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1. Evidence haa been produced for th e  form ation o f 5-phosphom evalonate from 
potassium  DL-mevalonate by  the  la tex  of H evea brasiliensis and  by  reconstituted 
freeze-dried serum  obtained from th is latex. 2. The enzyme, m evalonate kinase, 
catalysing th e  form ation of S-phosphomevalonate from potassium  DL*mevaIonate 
and  A TP has been partia lly  purified. 3. 5-Phosphom evalonat6 form ed b y  th e  puri* 
fied m evalonate kinase from  potassium  [2-^^jm evalonate has been shown to  be 
incorporated b y  la tex  into rubber to  about 2-4 tim es the  ex ten t o f DL-mevalonate.
4. The enzyme can utilize inoaine triphosphate as effectively as adenosine triphos­
phate  as a  phosphate donor and  is also slightly active w ith uridine triphosphate.
5. The enzjone was fairly  stable to  a  range o f p H  values and  tem peratures, the  
ac tiv ity  being optim um  a t  pH 7-5 an d  60-70®. The energy of activation  was 
10'7kcal./mole. The values were 0*13mM for potassium  DL-mevalonate and  
2-OmM for A T P a t  30®. 6. The enzyme required th e  presence o f Mn2+ (ImM) for 
m axim um  ac tiv ity ; th is  could be replaced b y  Mg^+ (4mM), which was less 
effective, and  by  Ca2+, which was far less effective. 6. A lthough th e  enzym e did 
n o t require cysteine o r reduced glutathione for activation  in  aerobic conditions, it  
was inhibited b y  reagentaJsnown to  react w ith  thiol groups.

Mevalonic acid, originally shown to  be precursor 
o f th e  isoprene im it from which sterols are formed 
(Tavorm ina, Oibba & HuiT, 1956), has also been 
shown to  be incorporated in to  rubber by  th e  la tex  of 
H evea brasiliensis (P ark  & Bonner, 1968; Kekwick 
et al. 1959). I t  is now well established th a t  the  
‘active isoprene im it’ which is th e  biological p re­
cursor o f isoprenoid molecules is isopentenyl pyro­
phosphate (3 -m ethy Ibut- 3-eny 1 pyrophosphate) 
(Chaykin, Law, Phillips, Tchen & Bloch, 1958; 
Lynen, E ^ e r e r ,  H enning & Kessel, 1968). Latex 
has been found to  convert th is  substance in to  rubber 
w ith considerable efficiency (Henning, Mdslein, 
Arreguin & Lynen, 1961; Archer, Audley, Cockbain 
& McSweeney, 1963).

The firat stage in  th e  conversion o f m evalonate 
into isopentyl pyrophosphate is th e  form ation of 
6-phosphomevalonate catalysed b y  m evalonate 
kinase (A TP-m evalonate 5-phosphotransferase, 
EC2.7.1.36). This enzyme has been purified to  some 
ex ten t from  yeast (Tchen, 1958), pig liver (Levy & 
Popi^k , 1960), rab b it liver (Markley & Smallman, 
1961) and  C ucurbita pepo  seedlings (Loomis & 
B attaille, 1963). As none o f th e  enzym es concerned 
in  th e  bioayntheais o f rubber h ad  been purified or 
characterized, the  form ation o f 5*phosphomeva- 
lonate in  Hevea brasilensis la tex  was investigated. 
A n a ttem p t was m ade to  purify  m evalonate kinase.

and  to  com pare its properties w ith  sim ilar enzyme-s 
reported  from those o ther tissues, in  which i t  in 
p robably prim arily  concerned in  th e  form ation of 
sterols.

M ATERIALS AND M ETHODS

Laiez. Fresh latex was obtained by tapping lO-year-old 
Hevea hnuilienaia trees grown in a greenhouse in the Univer­
sity of Birmingham Botanical Garden. Samples of freeze- 
dried latex serum, prepared by the procedure of Archer & 
Sekhar (1955), were obtained from the Bubber Bescarch 
Institute of Malaya.

Special chemicals. D L -M evalonic acid lactone was ob­
tained from British Drug Houses Ltd., Poole, Dorset, dl- 
[2'^*C]Mevalonic acid lactone was obtained from Th4- 
Radiochemical Centre, Ameraham, Bucks. Both the 
labelled and unlabelled forms were converted into potassium 
DL-mevalonate before use by inoobation with slightly m<»n* 
than lequiv. of KOH at 30° for 30min. The specific acti­
vity of [2-i*C]mevalonate was adjusted to 0*2/tc//imolc by 
the addition of unlabelled mevalonate.

ATP ' (disodium salt) was obtained from the Sigm** 
Chemical Co., St Louis, Mo„ U.S.A. I t  was dissolved in 
and adjusted to pH7*5 with 0-05M'li.OH before uee. ATI 
labelled in the terminal phosphate group with 
synthesized by the method of Glynn ft Chappell (1964).

Chromatography. The paper-cbromatographic separatioiv 
of the metabolites of mevalonic acid was carried out »•* 
specified on either Whatman 3MM or no. 1 paper, with the 
following solvent systems: solvent 1, 2-methylbutai'-2-®



aoetio aoid-water (4:1:2, by vol.) (ascending) (Henning, 
Mdslein & Lym n, 1969); solvent 2. 2-nietbyipropan-2-ol- 
formio acid-water (20:6:8, by vol.) (descending) (Bloch, 
Chaykin, Phillips & de W aa^, 1959); solvent 3, butan-l-oi- 
formio acid-water (73:13:10, by vol.) (aacending) (Tchen, 
1968); solv«Dt 4, isobutyric acid-aq. NHs (Bp.gc.0*68)- 
wator (66:13:90, by vol.) (deeoending) (de Waard t  Popjik, 
1959): Bolvenfe 5, ethanol-aq. NHs (sp.gr.0-88)-water 
(8:1:1, by voL) (descending) (Henning a  al. 1969); solvent 
6, methano!->q, NHs (sp.gr.0’88)-Tater (6:1:3, by vol.) 
(Tohen, 1968). Badioantograms were prepared with Kodi- 
rex Brand Kodak X>ray film with an exposure time of 
21 days.

The chromatographic separation of proteins was carried 
out on columns of Sephadex and BEAE'Sephadex obtained 
from Pharmaci* (G.6 .) Ltd., London, W. 13, prepared 
according to the mannfactorer's instractions.

Pwifieation o f rubber. The rubber obtained from incu­
bation of ̂ ^labelled substrates with fresh latex was pari* 
fied by the method of Kekwick t l  al. (1959).

AtM yofradioadivity. The content of purified rubber
was assayed by counting an infinitely thick layer beneath 
an end'window Geiger-MOUer counter. An infinitely thick 
layer of poly(^^methyl methacrylate reference source of 
specific activi^ 1 ftojg. gave about 640 counts/min./cm.* in 
the apparatus used.

To measure the ^^/**P atomic ratio in 5-phospbomeva- 
lonat«, the total count of an infinitely thin sample was 
measured in the end-window counter in the presence and 
absence of a shield of aluminium foil sufficient to absorb all 
the emission from The correction for the absorption of 
emission from by the shield was obtained by applying 
the same procedore to a standard NagH**P04 specimen. 
The proportion of the total counts of the 5-phosphomeva- 
lonate due to and ̂ *P was then calculated and the atomic
ratio obtained by reference to stand»rds.

Protein ettimation. The protein concentration of column 
eluates was determined by measuring the extinction at 
280m^ in a  1cm. cell. The total protein contained in an 
enzyme preparation was determined by measuring the 
nitrogen content of the precipitate formed by adding 20% 
(w/v) trichloroacetic acid. An equal volume of ice-cold 20% 
trichloroacetic acid was added to the enzyme preparation, 
and the precipitate was centrifuged and washed with more 
ice-cold 20% toichloroacetic acid. The precipitate was then 
dissolved in N-NaOH and the total nitrogen estimated by 
the micro-Kjeldahl procedure. A solution containing I mg. 
of protein nitrogen/ml. was found to have an extinction 
value of 0'6-0-65 at280m^ in a 1cm. cell.

ConeentnUhn of protein aolviiona. I t  was necessary to 
concentrate the large volumes of dilute protein solution 
obtained in column eluates before passing to the next stage 
of purification. Freeze-drying proved to be impracticable 
as, although solutions of mevalonate kinase retained their 
activity a ^ r  freeze-drying, they no longer gave reproducible 
elutions from DEAE-Sephadex. Solutions were therefore 

. concentrated by pressure dialysis through a cellophan 
 ̂membrane a t 4**.

A u a y  of mevaloTuxU'kintut activUy. The enzyme was 
assayed either by a  radiochemical procedure or by a 
spectrophotometric method. The radiochemical method 
was used only for measurements on crude enzyme prepara­
tions having enzyme contaminants likely to vitiate results 
obtained by the spectrophotometric procedure, where the

phosphate donor was not ATP, or where the effect of com­
pounds that would interfere M'ith the additional enzymes 
used in the spectrophotometrio procedure was being studied. 
A standard incubation mixture was used for this radio­
chemical assay containing: potassium DL-[2-^^C]mevalonate 
(I'O^mole), ATP (3-O^moles), MgCla (I'Spmoles), 0 'ln - 
tris-HCl buffer, pH7-5 (0'23ml.), and enzyme solution 
(O'lml.), in a total volume of 0*5ml. The reaction was 
allowed to proceed for 1 hr., after which it was stopped by 
the addition of ethanol (I ml.), any precipitated protein 
being removed by centrifugation, llie  mixture was freeze- 
dried and redissolved in water (35^.). Portions (lO/U.) 
were applied to Whatman 3MM filter paper and subjected 
to chromatography in solvent 2. The labelled compounds 
were detected by radioautography. The material having 
ft^O-55, corresponding to that reported for 5-phospho- 
mevalonic acid (Chaykin et al, 1968; Witting k  Porter, 
1959), was eluted, and its radioactivity assayed by counting 
as an infinitely thin sample under an end-window Geiger- 
Maller counter.

The spectrophotometric assay was essentially that ori­
ginally propos^ in 1968 by Lynen (1959) and subsequently 
used by Tchen (1958) and by Levy & Popjik (1960). The 
ADP produced in the enzyme reaction was assayed by 
using it as a phosphate acceptor in the conversion of phos- 
phoenolpyruvate into pyruvate catalysed by pyruvate 
kinase, and the pyruvate produced was convert^ into 
lactate by lactate dehydrogenase and NADH; the NABH 
oxidized, which was measured spectrophotometrically, was 
equivalent to the original ADP produced. The assay 
enzymes and substrates were obtained as test kit TC-K 
assembled for the assay of ADP in blood from C. F. Boeh- 
ringer und Soehne 6 .m.b.H., Mannheim, Germany. The 
standard incubation mixture for the enzyme assay con­
tained: ATP (lOfimoles), MgClj (5-0 ^xmoles), potas­
sium DL-mevalonate (S/imoles), O-lM-tris-HCl buffer, 
pH7‘5 (1-65ml.), and enzyme (O'lml.) in a total volume of 
2ml. The reaction was stopped after 60 min. at 30  ̂by the 
addition of ice-cold 3% (v/v) HCIO4 (2ml.). The preci­
pitated protein was centrifuged and a 3ml. sample of the 
supernatant taken. To remove perchlorate, 1-OK-trietb* 
anolamine buffer, pH9'6 (0'75ml,), was added and the 
solution cooled to —10'’; on thawing slowly the perchlorate 
precipitated. A 2ml. sample of the perchlorate-free super- 
nAtant was taken for the ADP assay, and to this was added 
0'15ml, of phosphoenolpyruvate (lOmM), 0-lml. of NADH 
(6mH) and 0-02ml. of lactate dehydrogenase (Img. of 
enzyme protein/ml.). The initial concentration of NADH was 
was obtained by measuring the extinction a t 366m^, where 
the extinction is approximately half that at the more 
frequently used wavelength, 340 m^; this facilitated the 
measurement of large amounts of ADP produced by high 
concentrations of the enzyme. Pyruvate kinase solution 
(0-02ml.), containing Img. of enzyme protein/ml., was 
added, mixed well, and the extinction at 366mjx measured 
until the reaction had ceased.

The assay differs from the continuous assay procedure 
used by other workers, the ADP being measured after the 
original enzyme solution had been removed: this necessi­
tated the measurement of the ADP concentration after 
several different periods of enzyme action to ensure that 
ADP production was linear. I t  was found that the enzyme 
continued to act at the initial rate after incubation for Uu*.

By assaying the ADP present in a protein-free supema-



tant contamination of the aasay enzymes by those present 
in the original ADP-producing system was avoided. This 
ensures that all the NADH oxidation observed arises from 
the action of the lactate dehydrogenase added for the assay. 
The NABH-ozidase activity present in the latex serum 
therefore baa no effect on the assay. The ADP in the protein- 
free supernatant may, however, arise from sources other 
than mevalonate kinase, end it was always necessary to 
assay a  control incubation containing *no mevalonate. 
When the results of the two assay procedures were compared 
it was found p(»sible to obtain agreement to within about 
6% with both reconstituted latex and the purified enzyme. 
The utilization of ATP for the metabolism of 6-phospho* 
mevalonate by reconstituted freeze-dried latex appeared to 
be negligible compared with that used for its formation, in 
the radiochemical assay conditions.

Enzyme units. The unit, of enzyme activity was defined 
as that which catalysed the production of l^mole of 5~ 
phosphomevalonate/min. a t 30° measured by either assay 
procedure.

RESU LTS 

F orm ation o f 5-phoaphomevalonic acid

The m etabolites produced from m evalonate by 
fresh la tex  were investigated by  incubating  1/xm- 
m evalonate w ith  0*2m l. o f freeh la tex  a t  30̂ * for 2hr. 
R ubber w as rem oved b y  coagulation  w ith  2 vol. o f  
boiling ethanol, and  the  soluble m aterial was sub­
jected to  ascending chrom atography on W hatm an 
no. 1 paper in  solvent 1. Three principal zones of 
radioactiv ity  were obtained (Ji^ values 0-58, 0-29 
and  0-14) in  addition to  those due to  mevalonic acid 
and  its lactone. As it seemed probable, by  com pari­
son w ith  th e  results o f H enning et al. (1059), th a t 
th e  spo t a t  Jij, 0 20 contained S-phosphomevalonic 
acid, m aterial from th is  spo t was elu ted  and  sub­
jected  to  chrom atography in  those o ther solvents 
in  which th e  m obility o f 5-phosphomevalonic acid 
had  previously been reported, and th e  chrom ato­
graphic characteristics o f th is  substance in  these

T able 1. B j, values in  different solvent system s o j  the 
metabolite o f  mevalonic acid having R f  0*29 in  solvent 1

Experimental details and the compositions of solvents 
1-6 are given in the text.

R,

Reported 
for 

5-pho0pho- 
Solvent mevalonic
system Observed acid Keference

Solvent 2 0*65 0-53-0-61 Bloch H al. (1959)
solvents 0*16 0-15 Tchen(1968)
Solvent 4 0-41 0-37 deWaard*PopjAk(1969)
solvents 3cm. in 4cm. in Henning e< aZ. (1959) 

24hr. 24hr.

solvents agreed well w ith  those reported  for 5-phos- 
phom evalonic acid (Table 1). Sim ilar experim ents 
in which [l-i4C]m evalonate was th e  substra ta  also 
produced compK>nents having values 0-29 and 
0*14 in  solvent 1.

This substance having the  same chromatographic* 
characteristics as 5*phosphomevalonate was also 
produced when freeze-dried ia tex  serum , reconsti­
tu te d  to  its original streng th  w ith w ater, was incu­
bated  w ith  [2-i^C]mevalonate. W hen th is m e ta ­
bolite was separated  chrom atographically and was 
m ixed w ith  synthetic  5-phosphomevalonate syn ­
thesized by  the  m ethod of Robinson & W ittreich 
(1961), the  tw o m aterials behaved as a  single sub ­
stance in  solvents 2, 3, 4 and  5.

This m ateria l having sim ilar chrom atographic 
characteristics to  5-phosphomevaIonate also had  
sim ilar properties when subjected to  conditions th a t 
m ight cause hydrolysis. W hen the  substance was 
heated  in  N-hydrochloric acid for 7m in. or for 
30m in. the re  was no detectable change of the  R ^  
of th e  m ateria l afte r chrom atography in  solvent 1, 
although afte r th is acid trea tm en t th e  spo t was 
som ew hat elongated. This effect was also observe<l 
by  Tchen (1958). Incubation  o f th e  m aterial w ith a 
preparation  o f calf-intestinal alkaline phosphatase 
for 4hr. a t  pH7*8 and  a t  37° converted th e  unknown 
entirely  in to  m aterial having the  chromatograpliic 
behaviour o f mevalonate.

The possible phosphorus conten t o f th e  substance 
was investigated by  incubating fresh la tex  (0-2ml.) 
w ith  NaaH32P04 (l/xmole) and  [2-i*C]mevalonate 
(0-3/iinole) a t  30° for tim es from  18min. to  2hr. 
F resh  la tex  has been found to  contain  m itochondria, 
and  although th e  concentration is low compared 
w ith  th a t  in  th e  la tex  vessel itself (P. B. Dickensoji, 
personal com munication) some incorporation of 
Na2H32p04 in to  A TP m ight be expected, giving 
rise to  [82p]ATP, which could be used to  phosphory- 
la te  m evalonate. To separate th e  m etabolites 
derived from  m evalonate, rubber was rem oved as 
described above and  the  m aterial soluble in  60% 
(v/v) ethanol was subjected to  two-dimensional 
chrom atography w ith  first solvent 1 and  then 
solvent 6. The m aterial containing and 
having R ^  0-1-0*3 in  solvent 1 and  0-7-0*9 in 
solvent 6, was eluted and  rechrom atographed m 
solvent 6 to  remove any  inorganic phosphate. The 
m aterial having R ,  abou t 0*8 in  th is  solvent won 
again eluted and  chrom atographed once m ore in 
solvent 2: and  ®*P ac tiv ity  was found in
m aterial having iZ , 0*55, th e  R ,  reported  b y  Chay- 
k in  et cd. (1958) for 6-phosphomevalonate in  this 
solvent. W hen th is m aterial was eluted and  the 
32p and  conten t m easured th e  proportion of 
3*P was found to  increase w ith th e  tim e of incuba­
tion , becoming constan t trfter 2hr. I t  was, however, 
n o t possible from these experim ents to  obtain
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analysis o f tho pliosphorus content o f the  unknown 
in atom s o f P /m evalonate molecule as the concen­
tration  of inorganic phosphate and A TP in tho 
original latex was n o t known.

The phosphorus conten t o f the  suspected 5- 
phosphomevalonate was m easured finally by  using 
a  partially  piirified p reparation  of the  synthesizing 
enzyme. The enzyme obtained by th e  first (step­
wise) elution from D EAE-Sephadex (see below), 
having a  specific ac tiv ity  of 0-32 unit/m g. of protein, 
was used. This m evalonate-kinase preparation  
(Im g. o f protein) was incubated  w ith  [2-i4C]meva- 
lonate (4/xmoles), [®2P]ATP labelled in  the  term inal 
phosphate group (10/imolee), magnesium chloride 
(8/imoles) and  O 'lM -tris-hydrochloric acid buffer, 
pH  7*5 (0-7ml.), in  a  to ta l volume of 2’Oml. for Ih r. 
a t  30°. The incubation was term inated  b y  the  ad d i­
tion of 5m l. o f ethanol, 2m l. o f w ater was added 
and  the  volume of the  incubation m ixture was 
reduced to  abou t 0*5ml. under reduced pressure. 
The concentrated solution was d iluted to  10ml. 
w ith  w ater, filtered th rough  a  W hatm an no. 1 
filter paper and  applied to  a  Dowex 1 (formate 
form) column (0*8cm. x 12cm.). The m aterial was 
‘elu ted  w ith a  gradient o f formic acid and  am m onium  
form ate by the  procedure o f H urlbert, Schmitz, 
B rum m  & P o tte r  (1954), as used b y  Bloch et al.
(1959) for th e  isolation o f th e  phosphorylated 
derivatives o f mevalonic acid. The fraction having 
rad ioactiv ity  th a t  was elu ted  in  the  conditions 
corresponding to  those found by Bloch et al. (1959) 
to  elute inorganic phosphate, A D P and  5-phospho- 
mevalonic acid was freeze-dried and  ex tracted  w ith  
90%  (v/v) ethanol to  rem ove A D P. The ethanolic 
solution was then  applied to  W hatm an  3MM filter 
paper and  subjected to  chrom atography in  solvent
6, as used by  Tchen (1958) to  separate inorganic 
phosphate, which has R y  0*1 in  th is  solvent. The 
m aterial having R f  0-8 was eluted and  the  i^c/aap 
atom ic ratio  was found to  be 1:1*18.

To investigate th e  incorporation of th e  6-phospho- 
[2 -i^ ]m ev alo n a te  in to  rubber a  preparation  o f this 
substance was m ade by  using th e  sam e purified 
sam ple of m evalonate kinase as was used for the  
s y n th ^ is  o f th e  substance labelled w ith  bo th  i*C 
and  3^P. The enzym ic synthesis and  subsequent 
purification were carried o u t under th e  same condi­
tions and procedure as were used to  produce the  
com pound labelled w ith  s^P and  except th a t  the 
A T P used was n o t labelled w ith  ^sp. ^  comparison 
was then  m ade o f th e  incorporation of th is  purified 
m aterial in to  rubber w ith  th a t  o f m evalonate by  
th e  samples of fresh la tex  from  the  sam e tapping. 
Etwjh incubation was carried o u t w ith  O-Iml. o f 
fresh la tex , incubated  w ith  solid substra te  in  the 
absence of added cofactors for 3 hr. a t  30°. W hen 
th e  incorporation o f 250m^moles of 5-phospho- 
[2-i4QjnievalQyjate was com pared w ilh  th a t  o f an

equal am ount of [2-i^C]mevalonate, 29m/imoles of 
5-pho8pho[2-i4C]mevalonate were incorporated into 
rubber com pared w ith 12m/i4moles of [2-^KJJmeva- 
lonate. The addition  o f 500m/imoles o f A TP as the  
solid to  th e  incubation m ix ture resulted in  the 
incorporation of 64m/imoles of 6-phospho[2-i*C]* 
m evalonate a^id 40m ^m oles o f [2-^^]m evalonate. 
Thus in  the  absence o f added A T P 2*4 tim es as 
m uch 5-phospho[2-^^]m evalonate was incorpora* 
ted  as [2-iO ]m evalonate, whereas in  th e  presence of 
6mM-ATP the  incorporation of 6-phospho-[2-^K3]- 
m evalonate was only 1-4 tim es th a t o f [2 -^^]- 
m evalonate. This la s t resu lt is lower than  would be 
expected when allowance is m ade for the  fact th a t 
th e  5-phosphomevalonate m ust have been composed 
of the  n a tu ra l isomer whereas the  m evalonate was a  
racem ic m ixture.

P urifica tion  o f mevalonixte kinase

A  search for a  su itable initial step  giving a  high 
yield and a  reasonable increase in  th e  specific ac ti­
v ity  of the  enzym e from  reconstituted freeze-dried 
la tex  senun  showed th a t  neither am m onium  sul­
p hate  fractionation a t  neu tra l p H  and a t  room 
tem peratiu^  nor organic solvent fractionation w ith 
ethanol or acetone over th e  p H  range 5*5-7*0 a t  0° 
gave a  clear fractionation, bo th  types of system  
giving m any fractions having specific activities n o t 
m uch greater th a n  th a t  o f th e  s ta rtin g  m aterial. As 
A rcher & Cockbain (1955) had  observed th a t  a  large 
propK>rtion of th e  pro tein  of la tex  serum  was p re­
cip ita ted  a t  acid p H  values, th e  enzyme activ ity  of 
th e  superna tan ts rem aining afte r ad justing  the  
serum  to  p H  values from  6*0 to  4-0 w ith  2ir-acetio 
ckcid was m easured. The superna tan t obtained a t  
an y  pH  value in  th e  range had  a  higher specific 
ac tiv ity  th a n  th a t  of th e  original serum : th e  m ax i­
m um  specific ac tiv ity  was obtained by  precipitating 
80%  o f the  serum  pro tein  a t  p H  4-5, leaving 45%  of 
th e  original enzyme in a  solution having abou t twice 
th e  specific ac tiv ity  of th e  senm i. A lthough the 
recovery obtained by  th is procedure was low i t  was 
adopted  as th e  initial step  because i t  produced the  
highest increase in  specific ac tiv ity  o f any  of the  
m any precip itation  procedures tried . The yield of 
enzym e w as independent o f th e  tem perature o f the  
p recip itation  between O'^and 18°.

P urifica tion  o f  the supernatant fro m  ihe pH4-5 
precipita tion . P relim inary experim ents in  which 
the  superna tan t from  the  pH4*5 precipitation, 
dialysed against 0*02H-phosphate buffer, pH6*0, 
was applied to  a  DEAE-cellulose column equili­
b ra ted  in  th is  buffer showed th a t  no enzyme, and  
very  little  p ro tein  (about 8%  of th a t  applied), could 
be elu ted  b y  applying a  solution of potassium  
chloride, the  concentration o f which increased in  a  
g radient to  1*0m, to  th e  column. Similar resvUts
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Fig. 1. Chromatographic purification of mevalonate kinase from Hevta latex serum, (a) Fractionation of the 
supernatant from the pH 4-5 precipitation of serum by elution from Sephadex G-200: A , 0-05M-phospbate 
buffer, pH 7-6. {b) Fractionation of the active peak from (a) by elution f̂ rom DEAE*8ephadex A-50 by steps 
of increasing KCl concentration: B, O'OSh-phosphate buffer, pH 6*0, followed by the same buffer containing 
KCl at O'IOm {C), 0‘20m {D), 0-30h {E) and 0-50m (f'). (c) Fractionation of the active peak from (6) by elution 
from DEAE-Sepbadex A-50l)y a g r^ e n t  of increasing KCl concentration: 0 , 0-02M*phosphate buffer, pE6'0, 
followed by the same buffer containing a continuous KCl gradient up to 0-3n(£r-*-fl'). O, Protein concentration 
measured by m, units of enzyme activity measured spectrophotometrically.

were ob ta ined  when elution o f Berum proteins from 
a  sim ilar DEAE-cellulose column a t  p H 7 '5  was 
a ttem p ted  w ith  a  sim ilar potassium  chloride 
gradient solution. A lthough adsorption on calcium 
phosphate gel has been successfully used as a  puri­
fication technique for bo th  yeast (Tchen, 1958) and 
pig-liver (Levy & Popjdk, 1960) m evalonate kinase, 
the  enzyme present in th e  pH  4* 6 superna tan t could 
no t be successfully eluted from hydroxyapatite 
columns. Good recoveries of enzyme activ ity  
were, however, obtained when th e  superna tan t 
from  the  p H  4*5 precipitation was applied to  a  
Sephadex G-200 column (l-Scm . x 20cm.) in  0*05m:- 
phoaphate buffer, pH 7-5. E lution  w ith th is buffer 
produced th e  result shown in Fig. 1(a): 91%  o f the 
enzyme activ ity  applied to  the  column was eluted 
in  an  active peak th a t  had  a  threefold increase in  
specific ac tiv ity  over th e  applied solution and a  
sevenfold increase in  specific activ ity  over the 
original serum.

A lthough i t  h ad  been found impossible to  recover 
m evalonate-kinase activ ity  after serum  had been 
applied to  DKAE-cellulose columns, sim ilar experi­

m ents w ith  D EA E-Sephadex showed th a t  about 
95%  o f th e  enzyme ac tiv ity  could be eluted by 
potassium  chloride solution when serum , dialysed 
against 0*02M-phosphate buffer, p H  6*0, was applio<l 
to  a  column equilibrated w ith  th is  buffer.

The active fraction from  a  Sephadex G-200 
column was therefore concentrated to  5m l. by 
u ltrafiltration , and was applied to  a  DEAK- 
Sephadex A-50 column (l*5cm. x 15cm.) in 0-02M- 
phosphate buffer, pH  6-0. Stepwise elution w ith 
th e  phosphate buffer containing increasing concen­
tra tions o f potassium  chloride gave the  elution 
p a tte rn  shown in Fig. 1(6), in  which m ost o f tin* 
enzyme was presen t in  th e  fraction  eluted »vt 
0-2M-pK>taesium chloride. This procedure p r o d u c t ' s  

a  fu rthe r foiu'fold increase in  8p>ecific activ ity , 
Table 2 shows th a t  91 %  of th e  enzyme activ ity  wtw 
eluted from  th e  column, th e  to ta l protein  recovery 
being 93%.

To obtain  a  fu rthe r eru*ichment o f the  enzyme, tho 
fraction eluted from  D EAE-Sephadex a t  
potassium  chloride was concentrated by  ultrafiltni- 
tion, dialysed against 0 - 0 2 M - p h o s p h a t o  h n fT 'T .



Table 2. P urifica tion  o f  H evea mevalonaie kinaae 
fro m  reconstituted freeze-dried latex aerum

The enzyme activity w u  u u y e d  spectrophotometrically 
a t 30°. Experimental details are gireo in the text.

Total Specific
enzyme activity
activity Total of enzyme
obtain^ protein K (unit/mg.

Fnnfication step (umta) («ng-) of prot«in)
Reconstituted serum 5-65 82 0-011
pH7-5

Precipitation of inactive 2-56 16-5 0-024
protein a t pH4-5

I^tration on Sephadex 2-32 6 0 0-076
G-200

Elution from DEAE- 206 10 0-33
Sephadex A-SO vith
0-2M.Ka

Gradient elution from 1-94 0-2 1-55
DEAE-Sephadex A-50

p H 6-0, and  applied to  a  second D EAE-Sephadex 
(A-60) column (1cm. x 10cm.), a t  p H 6*0. The 
pro tein  was eluted by  applying a  potassium  chloride 
g radient to  0*3m , giving th e  e lu tion  p a tte rn  shown 
in  Fig. 1(c). The peak containing the  enzyme 
ac tiv ity  h ad  an  enrichm ent o f about 4*7 tim es th a t 
o f the  applied m aterial, corresp>onding to  a n  increase 
in  specific ac tiv ity  of abou t 140 tim es over the 
original reconstitu ted  serum  (the m ost active 
fraction  had  a  specific ac tiv ity  160 tim es th a t  o f the  
s ta rtin g  m aterial). The enzym e recovery a t  this 
stage was 92%  (Table 2), which was accom panied 
by  a  to ta l p ro tein  recovery of 91 %  for th is  la s t sttige.

P u r ity  o f  the enzym e preparation

The enzyme preparation  obtained from  the  first 
D EA E-Sephadex column, having a  30-fold enrich­
m ent, was incubated  w ith  m evalonate and  A TP 
im der s tandard  conditions. Chrom atographic 
exam ination o f th e  reaction products revealed only 
th e  presence o f 5-phosphomevalonic acid in  addition 
to  th e  sta rting  m aterial. This suggests th a t  there is 
no phosphom evalonate-kinase ac tiv ity  in  th e  final 
p roduct. The spectrophotom etric assay carried o u t 
on  a n  incubation  m ixture co n ta in ii^  th e  purified 
enzym e an d  all th e  standard  com ponents showed 
th a t  the  adenosine-triphosphatase ac tiv ity  present in  
the s ta rting  m aterial h ad  been rem oved. S tudies o f 
nucleotide specificity showed th a t  th e  preparation  
o f m evalonate kinase from  the  first D EAE-Sephadex 
colum n could n o t utilize A D F instead o f A T P and 
therefore contained no  m yokinase. F u rthe r, nucleo­
tides th a t  were n o t substra tes (CTF and  GTP) did 
n o t give any ac tiv ity  in  th e  preeence o f A D F, nor 
w as th e  enzym e ac tiv ity  against th e  substra te  U T P

enhanced in  th e  presonco of ADP, thus showuig th a t 
there was no  nucleotide diphosphate-kinase activ ity  
p resent in  the  preparation.

As th e  m ost highly purified enzyme preparations 
were only available in  very small am ounts i t  was 
difficult to  assess the  m olecular homogeneity o f these 
preparations. To ob ta in  an  indication o f th e  purity  
o f th e  enzyme preparation  from the  first DEAE- 
Sephadex column having a  30-fold enrichm ent, 
imm unoelectrophoresis o f a  0*1 m l. sample o f th is 
m aterial containing 1 mg. of protein  was carried ou t 
in  1 %  agar m ade up  in  0-05H-glycine buffer, p H  9-2, 
fo rO h r .a tlv /c m . A  rab b it antiserum  raised against 
the  original reconstitu ted  la tex  serum from which 
the  enzym e was prepared was th en  allowed to  diffuse 
against the  antigens separated  by  electrophoresis: 
four p recip itin  lines developed, ^  fairly near the 
s ta rtin g  p o in t o f th e  ru n , showing th a t  the  p repara­
tion  contained a t  least four protein  com ponents of 
som ew hat sim ilar charge.

Propertiee o f H evea mevalonate kinaae

The characteristics o f H evea  m evalonate kinase 
were investigated w ith  a  preparation  obtained from 
th e  first (stepwise) elution from  th e  D EAE-Sepha­
dex colum n a t  0 '2ii-pota8sium  chloride. The p re­
paration  h ad  a  30-fold enrichm ent over the original 
serum  and  catalysed th e  phosphorylation of 
0 '3 2 ^ o l e  o f potassium  DL-mevalonate/min./mg. 
o f protein  under the  standard  conditions o f the 
spectrophotom etric sasay.

E ffect o f  substrate concentration. W hen the  ra te  o f 
phosphorylation o f potassium  DL-mevalonate by  the 
purified enzyme (0*13mg. o f protein) was stud ied  a t  
m evalonate concentrations vcuying fix>m 0* 1 to  5 mM 
under conditions th a t  were standard , except for the 
A T P concentration (6m u) and  th e  m agnesium 
chloride concentration (4mM), by  the  spectrophoto­
m etric procedure, th e  ra te  o f reaction  was maxim al 
a t  2 mM-potassium Du-mevalonate. Sim ilar experi­
m ents carried o u t under s tandard  conditions in 
which th e  A T P concentration was v u ie d  showed 
th a t  the  enzym e was sa tu ra ted  w ith  A T P a t  6m>f 
concentration. The values for the  action o f the 
enzyme on th e  tw o substra tes were obtained from 
reciprocal p lots (Lineweaver & Burk, 1934) as 
exemplified by  F igs. 2(a) and  2(6) for a  num ber of 
tem peratures between 3° and  40°. The results 
shown in Table 3 indicate th a t  th e  enzyme has about 
ten  tim es th e  affinity for m evalonate th a t  i t  has for 
A T P ; also, although th e  values for both  sub ' 
s tra tes  are alm ost constan t over the  range o f tem> 
peratures stucCed, th a t  for m evalonate decreases 
very  slightly w ith  increase in  tem perature whereas 
th a t  for A T P increases.

T he reciprocal p lo t o f \ j v  against l/s  was always 
linear, indicating th e  presence of only one enzyme
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Table 3. values o j H ovea mevalonale kinaac 
acting on  metxilonate and  A T P  at various tem pera­
tures

Experimental details arc givon in the text.

Substrate

Temp. ... 
DL'Mevalonate 
ATP

Km (mM)

0X7
11

15*
0-14

25“ 30"
013 0-13

—  2 0

40®
013
2-2

- • 9  s  a
g ^  

II
-S. ^  

&

0 4 0-6
Ijs (mM-i)

Fig. 2. Relation between 1/v and l/« for the phosphoryla­
tion of mevalonate by Hevea me7alonate kinaae assayed 
spectrophotometrically: (a) at constant ATP concentration 
(6mu) and various mevalonate oonconfcrations; (6) at 
constant mevalonate concentration (l*6mM) and various 
ATP concentrations.

phosphorylating mevalonate. W hen th e  enzyme 
reaction was allowed to  go to  com pletion in  oondi* 
tions where the  am ount o f product formed was 
lim ited only by  th e  am oim t o f m evalonate present 
th e  reaction ceased when only 6 0%  o f  th e  substra te  
h ad  been phosphorylated; th is suggested th a t, like 
th e  preparation  of m evalonate kinase from  other 
sources, the  H evea enzyme is specific for only one 
optical enantiom orph of mevalonate.

Nucleotide specificity. The efficiency of IT P , 
CTP, GTP and U T P  as phosphate donors a t  three 
different concentrations was com pared w ith  th a t of 
A TP, a t  optim iun concentration, in  the  rad io­
chemical assay. The results given in  Table 4 show 
th a t  IT P  was as effective as A TP a t  sim ilar con­
centrations and th a t the  only o ther nucleotide th a t 
was acted on by  the  enzyme was U TP. A D P could 
n o t replace A T P as a  phosphate donor and  the  p re­
para tion  therefore contained no m yokinase; the 
nucleotides G TP and  CTP, which were inactive 
alone, were also inactive in  th e  presence of ADP, 
showing th a t the  preparation  was also free of 
nucleoside diphosphate kinase. The addition of

T able 4. Nucleotide specificity o f H evea mevalonate 
kinase

The enzyme activity was assayed by the radiochemicul 
l>rocedure. Experimental details are given in the text.

Nucleotide Concn. (mM)

6-Phospho-
mevalonate

formed
(m^moles)

ATP 60 115
ITP 2-5 72

5-0 106
100 120

CTP 25 0
10-0 0

GTP 2-5 0
10-0 0

UTP 2-6 4-5
50 120

100 16-5
ADP 60 0

-J-CTP 5-0 0
-I-GTP 50 0
+ TIP 5-0 104
+ V T P 6-0 18-5

A D P d id  n o t increase th e  small am ount o f activ ity  
obtained w ith  U TP.

M eta l ton requirement. In itia l experim ents w ith 
reconstituted freeze-dried la tex  serum  showed th a t 
the  production o f 5-phosphomevalonate was stim u­
la ted  b y  the  addition of Mg '̂*'. Because of this 
observation and  those of o ther workers on th e  metal 
ion activation  of m evalonate kinase from different 
sources, the  m etal ion activation  of the  partially 
purified enzyme preparation  was investigated. 
A ctivation b y  Mn*+ and Mg^+ was measured b y  the 
spectrophotom etric assay procedure, whereas th a t 
produced by  Ba*+, Fe2+, Co*+, Ni®'*’ and  Ca**, all 
a t  ImM and  6mM concentration, was measured by 
the  radiochemical procedure.

The results o f th e  spectrophotom etric assay of the 
activation  produced by  Mn®+ and Mg2+ on the  
enzyme reaction a t  optim um  ATP concentration



Fig. 3. Activity of Hevea mevslonate kiiiaae measured 
spectrophotometrically in tbc presence of various concen* 
tration of Mg*+ (o) and (•).

Table 5. A ctiva tion  o j H evea mevalonate kinaae by 
m etal ions

The enzyme activity was assayed by the radiochemioal 
procedure. Experimental details are given in the text.

Salt ConcQ. (mu)

6-Phospho-
mevalonate

formed
(m/imoles)

MgQa 2-6 120
4-0 153

CaClj 1*0 8
6-0 46

100 34
Co(N08)a 10 IS

60 10
FeS04 1-0 30

6-0 60
NiSO* 1*0 0

5-0 0
BaClt 1*0 46

10*0 7-5

(6mM) and  potassium  DL-mevalonabe (2-5mM) are 
shown in Fig. 3. M axim um  activation  was given by 
Mn^+ a t  ImM concentration; gave a  lower
stim ula tion : th e  m axim um  a t  4 mw was 7 7 %  o f th a t 
given by  Mn®"*". A  higher concentration o f either ion 
was inhibitory, the  decrease in  ac tiv ity  a t  higher 
concentrations being m ost pronounced w ith  Mn®+. 
Incubations containing suboptim um  am ounts of 
A T P (4mM) and  various concentrations of Mn^+ or 
Mĝ *** showed m axim um  activation  a t  the  same 
concentration  of Mn^+ b u t a t  a  slightly lower con­
cen tration  of Mg '̂*' (3‘5 m u ); th e re  was again 
m arked inhibition w ith  excess o f either ion.

O f th e  o ther ions investigated (Table 5) only Ca2+ 
produced an y  m arked stim ulation, giving 30%  of

pH
Fig. 4. Curve A  shows the effect of pH on the activity of 
Hevea mevalonate kinase. Curve B  shows the effect of 
subjecting the enzyme to various pH values at 30° for 1 hr. 
on the activity subsequently measured a t pH7*S and 30°. 
All activities were measured by the spectrophotometric 
method. The buffers used were at 0-05h concentration: 
A and ▲,acetate-phosphate;0  and«,phc«phate;Danda, 
tris-HCl.

th a t  given by  Mg*'*’ a t  4mM; C!o®+, Fe*+ and  Ba*+ 
all gave a  sm all stim ulation of activity .

As w ould be expected th e  enzyme reaction was 
inhibited b y  ED TA . Radiochemical assays carried 
o u t on incubation m ixtures containing the  standard  
com ponents, b u t w ith  6mM-ATP, 4mM-Mg*+ and 
ED TA  concentrations ranging from 0*01 to  lOmsi, 
showed th a t  the  residual activ ity  w as very  close to  
th a t  which w ould be expected from  th e  calculated 
free Mg '̂*', assum ing a  dissociation constan t 10~* 
for M g-EDTA.

^'E.-dependence o f enzym e activity. The variation 
in  the  in itial reaction ra tes  ca ta lj^ed  by  the  partially  
purified enzyme was studied  over th e  range pH  4*0- 
p H  9*0 b y  using th e  buffers shown in th e  legend to  the 
resu ltan t p H -a c tiv ity  curve (Fig. 4): there was a  
pronounced optim um  a t  pH7*5. The stab ility  of 
the  enzym e a t  various p H  values a t  30° was investi­
gated ; sam ples of purified enzyme were subjected 
to  p H  values from  4*5 to  9-0 for 1 hr. and  were then  
brought to  pH7*5 w ith  N-sodium hydroxide or N- 
hydrochloric acid, an d  th e  residual enzyme activ ity  
was th e n  assayed by  th e  standard  spectrophoto- 
m etric procedure. TTie results, shown in Fig. 4, 
show th a t  th e  enzym e was stable over the  p H  range 
studied.

Tem peraiure-dependtnceoj enzym e activity . In itia l 
velocities obtained from  a  series o f progress curvM 
were p lo tted  for th e  enzyme reaction assayed b y  the  
spectrophotom etric procedure in  standard  incu­
bation  mixtiu-es held a t  tem peratures between 28° 
and  80°. The concentrations of potassium  d l-  
m evalonate an d  A TP were increased to  3mM and 
9mitf respectively to  obviate any  decrease in  the  
observed ra tes fronT lhe m axim iun arising from  a  
possible change in  K ^ .  Such m easured velocities



Table 6. In h ib itio n  o f  H evea mevalonate k in a s t by 
thiol reagents

The enzyme activity waa assayed by the radioohemical
edure. Experimental details are giyen in the text.

Concn. Inhibition
Reagent (mi*| (%)

Iodoacetamide 01 0
1-0 s

A'-Ethylmaieimide 01 66
10 94

j)-Chloromercuri benzoate 0-1 95
I-O 100

HgCla 0-1 90
10 94

ZnSOf 01 90
10 94

CuS04 01 56
10 77

could therefore be assum ed to  be directly propor­
tional to  th e  velocity constan t for th e  breakdown of 
th e  enzym e-su lo tra te  complex and  be substitu ted  
in  th e  A rrhenius (1889) equation for th e  determ ina­
tion  of activation  energy. Thus when the log(initial 
velocity) was p lo tted  against l /T a s t r a ig h t  line was 
obtained for measurementfi m ade below 50°; from  
th e  slope of th is graph th e  critical increm ent (acti­
vation  energy) was calculated to  be 10-7kcal./mole. 
T he enzyme p reparation  showed maximum activ ity  
between 60° an d  70°, an d  appeared to  be fw ly  
Stable a t  high temperatures, since little  inactivation 
w as found to  have occurred when th e  enzyme was 
assayed under s tandard  conditions afte r i t  had  been 
held for Ih r .  a t  50** and  a fte r Ih r .  a t  80° 40%  of the 
original ac tiv ity  still rem ained.

Sensitiv itj/ to thiol reagents. Unlike th e  meva- 
lonate-kinase preparations obtained from  p ig  liver 
(Levy & P o p jik , 1960) an d  rab b it liver (Markley & 
Sm allm an, 1961), H evea  m evalonate kinase was n o t 
activa ted  by  cysteine or reduced glutathione. The 
enzym e was, however, found to  be sensitive to  thiol 
alkylating reagents (Table 6): th e  enzjrme was 
m arkedly inhibited b y  JN^-ethylmaleimide, 100% 
inhibition being produced a t  lO m u concentration, 
b u t iodoacetam ide was m uch less effective tmd gave 
only a  15% inhibition a t  lOmw. Mercaptide* 
form ing reagents were inhibitory (Table 6), as were 
Cu '̂*' ions, which produced 96%  inhibition a t  lOmH.

DISCUSSION

P erhaps the  m ost strik ing feature of the  enzyme 
deecribed is the  close sim ilarity o f its properties to  
those of the  m evalonate kinase purified from pig 
liver by  Levy & PopjAk (1960). The m ain po in t of

difference betw een th e  enzymes in  H evea  la tex  ami 
pig liver is th a t  th e  H evea  enzym e is insensitive to  
atm ospheric oxygen, and  does n o t require cysteinc 
or reduced g lu tath ione for ac tiv a tio n ; in  th is  respect 
th e  enzym e resem bles th e  m evalonate-kinase pro- 
pw ations from  yeast (Tchen, 1968) and  Cucurbita  
pepo  (Loomis & B atta ille , 1963). Nevertheless, 
H evea  m evalonate kinase, like all th e  mevalonate- 
k inase preparations so fa r  reported, is h ighly sensi­
tiv e  to  reagents know n to  react w ith  th io l groups.

The kinetic characteristics o f H evea  m ev^onato  
kinase resemble those o f th e  pig-liver enzym e more 
closely th a n  an y  o f th e  o ther preparations described. 
T he pig-Uver enzym e has 0*05mM for natu ra l 
( -I- )-mev{Jonate, and  H evea  m evalonate kinase has 

0-13mM for potassium  DL-mevalonate a t  30”; 
th e  p H  optim a o f th e  rabbit-liver (pH  7*6), pig-liver 
(pH 7'3) an d  H evea  (pH7*6) enzym e are very 
sim ilar, w hereas th e  yeast and  C ucurbita  enzymes 
have optim a a t  m ore acid p H  values. The Hevea  
enzyme also resembles th e  pig-liver enzyme in its 
restric ted  nucleotide specificity: b o th  can utilize 
A T P an d  IT P  equally  effectively a t  sim ilar con­
centrations, b u t, whereas th e  pig-liver enzyme can 
utilize these tw o nucleotides only, the  H evea  enzyme 
also shows a  little  ac tiv ity  w ith  U TP, and  in  th is  
respect is like th e  rabbit-liver enzyme. The m etal 
ion activation  o f th e  H evea  enzyme differs slightly 
from  th e  pig-liver enzym e; H evea  m evalonate 
kinase and  all th e  o ther m evalonate-kinase p re­
parations except th e  pig-liver enzyme are activated  
b y  Mn*+ to  a  g reater ex ten t th a n  b y  Mg*+.

A  fu rthe r difference between th e  properties of 
H evea  m evalonate kinase and  those o f th e  pig-liver 
enzym e is in  th e ir  sensitiv ity  to  acid ; th e  pig-liver 
enzym e is com pletely inactivated  £ifter a  few 
m inutes a t  pH5*2 (H e ll^  & Popj&k, 1961), whereas 
little  o f th e  ac tiv ity  o f th e  H evea  enzyme is lost 
afte r Ih r .  a t  th is pH .

The specific activ ity  of the  reconstitu ted  freeze- 
dried H tvea  la tex  serum  used as th e  source of the 
enzym e is o f in terest in  relation  to  th e  activ ity  of 
th e  sources of th e  o ther m evalonate-kinase p repara­
tions; th e  only source having a  com parable specific 
ac tiv ity  is pig liver, reported  b y  L evy & Popjdk
(1960) to  phosphorylate 8*8mfimole8 of meva- 
lonate/m in./m g. o f protein  a t  37®, whereas the  re­
constitu ted  H evea  serum  phosphorylated llm /x- 
moles o f m evalonate/m in./m g. o f p ro te in  a t  30°. 
The relatively high specific activ ity  m ay reflect a t 
high capacity  o f la tex  for rubber biosynthesis, b u t 
there do n o t appear to  be any  very  reliable d a ta  on 
the  quan tita tive  capacity  o f la tex  o r indeed of 
individual H evea  trees for rubber biosynthesis.
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