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A&met-Some properties of chlorophyllase (E.C.3.1.1.14 = chlorophyll chlorophyllido-hydrolase) in 
homowznates from Chlorelfa vukaris Reikrinclc 211-llh are described. Chloroohyllase is kalized in the 
chlor;plast ; the enzyme is easily s&bili&l and can be strongly activated after a short incubation with trypsin. 
Detergents do not intluence activity. The possible function of the enzyme is discussed with relation to both the 
chlorophyll-bearing chloroplast protein (structural protein) and the formation and destruction of chlorophyll. 

INTRODUCTION 

CHLOROPHYLLME catalyses the reaction : chlorophyll~chlorophyllide + phytol. The usual 
reaction conditions favour cleavage of the pigment; however, Willstitter and Stolll and 
Shimizu and Tamaki.2 showed the reversibility of the reaction in vitro. According to several 
investigators,3-5 the enzyme is insoluble and is localized in the chloroplast, suggesting an 
association with the pigment-bearing structural protein of this organelle.6 

Earlier work, emphasizing physiological aspects, dealt with the correlation between 
enzyme activity and chlorophyll content of the plants. The enzyme activity in roots,4*7 
etiolated seedlings,s~g and albino leaveslO was less than in chlorophyll-containing tissues. 
During breakdown of the pigment in autumn, chlorophyllase activity was not usually ob- 
served to increase, but even decreased4 Since activity increased when plants turned green, 
some authors have concluded that the enzyme catalyses the synthesis of chlorophyll from 
chlorophyllide and phytol in vivo. 2~ lo The work in this paper was carried out to investigate 
whether changes in chlorophyllase activity are due to the formation or destruction of chloro- 
plast protein or to changes in chlorophyll content. The experiments also should indicate the 
localization and possible physiological role of the enzyme. For this purpose green algae were 
chosen because: (a) the quantitative relation of chlorophyll and structural protein of the 
chloroplast in algae under various physiological conditions has aheady been studied,l’ and 
(b) algae can quickly alter their chlorophyll content. l1 Most of the results refer to Chlorda 

vulgaris. 

* Present address: Charles F. Kettering Research Laboratory, Yellow Springs, Ohio, U.S.A. 
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RESULTS 

Some Enq-me Characteristics 

Willstitter and Stoll found that chlorophyllase acts in aqueous acetone or alcohol. Almost 
all the succeeding workers 3--5p ‘. 8s I** l3 used between 45 and 80 per cent aqueous acetone to 
test the enzyme. Our experiments indicate that the optimal acetone concentration was 40 
per cent (Fig. la). Less acetone caused the formation of colloidal solutions so that the accessi- 
bility of the substrate to the enzyme was probably impeded. In aqueous systems I4 this 
difficulty can be overcome by using the detergent Triton X-100. 

The pH-optimum was reported to be 6 for the enzyme from Heraclewq4 and between 7.5 
and 8 for sugar beet.* According to our data with two different buffers, the pH optimum 
for the Chlorella vdgaris was 7.2-7.3 (Fig. 16). Addition of citrate (O-04 M) as used by 
Holden,* proved to be inhibitory in our system. Phosphate-, collidine-. triethanolamine-. 
imidazole-buffers were tested: the latter was the least inhibitory. The activity was strongly 
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FIG. I@, b). CHLOROPHYUASE OF Chlurella vulguri~. 

Dependence of activity on pH and acetone concentration. k---Acetone concentration (pH 6-6.3. 
reaction mixture without buffer); IbpH: determination of the optimum with two buffer systems 
(40:; acetone), (0) 0.05 M imidazole buffer. ( ) 0.05 M triethanolamine buffer. 

reduced by buffers more concentrated than 0.05 M. Addition of Mg--. Zn-+, cysteine. 
ethylmercaptan and EDTA ( 1O-3 to IO- M) had no influence. Dialysis in the cold for 34 hr 
also did not change the activity. 

The algal enzyme was easily solubilized in contrast to chlorophyllase of higher plants.‘ah*‘” 
When cells were homogenized (for I *5 min) at pH 7.3 and centrifuged, about 50per cent of the 
enzyme was found in the supernatant solution. However, at pH 6.3 only 10 per cent was 
solubilized. and to obtain chlorophyllase in good yield it was necessary to homogenize at a 
pH value above 7. It was not sufficient to adjust the homogenate to such a pH value later. 
When digitonin or Na-dodecylsulphate (0.5 06) was added to the homogenate. the enzyme was 
totally solubilized after the mixture had been allowed to stand at room temperature for at least 
I day (see also Fig. 3). The term “soluble” indicates that the protein remains in the super- 
natant solution after 35 min centrifugation at 100,000g. 

l2 C. A. WEAST and G. MKLINNEY,J. Bid. Chem. 133.551 (1940). 
13 J. BARRETT and S. W. JEFFREY. Pkmt Physiol. 39,44 (1964). 
lJ A. 0. KLEIY and W. VISHNIAC, J. Bid. Chem. 236,2544 (1961). 
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Although chlorophyllase is insoluble at pH values below 6 it is active in homogenates 
down to pH 4, when kept at room temperature. The data of Fig. 2 were obtained by heating 
homogenates, which were adjusted to different pH values, for 5 min at 75”. The enzyme 
showed maximum stability at pH 5.5 where the activity was as high as that of the unheated 
sample. The occurrence of a maximum can be explained by assuming that heat denaturation 
is accelerated both at low pH values and by increasing solubility of the enzyme (see Fig. 2). 
Extraction of the homogenate with acetone at 0” reduced chlorophyllase activity by only 
1&2Xl per cent on a nitrogen basis. 

Homogenates which had been extracted with acetone as well as unextracted homogenates 
showed a slow increase of activity when kept at room temperature. The maximum activity 
was observed after a week’s storage at room temperature at pH 7. This slow activation process 
could not be accelerated by detergents:Figure 3 shows that it could be delayed to some extent 
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Fb. 2. CHLonoPmLLAm OF chlofx?1ka v&ark 

(0) Stability of enzyme in homogenate6 with different pH values after heating for 5 min at 75”. All 
controls, kept 5 min at roomtemperatue, had about the same activity @tin&m value approximately 
046). (0) Enzyme activity in the supernatant solution of homogenates with different pH values. 
Samples not heated. All assays were performed at pH 7.3. 

by some of the detergents during the first day of the activation process. All the samples, 
including that without detergent, yielded approximately the same activity after 6 days, 
though they differed in the amount of solubilixed enzyme (white columns). When the super- 
natant solution of the homogenate was tested and stored by itself at room temperature, an 
increase of activity of the sohrbilized enzyme was also observed (black columns). Therefore, 
activation was not caused by a release of the enzyme from cellular structures as described by 
Trebst and Wagner15 for a latent polyphenoloxidase in chloroplasts. 

The activation of the enzyme had a pH-optimum which was shifted during the activation 
process. It went from a low pH value at the start of the process to pH 7 after some days (see 
Fig. 4). This is explained by assuming that at lower pH values, the activation is faster than at 
pH 7, and that the enzyme (or its precursor) is less stable in acid than in neutral media. This 
slow activation process could be accelerated by the addition of trypsin and papain. As Fig. 5 
shows, the activation is then produced in a matter of minutes. Activity obtained with trypsin 

15 A. Tmmsr and S. WAGNER, Z. Natrrrforsch. 17b, 3% (1962). 
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addition is slightly higher than that without trypsin. This difference is probably due to a 
partial inactivation of the enzyme in the sample without trypsin being stored for days at room 
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Course of actlvatlon 

FIG. 3. CHLOROPHYLL ASE OF Chlorella wlgari~. 

Course of enzyme activation while keeping the homogenate at 25.. pH 7 aith the addition of deter- 
gents (0.5 y,). Cells were homogenized at pH 6 8: No. I = wthout detergent: No. 2 = Na-dodeql- 
sulphate; No. 3 = digitomn: No. 4 = Tween 20. White column: total n&It> of the homogenate: 
black column: activity of the supernatant solution alone. 
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FIG. 4. CHLOROPHYLLASE OF Chlorelh vulgarih. 

Change of the pH-optimum of enzyme activation while keeping the homogenate at 25’ and different 
pH values. ,_ =atstart:@=aftcrlday: = after 4 days. 

temperature. With the trypsin concentrations used, tryptic degradation of the enzyme Has 
insignificant during the experimental time. If trypsin concentration was increased. however, 
the enzyme was degraded. One can assume that the very slow activation process during 
storage of the homogenate may result from the action of an endogenous peptidase. 
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l5mrl 5hr zohr Mays 

Cause of activation 
FIG. 5. ciN.OROPHYLLASE OF Chlorella vulgaris. 

Enzyme activation with trypsin and papain. Black column : without peptidase added; white column : 
with trypsin (1) O-05 %, and (2) O-005 %; dotted column: with 04S0~ papain. 

For the activated enzyme the Michaelis constant was determined to be approx. 7 x 1O-5 M 
chlorophyll with our test conditions (see Experimental). We also found chlorophyllase 
activity in homogenates of Chlorellapyrenoidosa and Chlamydomonas reinhardi. None of the 
treatments described above, however, resulted in an increase of activity. 

Localization of Chlorophyllase 

The enzyme activity-after trypsin addition-was next examined in relation to the 
amount of insoluble structural protein of the chloroplast. Earlier work had shown that the 
latter can be varied in ChZoreZZa by different light intensities.l’ Cells grown in strong light 
contain less chloroplast protein (and less chlorophyll) than those grown in weak light. 
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Fro. 6. ~LOROPHYLLASE OF Chlorella v&ark 

Elnzyme activity of cells with two different chlorophyll contents (enzyme activation with trypsin). 

I: cells grown in complete medium; II: cells grown in N-deficient medium. 

White column: chlorophyll split/nitrogen of structural protein of the cNoroplast/hr. Black column: 
chlorophyll split/chlorophyll of structural protein of the cNoroplast/hr. 
29 
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Figure 6 (left side) shows typical data of chlorophyllase activity (I&/I tryptic activation) 
from algae with a low and a high chlorophyll content. The activity related to the amount of 
insoluble chloroplast protein was the same in spite ofthe different chlorophyll contents. These 
data infer that chlorophyllase correlates with the structural protein of the chloroplast. We 
further can conclude that chlorophyllase is localized in the chloroplast: the earlier findings of 
the enzyme’s localization iu higher plants are hereby confirmed for Cldorella vulgaris. 

When the enzyme was related to chlorophyll, however, we obtained a high activity with 
cell material of low chlorophyll content and vice versa (Fig. 6). In this case chlorophyll is 
obviously not a convenient reference for enzyme activity. 

Figure 6 (right side) shows chlorophyllase activity of cells grown l-2 days in the absence 
of nitrogen in the light. The activity was 15-20 per cent higher than that from cells of a 
complete medium when related to the structural protein of the chloroplast. When related to 
chlorophyll, activity did not change much in spite of different chlorophyll contents of the 
cells. contrary to the findings \cith cells from a complete medium. This can be explained b> 
the earlier results. that in N-deficient cells the ratio of chlorophyll to structural protein 
remains almost the same. although the pigment content of the cells changes. 

Pi~.wiological Role of Chloroplyllase 

Cells grown in potassium-deficient medium in the light have a very low chlorophyll 
content. After addition of potassium, these cells were transferred to darkness, and an increase 
of their chlorophyll content up to 50 per cent and more within 15 hr *as observed. By omit- 
ting the nitrogen of the culture medium the protein content remained constant during chloro- 
phyll formation (cf. ref. 1 I). Under these conditions the chlorophyll was always totally 
phytylated. Chlorophyllase was measured (M’MI tryptic activation) before and after chloro- 
phyll increase (Table 1). It can be seen that based on chlorophyll content. the enzyme activit) 
decreased corresponding to the increase of the pigment. This signifies that the enzyme 

activity has not changed. L+ hen related to the amount of structural protein of the chloroplast. 
In a similar experiment. He tested chlorophyllase activity withou/ activation with trypsin. 

We used potassium-deficient cells with different chlorophyll levels. thereby also obtaining 
different chlorophyll increases after the addition of potassium. When chlorophyll had 
reached its new level in the dark, activity was always found to have increased considerably. 

TABLET. CHLOROPHYLLASE Acr[vrry OF POTAASSIUM-DEFICIE~TCELLSOF Cldor&~ 
VdgariS hZYME ACTIVATED WITH TRYPSIN) 

Chlorophyll 
,P-__.L--__, 
Original content Increase 15 hr Enzyme activity* 

of cell : “; per dry after addn. of K (in c --- 
weight N-free soln.) 9,, Onginal After Decrease O” 

- ----- - - -- ---- __--- - - . ..-. -- -___ ._ _ 

1m 63 6.22 3.62 58 
1.00 63 6.14 3.75 61 

I.01 60 5.26 3.01 1.49 46 4.30 2 58 ; 

1.18 67 5.81 2.85 50 
1.63 55 5.09 2.86 57 

* Chlorophyll splltxhlorophyll of strwtural protein of the chloroplast ‘hr. 
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As we were interested in the correlation between activity and accumulation of pigment, we 
plotted the mean values of the chlorophyllase activity before and after chlorophyll formation 
against the increase of chlorophyll and obtained a close correlation between these figures 
(Fig. 7). 

When potassium-deficient cells were placed in darkness and no potassium added, no 
chlorophyll was built up, and the activity remained low. In the dark these cells could neither 
increase chlorophyll nor chlorophyllase activity (measured without trypsin addition). 

When cells were cultivated without nitrogen in the light, their chlorophyll was slowly 
destroyed.ll In spite of pigment destruction, chlorophyllase activity remained at the normal 
level. Our data, therefore, do not prove a relation between decomposition of the pigment and 
chlorophyllase activity. However, it seems more probable that the enzyme is involved in the 
synthetic process. 

Chlorophyll increase, % 

FIG. 7. CI-IL~ROPEMLA~E OF Chlorella wdgaris. 

Correlation of enzyme activity in potassiumdcficicnt cells and chlorophyllase. increase after addition 
ofpotassium. Enzymenotactivatcdwithtrypsin. Meanvalucsofactivitybcforeandaftcrchlorophyll 
increase were plotted against chlorophyll increase in %. 

Reference for activity: chlorophyll split/nitrogen of structural protein of the chloroplast/hr. columns 
data from two samples to which no potassium was added and therefore no additional chlorophyll 
was formed. 

DISCUSSION 

The chloroplast is destroyed and the chlorophyllase partially released from the chloro- 
plast debris by homogenization of the cell. The localization of the enzyme in the chloroplast, 
however, was inferred from the close relation between chlorophyllase activity and the amount 
of structural protein of the plastid in the cell. This close relation was observed in cells of 
complete, nitrogen- and potassium-deficient media. Hence the previous preparative data of 
the amount of chloroplast protein in the ~ell’~ could be supported by enzymological tests. 

The increase of chlorophyllase activity produced by action of a peptidase is probably the 
same as described for other enzymes : Szarkowski l6 found cresolase activity of tyrosinase only 
after tryptic treatment; Freedland and Waismanl’ described an increase of fructose-1,6- 
diphosphatase from rat liver after incubation with papain-an activation which Heise and 

16 J. W. SZXRKO~~KI, Bull. Acad. Polon. Sci. CIapse IZ, 5,1(1957). 
1’ R. A. FREEDLAND and H. A. WABMAN, Cancer Res. 20,1317 (1960). 
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Kleitke I8 could improve by application of trypsin. Kenten ly succeeded in activating a latent 
polyphenoloxidase from leaves of Vicia,/ahn by both trypsin and Na-dodecylsulphate. 

These findings and our data point to an unspecific mode of activation \r, hich frees chloro- 
phyllase from inhibiting proteins or peptides. These are attached to the enzyme: since the 
activation also occurs after solubilization. the inactive enzyme complex must be rather stable. 
Even detergents cannot split it. It is, however. of interest to note that c~llor~~ph~llase can be 
completely separated from chlorophyll by solubilizing the enryme. 

Probably the high actlkity after trypsin addition does not occur in the IiF ing cell; ue could 
not find it immediately after homogenization without the addition of proteast enzymes. 
Furthermore we never obsrrced the activation of the enzyme in closely rcfstcd strains of 
untceltular afgae. Thor ma> bc due to alight dif%rences in ~ornp~~~~ti~~ll and structure of 
chloroplast proteins. For example Kentcn demonstrated an activation o~polyptlenolo~ida~e 
of i %$a faha but not clover or pea Ieavcs following the trjpsin treatnlcnt.2” 11 should be 
considered that differences 111 enzyme protein may albo inlluence the conditions of the optimal 
course of the enzymatic test. Possibly the great differences in enzymatic actisity of higher 
plants’~‘,” and within the same algal group I ’ can be explained bq this. 

Under the physiof~gi~al conditions mentions abose, the ~hlor~~phyfl content of cells 
increases or decreases in a remarkably short time. Chlorophyllase increased in the first case, 
but remained unchanged in the latter. This may indicate that the enzyme functions in the 
synthesis of the pigment. But more data are needed before an) theory can be advocated. 

EXPERIMENT’sI. 

Cldmdla vdgaris Beijerinck 21 I-1 1 h, Clllorellap~~n~oiti~sa Chick 211~8b and Chlamy- 
c/omona~ reinhat-& Dang. I l-32 were from the algae collection of E. G. Pringsheim, Giittingen_ 
They were grown in mineral medium as described previously.’ l 

Algae were washed once with distilled water and then suspended in an aqueous medium 
which contained the following components in a final volume of 30 ml: 10 ml of polyethyfen- 
glycol-300 (Fluka. Switzerland). 1.5 mmoles of citrate btd-l’er (pH 7-O). 20 @motes of cysteine, 
20 pmoles of axorbic acid and 3 pmoles diisopropylfluorophosptlate (DIPFP). The 
suspension was shaken vigorously for l-5 ntin with glass beads (0.5 mm in diameter) in n 
homogenizer (Braun, Germany). Then the algal material was diluted to 40-50 ml nith water 
containing 0-I mM DIPFF. The peptidase inhibitor was not added when the enzyme was 
later activated with trypsin. Other alterations in the conditions of homogenization are 
mentioned in the appropriate experiments. 

Chlorophyll was determined in methanol or 80”” acetone according to Mackinney2’. 
Substrate for the enzyme assay was a crude chlorophyll extract prepared from U~lorcllrr ~rl- 
quris. which had a chlorophyll content of ., 71, per dry weight. The extract uas freed from 

I* E. HEISE and CH. KLH rxE, Z. .Vut~ IFS& 17b, 184 (1962). 
Ip R. H. KEIUIFN, Cottgr. Iirfcnr. Biockm. l3= Cmgt . Bruswl~) p. 102, RAunth ~wmmt~. ( 19.55). 
2o R. H. KENTFN. ff~uc/ze~~z. I 67,300 11957). 
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any chlorophyllide as follows : After the cells had been extracted three times with acetone in 
the cold, the pooled extracts were adjusted to 70% acetone and 1% NaCl and shaken with 
an aliquot of petrol ether (b.p. 40-60”). The green petrol ether phase was then shaken four 
times with aliquots of an acetons_NaCl mixture (350 ml acetone, 200 ml 2 % NaCl-solution). 
The petrol ether was removed in a vacuum circulation evaporator (Biichi, Switzerland) at 0”, 
and the residue dissolved in acetone and stored in the cold. 

Enzyme Test 

Chlorophyllide, formed by enzyme action, was determined. The enzyme preparation in 
O-05 M imidazole-buffer, pH 7.3 made in 40% acetone and chlorophyll (0.35 mglml) were 
made to a volume of 5 ml. Reaction vessels were shaken in a water bath for 1 hr at 25”. 
The reaction was stopped by adding 2 ml of the mixture to 3 ml acetone. The whole was 
centrifuged, and 3 ml of the supernatant shaken with 5 ml petrol ether and 2 ml 2 % NaCl- 
solution. After centrifugation, the chlorophyllide in the acetone phase (- 45 % acetone) was 
measured at 655 nm. The extinction values were used directly in Figs. 1. to 5 to express 
enzyme activity. To calculate the concentration of the chlorophyllide, a factor was deter- 
mined from the extinction values of chlorophyll concentrations in 80 % acetone against the 
equivalent values in 45 % acetone. 

Activation 

The homogenate was incubated with 0.05 % trypsin (Merck, Germany) at 30” for 1 hr. 
During the long activation process without peptidase added, bacterial decomposition was 
prevented by chloramphenicol(lO0 pg/ml). 
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