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Abstract. The reaction: Chlorophyll + Enzyme - - - >  Chlorophyllide ~- Phyto l  follows a first 
order kinetics with regard to the  quan t i ty  of enzyme, when i t  is sa turated by  substrate.  
Km and Vm were determined from the  average reaction rates for the  substrates:  Chlorophyll a 
and b, pheophyt in  a and  b, methylehlorophyll ide a and  methylpheophorbide a: The lowest Km 
corresponded to chlorophyll a and  the  highest Vm to methylpheophorbide a. For  a substrate  of 
chlorophyll (a + b), Km and Vm were determined also using the init ial  reaction rates. "Enzyme 
efficiency" was calculated using bo th  methods of determination.  The reaction products  partial ly 
inhibi t  the hydrolytic process. 

Kinetics of enzymatic reactions shows special characteristics (MCFEETERS 
et al. 1971, McFEETERS 1975). For  tha t  reason, it is necessary to establish the 
minimum concentrations of substrate for enzyme saturation (NEILANDS and 
STUMPF 1967); in this way, we get a first order reaction with regard to the 
enzyme concentration. 

The factors directly affecting the enzymatic reaction rate are: enzyme 
quantity, substrate concentration, and products (SuD'INA et al. 1972a, b). The 
measurement of enzyme act ivi ty requires a lin6ar relationship to exist between 
the reaction rate and the enzyme quant':ty under controlled conditions of the 
medium. The dependence of the initial reaction rate on substrate con- 
centration is hyperbolic (NEILANDS and STLTMPF 1967). At low substrate 
concentrations, the rate is directly proportional to substrate concentration, 
while at  high concentrations, the rate is constant (enzyme saturation). The 
hyperbolic equation is V :-  Vm �9 S/(Km + S), where V = rate for any substrate 
concentration, Vm ~ maximum rate of reaction on the substrate,  S = sub- 
strafe concentration, Km ---- Michaelis-Menten constant. Substances produced 
in this type  of reactions (SHI~IZU and TAMAKI 1963) can either shift the 
equilibrium to the opposite side, or block the enzyme active center, when 
certain concentrations are reached. 

The effect of these factors on the hydrolysis of chlorophylls by  chloro- 
phyllase (ehlorophyll-chlorophyllidohydrolase, E.C. 3.1.1.14) action are 
studied in this paper. 
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MATERIAL AND METHODS 

Preparation of  Chlorophyllase Extract from Acetone Powders 

1 g of acetone powders and 25 ml of the buffer 0.041 M tris-0.32 M gly- 
cine-0.67 M glucose-0.5% dodecyl sulfate sodium salt (w]v), pH 8.5 (NA- 
VA~RO et al. 1979) were mixed and the suspension was stirred at room tem- 
perature for 8 h and maintained in maceration till 24 h. Afterwards it was 
filtered through a 0.101 mm mesh in order to eliminate the big particles and 
then it was centrifuged at 5000 • g for 40 min at 4 ~ The enzymatic extract,  
with a protein concentration of 21 mg m1-1 (ET,LSWGRT~ et al. 1976), is 
obtained from the supernatant  once filtered. 

Substrates Preparation 

The Citrus leaves were powdered with 4 ml g-1 acetone cooled previously 
and the homogenates were filtered through a porous plate. The extract  is 
kept  at --20 ~ during several days and before its use, it is filtered again in 
order to eliminate the greatest part  of carotenoids tha t  will precipitate in 
these conditions. In  the solution, the chlorophylls (a ~- b) concentrations are 
determined according to NAVARRO et al. (1979). 

a) C h l o r o p h y l l s  a a n d  b. A part  of the acetone extract  containing 
chlorophyll (a ~- b) is transferred to diethyl ether and concentrated in vacuo 
to a determined volume. The concentrate is put on a 0.25 mm silica gel thin 
layer suitably activated. The separation is made by ascendent chromato- 
graphy in a solvent mixture petroleum ether/benzene/ethanol (200 : 75 : 18, 
v/v/v). Chlorophylls a and b are extracted by centrifugation (VERDU 1972) 
and are determined according to NAVARRO et al. (1979). 

b) P h e o p h y t i n s  a a n d  b. Another part  of the chlorophyll (a + b) 
ext rac t  is dried, redissolved in acetone adding oxalic acid, stirred and left 
for 1 h in the dark at  room temperature.  The pigments are then transferred 
to diethyl ether and washed with distilled water until all the oxalic acid is 
eliminated (WroTE et al. 1963). 

c) M e t h y l p h e o p h o r b i d e  a. Another par t  of the chlorophylls extract  is 
dried, redissolved in methanol, adding 22% tiC1 it is then heated under 
reflux for 1 h. The cooled solution is transferred to diethyl ether in a separ- 
a tory funnel, washed first with 10% tiC1 and afterwards with distilled 
water, until the washing water has a neutral  pH (PEN~I~GTON et al. 1964). 

d)  M e t h y l c h l o r o p h y l l i d e '  a. The fresh leaves material is powdered 
with methanol;  the homogenate is maintained for 24 h under stirring in the 
dark. Tlm suspension is filtered and transferred to diethyl ether. 

The extracts of chlorophyll derivatives are concentrated to a determined 
volume and the pigments are separated by thin layer chrbmatography and 
determined similarly as the chlorophylls. 

Calculation of  the Rate Constant 

The general expression" of the first order equation for the reaction rate is 

d[S] diS] ~- K[S] , -- - -  ---- K dt  
v = dt  [S] 



CHLOROPHYLLASE IN OITRUS LEAVES 257 

. 0 .  

2 

O.W. 

0 10 2o 3o 1,0 5o EO 70 8O 

Time [mini 

0.2 Io . I .  

I0 t~tt 

O /  . . . . . . . . . .  
1 2 3 ~ 5 6 7 8  9 1 0  

Chlorophyl[ (o,b) [ml] 

�9 i i i m 

l O  ~IR 
" - ~ t $  ml~ 

�9 Z,O m;m 

o:s 4 1.s ~ 2:s 
4 Enzyme extroct [ml] 

100 i~or 1 1 

'tlme rain ~ u 

o .~ ~ 
llsxl~O 

Fig. 1. Effects of different ehlorophyllaae concentration (figures at  curves = amount of enzyme 
extract) on rate of chlorophyll (a + b) hydrolysis (expressed in absorbanee values). 
Fig. 2. Variation of the relative activity with the quanti ty of chlorophyllase extract,  at  different 
reaction times. Chlorophyll (a + b) as substrato. 
Fig. 3. Variation in reaction rate with substrate concentration at  different reaction times. 
Fig. 4. Plot of the Linowoaver-Burk equation for calculation of Vm and Km for chlorophylls 
(a + b) with average rates for 10 and 30 rain reaction Vireo. 

and integrat ing:  

[So] = K t  - l n [ S ]  = K t §  . In 

] [So] K t  and  [ S ] -  -> tz/~ 
lg --  2 . 3 0 '  2 

Ktl /2 ) K ~--- 0.693 
lg 2 --  2.30 tl/2 (1) 

W h e n  the  hydrolys is  ra te  of  the  subs t ra t e  is p lo t t ed  v s .  t ime,  graphs  like 
Fig.  1 are obtained.  W h e n  the  absorbance  of  the  hexane  phase  (in a log- 
ar i thmic scale) is p lo t t ed  vs. t ime (in a l inear sca]e), s t ra ight  lines are ob ta ined  
(see Fig. 6). F r o m  bo th  graphs it  is possible to  deduce  the  semi-react ion 
t imes  (tz/~) and  when  t h e y  are su b s t i t u t ed  in (1) K a nd  f rom K the  irritial 
reac t ion  ra tes  Vo = K[So] are obta ined.  
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T~,.~. 1 

Variation of chlorophyll (a -{- b) concentration (expressed as absorbance) as function of the 
~eaction bime and ~he initial chlorophyll (a -~ b) content 

Chlorophyll solution 

[ml] 

Reaction time [mini 

0 10 20 30 

1 0.153 0.092 0.060 0.035 
2 0.306 0.225 0.175 0.130 
3 0.459 0.360 0.300 0.240 
4 0:595 0.500 0.415 0.360 
5 0.800 0.700 0.625 0.560 
6 0.922 0.835 0.750 0.680 
8 1.224 1.130 1.050 0.985 

10 1.530 1.420 1.340 1.260 

The enzymatic  activity is expressed as described by  NAVARRe et al. (1979), 
al though the  "relative act ivi ty" concept is introduced, being defined as the 
per cent difference be tween  the extract  absorbance at t ime zero and the 
absorbance at  a given time. 

R E S U L T S  AND D I S C U S S I O N  
Effect o f  E n z y m e  Q u a n t i t y  

This effect has been studied using reaction mixtures containing 0.5 to 
3.0 ml of chlorophyllase extract  and the same 97 ~M concentration of chloro- 
phyll (a ~- b) (Fig. 1). 

For amounts of the chlorophyllase extract  from 0.5 to 1.5 ml, the rate 
of hydrolysis is proportional to time, but  the reaction passes so slowly tha t  
a 50% degradation is not  obtained even after 80 min. For quantities be- 
tween 1.5 and 3.0 ml, larger than  50% hydrolysis is obtained in half the 
time, and its rate is proportional to the t ime of reaction. In  all cases, the 
kinetic is a first order one. 

This conclusion becomes clearer when we relate the different quantities of 
the enzymatic extract  to the relative activities* for the  different reaction 
times (Fig. 2). The "relative act ivi ty" decreases quickly with increasing 
time, the relationship for 5 and 10 min being almost linear for the same 
substrate. For other times, such activity decrease,~ only slightly with the 
quant i ty  of the enzymatic extract.  

T~L~. 2 

Variation in maximum rate of chloropby]lase activity [AA per ] 0 rain per m] of enzymatic extract] 
with reaction time 

Reaction time [min] Maximum rate • 100 

10 10.0 
20 8.7 
30 8.3 

* "Relative activity" is the difference between the absorbance of the extract at time zero and 
the absorbanee at a given time [% per mini. 
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TABI,E 3 

l /S and  l / v  
and reaction 

values obtained from the  concentrat ion of chlorophyll (a -~ b) a~ subst ra te  (S) 
rates after  10 and  30 min  

30 S [~M] 78 65 52 39 26 13 
rain V [bdVl t -1] 23.9 23.0 22.3 20.5 17.5 12.5 

v [bum min -1] 0.797 0:767 0.743 0.683 0.583 0.417 
1/S 0.013 0.015 0.019 0.026 0.038 0.077 
1/v 1.255 1.304 1.345 1.463 1.714 2.400 

10 S [ ~ l  78 65 52 39 ~6 13 
rain V [l~I t -1] 8.8 8.3 8.0 7 . 5  6.5 4.5 

v [~M rain- l ]  0.880 0.830 0.800 0.750 0.650 0.450 
1IS 0.013 0,015 0.019 0.026 0.038 0.077 
1/v 1.136 1.205 1.250 1.333 1.538 2.222 

Effects of Substrate Concentration; Km and Vm Determination 

The goal of these experiments was to fincI the concentration of the substrate 
saturating the enzyme when the reaction follows a first order kinetics. The 
reaction media contained 1, 2, 3, 4, 5, 8 and 10 ml of a 649 ~zM chlorophyll 
(a q- b) solution and always 1 ml of the chlorophyllase extract  used in the 
previous experiments (see Table 1). 

When the absolute absorbance increments are plottea vs. the amount  of 
substrate (Fig. 3), we can observe tha t  from 4 to 5 ml of chlorophylls in the 
reaction media (corresponding to ca. 50 to 60 ~M), the hydrolysis rate is 
constant  and, therefore, the enzyme is saturated by the substrate. 

Fig. 3 seems to show tha t  the maximum reaction rate is reached after 
30 min nevertheless, when tha t  rate is expressed as AA per 10 min per ml 
enzyme (Table 2), it is proved tha t  the maximum rate decreases as the  
reaction time increases. 

In  order to determine the Vmax and Km characteristics of chlorophyllase 
we used the Lineweav r-Burk linear representation. In  it, the  absolute 
value of the ordinate in the origin is the inverse of Vm, and the  absolute value 
of the abscissa in the origin is the inverse of Kin. 

1 K m  1 1 
- -  _ _  - t -  - -  

V Vm S Vm 

The experimental determination of those constants has been made in two 
ways: (a) Calculation of the average reaction rate after a certain time, and 
(b) calculation of the initial rate (V0) at  the semi-reaction time, tl/2. 

In  the first method, we used six reaction media with an increasing con- 
centration of the substrate and 1 ml of the enzymatic extract.  The reaction 
rates were determined after 10 and 30 min (see Table 3). 

The plot of l / S •  1000 values vs. l / v •  100 gives directly the Vm and Km 
values (Fig. 4): for 10 min Vm is 1.06 ~M min-1, and Km is 17.54 [zM. These 
values depend upon the pre-established reaction times (SuD'INA et al: 1973). 



9.60 A . L .  GARC~[A ET AL. 

300 

X �9 200 
w-  

10C 

I f  
1 1 

Cli~176 II " Ikn Vm 

o 0.062 0,92 
b 0,057 0,99 

b 
o 

300 

. 3 ~  

> 20r 

! 1 
Pheophy t its 

Km Vm 

o 0.0'-9 1.12 
b 0,053 1.2/, 

l lsx lO00 l lsxlO00 

�9 1 

100 

/ 
o so ~oo 

11$:,1000 

Fig. 5. Plots of tho Linowoavor-Burk oqua~ion for the:  a) chlorophylls a ~nd b, b) phoophyt ins  
and  b, c) methylchlorophyllido a and  mothylphoophorbido a. 

Similarly and by the same method, such constants have been determined 
for the following substrates: chlorophylls a and b, pheophytins a and b, 
methylchlorophyllide a and methylpheophorbide a, using the 10 rain reaction 
time (Fig. 5a, b, c). 

With these data the "enzyme efficiency" is calculated, defined as the 
Vm/2 Km relationship by LozANo (1965), since the Michaelis constant (Kin) 
is equal to the substrate concentration which is responsible for the reaction 
rate being half the maximum. 

The Michaelis constant values are between 16 and 22 txM (ELLsWORTH 
1971, OGURA 1972), and the maximum rates are between 0.81 and 1.64 ~M 
min -z (Table 4). However, the values obtained for the "efficiency" are more 
significant: they are maximum for chlorophyll a and even more for methyl- 
pheophorbide a. 
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TABLE 4 

Kin, Vm and "enzyme efficiency" values for different substrates  

261 

Substratos Km [&M] Vm [~M min -1] Vm]2 Km• 100 

Chlorophyll a 16.13 1.09 3.38 
Chlorophyll b 17.54 1.01 2.88 
Phoophyt in  a 20.41 0.89 2.18 
Pheophyt in  b 18.87 0.81 2.15 
MethylehlorophyUide a 21.05 1.22 2.90 
Methylpheophorbide a 21.74 1.64 3.77 

Although from a theoretical point of view, those substrates are considered 
normal for enzymatic complexes whose Km is low (chlorophylls in our case), 
when the ~erm "enzyme efficiency" is introduced, the highest value is tha t  
for the methylpheophorbide a substrate exerting the maximum Kin. 

The second method of calculating Vm and K~ is more accurate and con- 
sists in the determination of the initial rates V0, taking into account that  
the reaction in the initial moments follows a first order kinetics. In  such 
conditions, the rate is directly proportional to the substrate concentration 
and this proportionality constant is calculated using the semi-reaction 
times (~1/2). 

To calculate tl/2, nine reaction media were prepared with decreasing con- 
centrations of chlorophylls (a + b) (80 to 5 tLM) and 2 ml of enzyme extract. 
The activity was determined as long as more than 50% of the initial amount 
of chlorophylls was hydrolysed. 

Plotting in a semilogarithmic scale the substrate concentrations as 
a function of the reaction time (Fig. 6) give straight lines, from which the 
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Fig. 6. txl2 values for different c o n c e n t r a t i o n s  o f  s u b s t r a t e ,  chlorophylla (a -k b) (figurel a t  t h e  
linea). 
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semi-react ion t imes are obtained.  The init ial  ra te  for each of the  substrates,  
Vo is calculated by  the  expressions: 

0.693 
K = ~ Vo = K [Sol 

tl/2 

The plot  of  I/So and  1/Vo is a s t ra igh t  line b y  which Vm and Km are cal- 
cula ted (Fig. 7). 
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Fig. 7. Lineweaver-Burk equation for the Vm and Km calculation from initial rates of chlorophyll 
ta + b) hydrolysis. 

Km and  Vm values  are 14.93 ~M a n d  2.27 t~M rain -1, respectively,  which 
shows t h a t  th is  last  m e t h o d  is mdre adequa te  for calculat ing the  charac- 
terist ics of  the  enzyme  as i t  provides lower Km and higher Vm values t h a n  
the  first method.  

8 Chlorophyllides Phytol 

. . .  

0 10 20 30 10 20 ~ 30 

Tim, Dio] 
Fig. 8. Inhibition of ehlorophyllaso activity due to chlorophyllides or phytol (figures at curves 
are  amounts of their 1 mM solutions). 
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Effects of  Reaction Products 

The enzymatic  reaction may be partially inhibited by the reaction pro- 
ducts, as its activity is higher when the media do not initially contain 
chlorophyllides. To s tudy this effect, we prepared two series of identical 
samples with a 50 [zM initial concentration in chlorophyll (a -t- b); to one of 
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Fig. 9. Inhibition of chlorophyllose activity by phytol using mothylphoophorbido a or mothyl- 
ohlorophyllido a as a substrato. 

them we added increasing quantities of 1 mM chlorophyllide solution in 
acetone, and to the other one, phytol  in acetone of the same concentration 
was added. For all tests, 2 ml of enzyme extract  were used. 

Low concentrations of chlorophyllides or phytol (1.5 and 2.5 ml of solu- 
tions corresponding to 30 and 50 ~M, respectively) inhibit only in the first 
minutes of the reaction. With higher quantities of products, the low enzyme 
act ivi ty is maintained during the reaction time considered. 

On the other hand, to s tudy the inhibiting effect of phytol, we used as 
substrates 32 ~M methylpheophorbide a and 40 ~M methylchlorophyllido a 
(Fig. 9). 

In  the case of methylpheophorbide a, there is practically no inhibitory 
effect. For methylchlorophyllide a, the  inhibition produced by phytol  is very 
important.  I t  may be ascribed, rather than  to an inhibitory action, to a sub 
stitution of the methyl  group by phyty l  (ELLSWORTH 1971, 1972, ICHINOSE 
and SASA 1973). 
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Die bioehemisehen Methoden wie such  die elektronen- und  liohtmikroskopischen Anslysen 
f~hr ten in den letzten Jah ren  zu einem tieferen Verstiindnis der Orgsnisation und  Funkt ion  der 
Zellen. Das Bush  yon Prof. Sengbusch (Univ. Bielefeld) bietet  eine wertvolle Zusammenstel lung 
der ffir alle lebenden Systems wiehtigsten Zellteile und  Komponenten-Makromolekd61e un  
supramolekularen Strukturen.  Die einleitenden Kapitel  behandeln  die wiehtigsten Makro- 
molekiilklassen: 1. Nukleinsiiuren (Strnktur ,  Isolierung, Fraktionierung,  Sequenzierung, Repli- 
ketion,  Transkript ion,  Rekombinat ion)  und  2, Proteins (Funktion,  Isolierung, R6ntgens t ruktur -  
analyse, Enzyme,  Faserproteine, Antik6rper).  Einige Kapitel  befassen sich mi t  den St rukturen  
und  der Zusammensetzung yon Membranen,  die hours im Mit te lpunkt  des Interesses biocbe- 
mischer Studien stehen. Es handel t  sich nieht  nu t  um Plasmamembranen,  aber such  um Kern-,  
Chloroplast- und  Mitochondrienmembranen.  Welters  Kapitel  besehrieben die Gesamtcharakte-  
risierung untersehiedlieher Zelltypen, z.B. eukaryotiseher Zellen in Kultur ,  Kalluskulturen,  Pro- 
toplasten,  Zellhyhride, Heterokarien.  D a n n  folgen Kapitel ,  die eingehend die supramolekularen 
Strukturen behandeln  (Cytoskelette, Ribosomen, Chromatin,  Viren u. a.). Besonders wird die 
Bedeutung yon Zelloberfl~ehe ffir die Zell-Zell-Kommunikation, sowie ffir den Informations-  
austauseh yon normalen Zellen und  Tumorzellen hervorgehoben. Zum Sehluss werden u. a. die 
Erkentnisse fiber die Ents tehung,  Organisation und  Funkt ion  des Immunsys tems und  einfaeher 
Nervensysteme zusammengefasst.  Nach jedem tier 70 Kapitel  folgen Angaben fiber weiter- 
fiihrende Literatur.  

Das Bush,  das im einer umfassenden Form tiber alle wichtigsten Fragen der Molekular- und  
Zellbiologie beriehtet ,  kann  jedem, der an diesem Gebiet interessiert  ist  oder darin t~tig ist, 
e m p f o h l e n  werden. 
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