b i s (ANS)  (var ious concentra t ions) ,  20 m M  

Tr is -HCl  (pH 8.0). The final aqueous volume was 200 t~l. At 
zero time, chlorophyll in a spinach chloroplast extract in ace- 

tone (2 m M  solution) was added to the reaction mixtures.  

M a x i m u m  acetone concentration 0.1%. [Bis(ANS)] (/~M): O, 
none; (D, 1; × ,  5; zx, 25. Inset: Plot of the slopes of the lines 
from the Lineweaver-Burk plot versus var ious bis(ANS) con- 
centrations ( I ) .  

dissociation constant (g i )  of the chlorophyllase- 
bis(ANS) complex by linear extrapolation. 

Analysis of the binding of bis(ANS) to chlorophyl- 
lase; effect of Mg 2 + 

The binding of bis(ANS) to chlorophyllase was 
studied by fluorimetric titration of the enzyme 
with bis(ANS). The experiments were performed 
both in the presence and absence of Mg 2+. Typi- 
cal titration curves are shown in Fig. 3. The addi- 
tion of 10 mM Mg 1+ (el. Ref. 5) to the reaction 
mixture resulted in a considerable fluorescence 
enhancement of the chlorophyllase-bis(ANS)com- 
plex. The data were analyzed with Scatchard plots 
[25] (Fig. 4A). The curves obtained are non-linear, 
indicating that there is more than one kind of 
binding site on the chlorophyllase molecule. On 
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Fig. 3. Fluorescence course of b is (ANS)  upon its addition to 
chlorophyllase, measured in an aqueous  med ium in the pres- 

ence ( O )  or absence (O) of MgCI 2. Procedure: 66 p.g chloro- 
phyllase in 200 ~1 20 m M  Tris-HC1 (pH 8.0) with or without 10 
m M  MgC12 was titrated with a 4 × 1 0  4 M or 8 × 1 0  4 M 

bis(ANS) solution in the same medium.  The final volume was 
220 ~1. Data were corrected for chlorophyllase dilution and 
represent the average of three determinations. The standard 
error did not exceed 5% of the measured  value. 

using non-linear least-squares methods (see 
Materials and Methods), the best fit of  these data 
is obtained by assuming two different kinds of 
binding site of  chlorophyllase for bis(ANS). The 
binding parameters, determined after fitting, are 
shown in Table I. Before analyzing the curves of 
Fig. 4A, we made two assumptions: first, all bind- 
ing sites of each kind are equal and independent, 
and secondly, the fluorescence quantum yield of 
all bound bis(ANS) molecules for both kinds of 
site is the same. At least the last condition is 
satisfactorily fulfilled, since double-reciprocal plots 
of  enzyme concentration versus fluorescence inten- 
sity at a fixed bis(ANS) concentration [24] yield 
straight lines. In addition, extrapolation results in 
identical maximum fluorescence values, irrespec- 
tive of the presence or absence of  Mg 2+ (Fig. 5). 

The data above corroborate the hypothesis, 
derived from experiments described in the first 
section of this chapter, that in chlorophyllase there 
are two kinds of binding site for bis(ANS). These 
sites can be characterized in the following way: 
a 'protein-binding site' with relative high affinity 
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Fig. 4. (A) Scatchard plots for the binding of bis(ANS) to chlorophyllase in the absence (@) and presence (©) of MgCI 2. Bis(ANS) 
fluorescence at 505 nm was determined during the titration of chlorophyllase (66/tg in 200/~l 20 mM Tris-HCl buffer (pH 8.0) with 
or without MgCI2) with a 4-10 -4 M and 8. ]0 -4 M bis(ANS) solution, respectively. The temperature was 21 ± 1 o C. Corrections were 
made for dilutions. Bound bis(ANS) is expressed in nmol /mg  enzyme, free bis(ANS) in mol/ l .  Excitation was at 365 nm. (B,C) 
Analysis of the curves from (A): (B)-MgCl2; (C) + MgC12. Fitting was done by the non-linear least-squares method. The best fit was 
obtained with two different kinds of bis(ANS)-binding site per chlorophyllase molecule. (B) Kdl = 6.2" 10 - 6  M ;  Kd2 = 2.0-10-5 M. 
(C) Kdl =8.6-10 -7 M; Kd2 =1.2.10 -5 M. 

TABLE II 

SOME FLUORESCENCE PARAMETERS OF BIS(ANS) BOUND TO VARIOUS LIPIDS AND PROTEINS 

Lipids and proteins, 0.2 mg /ml  20 mM Tris-HCl (pH 8.0); 10/~M bis(ANS), 10 mM MgC12, n.d., not determined. 

Spectral Fluorescence intensity Fluorescence Quantum yield a 
maximum (nm) at maximum (arbitrary intensity after 

units) addition of Mg 2 + 

Lipids (liposomes) 
PG 514 4 32 0.23 b 
MGDG 516 25 55 n.d. ¢ 
D G D G  514 45 71 0.27 
PC 512 180 220 d 0.57 ¢ 

Proteins 
Chlorophyllase 502 f 25 52 0.29 
Bovine serum albumin 499 178 180 0.70 g 
Chymotrypsin 504 6 7 n.d. h 

a See methods for determination. 
b Determined in the presence of Mg 2+ . 

c Too high turbidity of MGDG in its hexagonal phase made it impossible to determine the quantum yield. 
d With the [bis(ANS)]/[PC] ratio used here, the lipid is almost saturated with bis(ANS). At lower [PC] or higher [bis(ANS)] the Mg 2+ 

effect is much larger. 
e For ANS the quantum yield is lower: approx 0.30 (see Ref. 28). 
f cf. Fig. 1. 

g Determined by Ref. 10. 
h No saturation of binding is possible and quantum yield determination is therefore difficult. No literature values are available. 
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Fig. 5. Double-reciprocal plot of bis(ANS) fluorescence at 505 
nm versus chlorophyllase concentration. Experimental condi- 
tions: 66 p,g chlorophyllase in 200 #1 20 mM Tris-HC1 (pH 8.0) 
with (O) or without (o) 10 mM MgCI 2, 10 /zM bis(ANS). 
Chlorophyllase was diluted by adding 10 ~M bis(ANS), dis- 
solved in the same aqueous medium, in discrete steps. 

for bis(ANS) (binding parameters Kd, and n~), and 
a ' l ipid-binding site' with relative low affinity for 
bis(ANS) (binding parameters Ka2 and n 2). 
In the absence of MgC12, the binding capacities of 
the protein and lipid sites are equal (Fig. 4B; 
Table I). The effect that Mg 2+ has on the binding 
characteristics of the protein and lipid sites differs: 
At the 'protein binding site', the addition of Mg z+ 
does not change the maximum amount of bound 
bis(ANS) molecules (the value of n I remains virtu- 
ally the same), but the binding affinity increases 
by a factor of 7 (Kdl 7-times smaller) (Figs. 4B, C; 
Table I). 
At the 'lipid binding site', the addition of Mg 2+ 
increases both the number of bound bis(ANS) 
molecules (by a factor 2.6; n 2 in Figs. 4B, C; Table 
I) and the binding affinity (by a factor 1.7; 1/Kd2 
in Figs. 4B, C; Table I). 
The influence that Mg 2+ has on the 'lipid binding 
site' of chlorophyllase is similar to the influence 
that divalent cations have on the binding of ANS 
to isolated lipids and to lipids embedded in bio- 
membranes [31-38]; in these cases, too, the inves- 
tigators found an increase in the number of ANS- 
binding sites with a concomitant small increase of 
the binding affinity. The fluorescence quantum 

yield of lipid-bound ANS was not influenced by 
cations. In order to check these results with respect 
to bis(ANS), some preliminary experiments were 
performed on the fluorescence characteristics of 
bis(ANS) bound to some lipids and proteins. In 
addition, the influence of Mg 2+ was investigated. 
Table II shows that the fluorescence maximum of 
lipid-bound bis(ANS) is at a higher wavelength 
than that of protein-bound bis(ANS) (cf. Ref. 28 
for similar results with ANS). Whereas with pro- 
teins (bovine serum albumin and chymotrypsin) 
Mg 2+ has little effect on fluorescence intensity, 
fluorescence is clearly enhanced upon the addition 
of Mg 2+ to lipid-bound bis(ANS). At least in the 
case of D G D G  and PC, this enhancement results 
from an increased number of bound bis(ANS) 
molecules, since it could be established that the 
quantum yield is not affected by Mg ~+. 

In short, one can say that the Mg2+-induced 
fluorescence enhancement of the chlorophyllase- 
bis(ANS) complex is due mainly to two different 
effects: (i) a large increase in the binding affinity 
of the 'protein binding site' for bis (ANS) (below 
saturation) and (ii) an increase in the number of 
' lipid binding sites' for bis(ANS). 

Discussion 

The experiments on the binding of bis(ANS) to 
chlorophyllase reveal that the isolated enzyme con- 
tains two different kinds of binding site: (a) a 
'protein binding site', with relatively high affinity 
for bis(ANS); and (b) a 'lipid binding site', with 
relatively low affinity for bis(ANS) (see Fig. 4). 

Bis(ANS) inhibits chlorophyllase activity com- 
petitively (Fig. 2); this means that bis(ANS) binds 
at or near the catalytic site of the enzyme. This 
strongly suggests that the protein binding site, 
mentioned under (a), is identical to the catalytic 
site of the enzyme. 

So far it has not been possible to determine the 
number  of bis(ANS) molecules bound per chloro- 
phyllase molecule on a molar base. If it is assumed 
that, in the absence of Mg 2+, there is one 'protein 
binding site' and one 'lipid binding site' (i.e., two 
or three lipid-binding sites in the presence of 
Mg2+), the minimum molecular weight of the 
isolated chlorophyllase is calculated to be 70 000. 

Inhibitory effects of anilinonaphthalene dyes on 



enzyme activities were also described for Carlsberg 
subtilisin [39], phosphoenolpyruvate carbo- 
xykinase [40,41], phosphoglycerate kinase [42], 
myosin subfragment I [15] and RNA polymerase 
[16], while competitive inhibition was found for 
choline-acetyl transferase [43,44], UDPgalactose- 
4-epimerase [45], UDPglucose-4-epimerase [46] and 
iodothyronine deiodinase [47]. In Refs. 15, 16 and 
44 bis(ANS) was used as the probe molecule. 

The results of the experiments on the binding of 
bis(ANS) to chlorophyllase indicate that the low- 
affinity site of chlorophyllase for bis(ANS), men- 
tioned under (b), consists of chlorophyllase-associ- 
ated lipids. The fluorescence emission maximum 
of the chlorophyllase-bis(ANS) complex shifts to- 
wards longer wavelengths when the bis(ANS) con- 
centration is increased. This phenomenon is ex- 
plained by the observation that bis(ANS), bound 
to proteins, generally fluoresces at shorter wave- 
lengths (between 495 and 505 nm; Table II, see 
also Refs. 10, 15, 16 and 19) than bis(ANS) bound 
to lipids (between 510 and 520 nm; Table II). As 
the 'protein binding site' of chlorophyllase has a 
higher affinity for bis(ANS) than the 'lipid bind- 
ing site', characteristic protein fluorescence is ob- 
served at low bis(ANS) concentrations. At higher 
bis(ANS) concentrations the fluorescence of lipid- 
bound bis(ANS) predominates in the total fluo- 
rescence, because a greater number of lipid sites 
are occupied by bis(ANS) molecules. Similar 
changes in fluorescence characteristics have been 
observed when ANS binds to certain biomem- 
branes (Refs. 26-29, see also Refs. 48-50). Addi- 
tional evidence that the low-affinity site of chloro- 
phyllase for bis(ANS) consists of chlorophyllase- 
associated lipids is presented in the accompanying 
paper [9]. 

We found earlier that Mg 2+, particularly in the 
presence of dithiothreitol, effectively activates the 
chlorophyllase-catalyzed chlorophyll hydrolysis [5]. 
It was suggested that Mg 2+ induces a conforma- 
tional change of the protein. Later experiments 
showed that Mg 2+ also influences the enzyme 
reaction because it interacts with headgroups of 
lipids which are present in the enzyme reaction 
medium [6]. The results presented here are in line 
with both of these action mechanisms of Mg 2+. 
The addition of Mg 2+ to chlorophyllase results in 
a large increase in the binding affinity (i.e., de- 
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crease of Kdl; Fig. 4C; Table I) of the active site 
of the enzyme for bis(ANS). This effect could be 
due to a conformational change of the enzyme, 
resulting in better accessibility of the active site for 
bis(ANS) and thus also for chlorophyll. Various 
other membrane proteins have been shown to un- 
dergo conformational changes induced by divalent 
cations [51-57]. It should be pointed out, however, 
that the enhanced bis(ANS) binding can also be 
the result of a change in the electrostatic surface 
potential near the catalytic site of chlorophyllase; 
such a change will facilitate bis(ANS) binding, 
because the negative charges present will become 
neutralized. 

As is shown in Fig. 4C and Table I, the number 
of lipid binding sites for bis(ANS) increases 2- to 
3-fold in the presence of Mg 2+, with a concom- 
itant small decrease of the dissociation constant of 
the bis(ANS)-lipid complex. Similar observations 
have been reported for ANS-lipid studies [31-38]. 
Some investigators [58,59] argue that divalent ca- 
tions have a rigidifying effect on membrane lipids, 
which causes conformational changes of the mem- 
brane proteins. Such a mechanism may also play a 
role in chlorophyllase-lipid interaction. It seems 
remarkable that uncharged galactolipids ( D G D G  
and MGDG)  show enhanced fluorescence in the 
presence of Mg 2+. However, some observations by 
other authors serve to corroborate our results. 
Hauser et al. [60] pointed out that the alcohol and 
ether groups of glycolipids may contribute consid- 
erably to the binding of cations to biomembranes; 
Wieslander et al. [61] showed that in the presence 
of cations the hydration shell of the headgroups of 
glycolipids is enlarged. Both findings suggest that 
Mg 2+ interacts with uncharged glycolipid 
headgroups and induces conformational changes, 
allowing more bis(ANS) molecules to bind to the 
lipid. 

Our experimental results suggest that both kinds 
of bis(ANS)-binding site on the chlorophyUase 
molecule may play a role in the regulation of 
enzyme activity by Mg 2+. Further support for this 
hypothesis is presented in the accompanying paper 
[9]. 
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