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1 . PhoBphomevalonate kinase and  5-pyrophosphom ev^onate decarboxylase 
have been purified from th e  freeze>dried la tex  serum  o f the  commeroial rubber 
tree  Hevea brasHienaia. 2, The phosphom evalonate kinase was acid- and  heat-labile 
and  required the  presence o f a  thiol to  m aintain  activ ity . 3. The 5 -p3nrophospho- 
m evalonate decarboxylase was relatively aoid-stable and  m ore heat-stable than  
the  phoephokinaae. 4. Maximum ac tiv ity  o f th e  phosphokinase was achieved 
a t  p H  7.2 w ith  0.2mM-5-phosphomevalonate (K„ 0.042mH), 2.0mM-ATP {K„ 
0.19mM) and  8mK-Mg^^ a t  40'^C. The apparen t activation energy was 14.8kcal/ 
mol. 6. Maximum activ ity  o f 5-pyrophoflphomevaIonate decarboxylase was 
achieved a t  pH 6.5-6.fi w ith  O.lmM-S-pyrophosphomevalonate {Kg, 0.004mM), 
1.5mM-ATP {Kg, 0.12m u) and 2mM-Mg^'*'. The apparen t activation  energy was 
13.7kcal/mol. The enzyme was somewhat sensitive to  inhibition by  its products, 
isopentenyl pyrophosphate and  ADF.

Although the  mechanism of isoprenoid biosyn- 
tlutsis iu  h i ^ e r  p lan ts is fairly well understood, i t  
l>riiig sim ilar to  th a t  in  animals, inform ation about 
tlu) detailed enzymology of th e  process is Boant. 
There are three enzymes involved in  th e  conversion 
of the first preouiBor unique to  isoprenoid formation, 
mevalonate, in to  th e  isoprenoid monomer, iso* 
pei^tenyl p y ro p h o ^ h a te . Only preparations of tlie 
flrst enxyme in  the  sequence, m evalonate kinase, 
Itavo been described from higher plants. The pro- 
[M'jties o f pi'eparations o f th is  enzyme from the 
rf>tylodons of th e  pum pkin, Cucurhita pepo (Loomis 
& jdattaile, 1963), and  from the  la tex  o f the  com- 
jncrctal rubber tree, Hevea brasiliensia (Williamson 
A. Kekwick, 1966), have been reported.

Because th e  k inetic param eters o f these enzymes 
may bo relevfuxt to  th e  control o f rubber bicwyn- 
thesis in H. brasiliensie la tex  i t  was decided to  
extend th e  work o f W illiamson & Kekwick (1965) 
to a  study  o f th e  properties o f th e  phospho- 
iMovalonate kuiase (EC 2.7.4.2) and  of the  6-pyro- 
phoHphomevrionate decarboxylase (EC 4.1.1.33) 
of H. brcuUientis latex. A  s tudy  of the  la tte r  
en?!yine was eJso of particu lar in terest in  view of the 
paucity of inform ation abou t the  properties of th is 
enzyme from  other tissues.

Prelim inary accounts o f th is  work have appeared 
(Skilleter, W illiamson &  Kekwick, 1966; Skilleter
*  Kekwick, 1968),

SIATERIALS A ND M ETHODS 
Special ehemicalt and eubelrates. The soaroe and dstsils 

of these msteriola have been given by Williamson & 
Kekwick (1966). The radioaotive tnbstratea 6-phoipho- 
meralonsie (mevalonate 6'phoapbate) and 6-pyrophot- 
phomevalonate (mevalonate 6'pyrophoaphate) were pre­
pared from ['*C]mevalonate by the proo^ures described 
by Skilleter ft Kekwick (1967).
MeaeuremerU of radioactivity. The radioaotivity of 

enzyme products and substrates was measured in a 
Nuclear-Chioftgo model 720 jS-scintillation spectrometer. 
Fieoos o£ paper chromatograms wore placed in Tials 
containing 6ml of phoaphor [0.3% 2,6-diphenyloxsKolo 
and 0.03% l,4-biB>(6-phenyloxa2ol'2-yl)beQ£ono in tolu* 
cno] and 6ml of light petroleum (b.p. 40-60°C). The 
eflicieooy was oaloolated by the ohaonels-ratio pro­
cedure. Aqueous samples (0.1ml) were assayed in a 
dioxan-based phosphor (10ml) (Bray, 1060).
Determination of protein. The protein content of latex 

Berum and ensyme preparations was determined by 
precipitating the protein with an equal volume of 40% 
(w/v) trichloroacetic acid a t 4“C, washing the precipitate 
twice with cold 20% (w/v) tricbloroaoetio acid, dissolving 
it in 2u-NaOH and assaying the nitrogen by the micro- 
KjeldaU procedure (Chibni^, Bees & WiUiams, 1943). 
The protein concentration of column eluates was deter­
m in e  by aasoming tha t a protein solution containing 
0.1 mg of latex protein N/ml h ^  an Sjtt of 0.6 (Williamson 
k  Kekwick, 1966).
Enzj/me assays. The ensymM were assayed either by a 

speotrophotometrio procedure or by a  radiochemical
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procedure. T he Bpeotrophotometrio assay of phospho- 
m ovalonato kinaso was carried o u t on th e  A D P producod 
in a standard  incubation m ixture  consisting of 5*phosph6-« 
m evalonate (0.2 o ih ), A 7 P  (2.6 nu i), MgCl, (S m x ) and 
0 .3m l o f O.Sii-potassium phosphate buffer, pH 7.2 , in a 
to ta l volume o f 1.0 ml. T he correepopding standard  
incubation m ixture  for m easuring th e  A D P produced 
by S-pyrophosphom eralonate decarboxylase contained
5-pyrophospbom evalonate (0.25 mM), A TP (2.5 mic), 

(5mM) and  e ither 0 .3m l o f th e  O.SM'pbospbate 
buffer, p H  7.2, o rO .Sm lofO .lu-tris-m aleate  buffer, p H  7.2, 
in  a  to ta l volume o f 1.0m l. Incubations were norm ally 
carried o u t a t  30°C. T he to ta l A D P produced by either 
enzym e was assayed a t  th e  end o f th e  reaction by th e  
m ethod o f L ynen (1959), details of which were given by 
W illiamson & K ekw ick (1965). F o r th e  determ ination  of 

ra lnes, howeTer, th is  procedure was modified an d  th e  
A D P prodaced during  th e  course of th e  reaction was 
m easured. To th e  s tan d ard  incubation  m ixture was 
added KCl (40^m ol), phosphoenolpyruvate (0.4/imol), 
N A DH (0.3 /imol), lac ta te  dehydrogenase (50 o f protein,
18 unit« o f enzym e activ ity ) an d  0.3 ml o f 0.05 M-potassium 
phosphate  buffer, p H  7.2. T he m ix tu re  was incubated 
in a  cuvette  a t  30°C an d  th e  m easured. After 3m ln 
th e  extinction  was checked, and  provided it had  rem ained 
constan t, py ru v a te  kinase (30 ̂ g  of pro tein , 25 un its  of 
enzym e activ ity ) was added, th e  £}4)) was again measured, 
checked, an d  shown to  be constan t, th e  enzym e to  be 
assayed was th en  added to  give a  final volum e o f 2 m l and 
th e  decrease in  was m easured over a  lOm in period. 
A control incubation  m ixture, containing no 5-phospho- 
m evalonate o r 5*pyrophospltom evalonate was used to 
assay adenosine triphosphatase  ac tiv ity ; w ith  purified 
preparations th is activ ity  was negligible. T he continu­
ous assay and  th e  to ta l A D P assay agreed to  w ithin 2% .

T he nucleotide an d  m etal ion specificity o f pbospho- 
m evalonate kinase was investigated by  a  radiochemical 
procedure. T he contents o f th e  incubation m ixtures are 
described in th e  R esults section. T he incubations a t  
30°C were term inated , and  th e  protein precipitated, by 
th e  addition  of an  equal volum e of ethanol, which # a i  
th en  evaporated  by  boiling. T he precip ita te  was removed 
by oentrifugation, washed tw ice an d  th e  washings were 
combined w ith  th e  original supernatan t. T he combined 
supernatan ts were freeze-dried and  th e  resulting m aterial 
was dissolved in ethanol-N H } (sp.gr. 0.88)-water 
(7 :2 :1 , by vol.) and separated  by  paper chromatography. 
A fter developm ent th e  regions containing 6-phospho- 
m evalonate and 6-pyrophosphom evalonate were identified 
by  radioautography; th e  radioactive areas were out out 
an d  assayed in  th e  liqnid-scintillation counter. The pro­
portion of the original substra te  converted into 5-pyro- 
phosphom evalonate was calculated from th e  ra tio  of the 
radioactivity  (c.p.m.) from 5-pyrophosphom evaIonate to 
th e  to ta l radioactiv ity  on th e  paper. The results were 
reproducible b u t a  2 -4%  breakdown of 5-pyrophospho- 
m evalonate to  5-phosphomevatonate was observed dur­
ing th e  chrom atography; nevertheless th e  assay agreed 
w ith th e  to ta l AD P assay to  w ithin 2% .

The activ ity  o f 5-pyrophosphom evaIonate decarboxyl­
ase was assayed radiochemically by m easuring the 
'^CO] p r o d u c t  from  5-pyrophospho[l-'^C]m evalonate. 
The incubations were carried ou t in W arburg flasks, the 

produced being trapped  and assayed by th e  pro.

cedure o f Snyder & Godfrey (1961). 5-Pyrophosphti- 
[l>‘*C]mcvalonato (0.3m l, 0.25mM, O.lfid/fimol) WitH 
placed in one side arm  o f th e  W arburg flask, 0.5 ml of 
HCIO4 was placed in th e  o ther and  H yam ine hydroxide 
(0.2m l) in th e  centre well. T o s ta r t  th e  incubation 
a t  30”C th e  m evalonate 5-pyrophoephate was tipped iti, 
and  i t  was stopped by tipping th e  HCIO4. A t tlic 
conclusion th e  flask was kep t closed for 2 h ;  th e  Hyamine* 
was then  rem oved quan tita tively  and  assayed for radio­
activ ity  in th e  liquid-scintillation counter. T he assay 
was more sensitive th an  th e  spectrophotom etric ADI* 
assay, w ith  which it agreed to  w ithin 2% .

Enzyme preparaltont. T he enzymes were prepare<l 
firom freeze-dried latex  serum  prepared  by th e  m ethod of 
Archer ft Sekhar (1955) in th e  B ubber Research In s titu te  
o f M alaya, K uala  L um pur, H alaya. All p ro tein  p re ­
parations were carried o u t a t  4°C unless otherw ise stated. 
Ion-exchange chrom atography was carried o u t w ith an 
exponential gradient of increasing KC9 concentration at. n 
given pH , by th e  procedure of Cherkin, M artinez & Diinii 
(1953). A fter application to  th e  column th e  pro tein  wuh 
w a s h ^  in w ith 30-40m l of buffer, followed by a  gradient 
elution (120ml in  each vessel).

UniU of enzyme aeiiviiy. These are expressed as ^mol 
o f  product form ed/m in a t 30°C, unless otherw ise stated. 
The product assayed varied with th e  assay procedure but, 
as is shown, th e  stolohelom etry was established for eacli 
enzyme. Specific activities are given In units/m g or 
jHTotein.

RESU LTS 
Purific€Uion of the enzymes 

Phosphomev€Uonate kinase. P relim inary experi- 
m m ts  showed tlia t a  sta rting  m aterial w ith nii 
Mihanoed specific activ ity  could be obtained hy 
dialysing reconstituted freeze-dried la tex  senun 
(Archer &  Sekhar, 1956) against O.OSii-potaasiiiin 
phosphate buffer, pH  7.0, containing 4mM-jV-acetyl • 
cysteine and  6mM>magn^ium chloride. To obtiiiti 
effective chrom atography of th is m aterial on 
Sephadex ion-exchange resins, prior fractionati‘>'» 
on a  column o f Sephadex G-200 was nec^>vr> ' 
R econstituted freeze-dried la tex  serum  (6ml, 9fiin>' 
of protein), previously dialysed g a in s t  the  poli*-**- 
sium phosphate buffer described above, was 
to  a  Sephadex G-200 column (2cm x 15cm), a t 
and inactive protein was eluted b y  the  sn n t ‘ * 
buffer in  the  void volume. The fractions 
imm ediately aft«r this excluded m aterial contjiin'^'l 
the  phosphomevalonate kinase activ ity  (Fig- I")' 
Combination of the  active fractions re«nlt<’<I in '* 
solution containing 54%  of the  protein an<l 
o f the activ ity  e^plted to  the  column, giving iv * 
fold increase in specific activity . The propar***''”' 
was then concentrated by pressure dialys*'^ 
applied to  a  DEAE-Sephadex column (1.Sp«'* ‘ 
12 cm), previously equilibrated w ith  the 
phosphate buffer, pH  7.0, used in the  prcv'i'"''' 
stfi^e. Active protein wji.s eluted (B'ig. lb) by ml'*'"** 
potassium chlc»rid<» to ■ the  eluting bun*’'’
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Fig. 1. Purifioation o f  phoaphomev«Ionate kioM e: (a) by  gel filtrfttion on Sephadex G-200; (6) chrom ato­
graphy o f aoUve fraotions from  (a) on DEAE-Sephadex. Experim ental deta ils are given in th e  tex t. 
O, P ro te in  • •  enzym e activ ity .

Table 1. Produeta formed from 6-pAo«p/io[2-^*C]met>a^a<e by a^ive fractKma from DBAE-Sephadex

The produeta were identified by th e ir elution oharaoteriatios from  Dowex 1 (form ate form) (see Bloch 
at. I9S9). E ach  fraction was incubated  for I h  a t  30*’C w ith  2mM-S*pbospbo(2>'^C]mevalonate (specific 

radioactiv ity  0.066/iCi/mol), A T P (4m ii), MgCSj (4 m x ), potassium  phosphate  buffer (pH 7.0 , O.I7m) and 
active fraction (O.SmI) in  a  to ta l volam e o f 1.0 ml.

R adioactiv ity  in m etabolite  (c.p.m.)
DEAE-Sephadex fraction ,------------------------------------------------------------- •------------------------------ -̂----------------------------- >

(see Fig. 16) 6-Phospbom evalonate S-Pyrophosphom evalonate Isopen tenyl pyrophosphate
A  36700 0 9680
B  17060 0  26420
C 24810 18780 3840
D  23620 24110 0
E  34280 11360

<'(>ncetitrations inoreaBing in  a  concave exponential 
KHwlient to  0 .6 m , When fractions judged to  be 
•wtive from  th e  ̂ >eoirophotometric asaay procedure 
were assayed fo r th e ir  products w ith  6-phospho[2*
*C]roevalonate as substra te  i t  was found th a t the  

jractiona eluted a t  low sa lt concentrations formed 
»oth 6-pyrophosphom evalonate an d  isopentenyl

pyrophosphate (Table 1), b u t those oluted by  higher 
sa lt concentrations form ed only 5-pyrophospho- 
m evalonate. Some degree o f resolution o f phospho* 
m evalonate kinase an d  6-pyrophosphom ovalonate 
decarboxylase ac tiv ity  was th u s  obtained. In  
practice i t  was found th a t the  m aterial ^ u te d  in  
th e  fractions afte r those having a  m axim um  activ ity



combined (phospbom evalonate kinase and  5-pyro- 
pbosphom evalonate decarboxylase), assayed by 
th e  spectrophotom elrio procedure, contained only 
th e  phosphom evalonate kinase ac tiv ity . A p re ­
paration  of th e  enzym e was obtained by  combining

those fractions th a t  had  a specific ac tiv ity  o f abou t 
eight tim es th a t  o f the  sta rting  m aterial and  about 
27 tim es th a t  o f whole serum . This m aterial 
catalysed the  form ation of 0.13^m ol of 6-pyro- 
phosphom evalonate/m in per m g o f protein a t

Table 2. Purification of photphomevalonaU kinase from H evea latea: serum

E nzym e a o tir i ty  wag m easared by th e  speotrophotom etrio assay o f A D P; hence th e  values qaotod for steps
1-3 inolade 5-pyrophosphom evalonate deoarbozylase activity .

T otal ac tiv ity
Purification stage (units) <“ >8 ) (units/m g o f ]
1. R eoonstitnted latex  sernm . 1.11 19.2 9.2

p H  7.6
2. Dialysed serum  containing 3.34 19.2 33

AT-acetyloysteine
3. E lu tion  from Sephadex G-200 3.01 9 .9 6 48
4. E lution  from  D EA E-Sephadex 6.20 0.786 126
6. Most active  fractions eluted 2 .6 0 0 .262 169

from  BEA E-Sephadex

Buffer

1 O.iM-NaCI 0.3H-NaCI O.Sii-NaCI

Buffer

Exponential KQ 
{radient lo O.Sm-

Fig. 2. Purification of S-pyrophosphom eralonate decarboxylase: (a) chromatography of pH  6.5 s u p e r n a t a n t  
on CM-Sephsdex; (6) chrom atography of active fractions from (a) on DEAB-Sephadez. Experim ental 
details are given in  th e  tex t. O, P ro te in  (£ ]ie ): • ,  enzyme activity.
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Table 3. Purificati-m of ri-pyrophosphomevalonate decarboxyloaefrotn Hevea kUex serum 

Enzyme activity was nioasurod by tho spootrophotometrio assay of ADP.

Total protein N 10* x Specific activity
Purillcation stage Activity (units) (mg) (units/mg of protein)
J. fleooDBtituted latex scrum, 26.0 96.0 43.2

pH7.5 V*2. Supernatant from pH 5.5 19.0 63.0 48.4
precipitation diaiysed at pH 6.0 I

3. Elution from CM-Sophadox 13.6 13.6 16
4. Elution from DEAE-Hophadcx 7.8 2.30 542
5. Most active fraction elutod 1.7 0.220 1240

pH 7.0  an d  SO^C in th e  presence of 2mM-5-phoepho- 
m evalonate and  2.6m u-A TP. The details of a  
typical purifloation of the  enzyme are summarized 
in Table 2. The purified preparation lost consider* 
able activ ity  on storage a t  4‘’C for 4-5 days b u t 
retained m axim um  activ ity  when stored a t  -lO^C 
for a t  least 1  m onth.

5’PyrophosphomevalonaU decarboxylaae. To re­
move phosphom evalonate kinase activ ity  and to  
produce a  suitable preparation for ion-exchange 
chrom atography, inactive protein was precipitated 
from reconstitu ted  freeze-dried la tex  serum by  
adjusting  i t  to  p H 6.6 w ith  2.0M-acetic acid a t  
room tem perature. The precipitate was removed by  
centrifugation an d  the  active superna tan t dialysed 
against 0.01 M-potaasium phosphate buffer, p H 6.0 .

A sam ple of th is m aterial (Qml, 63 mg of protein) 
was th e n  applied to  a  CM-Sephadex column 
(1.5cm X 12cm) previously equilibrated* w ith  the  
dialysis buifer a t  4*^0. A bout 8 0 %  of the  protein 
was then  eluted from  th e  column by  th is buffer in  
a  fraction containing m evalonate kinase b u t no
5-pyrophosphom evalonate decarboxylase. Addi­
tion o f sodium  chloride to  the  eluting buffer to  a  
concentration of 0.3m resulted in  the  elution of 
54% o f th e  ac tiv ity  applied, the  com bined active 
fractions having a  specific activ ity  about four tim es 
th a t of th e  starting  m aterial (sec Fig. 2a and 
Table 3).

The CMstive fraction was concentrated by  pressure 
dialysis, and  th en  dialysed against 0.05M-potassium 
phosphate buffer, pH 7.2 , before application to  a  
DEAE-Sephadex column (1.5cm x 12 cm) previously 
M iu ilib ra t^  w ith  th is  buffer. Inactive protein  was 
eluted from  th e  column by  the  dialysis buffer, and 
th e  enzyme w as elu ted  w ith  a  potassium  chloride 
concentration gradient increasing exponentially to  
0.5 k .  T he active f ic t io n s  were elu ted  by  buffer 
containing 0.15-0.2u-pot€is8ium chloride (see Fig. 
26). A bout 70%  o f th e  5-pyrophosphom evalonate 
dec^boxylase CM)tivity was elu ted  in  these frac­
tions, which w hen com bined had  a  specific activ ity  
about four tim es th a t  of th e  m aterial applied to  
the colimm. Such preparations, which contained

neither mevalonate irinaafl n o r phosphomevalonate 
kinase and were free of phosphatase action on 
ATP, ADP or isopentenyl pyrophosphate, had 
a  specific activ ity  abou t 12  tim es th a t  o f th e  re ­
constitu ted  freeze-dried la tex  serum , and  catalysed 
th e  form ation o f 0.7/*mol o f isopentyl pyrophos- 
phate/m in p e r  mg of protein a t  30**C u id  pH 7.2  in 
the  presence of 0.26mu-5>pyrophosphomevalonate 
and  2.5mH*ATF. The details o f a  typical puri­
fication of th is  enzyme are summ arized in  Table 3. 
Enzym e preparations were concentrated by  pres­
sure Hialyaia an d  Stored a t  —lO^C. There was little  
loss o f activ ity  afte r 2-3 m onths although samples 
d id  lose activ ity  afte r repeated  thaw ing u id  
freezing.

Identity qf the producU o / enzyme action. The 
product o f th e  action of phosphom ev^onate kinase 
on 6-phosphomevalonate bad  th e  same character- 
istios as S-pyrophosphomevalonate on paper chrom ­
atography in  th e  four s o l v i t  system s previously 
used (Skilleter & Kekwick, 1967). The ” P/»*0 ratio  
o f 5-pyrophosphom evalonato was measured w ith 
[**P]ATP an d  6-pho8pho[2-**C]mevalonate as sub­
strates. Phosphom evalonate kinase (60/ig of 
protein) was incubated w ith  1 mM-5-phbspho[2- 
**C]mevalonate (sp. rad ioactiv ity  0.086/iCi//umol), 
2mM-[y-’*P]ATP an d  Srou-magnesium chloride in 
a  solution containing 0.3m l o f 0.05K-potassium 
phosphate buffer, pH 7.2 , in  a  to ta l volume of 1ml 
for 2h  a t  30“C. The incubation products were then  
separated  b y  chrom atography in  ethanol-€K]. N H j 
(sp.gr. 0.88)-w ater (7:2:1, b y  vol.) and  the  m aterial 
in  th e  position corresponding to  6-pyrophospho- 
m evalonate was ehited from the  paper in  20%  (v/v) 
N H 3 solution. This m aterial was further purified by 
chrom atography on th e  Dowex 1  (form ate form) 
colum n b y  th e  procedure o f Bloch, Chay k in , Phillips 
& de W aard  (1959) an d  N H 4+ was removed by  
p a s s ^ e  through Dowex 50 (H'*‘ form). D eterm in­
ation  of th e  ^*P/**0 ra tio  of th e  suspected 5-[^- 
^*P3pyrophospho[2-*^C]mevrionate showed th a t 
th e  sam ple contained 0.185/tg-atom  o f ^*P and  
0.170/ig-atom  o f **C, corresponding to  a  **C/**P 
ratio  o f 1:1.085; th is  was consistent w ith  th e



phosphorylation o f each molecvUe o f 6-phoepho- 
m evalonate w ith  one y-phoaphate group from 
ATP. H ydrolysis of th e  6.pyroph08pho[2-^^]- 
m evalooate in  1 M-hydrochlorio acid a t  lOÔ ’C for 
30m in produced a  eubetance chromatc^p:«phically 
identical w ith  the  materifd shown by  'W illiamson 
&  K ekwick (1065) to  be 6-phosphomevalonate\ 
suggesting th a t  th e  original m aterial was a  py ro ­
phosphate. The suspected 6-pyrophosphomevalon* 
a te  was u n c h ^ g e d  by boiling in  lu -po tassium  
hydroxide for Ih .

Chesterton &  Kekwick (1968) have reported  a  
full identification of isopentenyl pyrophosphate 
form ed in  la tex  serum  from m evalonate, an d  the  
radioactive m aterial formed b y  th e  piuified 6- 
pyrophosphom evalonate decarboxylase from  6* 
pyTopho8pho[2-^*C]mevalonate was ehrom ato- 
graphically indistinguishable from  this matericd 
and  from chemically synthesized isopentenyl py ro ­
phosphate. F u rther, when 6-pyrophospho[l-*^C]- 
m evalonate was the  substra te  for th e  decarboxylase 
no radioactiv ity  could be detected  in  those chro- 
m atographically separated  fractions th a t would be 
expected to  contain isopentenyl pyrophosphate. 
H ydrolysis o f the  suspected isopentenyl pyrophos­
p hate  in  1 M-hydroohloric acid for 20min a t  100°G 
produced m aterial w ith  the  sam e chrom atographic 
characteristics as the  substance identified by 
Chesterton &  Kekwick (1968) as isopentenyl phos­
phate.
SUficheiometry of the phosphomevalonaU kinase 

reaetion. The proportion in which S-pjrophospho- 
m evalonate and  A D P were formed from 5-phospho- 
m evalonate and  A T P was investigated by  incubat­
ing th e  enzyme w ith  A TP (S.SmM) and 0.2mM> 
6-phoBpho[2-**C]mev^onate (0.08/uCH//4mol), 8mM- 
msgnesium chloride and  enzyme (0.6m l; 8 0 ^  of 
protein) in  a  to ta l volume of 10 m l a t  SO^C. 
D uplicate samplos were w ithdraw n a t  various 
tim e-intorvals, one sam ple being assayed for A D P 
spectrophotom etrically an d  th e  o th »  for 5-pyro- 
phosphom evalonate by  the  radiochromat(^j*aphic 
procedure described above. The results in  Table

4(a) show th a t  6-pyrophosphom evalonate and 
A D P were form ed in  equim olar am ounts.
Stoicheiomeiry of the B-pyrophoaphomevalonaie 

decarboxylase reaction. To investigate th e  p ro ­
portions in  which isopentenyl pyrophosphate, CO3 
tmd A D P were form ed from  5-pyrophospho- 
m evalonate an d  A TP, tw o separate incubation 
m ixtures were a n a l^ e d . The relation between 
CO2 form ation and  A D P production was studied 
by  incubating 0.5mM-5-pyrophospho[l-**C]meval- 
onate (0.1fi,Ci//Amol) w ith  2.6mic-ATP a n d  the  
enzyme (10 ^  o f protein) in  & to ta l volume of 1 .0ml 
under s tandard  conditions, in  stoppered W arburg 
flasks containing H yam ine in  th e  centre well. 
The ^*COa trap p ed  from  incubations carried o u t for 
different tim es was assayed by  scintillation count­
ing, and  th e  A D P produced was m easured spectro> 
photom etrically. To assess d ie  relationship between 
isopentenyl pyrophosphate form ation an d  ADP 
production 0.3mM-5-pyrophospho[2-’*C]mevalon- 
a te  (0.1mCi//imol) was incubated w ith  2.5mM-ATP 
and  the  enzym e ( 4 0 ^  of protein) \m der standard  
conditions in  a  to ta l volume of 6 m l; the  isopentenyl 
pyrophosphate produced was assayed by  fraction­
ation  o f th e  radioactive products on a  DEAE- 
cellulose column b y  th e  procedure of Skilleter & 
Kekwick (1̂ 67), and  th e  m aterial corresponding to  
isopentenyl p y ro p h o ^ h a te  'was assayed by  scintil­
lation  coim ting; the  A D P was assayed spectro- 
photometricaUy. The results in  Table 4(6) show 
th a t for every mol of iso p ^ te n y l pyrophosphate 
produced there was a  concom itant form ation of 
Im ol o f A D P an d  Im ol o f CO3.
SquUibrium of the phosphomevaloimte kinase 

reaction. The concentration of A D P produced by 
incubating the  enzyme ( 4 0 ^  o f protein) w ith 
various concentrations o f 5-pyrophoi^homevalon- 
a te  (0.08-0.3m u) w ith  A T P (0.8-5.0mH) under 
otherwise standard  conditions reached a  constant' 
value after 2 h, indicating th a t equilibrium had  been 
reached. Such equilibrium  co n o ^ tra tio n s  of A DI' 
were used to  calculate th e  concentrations of 
pyrophosphom evalonate, A TP an d  6-phospho-

Table 4. Stoicheiometry of the action of the two enzymes 

Details o f th e  incubation m ixtures, conditions an d  m ethods o f assay are  given in th e  tex t.

(u) Phoaphom evalonate kinase
Time of incubation (min) . .. 0 20 30 60 120

AIJP produced (nmol) 24 42 60 82 104
M evalonate 5-pyrophoBphate (nmol) 21.6 40 59.4 84 111

(ft) 5-Pyrophosphom evalonate decarboxylase 
Time o f incubation (min) ... 5 10 15 30 40

ADP produced (nmol) 41 89 115 216 170
CO3 (nmol) 39 — 110 207 —

Imipontenyl pyrophosphate (nmol) — 84 — — 160



m evalonate froiu which an  estim ate of the equilib­
rium  oonstaQt oould be made. The values of the 
equilibrium  constant th u s  obtained varied from
0.26 to  0.59, w ith a  m ean value of 0.34.

Properties of the enzymes

Thiol requirement of the two enzymes. Ab pre­
lim inary experim ents had  shown th a t  the  specific 
activ ity  of phoephom evalonate kinase in  recon­
s titu ted  freeze-dried la tex  serum could be enhanced 
by the  addition of thiol compounds, samples of both 
th is  reconstituted la tex  serum and  the  purified 
phosphom evalonate kinase were dialysed against 
50mM*potassium phosphate buffer, pH  7.6, alone 
and fortified w ith 6 nu f‘magnesium chloride and 
imM-AT-acetylcysteine. W hen either preparation 
was dialysed against buffers no t containing N- 
acetylcysteine or magneeium chloride, ac tiv ity  was 
very  m uch less th a n  when these compoimds were 
included. The activ ity  lost was only partially 
restored by  addition o f 2^*aoetylcy8teine to the 
incubation m ixture.

The 6-pyrophoephomevalonate decarboxylase of 
both  reconstitu ted  serum  an d  the  purified prepar­
ations was unaffected by  thiol compounds.
Metal ion activaiion of the enzymes. As shown 

above enhanced ensym e activ ity  was obtained when 
5m M -m ^nesium  chloride was included in  the  
<)ialysis buffefs for th e  phofiphomevaloaate 
The results o f a  detailed inveetigation of the 
activating  effect o f a  range of bivalent m etal ions 
is shown in  Fig. 3(a). The activating  effect o f 
was investigated b y  using th e  spectrophotom etric 
assay, th a t  o f Fe*"*" and  Zn*'*’ by  th e  radi^chromato- 
(rraphic procedure, and  th a t o f Mg^* was measured 
by both techniques. All th e  ions studied activated 
the enzyme to  some ex teo t; th e  m etal ion/ATP 
molar ratios giving m axim um  activ ity  were Mg*'*' 
:{:1 , Mn»+ 1 :1 , Zn>+ 2 :l,F e»+  4:1.

W hen th e  effect o f m etal ions on 5-pyrophospho- 
movalonate decarboxylase w m  investigated it was 
round th a t  all th e  bivalent m etal ions studied 
produced some activation (Fig. 36), Mn*'*’ £uid Mg*+ 
being the  tw o moat effective ions. The molar ratio  
«»f m etal ion to  A T P giving m axim al activation 
was approxim ately 1 : 2  for every ion studied.
Nucleotide specificity. Investigation of the  

wijwicifcy o f  phoephom evalonate kinase to  utilize 
I*, TJTP, G TP, or r r P  instead of A TP as sub* 

fates a t  concentrations in  the  range 1-lOmM 
•fiuler otherwise standard  incubation conditions 
Khowed th a t  A TP w as really th e  only effective sub- 

rnte, although abou t 13% of th e  activ ity  obtained 
with 6niM-ATP was obtained w ith 6mM-ITP and 
«b(»ut 6%  of the  ac tiv ity  was obtained w ith  6mM-
1.^ ^ ' onzymo was unable to  utilize CTP or 

^  1 P. No activ ity  a t  all was found when the above

CoQon. of ions (mM)

Fig. 3. Metal ion motivation of (a) phosphomevalonato 
ktoase (#, speotrophotometrio assay; o , radioofaemioal 
asaay of 5-pyroplioBpho[2-**C}mevalonate) and (b) pyro* 
phosphomevalonate deoarboxylaae ( • ,  speotrophoto- 
metrio assay; o ,  radiochemioal assay of ’*C0 }). 
Experimental details are given in the text.

nucleotides were used to  replace A TP in  the  standard  
incubation m ixture of the  6>pyrophosphomevalon- 
a te  decarboxylase.
pH-dependence of enzyme activity. M easurement 

o f th e  ra te  o f phosphom evalonate kinase action a t 
different p H  values under otherwise standard  
conditions b y  th e  spectrophotom etric procedure 
showed (Fig. 4a) th a t  th e  enzyme had  a  sharp 
optim um  of activ ity  a t  p H 7.0, th e  overall p H -  
activ ity  curve being sim ilar to  th a t  previously 
found for m evalonate kinase (WiUiamaon & 
Kekwick, 1966). The pH -st»bility  o f th e  enzyme 
was investigated b y  adjusting th e  p H  of the  
standard  incubation m ix ture appropriately, m ain­
taining those values for 1  h  a t  and  finally assay­
ing the  enzyme activ ity  a t  p H 7.0. I t  was found 
th a t  th e  enzym e was pcutioulariy unstable to  pH  
values below 6.0 an d  th a t  ac tiv ity  was also lost a t  
p H  values above 7.6.

W hen the  pH>dependMioe of the  decarboxylase 
was investigated b y  th e  spectrophotom etric assay 
o f A D P a  different relationship was obtained. This 
e m y m o  showed only a  s l i ^ t  variation o f  activ ity  
w itli pH , having a  b road  optim um  a t  about p H 6.4.
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10^ xv/« (5-pyrophosphom ovaionatc) 
orlO »X tf/«(A TP)

Fig, 6. Effect o f  aul)strate concentration on th e  aotivity  
o f  phosphom evalonaie kinaso. v ie th e  in itial reaction 
ra te  in /imol o f A D P form ed/m in and  a is su b stra te  con­
centration  (ftU). O, 5-Phosphom evalonate; A> A TP.

•P

<S

I

X
&

pH

Fig. 4. EiTect o f p H  on (a) pbosphomeTalonate kinase 
an d  (6) pyrophospbom eTalonate decarboxylase. In  (o) 
and  (b) curve (i) represents th e  aotivity  a t  th e  p H  given and 
curve (ii) is th e  ao tiv ity  a t  p H 7 .0  after exposure to  the 
given pH  for I b a t  4®C. Potassium  citrate-phosphate 
buffer; 0» potassium  phosphate buffer.

T h e  e n z y m e  a c t iv i ty  a t  p H 6 .4  w a s  n o t  g re a t ly  
a f fe c te d  b y  p r io r  a d ju s tm e n t  to  p H  4.0 o r  8 .0 
(F ig . 46).

Variation o f reaction rate with aubatrate con- 
cmiration. M e a su re m e n t o f  th e  r a te  o f  a c tio n  o f  th o  
tw o  e n zy m es  a t  d if fe re n t c o n c e n tra tio n s  o f  A T P  
a n d  c o n s ta n t  c o n c e n tra t io n  o f  6 -ph o ap h o m ev alo n - 
a te  o r  6 -p y ro p h o sp h o m e v a lo n a te , a n d  a t  v a r io u s  
c o n c e n tra t io n s  o f  6 -p h o sp h o in e v a lo iia to  o r  5 -p y ro - 
p h o sp h o ro e v a lo n a te  a n d  c o n s ta n t  A T P  c o n c e n tra ­
t io n s , sh o w ed  a  l in e a r  re la tio n  b e tw ee n  v  a n d  vjs 
(F ig . 5). T h is  in d ic a te d  t h a t  e ac h  re a c tio n  w as

p ro b a b ly  b e in g  c a ta ly so d  b y  o n ly  o n e  e n z y m e . T h o  
Kg, v a lu e  fo r  th o  p h o sp h o m e v a lo n a te  k in a s e  in  th e  
p re sen c e  o f  A T P  (S m u )  w a s  d e te rm in e d  b y  th e  
s p e c tro p h o to m e tr ic  p ro c e d u re  to  b e  0.042m M -5- 
p h o e p h o m e v a lo n a te  a n d  t h e  TnaTcimnm v e lo c ity  
w a s  o b ta in e d  a t  2 m u -5 -p h o s p h o m e v a lo n a te  w ith  
n o  in h ib it io n  b y  excess  o f  su lM tra te . V a r ia t io n  o f  
t h e  A T P  c o n c e n tra t io n  a t  c o n s ta n t  c o n c e n tra t io n  
(0 .2 m u )  o f  5 'p h o sp h o m e v a lo n a te  p ro d u c e d  a  m ax< 
im u m  r a te  a t  a  c o n c ^ t r a t i o n  g re a te r  th tu i  2mM - 
A T P ;  th e  fo r  A T P  w a s  0 .2m M , th e r e  b e in g  
s l ig h t  s u b s tr a te  in h ib itio n  a t  lO m H -A T F .

M e a su re m e n t o f  t h e  v a lu e s  fo r  5 -p y ro p h o s- 
p h o m e v a lo n a te  d e c a rb o x y la se  p ro v e d  so m e w h a t 
d iff ic u lt; p re lim in a ry  ex p ie rim en ts  sh o w ed  t h a t  th o  
K „  v ^ u e  fo r  5 * p y ro p h o 8 p h o m ev a lo n a te  w a s  to o  
lo w  to  b e  m e a su re d  w i th  a d e q u a te  a c c u ra c y  b y  th u  
s p e c tro p h o to m e tr ic a s s a y  o f  A D P  p ro d u c e d . W h en , 
h o w ev er, 6 -p y ro p h o sp h o [ 1 • * * C }m evalonate  woh 
u s e d  a s  s u b s tr a te  a n d  th e  p ro d u c e d  was
m e a su re d  b y  sc in ti l la t io n  c o u n tin g  a  m ax im iu n  
r a te  w a s  o b ta in e d  a t  O .lm M -5 -p y ro p h o sp h o m ev a l- 
o n a te  i n  th e  p re sen ce  o f  2.5m M :-A TP, th e r e  w as  nt> 
s u b s tr a te  in h ib i t io n  u p  to  2 .d m M '6-p y ro p h o sp h 0 ' 
m e v a lo n a te , a n d  t h e  w a s  0 .004mM -5 -py rophos- 
p h o m e v a lo n a te  (F ig . 6).

W h e n  th e  e ffec t o f  v a iy in g  th e  A T P  c o n c e n tra tio n  
o n  th e  r a te  o f  e n z y m e  a c t io n  w as m e a su re d  b y  bo t h  
th e  ra d io c h em ica l a n d  th e  sp e c tro p h o to m e tr ic  p ro ­
c ed u re s  s im ila r  re su lts  w ere  o b ta in e d . T h e  a c t iv ity  
w as a  m a x im u m  in  l.O m M -A T P , th e re  w as i»'» 
in h ib itio n  b y  excess o f  s u b s tr a te  a n d  K„  
0 .12m M -A T P  (F ig . 6).

T h e  effec t o f  tht» re a c tio n  p ro d iic ts  on  th e  
w as in v e s tig a te d  b y  u s in g  5-pyroph«)8p h o [ l - ‘*^')' 
m e v a lo n a te  a s  substi-att^ a n d  th e  i‘ad io c h i'» " f '“ 
a s sa y  p ro cech iro ; T ab lo  5 sh o w s tl> at b o th  A l^ l’ 
iso p e n te n y l p y ro p h o sp lia tt ' in h ib i t  th e  a c tio n  
d e ca rb o x y la se  to  so m e o x te u t ;  5 mM-i8o p e n t« '0



pyruphoepliate inhibits the enzyino alinoHt com­
pletely, w d  the same concentration of ADP do- 
creaees its activity by about half. Although phos- 
phoinevalonate was slightly inhibitory, isopontenyl 
phosphates had no eiTect on the enzyme.

TemperatAire-dependenoe o f  em y m e  a d iv i iy .  (a) 
phosphomevalonate kinase. Preliminary oxperi* 
inents suggested th a t phosphomevalonate kinase 
wart a  hoat-labile enzyme having increased K„ 
vahios a t  high temperatures. When the standard 
enzyme incubation mixture was incubated a t dijfTor* 
ont temperatures for different periods before assay 
ttt 30®C, net«4y 70% of the activity a t 30“C was lost 
ufcer incubation for SOmin a t 40°C, and 30min at 

destroyed all the cMtivity. The apparent 
energy of activation of the enzyme was measured 
by assaying the enzyme in a  standard incubation 
mixture in which the concentration of 6-pyrophoe-

phoinovalonate hod boon incixjiwcxJ to O.SiiiM and 
th a t of ATP to 3.0 niM to ensui'e saturation of the 
onxyme with substrate a t  all temperatures. The 
ADP produced was assayed speetrophotomotrically 
after 30min incubation a t 12 and 20'’C and after 
20min incubation a t higher temperatures. The 
Faiai. values obtained a t temperatures a t  which no 
denaturation had occurred gave an activation 
energy of 14.83kcal/mol when substituted in the 
Arrhenius equation. The optimum temperature 
for the preparation u»«)d was 40°C (Fig. 7).

(6) 5-Pyrophosphomevalonat.e docarboxylase. 
The thermal stability of 6-pyrophosphomevalonate 
decarboxylase was greater than th a t of the phospho­
mevalonate kinase. By using the spectrophoto* 
metric assay of ADP it was found th a t standard 
incubation mixtiires lost only about one-third of 
their activity a t  30°C after prior incubation for 
BOmin a t 40°C, and even after 30inin a t  60®0 one- 
fifth of the initial activity remained. Measurement 
of V„at. of standard incubation mixtures fortified 
with excess of 6-pyrophosphomevalonate (0.26mu) 
and ATP (2.6mu) a t temperatures from 6 to 40’’C! 
showed th a t the apparent activation energy of the

10>xv/«
Ki|{. 6. Effect o f substrate ooDoentration on the activity  
<>rG-pyrophosphomevalonate decarboxylsae, v ie the initial 
rnaotion rate in ^mol o f  *^C0] formed/min A d  « is the  
»ubBtrateoonoeiitoatloti(;xM). O, S-PyrophosphomeTalon- 
#to; A , ATP.

3 .0  3.1 3.2 3.3 3.4
1 0 » x l /T ( ‘'K -')

3.5 3.<

Fig. 7. Arrbenias plot showing the effect o f tonipersture 
on phosphomevalonate kinase (O) and 6 -pyropbosi^o- 
mevalonate decarboxylase (a ).

T able 5. E ffect o f  the reaction  produ cts, iaopenU nyl phosphai^ a n d  5~phoephometHilonate, on b-pyropkoapho-
m evdlonaU  decarboxylase

Enzyme aotirity was measured by assaying **C0] formed. Incubations were for 6 min at 30^0 and 
contained: 6-pyrophosphomevalonate decarboxylase (0.06m l), 0.26mH-5-pyropho8pho[l-'^C]mevalonate 
(U.lCi/mol), 6 mH-MgCl2, SOmM-tris-maleate buffer, p H 7.2, in a total volum eof 1 ml. The P | was potassium  
phosphate buffer, pH  7.2. Isopentenyl pyrophosphate and isopontenyl monophosphate were prepared by the 
procedure o f Skilleter ft Kekwick (1967).

10  ̂X Enzyme activity (units)

Coacn. o f metabolite (mu)
Isopentenyl pyrophosphate 
ADP
P|
6-Phosphomevalonate 
Isopentenyl phosphate

0 1 2 6 10
7.8 4.6 0.2 0,0
7.8 — 5.5 3.7 2.9
7.8 — — 7.9 7.8
7.6 7.0 6.8 6.4 6.0
7.6 7.6 7.3 6.9 6.3



enzymo-cait^ysed reaction was similar to  th a t of the 
pho8phomeva]oDate kinase a t  13.7koal/mol. The 
optimum temperature of the enzyme preparation 
was CÔ C (Fig. 7).

DISCUSSION '

Table 6 shows a comparison of the specific activi* 
ties of the three enzymes concerned in the con* 
version of mevalonate into isopentenyl pyrophos­
phate in Hevea latex w ith the reported activities of 
t h ^  enzymes in yeast and pig liver. Tlie activities 
of all three enzymes in latex are higher than in 
the other two tissues and latex is an unusually 
active source of 5-pyrophosphomevalonate decarb­
oxylase ; this m ust surely reflect the bias of latex 
metabolism toward polyisoprenoid formation.

The properties of Hevea latex phosphomevalonate 
kinase described above are quite similar to  those 
reported by Hellig &. Popjdk (19616) for the pig 
liver enzyme. This is the only other preparation on 
which a  number of kinetic properties have been 
studied. The of Hevea phosphomevalonate 
kinase for 6<phosphomevalonate (0.04mK) is some­
what lower than  th a t o f the p ^  liver enzyme 
(O.SmM). The two enzymes have a  similar restricted 
nucleotide specificity and are similarly activated by 
bivalent Mg^^ and Mn '̂*’, bu t unlike the Hevea 
enzyme pig liver phosphomevalonate kinaflft was 
completelyinhibitedbySmu-Zn^'''. ThepH optim a 
were similar.

Two markedly different characteristics of the 
Hevea enzyme from the pig liver enzyme were the 
lability a t acid pH  values and the requirement of 
thiol compounds for both activation and mainten­
ance of activity. Although the  pig liver enzyme was 
reported by Hellig & Fopj4k (19616) to be in­
hibited by ^-ethylmaleimlde and by p-chloro- 
mercuribenzoate, the enzyme was not greatly 
afifected by iodoacetamide, and these workers did 
not report activation by thiols.

Little has been reported about the properties of
6-pyropUosphomevalonate decarboxylase from 
other sources. The bivalent ion requirement is 
similar to th a t of the pig liver enzyme (Hellig & 
Popj^k, 1961a) bu t the value of 6-pyrophospho- 
m ev^onate is somewhat h ^h er (4/*m) than  that 
of pig liver (0.6/£H); such properties of the yeast 
enzyme as have been reported (Bloch et al. 1959) 
are similar to those of the H wea enzs^me.

I t  is difficult to use the kinetic results presento<l 
above to  contribute to the discussion of the 
mechanism of 6-pyrophosphomevaIonate deoar- 
boxylaM initiated by Bloch et al. (1959). From the 
mhibition of S-pyrophoephomevalonate decar­
boxylase by its reaction products it  may be inferred 
th a t these are bound to the enzyme. This observa* 
tion, taken with the finding th a t isopentoiiyl 
phosphate is not inhibitory, suggests strongly that 
it is the pyrophosphate moiety th a t is responsiblo 
for binding both the substrate (6-pyrophospho- 
mevalonate) and the product (isopentenyl pyro­
phosphate) to  the enzyme.

Bloch et al. (1969) have suggested the transitory 
existence of an intermediate in the decarboxylation 
reaction, phosphorylated on the 3-hydroxyl group 
of mevalonate, and have demonstrated the transfRr 
of the oxygen of this hydroxyl group to  P | as a  result 
of the decarboxylation reaction (Lindberg, Yuan, 
de W aard ft Bloch, 1962). We investigated tho 
possibility of obtaining a  chemical phosphorylation 
of the 3-hydroxyl group with concomitant decar­
boxylation by attempting a  nhemiPAl phcephuryl- 
ation of 6-pyrophosphomevalonate with cyanootliyl 
phosphate in the presence of dicyclohexylcarborli- 
imide, by the procedure of Tener (1961). When tin* 
phosphorylation of both 6-pypophospho[I-'*<‘l- 
mevalonate and 6-pyrophoepho[2-‘^C]mevalorja<«' 
were separately attem pted there was no evidenwj <>J‘ 
decarboaj'lation Mid formation of *^00, from tlu' 
former material nor of [4-*^C]isopentenyl pyropl»*»»'- 
phate from the latter substance.

Table 6. ActivUy of the enzyme catalyeing the formation o f isopentenyl pyrophoephate front mevalonate in
three fieeues

For pig liver, enzymes were assayed at 37*C. Data for mevalonate kinase are from Levy A Popjak ( 15»W») 
and for pboflphomevalonate kinase from Hellig A  Popjak (19616). For yeast, enzymes were amavetl 
UO°C. Data for mevalonate kinase are from Tchen (1968) and for phosphomevalonate kinase and pyropho«ji>i< >- 
mevalonate deoarboxylase from Bloch et al. (1969). For ffevea latex serum, enzymes were assayed at «'• 
Data for mevalonate kinase are from Williamson & Kekwiok (1066).

10* X Specific activity (Dnits/mg o f protein)

Pig liver
Yeast (autolysato) 
Hevea (latex serum)

Mevalonate
kinase

5-Phosphomevalonate 
kinase 
3.9 
1.16 
4.6

5-PyrophoBphomevslonato
decarboxylase
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