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Abstract-In Nepetu caturza leaf tissue there are two separate actlvlties of 3-hydroxy-3-methylglutaryl coenzyme A 
(HMG-CoA) reductaseand mevalonate (MVA) kmase respectively asdetermmed by the use ofa 20-45 % dlscontmuous 
sucrose density gradient Cell-free extracts of leaf and callus tissue were prepared and HMG-CoA reductase and MVA 
kmase actlvltles were compared to actlvlties m extracts from porcine hvers and yeast autolysates Callus tissue from N 
catarja has only one peak of HMG-CoA reductase and MVA kmase activity located at the top of the sucrose densrty 
gradlent Isolated chloroplast from N catar~u leaves have one peak of HMG-CoA reductase and MVA kmase actmty, 
located near the bottom of a sucrose density gradlent MVA kmase actlvltles m porcme livers and yeast autolysate also 
showed only one activity profile, located at the top of the sucrose gradient Partial purdicatlon of the leaf extract 
through the use of ddferential centnfugatlon, 30-70 %, ammomum sulfate preclpltation and &o-Gel P-100 column 
chromatography shows that MVA kmase, 5-phosphomevalonate (MVAP) kmase and 5-pyrophosphomevalonate 
(MVAPP) decarboxylase actlvltles remain m the same fractions The extra-chloroplastldlc HMG-CoA reductase 
activity may be separated from MVA kmase actlvlty by dlfferentlal centrlfugatlon These results suggest the presence of 
two HMG-CoA reductase and MVA kmase enzymes m N cuturzu leaf tasue--one located in the chloroplast and a 
second bemg extra-chloroplastidlc 

INTRODUCTION 

3-Hydroxy-3-methylglutaryl coenzyme A reductase 
[mevalonate NADP oxldoreductase (acylatmg CoA) 
EC 1 1 1 34, HMG-CoA reductase] has been extensively 
studied m relation to cholesterol biosynthesis and 1s the 
maJor point of feedback control by cholesterol and/or Its 
derivatives [ 1,2] 

HMG-CoA reductase m rat intestinal crypt cells IS 
located m the nucrosomal and nutochondrlal fractions 
[3] In Succharomyces ceruvzseae [4] and Tetruhymena 
pyrformzs [5], HMG-CoA reductase 1s also present m 
rrntochondrlaand mlcrosomes On the other hand, Suzukr 
and Urltam [6] found HMG-CoA reductase m sweet 
potato roots only m the mrtochondna, however, m 
diseased tissue (infected with Cerutocystzs fimbrzulu), 
HMG-CoA reductase was found m both mitochondrlal 
and mlcrosomal fractions 

The locahzatlon or compartmentation of enzymes 
mvolved m the formation of lsopentenyl dlphosphate 
wlthm the plant cell 1s not unequivocal [7-91 Mevalonate 
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kmase 1s located m the cytosol and chloroplasts of leaf 
tissue [lO-121 Mevalonate kmase activity m leaf tissue 
[13] and leafcallus tissue [14] of Nepetu cuturzu has been 
reported Herem, we report the mtracellular distribution 
of HMG-CoA reductase and mevalonate kmase m Nepetu 
caturzu leaf tissue, N cutarza callus tissue, porcine hver 
and yeast autoly.utes A preliminary report has been 
published [ 151 

RESULTS 

HMG-CoA reductuse assay 

HMG-CoA reductase activity was deterrnmed by the 
use of Dowex-1-formate ion exchange chromatography to 
separate the products, mevalonolactone and mevalonate, 
from the substrate HMG-CoA and its decomposltlon 
product 3-hydroxy-3-methyl glutarate (HMG) Rather 
than usmg extraction techniques [12] to isolate mevalo- 
nolactone we analysed the reaction mixture and all of the 
products The reaction mixture was placed on a 0 5 x 5 cm 
Dowex-1-formate (100-200 mesh) column and eluted 
with a 150ml gradient consistmg of three chambers 
containing 50 ml water, 50 ml 1 N formic acid and 50 ml 
2N fornuc acid respectively, followed by step wise elution 
with 50 ml each of (a) 4N formic aad, (b) 4N formic acid 
+ 0 4N ammomum formate and, (c) 4N formic acid and 
+ 0 8N ammonium formate MVA was eluted first (frac- 
tions 3-6) followed by HMG (g-12) and HMG-CoA 
(57-62) Figure 1 shows the elutlon profile of a 14C- 
mevalonate and HMG-CoA solution contained m 
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Fig 1 Dowex-1-formate elutlon pattern of mevalonate and 
HMG-CoA after mcubatlon at 50 for 3 hr m 100 mM NaOH 
AG, hnear gradlent of O-2 N formic acid usmg three chambers 
contammg 50 ml H20, 50 ml 1N HCOOH and 50 ml 2N 
HCOOH, C, 50 ml 4 N HCOOH, D, 50 ml 4 N HCOOH m 
0 4 M HCOONHL and E, 50 ml 4N HCOOH m 0 8 M 

HCOONH4 Peak I IS MVA, Peak II, HMG 

100 mM sodium hydroxide and incubated at 50” for 3 hr 
Mass spectral analysis [ 131 showed peak I was identtcal to 
mevalomc acid, that peak II was 3-hydroxy-3-methyl- 
glutarate (HMG), chromatography on paper con- 
firmed these findings 

Figure 2 shows a Dowex-1-formate column gradient 
profile of a reaction mixture used to determine HMG- 
CoA reductase activity m a 30-70x ammonium sulfate 
precipitate of a leaf extract This procedure was used for 
thedetermmatton of HMG-CoA reductase activity When 
the 30-70 % ammonmm sulfate precipitate is placed on a 
20-45 % dtscontmuous sucrose density gradient, two 
peaks of HMG-CoA reductase activity are observed 
(Fig 3A) When isolated chloroplasts from N cataria 
leaves are homogemzed and placed on a 2045% da- 
contmuous sucrose density gradient (Fig 3B) only one 
peak of HMG-CoA reductase activity is observed 

M VA kznase 

The steps used m the partial fraction of mevalonate 
kmase are shown m Table 1 When the 3&70x am- 
monium sulfate fraction was centrifuged in a 2045% 
discontmuous sucrose gradient (Fig 4A), two peaks of 
mevalonate kmase activity are observed Results of a 
Dowex-1-formate column elution profile of an assay of 
the 30-70 y0 ammonmm sulfate precipitated protein are 
shown m Fig 4C The products indicate the presence of 
MVA kmase, MVAP kmase and MVAPP decarboxylase 
activities 

Callus tissue from N catarza was homogenized and the 
30-70 % ammonium sulfate precipitate was applied to a 
2&45 % discontmuous sucrose density gradient Figure 

- MVA 

FRACTION 

Fig 2 Dowex-1-formate elutlon profile HMG-CoA reductase 
assay of 30-70% ammomum sulfate preclpltate from leaf tissue 

(see Experimental for detads) Peak II, HMG 

4 20 % Sucrose 45 B 20 % Sucm~a 45 1 

1 3 5 
FRACTION 

? 3 5 
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Fig 3 HMG-CoA reductase actlvlty from 20 to 45 “/. sucrose 
gradlent centrlfugatlon of A, 3(t70”/, ammonium sulfate pre- 

clpltate from leaf tissue, B, homogemzed chloroplasts 

4B shows mevalonate kmase activtty distribution m the 
sucrose gradient Mevalonate kmase activity IS located 
only at the top of the gradient N catarza callus tissue do 
not have chloroplasts Agam, the Dowex-1-formate el- 
ution profile of the mevalonate kmase assay of fraction 
one from the sucrose denstty gradient of callus tissue 
extract shows the presence of MVA kmase, MVAP kmase 
and MVAPP decarboxylase (Fig 4D) 

Whole chloroplast from Nepeta catarza leaves were 
isolated and homogenized When centrifuged m a 
20-30 % discontmuous sucrose density gradient, meva- 
lonate kmase acttvity was found m fraction 3 (Fig 5A), 
which 1s identical to the peak of acttvity observed m whole 
leaf preparations (Fig 4A) Fraction 3 contams both 
MVA kmase and MVAP kmase activmes as determined 
by the product tdentification with a Dowex-1-formate ton 
exchange column (Fig 5B) 

In addition to analysmg whole leaf and callus tissue of 
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Table 1 Partzal purzficatzon of mevalonate kmase from N catarm leaf tzssue 

Steps 
MVA kmase actzvzty 

(pzcomol/hr/mg protein) 

Part A Fractzonatzon 
1 Crude homogenate 
2 3000 supematant g 
3 30 000 supematant g 
4 30-75 7” ammonium sulfate precipitation 
5 Sucrose density gradient 

Fraction 1 
Fraction 3 

6 Bzo-Gel P-100 chromatography of sucrose 
gradient Fraction 10 

Part B Intracellular locatzon of MVA kmase 
1 Crude homogenate 
2 30 OCQ supematant g 
3 15OOOOg pellet (2 hr) 
4 1500009 pellet (16 hr) 

24 
28 
35 
51 

194 
103 

1068 

23 5 
315 

10 
1395 

N cntarza we mvestlgated MVA kmase actlvrtles m yeast 
and hog liver As with N cutarza callus tissue, only one 
peak of MVA kmase activity was observed m the sucrose 
gradient of yeast and hog liver and It was at the top of the 
gradient 

DISCUSSION 

We developed a chromatographlc method for the 
separation and direct determination of mevalonate, HMG 
and HMG-CoA m reaction mixtures Use of this pro- 
cedure allows us to analyse the reaction mixture directly 
wlthout usmg an extraction procedure [16] HMG-CoA 
reductase and mevalonate kmase m N cuturzu leaf tissue 
are located both mslde and outslde the chloroplasts Since 
chloroplasts are interdependent, it 1s conceivable that 
there must be a mechamsm for the blosynthesls of 
carotenolds and the phytyl side chain of the chlorophyll 
molecule 

The locatlon of mevalonate kmase m chloroplast has 
been convmcmgly demonstrated by others [lO-12,171, 
however, our density gradlent separation 1s the first 
demonstration of two enzymes with different physlcal 
propertles other than pH optimum The pH optimum 
dlstmctlon has been questioned [12, 171 We did not 
observe two actlvltles m the density gradlent preparations 
from N cuturzu callus tissue, hog liver or yeast autolysate 
Our results are m contrast to the suggestions of Kreuz and 
Klemlg [9] who stated that MVA kmase, MVAP kmase 
and MVAPP decarboxylase are soluble cytoplasmlc en- 
zymes and that they do not occur wlthm the plastlds The 
authors further suggested that lsopentenyl dlphosphate 1s 
synthesized m the cytosol and transported to the plastlds 
for polyprenold synthesis Then conclusions were based 
on the observation that “C-mevalonate was not m- 
corporated mto plastld polyprenolds when either pure 
chloroplasts or chromoplasts were assayed Smce they did 
not determme If MVAP or MVAPP was produced, It 1s 
conceivable that the mcorporatlon of “C-IPP mto 
plastldal polyprenolds would lead to the conclusion that 
MVA kmase, MVAP kmase and MVAPP decarboxylase 
are not presented m chloroplasts We did not observe IPP 
In our chloroplast assay for MVA kmase actlvlty Since 

Table 2 Comparzson of HMG-CoA reductase and MVP kmase 
activities 

Source 
HMG-CoA reductase MVA kmase 

(nmol/hr/mg protein) 

Cytosohc Plastzdzc Cytosohc Plastzdzc 
N catarza leaf 180 318 
N catarza callus 1 8 - 
Spinach leaf 57 96 
Yeast 113 - 
Porcine liver 262 - 

129 54 
89 - 
53 38 

156 - 
430 - 

MVAPP decarboxylase may be more labde than prenyl 
transferases and may be a rate controlling enzyme [ 181 It 
1s conceivable that mevalonate would not be incorporated 
mto polyprenolds m plants! 

Co-punficatlon of MVA kmase, MVAP kmase and 
MVAPP decarboxylase through the Blo-Gel P-100 
column chromatography (Fig 6) step suggests that these 
enzymes are either physically slmtlar and of high MW or 
associated m a complex A high MW multi-enzyme 
complex 1s consistent with the Ideas expressed by 
Banthorpe et al [19] and Francls [20] that ‘the enzymes 
mvolved m monoterpene brosynthesls may be associated 
m a multi-enzyme complex with high degree of spatial 
orgamzatlon for efficient substrate arculatlon Another 
interpretation 1s that the enzymes have the same MWs 

From our dlfferentlal centnfugatlon experiments we 
might conclude that the extrachloroplastldlc HMG-CoA 
reductase and MVA kmase are membrane bound, but 
HMG-CoA reductase IS more trghtly bound HMG-CoA 
reductase 1s present m the 100 Kg pellet and MVA 
kmase only sediments after 16 hr at 150 Kg centnfug- 
anon (Fig 7) Another interesting observation m our 
partial punficatlon of MVA kmase 1s the fact that MVAP 
kmase and MVAP decarboxylase were present This 
observation suggests a cellular association Further frac- 
tlonatlon IS needed to determine the extent of this 
association Smce a spectrophotometrlc assay for meva- 
lonate kmase would not demonstrate the presence of 
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Fig 4 A, Mevalonate acttvny profile from a 20-45x sucrose 
densrty gradlent of the 30-70 % ammonium sulfate pellet from 
leaf tissue extracts B, Mevalonate kmase actlvlty profile from a 
2045 % sucrose gradlent of the 30-70 % ammomum sulfate 
preclpltate from callus tissue extract C, Dowex-1-formate 
elutton profile mevalonate kmase assay for 30-70% ammonmm 
sulfate pellet from leaf tissue extracts D, Dowex-1-formate 
elutlon pattern mevalonate kmase assay of fraction one from a 
2045% sucrose gradient of the 3&70% ammomum sulfate 
precipitate from N catarta callus tissue (A) 25 ml of H20, 
(B) 25 ml of 2 N HCOOH, (C) 50 ml of 4N HCOOH, (D) 50 ml 
of 4N HCOOH, 0 4 M HCOONH,, (E) 50 ml of 4 N HCOOH, 

0 8 M HCOONH4 

MVAP kmase or MVAPP decarboxylase, we used ion 
exchange chromatography to identify all of the products 
from incubating MVA and ATP with the enzyme 
preparations 

Thus, HMG-CoA reductase IS present m leaf tissue, it 
remains to be determined if the plant enzyme 1s a nqor 
regulation site in terpenoid synthesis as it IS m cholesterol 
synthesis [l] Also, the reaffirmation of two dlstmct 
mevalonate kmase enzymes m plant tissue IS clearly 
demonstrated 

EXPERIMENTAL 

MateTtals and methods DL-Mevalomc acid (2-l‘%) (6 33 
mCi/nmol), r%-mevalomc acid (5-H(N)) (5 C~/mnol) and DL-3- 
hydroxy-3-methylglutaryl CoA (3-W) (51 9m Cl/nmol) were 

l- 

, 

FRACTION 

Fig 5 A, Mevalonate kmase actlvlty profile from a 2045% 
sucrose density gradient of the homogemzed chloroplast prep- 
aratlon (from N catana leaf tissue) B, Dowex-1-formate elutlon 
pattern mevalonate kmase assay of fraction 3 of the 20-45x 
sucrose gradrent of homogemzed chloroplasts from leaf tissue 
Elutlon profile followmg mevalonate kmase assay from fractton 3 
of the 2045% sucrose gradient of homogemzed chloroplasts 
under standard assay condltlons Elutlon of Dowex-1 column 
(A) 25 ml H20, (B) 25 ml 2N HCOOH, (C) 50 ml of 4N 
HCOOH, (D) 50 ml of 4N HCOOH +0 4 M HCOONH4, 

(E) 50 ml of 4N HCOOH + 0 8 M HCOONH4 
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FRACTION 

Fig 6 Mevalonate kmase activity profile (---) of a Blo-Gel P- 
100 column chromatography of fraction 1 from the 20-45”/, 
sucrose density gradlent of the 3(r70% ammonium sulfate 

preclpttate of N catana leaf tlssue extract (see Table 1) 

purchased from New England Nuclear, Boston, Massachusetts 
All other chermcals and cofactors were purchased from Sigma 
Chemicals, St LOUIS, Mlssoun PolyClar AT (msoluble poly- 
vmylpyrolhdone) was a Bft from GAF Corporation, New York, 
New York 

Preparatmn ofcell-free extracts Cell-free extracts of leaf tlssue 
were prepared by grmdmg the matenal m a mortar with sand, 
acid washed Polyclar AT and homogenlvltlon buffer which 
contained 500 mM Tns pH 7 5,500 mM MgC&, 1 mM EDTA, 
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Rg 7 A, Mevalonate kmase activity profile from 20 to 45% 
sucrose gradient of the 16 hr 150 K pellet from leaf tissue B, 
Dowex-1-formate elution pattern mevalonate kmase assay of 
fraction 1 from 20 to 45% sucrose gradient centnfugation of 
16 hr 150 K pellet from leaf tissue Elutton of Dowex-1 column 
(A) 25 ml of H20, (B) 25 ml of 2N HCOOH, (C) 50 ml of 4N 
HCOOH (D) 50 ml of 4N HCOOH + 04M HCOONH4, 

(E) 50 ml of 4N HCOOH + 0 8M HCOONH4 

and 0 5 mM dlthlothnetol, until a smooth homogeneous paste 
was obtained A 1 1 (w/v) ratio of tissue to homogenuation 
buffer and a 1 10 (w/v) ratio of Polyclar AT to tissue was used m 
all cell-free preparations 

The smooth paste was pressed through s1x layers of cheese 
cloth and the exudate was SubJected to two centnfugations-first 
a 3ooO g (3 K) for 20 mm and the pellet discarded followed by a 
30000 g (30 K) for 20 mm The 30 K supernatant was class&d as 
the cell-free extract All procedures were carned out at 4” using 
precooled equipment and buffers The 3 K and 30 K pellets 
showed no MVA kmase actlvlty 

Chloroplast rsolatmn Chloroplasts were Isolated by the 
method of Jensen and Bassham [21] with one moddication The 
leaf tissue was homogemzed x 5 for 5 set periods The mildly 
homogemzed leaf ussue was pressed through su( layers of cheese 
cloth and the exudate was centrifuged at Zoo0 g for 50 set The 
pellet contamed whole chloroplasts For most expenments, the 
whole chloroplasts were homogemzed before centnfugmg 
through a sucrose density gradient 

Sucrose gradlent A dlscontmuous sucrose gradient of 20-45 % 
was used m all expcnments The sucrose solns were made up m 
buffer contammg 100 mM Tns pH 7 5, 10 M MgCIZ, 1 mM 
EDTA and 0 5 mM dlthlothreltol The concn of sucrose was 
checked with a refractometer The gradient consisted of 5 3 ml of 
each of the followmg sucrose concns 20 %, 25 %, 30 %, 34 y0 and 
38 % layered on 3 2 ml of 45 % sucrose soln The sample, layered 
on the gradlent, was centnfuged at 22000 rpm m a SW 25 1 
Spmco Rotor Wth the use of a density grachent fractionator, 
samples of either 3 or 6 ml were collected and dlalysed against 
buffer contammg 100 mM Tns pH 7 5, 10 mM MgCl,, and 
05mM DTT 

Protern Protein concns were determined by a moddicatlon of 
the Lowry procedure as described by Hartree [22] usmg bovine 
serum albumin as standard 

HMG-CoA reductase assay The reaction mixture m 1 Oml 
contamed 1 mM EDTA, 1 mM dithothratol, 10 mM glucose-d 
phosphate, 1 mM disodmm NADP, 2 units of glucose-6- 
phosphate dehydrogenase, and various amounts of 3-14C-HMG- 
CoA and protein as mchcated Incubations were at 37” for the 
tune specified m each expt, the reaction was termmated by 
immersion m boding water for 3-5 mm and the precipitated 
protein was removed by centnfugation The supernatant was 
applied to a Dowex-1-formate column and eluted with (a) 150 ml 
gradient consistmg of three chambers (contammg 50 ml H20, 
50 ml 10 N and 50 ml 2N HCOOH respectively) followed by a 
step wise elutlon with (b) 50 ml 4 N HCOOH, (c) 50 ml of 4 N 
HCOOH with 0 4 N HCOONH4, (d) 50 ml of 4 N HCOOH 
with and 0 8 N HCOONH* 

Mevalonate kmase assay MVA kmase actmty was determined 
by incubating at 30” 200 mg protein, 10mM ATP, 10mM 
MgCl,, 10 mM potassium phosphate buffer (pH 7 4) and 5 mM 
3-glycerol phosphate m a total vol of 400 ml The reaction was 
untlated by adding 1 mdhCune of (2-C) MVA acid and ter- 
minated after 1 hr by heating to 100 

Ion-exchange chromatography of MVA metabohtes on 0 5 
x 5 cm Dowex-1-formate cohmms as described by Suzue [23] was 
used Stepwiseelutlon wasachieved with (1) 25 ml H20, (2)25 ml 
2N HCOOH, followed by the stepwise elution series above (b-d) 

Chromatography Descending PC for the identification of 
MVA, HMG and HMG-CoA was done on Whatman#l paper 
with PrOHsonc NH,OH (7 3) 

Detectron and measurement ofradroactnxty Radmactivity on 
chromatograms was detected either by autoradiography or by 
cuttmg chromatograms mto half-m strips and counting each in 
toluene_EtOH by scmtdlation counting Radioactive elution 
profiles from ion exchange chromatography columns were 
obtamed by counting an ahquot of each fraction in 
toluene-EtOH Instagel by scmtdlatlon countmg 

Mass spectrometry The Prototype LKB 9OOOcomhnation gas 
chromatograph mass spectrometer was used [24] Samples were 
introduced through the direct-mlet probe 

Partial purlficatlon of HMG-CoA reductase and mevalonate 
kmase The cell-free extract was brought to 30% saturation 
(160 g/l ) with (NH&SO., sulfate and centrifuged at 3 000 g for 
20 nun, and then the pellet was &carded The 30 % supematant 
was brought to 70% saturation by the addition of an additional 
260 g/l and centrifuged at 3 000 g for 20 mm The 70 % pellet was 
suspended m a muumum vol of buffer (100 mM Tns pH 7 5, 
10 mM MgC12, 10 mM EDTA and 0 5 mM chtluothreltol) and 
dialysed agamst the same buffer without EDTA The chalysed 
solution (1 ml, 22-31 mg of protan) was placed on a 30 ml 
20-45 % dlscontmuous sucrose gradient Bx fractions (5 ml) were 
collected The fraction contammg the kmase and/or reductase 
actmties were agam dlalysed against the buffer The dlalysed 
fraction was coned by using a Diaflow ultrafilter apparatus and 
the coned fraction was applied to d Bio-Gel P-100 column and 
eluted with the same buffer Fractions (2 ml) were collected and 
analysed for enzyme actwlty as previously discussed 
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