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Abstract-The pH optima of mevalonate kinase and phosphatases in green leaves, cotyledons and chloroplasts 
of French bean, and in green leaves and chloroplasts of maize, have been studied. Whereas in chloroplasts 
the pH optimum for mevalonate kinase is at pH 7.5 with little or no activity at pH 5.5, there is with leaf 
and cotyledon preparations appreciable activity at the lower pH. Under some circumstances isoelectric 
focusing studies have given fractions showing mevalonate kinase activity at only pH 7.5 or 5.5. Acid 
phosphatase and ATPase activity in preparations is maximal at pH 5.5 and is much reduced in the presence 
of high levels of phosphate. Other investigations reported concern the stability of mevalonate kinase and 
phosphatase activity at pH 5.5 and 7.5 on ageing of extracts, and the activity of mevalonate kinase on 
greening of etiolated French bean cotyledons. The influence of metal cofactors and fluoride on mevalonate 
kinase and phosphatase are reported. 

INTRODUCTION 

MUCH EVIDENCE on the structure, function and chemical composition of the chloroplasts 
of higher plants suggests that the carotenoid pigments and the phytyl side-chain of 
chlorophyll are synthesised in situ in the plastid.‘-3 Such results led to the concept of 
control of terpenoid synthesis in developing seedlings by a combination of intracellular 
segregation of enzymes and specific membrane permeability.4 Some evidence for this 
proposal came from the location of mevalonate kinase (E.C. 2.7.1.36) in chloroplasts from 
French bean leaves5 and subsequently in the demonstration that isoenzymes of 
mevalonate kinase, differing in pH optimum, could be identified in homogenates of 
green and etiolated leaves.‘j Two peaks of activity were evident at ca pH 5.5 and 7.5, 
while in chloroplasts only the latter could be detected. In contrast a preparation from 
newly emergent etiolated cotyledons of French bean yielded a peak of activity at 
pH 5.5 with little activity at pH 7.5. In contrast to these findings was a preliminary 
communication7 reporting inability to demonstrate the mevalonate kinase with acid pH 

* Present address: Department of Pharmacology, the Middlesex Hospital Medical School, University of 
London, London WlP 7PN. 

1 GOODWIN, T. W. (1958) Biochem. J. 70, 612. 
’ GRIFFITHS, W. T., THRELFALL, D. R. and GOODWIN, T. W. (1964) Biochem. J. 90, 40P 
’ TREHARNE, K. J., MERCER, E. I. and GOODWIN, T. W. (1966) Biochem. J. 99, 239. 
4 GOODWIN, T. W. and MERCER, E. I. (1963) Symp. Eiochem. Sot. 24, 37. 
5 ROGERS, L. J., SHAH, S. P. J. and GOODWIN, T. W. (1966) Biochem. J. 99, 381. 
’ ROGERS, L. J., SHAH, S. P. J. and GOODWIN, T. W. (1966) Biocbem. J. 100, 14C. 
’ GRAY, J. C. and KEKWICK, R. G. 0. (1969) Biochem. J. 113. 13P. 
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optimum in French bean preparations. This work has recently received formal expression 
in detailed form.* Other workers’ have reported identification of mcvalonate kinase 
isoenzymes of optimum pH 7.9 in homogenates of Pirz~a pin~stcr. and ,ilyrr~~~ UIUPI.I’COIUI. It is 
therefore pertinent to report some further studies on me\alonate kinasc and of accom- 
panying phosphatase activity in preparations from higher plants made subsequent to the 
first’ of these contrasting reports. 

RESULTS AND DISCUSSION* 

An earlier study’ showed that in homogenates of leaves and green cotyledons of 
French bean mevalonatc kinase with peaks of activity at pH 5.5 and 7.5 could be 
demonstrated. Activity at pH 7.5 was associated with chloroplasts isolated by both aqueous 
and non-aqueous techniques.’ Mevalonate kinase from Cr~~~+itcl ,D~JN~ cotyledons.” 

Pirz~s r~dhta seedlings, ’ ’ and oranges” have also been reported to have acid pH 
optima. though in general rnevalonate kinases from animal sources show maximum 
activity at higher pHs. In contrast a recent study’.” has indicated insignificant me\‘alonate 
kinase activity at acid pH in both leaf and etiolated cotyledon preparations from 
French bean, though activity at pH 7.0 was readily demonstrated. The same workers 
were also unable to demonstrate activity associated with isolated chloroplasts. The earlier 

of these reports’ prompted further investigation on our part and it ma! now be of interest 
to report some of the data obtained. The results reported were all obtained with 
crude enzyme preparations of leaves, cotyledons or chloroplasts. In such extracts in the 
presence of sufficient ATP and Mg’ _ the phosphorylation of MVA is not limited to the 
mevalonate kinase catalysed formation of MVA-SP; further successive reactions catalysed 
by phosphomevalonate kinase (E.C. 27.42.) and pyrophosphomevalonate decarboxylase 
(E.C. 4.1.1.33) leading to formation of MVA-5PP and isopentenyl pyrophosphate, 
respectively. may be found. Thus at the termination of reaction in the incubation 
mixtures used MVA-SP, MVA-SPP and isopentenyl pyrophosphate in varying proportions 
might be found. As in previous work’ all preparations were treated with polyclar-AT 
(insoluble polyvinylpyrrolidone) to remove phenolic compounds.‘” 

pH-ActSty prqfi1e.s 

The relationship of mevalonate kinase activity and pH for leaf, cotyledon and 
chloroplast preparations from French bean seedlings are shown in Figs. 1 and 3 and in 
Table 1. Rates of phosphorylation of MVA were measured by the radiochemical assay 
method (Figs. 1 and 2) or by spectrophotometric or chemical assay methods (Table 1) 
over the pH range 4.5-9.0. The data show that under the conditions used differing 
pH-activity profiles were obtained for mevalonate kinase activity in leaf and coty-ledon 
preparations as contrasted to chloroplasts prepared by the non-aqueous procedure. In 
our hands significant activity was always detected in chloroplast preparations. With 
the one exception shown in Table 1, however, discrete peaks of activity at pH 5.5 and 
pH 7.5 in leaf and cotyledon preparations were not evident, though spectrophotometric 
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FIG. 1. EFFECT OF pH ON THE ACTIVITY OF MEVA- 

LONATE KINASE IN COTYLEDONS AND CHLOROPLASTS 

OF Phaseolus vulgar-is. 
Incubations contained the standard radiochemical 

assay mixture the buffer being: pH 4.0-5.5, acetate; 
pH 6.0-7.0, maleate; pH 7.0-9.0, Tris-HCI. Different 
symbols for the same type of preparation indicate 

experiments on separate occasions. 
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FIG. 2. EFFECT OF pH ON THE ACTIVITY OF MEVA- 

LONATE KINASE IN L.EAVES OF Phase&s dgaris. 
Incubations as in Fig. 1. 

assays at pH 6.5 were inadvertently omitted, and in agreement with other workers’ we 
did not in the present studies obtain mevalonate kinase activity almost entirely at pH 
5.5 in extracts from etiolated French bean cotyledons. The quantitative difference in the 
present results to those reported earlier6 may be due to two factors. In previous studies, 
through unidentified differences in quality of plant material or experimental method, the 
kvels of mevalonate activating enzymes at both pH 5.5 and 7.5 were several-fold 
higher than those reported here or by other workers.’ This difference- is also reflected 
in the observation that in the present studies MVA-5P was the major reaction product 
in incubations whereas in the earlier study the major product was MVA-SPP. It is 
interesting that extracts of etiolated cotyledons of Cucurbita pepo, possessing high mevalo- 
nate kinase activity, also showed a pH optimum at 5.7 with much less activity at 
higher pHs.” A second equally important factor is that the present experiments, in 
contrast to those reported earlier,6 were made throughout using buffer systems not 
containing supplemented inorganic phosphate. Later studies (Fig. 4) were to show that 
the presence of inorganic phosphate substantially reduces phosphatase activity. Such 
activity affects mevalonate kinase activity at pH 5.5 to a far greater extent than at higher 
pHs. Nevertheless in several experiments with leaf or cotyledon preparations by the three 
assay methods used mevalonate kinase activity at pH 5.5 was always substantial 
compared to that at pH 7.5, in marked contrast to chloroplast preparations. In the 
studies on extracts from green leaves there was a distinct difference in the reaction 
products at different pHs (Fig. 2). At the lower pHs the predominant reaction product 
was MVA-5P whereas at pH 7.5 amounts of MVA-5P and MVA-5PP were similar. 
Thus, with spectrophotometric and chemical assay methods the activity at pH 7.5 compared 
to that at pH 5.5 will reflect formation of ADP as the result of significant phos- 
phomevalonate kinase activity in addition to ADP contributed by mevalonate kinase 
action. This factor should be taken into account when the results in Table 1 are considered. 
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PH 
Tissue Assav procedure 4.5 5.5 6-5 7.5 9.0 

Green leaf Spectrophotometric I.4 2.7 3.2 3.0 
Chemical assay 0.4 1.3 I.8 2.4 0.7 

Cotyledon (green) Spectrophotometric 2.1 4.6 7.3 2.4 
Chemical assal 0.8 I 4 0.9 3.0 0.6 

(etiolated) Chemical assay I.6 7.8 4.5 5.0 3.7 

Enzyme activities were measured by the spectrophotometric and chemical assay procedures. and are given 
as nmol MV.4 phosphorylated!min per mg protein. 

Studies were also made on maize (Fig. 3) and in general these gave similar results 
to investigations on French bean. In short term (20 min) incubations (Fig. 3a) the 
pH-activity profiles for leaf and chloroplast preparations were quite different. Appreciable 
activity at pH 5.5 was evident in leaf extracts whereas little or no activity at this pH 
was shown by non-aqueously-prepared chloroplasts. At pH 5.5 MVA-5PP was the major 
reaction product while at pH 7.5 the reaction product was almost entirely MVA-SP. 
However, a study with the same preparation but using much longer incubation times 
(Fig. 3b) indicated an apparent absence of mevalonate activating enzyme activity at 
pH 55. Moreover, at pH 7.5 the conversion of MVA into phosphorylated products, 
which in this case included some isopentenyl pyrophosphate. was only approximately 
doubled though the time of incubation has been increased almost 5-fold. A. similar observa- 
tion has been reported elsewhere”,‘” and has been attributed to the action of phos- 
phatases. The quantitative-and qualitative nature of the reaction products identified after 
incubation of such extracts with MVA may therefore be dependent on a number of 
factors including activity of the preparation regarding mevalonate kinase, phosphomeva- 
lonate kinase, and phosphatases; the composition of the incubation medium: its pH; 
and the time of incubations. 
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The interference of phosphatases with assays of mevalonate activating enzymes in 
crude plant extracts was investigated by studying phosphatase activity in French bean 
preparations over the pH range 4-9. Some of this data are presented in Fig. 4 and 
shows that acid phosphatase (E.C. 3.1.3.2.) activity measured by p-nitrophenyl phosphate 
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FIG. 4. EFFECT OF pH ON THE ACTIVITY OF PHOS- 
PHATASES IN Phaseolus vulgaris. 

Incubations contained the standard assay mixture, 
phosphatases being assayed by p-nitrophenyl phos- 
phate hydrolysis and ATPase by ATP hydrolysis. The 
buffers were: pH 4G5.5. acetate; pH 6G7.0. maleate; 

pH 7.0 9.0. Tris-HCI. 

FIG. 5. STABILITY OF MEVALONATE KINASE AND PHOS- 
PHATASE IN HOMOGENATES OF Phuseolus vulgaris 

LEAVES. 
Incubations contained for mevalonate kinase the 

standard radiochemical assay mixture. and for phos- 
phatase the standard assay of p-nitrophenyl phos- 
phate hydrolysis. A 10 mg protein/ml extract from 
green leaves was maintained at 4”, activities of both 
enzymes being measured at pH 5.5 and pH 7.5 over a 
period of several days. Initial activities of the enzymes 
were: mevalonate kinase, 2.0 nmol/min per mg 
protein at pH 7.5; phosphatase, 2.5 pmol/min per 
mg protein at pH 5.5 The activities of mevalonate 
kinase at pH 5.5 and phosphatase at pH 7.5 are 
given relative to the activities of these enzymes at 

pH 7.5 and pH 5.5. respectively. 

hydrolysis is some thousand-fold greater than that of mevalonate kinase in extracts of 
higher plant. In leaf, cotyledon and chloroplast preparations optimum activity was at 
ca pH 50-5.2 with much less activity above pH 7. Chloroplasts possessed much less 
acid phosphatase, which is thought to be largely unassociated with chloroplasts.‘4 In 
agreement with other work* we found adenosine triphosphatase (ATPase E.C. 3.6.1.4) 
activity to be optimal at ca pH 5.5 but with a smaller peak of activity at ca pH 7.0. In the 
presence of high levels of phosphate ATPase activity at the lower pHs is largely 
eliminated, while that evidenced at pH 7.0 is reduced by some 5G6Oo/0. It was also 
observed that 10 mM Mg2+ reduced ATPase activity by some 40% though acid 
phosphatase activity was not significantly affected, even by 60 mM Mg2+. 

Investigation of the effect of high phosphate concentration on acid phosphatases 
indicated signific‘ant inhibition, an inhibitor constant Ki of ca 15 mM being obtained 

I4 SLACK. C. R.. HATCH. M. D. and GOODCHILD. D. J. (1969) Biochern. J. 114, 489. 
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for phosphate levels from 0.05 to 0.2 M. At higher concentrations phosphate proved 
inhibitory to mevalonate kinase. The inhibition of phosphatase activity in homogenates 
of French bean leaves by fluoride ions was determined from a plot of reciprocal of 
acid phosphatase activity against fluoride concentration. This indicated non-competitive 
inhibition yielding an inhibitor constant, Ki, of 8 x 10m4 M for substrate concentrations 

of 1.65. 3.3 and 6.6 mM. Fluoride (0.6 mM) did not affect mevalonatc kinasc activity 
assayed at pH 5.5, where phosphatase activity was maximal. and activity was only 
slightly inhibited by 6.0 mM fluoride. Similar inhibition of phosphatases in plant 

extracts by fluoride has been reported elsewhere.” 
The above data are in accord with studies by other workers. In higher plants several 

acid phosphatases appear to be present,“.‘” and these can differ in substrate specificity 
and MW. perhaps through aggregation or disaggregation of a smaller number of discrete 
species. Presence of such phosphatases may show seasonal dependence’ ’ while there may 

also be a diurnal variation in enzyme activity.” A soluble ATPase has been identified 
in higher plants, having a broad pH optimum at ca pH 5.5 and little activity at high 

PH. “,” This may originate from release and activation of a particulate phosphatase 
such as the ADP-kinase (ATPase) in chloroplasts, involved in photophosphorylation.20 
Chloroplasts of E~glena contain a highly active membrane-bound Mg’+ -dependent 
ATPase with optimum activity at pH 5.5 with a smaller peak of activity at pH X0” 

The latter may be due to a Ca’+ -dependent soluble ATPase showing some activity with 
magnesium ions.” Similar data have been reported for chloroplasts from higher plants.‘” 

Evidently presence of such phosphatases in plant extracts would adversely affect the 
assay of mevalonate kinase. through removal of ATP necessary for phosphorylation of 

MVA. and through degradation of the phosphorylated products of mevalonate metabolism. 
Thus isopentenyl phosphate, a product of phosphatase action on the pyrophosphate, 

has sometimes been found in incubation mixtures.2” 
We examined the effect of phosphatases from a French bean cotyledon extract on 

MVA-SP, the incubation mixture containing: MVA-SP, X0 nmol. 20000 dpm: butfer. 
160 Lmiol; and 2 mg protein (SO’;;, (NH,)*SO, precipitate), in a total volume of 0.X ml. 
Incubation was at 30’ and after 60 min the reaction was terminated by heating at 80 
for 2 min. Aliquots of the supernatant were chromatographed” and the conversion of 
MVA-5P to MVA determined. This was ~CI 0.3 nmol MVA-5P:min per mg protein and 
UI 0.15 nmol MVA-5Psmin per mg protein. at pH 5.5 in acetate buffer. and pH 7.5 in 

Tris-SIC1 buffer, respectively. The conversion at pH 5.5 was inhibited some 70”,,, and at 
pH 7.5 some 50%, in the presence of 0.2 M phosphate. In extracts of germinating pea 
seeds little MVA was formed at pH 7.4 from MVA-SP.‘” In practice the possible degrada- 
tion of MVA-5P in plant extracts may not be a serious difficulty. at least at the higher 
pHs, since it has been observed by other workers I3 that after long incubation times 

IF MI,WR, H.. MAYEK. A. M. and NAR~.I., E. (1971) Phpid. Phr. 24. Yi. 
I” RCI~RTS. D. W. A. (1970) Ercwwloqiu 39. 151. 
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the proportion of products in the form of MVA-5PP compared to MVA-SP, increases. 
In a number of studies5~‘0~24~25~26 appreciable amounts of MVA-SPP, often exceeding 
levels of MVA-SP, have been found in the products of incubation with MVA. However 
the conversion of MVA to phosphorylated products with time may sometimes be 
observed to reach a maximum and then, at longer incubation times, apparently decline.12 
Initially the rate of conversion of MVA to MVA-5P may exceed the rate of breakdown 
of MVA-5P by phosphatases, but when available MVA is sufficiently depleted the two 
enzyme activities may be in balance. In other studies on French bean leaf or cotyledon 
extracts phosphatases hydrolysed MVA-SP, MVA-5PP and isopentenyl pyrophosphate at 
rates considerably in excess of MVA phosphorylation.8 

Subcellular localisation of mevalonate kinase 

In earlier studies5 little difficulty was found in demonstrating mevalonate kinase 
activity in chloroplast preparations, particularly those prepared using non-aqueous 
methods. In contrast other workers’ have reported very low activity of chloroplasts 
prepared by aqueous or non-aqueous methods. In the present studies mevalonate kinase 
activity in chloroplasts prepared by the non-aqueous method could be readily 
demonstrated (Figs. 1 and 3). 

A further study was made on chloroplasts prepared from maize, following illumination 
of etiolated seedlings for 48 hr. The stepwise fractionation procedure of Smillie2’ was 
used and the results obtained are.briefly summarised in Table 2. 

TABLE 2. DISTRIBUTION OF MEVAI.ONATE KINASE IN Zea may.? LEAVES 

Density (g/cc) of fraction < 1.30 1.30-1.37 > 1.37 

Total chlorophyll (“/,) 37 9 54 
Mevalonate kinase (%) 62 13 25 

Maize leaves were freeze-dried, homogenised in Ccl,-hexane mixture and 
fractionated according to density (see text for details). 

Maize possesses two morphologically distinct types of chloroplast, the mesophyll cells 
containing chloroplasts that resemble, in size and presence of grana, those of plants 
utilising the Calvin cycle. These plastids do not accumulate starch in contrast to the 
small grana-less chloroplasts found in parenchyma sheath cells.28 Partial separation of 
the two types of chloroplast from plants illuminated for some time can be made by 
density fractionation of freeze dried leaves in non-aqueous media.14 The chloroplasts from 
mesophyll cells occur in the fraction of density less than 1.30, those from parenchyma 
sheath cells and thus containing starch concentrate in fractions of density greater than 
1.37. It was found (Table 3) that the mevalonate kinase activity was concentrated in the 
fractions of highest and lowest density with little in the cellular material of intermediate 
density. This is taken to indicate presence of mevalonate kinase in both types of 
chloroplast, though perhaps predominantly in mesophyll chloroplasts since these occur 
to some extent also in the higher density fraction. l4 The observation, however, does not 
preclude the occurrence of some enzyme extrachloroplastidically. An enzyme largely or 

26 GREEN, T. R. and BAISTED, D. J. (1972) Biochem. J. 130, 983. 
I7 SMILLIE, R. M. (1963) Can. J. Botany 41, 123. 
*’ LAETSCH, W. M. (1968) Anl. J. Botany 55, 875. 
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completely unassociated with chloroplasts would be concentrated in the fraction of 
density greater than 1.37 with more or less equal amounts in the lower density fractions. 
Its occurrence in fractions would not correlate with chlorophyll distribution.14 

TABLE 3. EFFECT ON LFAF MFV.AUNATE KIKASF OF IN'EKMEDIATES OF ISOPRFKOID BIOSYSTHESIS ANI) RFI.ATI'D 

(‘OMPOLWDS 

Farnesol Geraniol 
Gibherellic 

acid /I-Carotene Squalene Lanosterol Sitosterol 

En/qme activities were measured at pH 7.5 and pH 5-5 by the radiochemical procrdurc. Each standard 
incubation contained the following compounds at the cone indicated, solubilised in dimethyl sulphoxide (final 
cone 100:, c/v). Activities are given as a percentage relative to controls containing IO”,, dimethyl sulphoxide 
but with no other additions. Farnesol. geraniol and gibberellic acid (GA,) were added to give a final 
concentration of 1 mM, 10 pug of the other compounds were added to the standard 1 ml incuhatlon mixture. 

Localization of mevalonate-activating enzymes in chloroplasts has also been con- 
vincingly demonstrated by independent observations that isolated French bean chloro- 
plasts in the presence of appropriate cofactors will readily convert MVA into phytoene29.30 
and into geranylgeraniol,30 two obligatory intermediates beyond isopentenyl pyrophos- 
phate in the pathway of carotenoid biosynthesis from MVA. 

In studies with chloroplasts prepared in aqueous media only slight mevalonate kinase 
activity was detected. This might be expected since soluble enzymes are readily leached 
out of chloroplasts isolated in aqueous media, including for example. alkaline inorganic 
pyrophosphatase3’ and ribulose diphosphate carboxylase,“’ but are readily demonstrated 

when non-aqueous isolation methods are used.‘- 
It is known that during chloroplast development there is a substantial increase in 

the protein content of the leaf, most of the new protein being located within the 
chloroplasts. Thus in greening Eugl~~cz increases in enzymes such as NADP‘- 
glyceraldehyde-3-phosphate dehydrogenase and fructose l,Cdiphosphatase, which are 
confined to chloroplasts, roughly parallel increases in chlorophyll content whereas 
extrachloroplastidic enzymes such as aldolase and transketolase do not show this 
correlation.27 The observation that in greening French bean leaves increase in mevalonate 
kinase paralleled increases in chlorophyll and protein has, however. been interpreted as 
indicating that mevalonate kinase was not likely to be chloroplastidic,’ In contrast. a 
similar observation for Kal~~ncho~ crrrzata tissue cultures was thought to indicate the 
association of appreciable mevalonate kinase activity with chloroplasts.‘” 

The activities of both mevalonate kinase and acid phosphatase in French bean extracts 
stored for prolonged periods at 4< were studied. The results (Fig. 5) indicated that 
phosphatase activity at pH 5.5 increased markedly over the first 24 hr but then slowly 
decreased over the next 5 days to cu 70”/, the original activit!. The initial increase may 
be due to a number of factors including release of latent enzyme from membranes. 
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Phosphatase activity at pH 75 remained more or less constant with only a slight increase 
in activity evident over the first 48 hr. 

Mevalonate kinase activity assayed at pH 7.5 decreased markedly over the first 48 hr 
to some 65-70x the original activity; thereafter loss of activity was slower and after 
6 days 50% of the original activity still remained. Decrease in activity over the first 48 hr 
of ageing was also reflected in mevalonate kinase activity assayed at pH 5.5 and presumably 
results from the increased phosphatase activity of the extracts over the same time period. 
Ageing for longer times led to recovery of mevalonate kinase activity at pH 5.5, correlating 
with decrease in phosphatase activity to somewhat lower levels than present in the original 
extract. Extracts stored at - 15” for two months showed unchanged mevalonate kinase 
activity. Mevalonate kinase is therefore a comparatively stable enzyme. 

* Mevalonote kinose pH 7.5 
q Mevolonate kinase pH 55 

I I I I I I 
9 12 15 18 21 

Time. days 

FIG. 6. MEVALONATE KINASE ACTIVITY IN ETIOLATED COTYLEDONS OF Phaseolus odgaris FOLLOWING 
ILLUMINATION. 

Incubations contained the standard radiochemical assay mixture. Plants were germinated in the dark 
and at day 8 were transferred to continuous light. Cotyledons were taken at the times indicated and 
extracts prepared by the standard method. Percentage of the reaction products as MVA-5PP are given 

by- m. pH 75; ----, pH 5.5. 

It has been proposed* that mevalonate kinase activity at pH 5.5 may result from 
interaction of contaminating phenols in plant extracts with native (pH 7.0) enzyme. 
Thus heterogeneous mixtures of mevalonate kinase enzymes differing in charge could be 
identified on DEAE-cellulose chromatography of leaf extracts when polyphenols were 
present. However, in previous studies6 and those outlined here, care had been taken to 
minimise polyphenols present in extracts by treatment with polyclar-AT.” This interesting 
suggestion, therefore, has yet to be substantiated experimentally. 

We also studied levels of mevalonate kinase at intervals over several days after 
etiolated French bean cotyledons had been exposed to light. The results (Fig. 6) showed 
that mevalonate kinase activity at pH 7.5 increased over the first 24 hr illumination 
but thereafter remained virtually constant until some 10 days after exposure to light 
when activity declined. The initial increase is emphasised if units of enzyme activity are 
considered since formation of the plastids will be accompanied by appreciable protein 
synthesis. Other workers 2g have similarly shown an enhancement in incorporation of 
MVA into chloroplast terpenoids following illumination of etiolated plants. Increase in 
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mevalonate kinase activity measurable at pH 5.5 was maintained for some 4 days after 
initial illumination, but then declined to and maintained the original activity until the 
experiment was ended. 

The proportion of reaction products in the form of MVA-5PP rather than MVA-5P 
differed for assays at the two pHs. For mevalonate activating enzymes measured at 
pH 7.5 the proportion of products in the form of MVA-5PP declined over the first 
24 hr, then increased over the next 72 hr. Over this time period activity measured at 
pH 5.5 showed the opposite behaviour. Thereafter at both pHs the proportion of 
MVA-5PP declined until the experiment was concluded. Throughout the experiment, 
however, more MVA-5PP was formed at the higher pH. in agreement with the observations 
shown earlier in Fig. 2. 

French bean cotyledon mevalonate kinase activity assayed at both pH 5.5 and 7.5 was 
almost completely inhibited by HgClz or p-chloromercuribenzoate at 0.1 mM. Iodoacet- 
amide was much less effective and at the 10 mM level only inhibited activity at pH 5.5 
by some 20”/,, while not affecting activity assayed at pH 7.5. In all cases inhibitions 
could be alleviated by addition of excess P-mercaptoethanol. These data are in general 
agreement with those published elsewhere’ though in one case iodoacetamide has been 
found to have a greater inhibitory effect.” 

Metul ion actimtion 

The effect of various metal ions on mevalonate kinase activity at pH 7.5 and acid 
phosphatase activity at pH 5.5 was studied. Figure 7 relates the inhibition or stimulation 
of enzyme activity by supplemented metal ion compared to controls in which no metal 
ion was included in the incubation medium. At 5.0 mM Mg” was more effective than 
Mn” in stimulating mevalonate kinase activity, though at 0.5 mM this situation was 
reversed. At levels of metal cofactor normally used in incubations we thus find Mg” 

to be the most effective cofactor, in agreement with Gray and Kekwick” but in contrast 
to other workers.” The difference may be explained by the observation that under the 
conditions used Mn2 + stimulated acid phosphatase activity. Acid phosphatase activity 
was not stimulated by supplemented Mg”’ at either concentration, though 6.6 mM Mn”‘ 
increased activity by nearly IOO”~,,. The latter observation is in contrast to that reported 
elsewhere.33 The most effective metal ion was Fe” and it is somewhat surprising 
therefore that this metal ion at 0.5 mM enhanced mevalonate kinase activity. Though 
not thought to be metalloenzymes it has been reportedj4 that metal ions activate acid 
phosphatases of leaf extracts, 

Mevalonate kinase activity at pH 7.5 was increasingly stimulated by Mg” until at 
8 mM activity was some eight-fold that of unsupplemented extracts. Thereafter stimulation 
was less effective with increasing Mg’.’ concentration and at 30 mM stimulation was 
only 5-fold. Mevalonate kinase activity at pH 5.5 increased with Mg’ _ concentration 
to some 6-fold the activity of unsupplemented extracts with 15 mM Mg’+. thereafter 
stimulation was less effective though activity was still some 4-fold greater than that of 
unsupplemented extract at 30 mM Mg*‘. 
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Levels of ATP greater than 10 mM proved inhibitory to mevalonate kinase at both 
pH 5.5 and 7.5 presumably because of the stoichiometric combination of ATP with 
divalent metal ion required in mechanisms postulated for mevalonate kinase action.35 As 
indicated elsewhere10s29 the ratio of ATP/Mg2+ may be more important than the absolute 
concentrations. 

EfSect of terpenoid intermediates 

The effect on mevalonate kinase activity of a number of terpenoid intermediates and 
related compounds was examined. The compounds used were those immediately obtainable 
from other research in progress in the laboratory and were solubilised in dimethyl 
sulphoxide, the concentration of the latter being adjusted to a final concentration of 10% 
in the incubation mixture. Activities were compared to controls containing 10% dimethyl 
sulphoxide but no added terpenoid. This level of dimethyl sulphoxide reduced assayable 
activity at pH 7.5 by some 10% and at pH 5.5 by some 50%. Iodoacetamide (10 mM) 
was added to incubations to block conversion of MVA-5PP to isopentenyl pyrophos- 
phate, previous study having shown that this level of inhibitor would not affect 
mevalonate kinase. 

The results are shown in Table 3 and indicate inhibition of mevalonate kinase at 
pH 7.5 by farnesol, geraniol and a number of sterols. Inhibition of mevalonate kinase 
from various sources by prenyl pyrophosphates has been previously reported.8.36,37 

The effect of these additions on mevalonate kinase activity assayed at pH 5.5 was 
somewhat different in nearly all cases, a stimulation of activity being seen in a number 
of cases, in particular by lanosterol. The stimulations at pH 5.5 may, however, be due to 
a protective effect of the added compounds against dimethyl sulphoxide, which itself 
reduced mevalonate kinase activity at pH 5.5 by some 50% in controls lacking other 
additions. The effects of these additions on phosphatase activity were not studied. 
Interpretation may therefore be premature until these interesting effects have been 
confirmed by the continuing studies now in progress. 

Isoelectric focusing studies 

An attempt was made to separate molecular species of mevalonate kinase by isoelectric 
focusing. In a separation over the pH range 3-10 we used ca 80 mg protein obtained 
from an 80% (NH,),SO, fractionation of 5-day-old French bean cotyledons. A green 
precipitate was observed to collect near the anode during isoelectric focusing but this 
did not appear to interfere with the separation or with the subsequent collection of 
fractions. Following separation 10 ml fractions from the column were dialysed for 24 hr 
against 0.01 M phosphate, pH 7.5, and were then assayed for mevalonate kinase and 
acid phosphatase activity at both pH 7.5 and 5.5. Because of the low levels of enzyme 
present the standard radiochemical assay for mevalonate kinase was modified in that 
DL-MVA-[ 1-14C] of high specific activity (5 Ci/mol) was used (the results of this experiment 
are shown in Fig. 8). 

Of particular interest is the distribution of mevalonate kinase and acid phosphatase 
with pH. In agreement with studies by other methods15.16 several peaks of acid phos- 
phatase activity could be identified. The distribution of these was the same at both 

a’ BEYT~A E. DORSEY. .I. K.. MARR, J., CLELAND, W. W. and PORTER, J. W. (1970) J. Bid. Chem. 245, 5450. 
36 DORSE;, J: K. and PORTER, J. W. (1968) J. Biol. Chem. 243. 4667. 
” FLINT. A. P. F. (1970) Biochcm. J. 120. 145. 
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OF MEVALOKATE KIXASE AKD PHOSPHATASE. 
Greened cotyledons from 5-day-old French bean 

seedlings were extracted and the protein fraction 
precipitating between 30 and 60”,, (NH,),SO, taken 
for assay after removal of (NH,)2S0, by passage 
through Sephadex 625. elution being by 0.1 M 
Tris-HCI (pH 7.5). Mevalonate kinasc and phos- 
phatase activities were determined at pH 7.5 by the 
standard methods except fol- blvalcnt metal ion con- 
centratlon which uas barled ah indicated. The 
activities of unsupplemented cotyledon extract were 
mevalonate hinase. CN 0.5 ntnol. min per mg protein: 

phosphatase. w 0.X ~cmol min per mg protein. 

Ftci. X. ISOELE~TRK POCC’SIM; ot twTfa I;XTR,KYFII 
FROM C;KEt-.hf:U CO1 YI.FfX)YS Of. ~/~ir.riW/i,.\ cY,/ycWiS. 

lsoelcctric focusing was rnadc owr 9 pH range 3 10 
using 1.2”,, ampholinc. The fun wa\ of 72 hr duration 
at X using ii voltage 260 340 V. SO mg protein 
precipitatcdfrom X0”,, (NH,),SO, was applied to the 
column. At the end of the run IO ml fracuons v.erc 
collected from the column and dialysed for 1-l hr 
against OQ1 M phosphate. pH 7.5. 0.2 ml of each 
fraction was usxt in assay of mecalonate kinase. 0.1 
ml in assaq of phosphntase. Me\alonatc kinaae and 
phosphatase mere assa>cd h? 111~ >tandard methods 
crtccpt (ix the former 1x -XIV\-( I-“Cl (5 Ci mol) 
was used. The dlstrlbutwn of pi,ct\phat;isc acti\it> 
measured at pH 7.5 \vah similar- though ;xti\it! 

pH 5.5 and 7.5 though activities were much lower at the higher pH. Three peaks of 
mevalonate kinase activity at pH 7.5 could be identified at pIs of 3.3, 4.7 and 6.3. In 
contrast peaks of activity at pH 5.5 occurred at pls of 3.3. (5,6), 6.9 and X.3. Thus only 
one peak at each of the ,two pHs was coincident. 

A second experiment was carried out over the pH range 3-6. On this occasion 340 mg 
protein was applied to the column and following isoelectric focusing fractions were 
directly assayed for mevalonate kinase and acid phosphatase in the presence of ampholine 
and sucrose. the dialysis of these being omitted. The presence of ampholine did not 
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significantly affect determined enzymes activities, only a 4”,/, loss being observed at 
pH 7.5, while sucrose had no effect on activities though it caused streaking of MVA 
on subsequent chromatography.5 

(b)* Mevolonate kinase pi 5.5 
8 Cl Mevolonote kinose pti 73 
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FIG.~.ISOELECTRIC FOCUSINGOF PROTEIN EXTRACTED FROM GREENED COTYLEDONS OF Phaseolus oulgaris. 
The experiment was similar to that in Fig. 8 except that isoelectric focusing of 240 mg protein was 

carried out over the pH range 3-6. The duration of the run was 42 hr using a voltage 260-510 V and 
the dialysis stage before enzyme assay was omitted. 

The results of this experiment are shown in Fig. 9. Several peaks of acid phosphatase 
activity were again evident but a significant difference was seen in the distribution of 
mevalonate kinase activity three peaks being evident these being coincident for activities 
measured at both pH 7.5 and 5.5. The pIs for the three molecular species were 3,6, 4.7 
and 6.5, in good agreement with the peaks of activity assayed at pH 7.5 in isoelectric 
focusing over the pH range 3-10. The major activity was focused at the intermediate p1 
value. The reason for the differences in distribution of mevalonate kinase assayed at 
pH 5.5 in the two experiments cannot be explained. Though the peaks at pIs 6.9 and 
8.3 would be outside the range of isoelectric focusing at pH 3-6, mevalonate kinase 
activity at pH 5.5 in the first separation was not evident at pIs 4.7 and 6.3. It may be 
significant that mevalonate kinase activity solely at pH 5.5 in the pH 3-10 focusing was 
only found where phosphatase activity on the gradient was minimal. It may also be 
suggested that over the longer time period of the first experiment changes in mevalonate 
kinase occurred conferring activity at pH 5.5 though that at pH 75 was lost. This might 
be due to enzyme degradation yielding isoelectrically distinct molecular species. However, 
this would probably yield a heterogeneous distribution of activity at ill-defined pIs, and 
not the clear separation obtained. Moreover, an earlier study (Fig. 5) showed that activity 
at both pH 5.5 and 7.5 in extracts was stable for several days. Although cotyledon 
extracts contain little or no polyphenolic material* they were nevertheless treated with 
polyclar-AT. lo The possibility of interaction of polyphenols with native enzyme to 
produce heterogeneous molecular species was therefore unlikely. 

Two fractions with mevalonate kinase activity at pH 7.9 have been separated from 
Pinus pinaster and Agave americana by gel filtration on Sephadex GlOO of crude extracts.’ 
The larger molecular species appeared to be eluted close to the void volume of the 
column indicating a MW probably somewhat in excess of the 100000 reported by other 
workers’ for mevalonate kinase of optimum pH 7.0 isolated from French bean. It is not 
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known which of the molecular species now identified by isoelectric focusing would 
correspond to these purified preparations. 

The present studies indicate that mevalonate kinase activity at acid pHs in leaf and 
cotyledon preparations from higher plants is very dependent on the levels of phosphatase 
and mevalonate activating enzymes. In contrast mevalonate kinase activity at pH 7.5 does 
not appear to be significantly affected by the phosphatases present. When preparations 
of low mevalonate kinase activity but high phosphatase activity are used in investigations 
mevalonate kinase activity at acid pHs may thus be particularly difficult to demonstrate, 
even though activity at higher pHs is clearly evident. Isolated chloroplasts, in contrast 
to crude cellular extracts. evidenced a sharp optimum at pH 7.5 with no indication of 
significant activity at acid pHs, and substantial amounts of mevalonate kinase must be 

located in this intracellular compartment. 
The existence of mevalonate kinase isoenzymes with pH optima at 5.5 and 7.5, 

respectively, therefore cannot be yet dismissed. Nevertheless the previous and present 
studies reported on this important enzyme are the subject of continuing investigation. 

FXPERIMENTAI. 

G,o~vr/~ of p/tr,zr\. Seed of P/~cwo/u.s ruiywis cv. Lightning and Ztw hl[rj~ cv. Rhodesian White Tooth 
Double Hybrid were germinated m cermlculite and grown at 25 in continuous light. 

Spc~irll ciwn~i~~trlz. 111 -mevalonic acid lactone-[2-‘“C] was obtained from the Radiochemical Ccntre, 
Amersham The lactonc \+a~ con\erted to the fret. acid bv incubation with a ?‘I,, molar excess of KOH 
for 30 min ;it 40 Polyclar-4T. beibrc use. was boiled in I&,, HCI. hashed Aith dist. Hz0 and MeOH and 
dried 

PrL’plltYlrio,r of .Vl 1’ 1-51’ A wlubk )east extract was mcubated with I>L-MV~\-[~-“C] the mcubation 

mixture at pH 7.0 containing: I~I.-MVA-[~-‘Y’]. 8 ~nnol. I LtCi; I\TP. 20 ltmol; MgC’I,. 30 Icmol; phosphate. 
150 /lmol; lodoacetamide. 10 ~rmol; and yeast extract equivalent to IO mg protein. in a linal vol. of O-5 ml. 
Incubatmn was at 30 and after 60 min reaction \\a terminated h\ heating tr> X0 for 2 min. The supcrnatant 
was subjected to chromatographyi and after development and detection of radioacti\ltl by scanning aith an 

Actigraph the ;u~as corresponding to phosphor! lawd Intermedintcs wtw eluted with ho”,, MeOH co\ernight iii -I 
The cluatcs H’CTC frewe-dlied and rrchrom;ltographcd until a pure sample of MVA-SP was ohtaincd. 

Bu/fw\. The follo\& ing buffet-h \vcrc used for the pH range indicated : sodium acetate. pH -!.(I 5.5: maleate. 
pH 5.0 7.0: KH?PC), K,HPO,. pH 6.0 7.5: Tris-malcatr. pH 5.0 8.0: Tri+HCI. pH ‘-0 9.0: Na2C0 / NaHCO,. 
pH 0.0 I I-O. 

K~rtlio~lic,,flicIrl awr\’ of 1m~rdo~7~tf~ !dnrr.w. Standard incubation m~utures contained: us-MVA-[I-‘“Cl. 
2 {mol. Z Ci mot; ATP. IO Icmol: MgC‘l,. 15 htmol: buf‘er. 200 /mol: mcrcaptoethanol. IO /mol; and 2 ~3 mg 
protein. In :I total ~01. of I.0 ml. Incuhatlons wc’rc‘ normally carried out at 30 and were terminated b) 
heating to X0 for 2 min. Chromatograph; of reaction products and assay of their radioacti\it! cnabting 
calculation of cn/yme actlbity acre as descl-Ibed previousI>:’ 

.Spi,[‘r,.~,phoit)~~t~~~~~~, ‘z.a‘l)‘ of /w~.t~l~n(rfv Aiww. This involkcd continuous assa? usmg a coupled enzyme 
system for ava) of 4DP. The Incubation mlxturc initial11 contained: NADH, 2 /mot: buffer. 0.5 mmot: and 
0.2 ml me\alonatc kina\e preparation In a total volume of 2-7 ml. The .4,,, change was continuoualq monitored 
and assessed NADH-oxidahc activity of the preparation. Then K(.‘I. 5 Itmol; MgC12. i /lmol: phobphoenol- 
pyru\atr, 3 /tmol: lactic dch!drogenase. 30 llg pi-otcln 10 U: pyruvate kinasc. IO ~cg protrin~ l-25 0: and 
ATP. 3 /imol. were added. The change III ~1~~~) wth time enabled assessment of 4TPasc ilcti\it) in the 
preparation. Finall) MV4. 5 /mol. was addad the changed rate of .i1310 decrcase enabling assessment of 
mwalonate kinase activity. ‘The amounts of lactic dehydrogenase and pyruwtr kinasc were such that their 
activity was at least 100-fold grater than that of mevalonate kinasc at all pHs btudied. 

(‘iw~nr<~trl I,~I!’ oi rwrnlw~~~/~~ kr~rtr.~. The Incubation mixture con!nined: M.&I:, I5 limoI: .ATP. IO /‘mot: 
I)( -MVA. 5 jtmol: hutrer. 775 krmol: and 4 6 mg protein. in a final vol. of I.5 ml. Incubations were made 
at .30 and \%crc terminated by addition of 0.5 ml cold IO”,, \v \ trichloroacctic acid. ADP formed was 
assayed by a coupled ewymc system after neutratisation to pH 70 addition being made to the incubation 
mlxlure of: NADH. 2 jcmol: MgSO,. i jnnol: pliosphocnolpqr~~~~~t~. 2 ~cmol: pqru\ate hinase. 100 /~g 11-5 IJ: 
and lactic dchydrogcnase. 30 blg~ IO U: to a final volume of 3.0 ml. The ,‘I,,, change was followed until 
reaction had ceased thus enabling ADP to bc determined. In all thr i’e types d asca! control incubations 
contammg no MV.4 &crc Included in each cxperlmcnt. 
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and ca 1 mg protein, in a final vol. of 1.0 ml. Incubations were at 30” and reactions were terminated by 
addition of 1.0 ml 10% (w/v) trichloroacetic acid. Precipitated protein was removed by centrifugation and 
inorganic phosphate in solution assayed by a standard procedure. 38 When phosphate buffers were used ATPasc 
activity was assayed by measuring ADP produced in a given time. The incubati,on mixture was as indicated 
above but after termination of reaction with trichloroacetic acid the solution was neutralised to pH 7.0. 
Additions were then made as indicated earlier for chemical assay of mevalonate kinase. An estimate of ATPase 
activity could also be made from change in Aj4e before addition of MVA in the spectrophotometric assay 
of mevalonate kinase. 

Phosphatase assay. This was made by measuring the release of p-nitrophenol from p-nitrophenyl phosphate. 
The incubation mixture contained: p-nitrophenyl phosphate, 150 pmol; buffer, 150 pmol; and the appropriate 
amount of protein in a total vol. of 1.5 ml. Incubations were at 30” and were terminated by heating to 80” 
for 2 min. 0.5 ml of the soln was then transferred to 3.0 ml 1 M Tris-HCl, 0.4 M KH,PO,, pH 8.5, and the 
A 415 determined against a HI0 blank. The p-nitrophenol content of the solution was read from a standard 
curve relating A,,, to p-nitrophenol concentration at the appropriate pH. 

Protein determination. Protein was determined by the biuret methods9 or the Folin method4’ using bovine 
serum albumin as a standard. When presence of Tris interfered with colour development in the former method 
appropriate controls were included in the assay. The protein content of column eluates is given as AzSO, 
expressed in enzyme activities as protein concentration through use of the relationship for a 1 cm light path 
cuvette; protein (mg/ml) = F x A,,, the factor F being determined from the literature.“l 

Chlorophyll determination. The method of Arnon4’ was used. 
Preparation of plant tissues. French bean and maize leaves, etiolated or green as occasion demanded, were 

washed with cold H,O and then cut into small pieces which were homogenised in 0.05 M KHIPO, pH 7.5 
(1 ml buffer/g wet wt) at 2 4’ for 12 x 15 set periods in an Ato-mix blender. The homogenate was 
immediately transferred to a mortar containing 0.5 g Polyclar-AX g wet wt tissue and the two blended by 
pestle. The resulting suspension was squeezed through two layers of cheesecloth and the residue discarded. 
French bean cotyledons were homogenised in 0.05 M KH,PO,, pH 7:5 (1 ml/g wet wt) with a mortar and 
pestle at O-4” in the presence of 0.5 g Polyclar-AT/g wet wt and 0.5 g acid-washed sand/g wet wt. The 
homogenate was then squeezed through two layers of cheesecloth and the residue discarded. The homogenates 
from both types of preparation were centrifuged at 600 9 for 5 min. the pellet being discarded, and then at 
20000 g for 20 min both centrifugations being at 4”. The supernatant was routinely used in assays as soluble 
enzyme extract. 

Chloroplast isolation in aqueous media. Chloroplasts from French bean leaves were prepared by discontinuous 
sucrose gradient centrifugation according to Leech.43 

Chloroplast isolation in non-aqueous media. Chloroplasts from French bean were prepared as described 
previously5 or by a modification of the stepwise fractionation procedure of Smillie.” The latter method was 
also used for isolation of chloroplasts from maize leaves. Solubilisation of enzymes from non-aqueously 
prepared chloroplasts was achieved by suspension of 0.01 M KH,PO.,, pH 7.5 at 4” and sonication for 30 sec. 

Concentration qfpprotein solutions. When necessary solns were concentrated by Sephadex G25 using basket 
centrifuge tubes, or by treatment with the calculated quantity of dehydrated polyacrylamide gel (Lyphogel, 
Gelman Instrument Co.). 

Isoelectric focusing. Isoelectric focusing was carried out in an LKB Electrofocusing column. Gradients of 
pH were established by using Carrier Ampholytes of the selected pH range to a final concentration of 1.2% w/v. 
The pH gradient was supported in a density gradient of O-SO% sucrose prepared using an LKB gradient mixer. 
The anode compartment contained 50% w/v sucrose containing 8% w/v cont. HISO,, and the cathode com- 
partment 1% w/v NaOH. The sample in appropriate sucrose concentration was introduced on to the column 
half-way through gradient formation. Details of individual electrofocusing experiments are given in the text. The 
runs were made at 8” and at the conclusion of the run fractions of 10 ml each were collected at a rate of 
2 ml/min. The pH of each fraction was measured with a pH meter at room temp. and protein determined 

by Asso. 

Acknowledgements-We gratefully acknowledge financial support from the Science Research Council for 
purchase of a scintillation counter used in this and related investigations, and for a research studentship 
(H.M.H.). 

” FISKE, C. H. and SUBBAROW, Y. (1925) J. Biol. Chem. 66, 375. 
39 GORNALL, A. G.. BARDAWIL.L. C. J. and DAVID. M. M. (1949) J. Viol. Chem. 177. 751. 
4” LOWRY 0. H., ROSEBROUGH. N. J., FARR, A. L. and RANDALL, R. J. (1951) J. Biol. Chem. 193. 265 
41 COLOW;CK, S. P. and KAPLAN, N. 0. (1957) Meth. Enzymol. 3, 453. 
42 ARNON, D. I. (1949) Plant Physiol. 24, 1. 
43 LEECH, R. M. (1964) Biochem. Biophys. Acta 79, 637. 


