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FiG. 1. Structures of mevinolin (1), mevinolinic acid (2), and mevinic acid (3), showing the correct absolute configuration.

dark oily residue, which was dissolved in 8 liters of ethyl ace-
tate/methylene chloride (30:70, vol/vol) and made into a slurry
with 1.3 kg of silica gel. This was charged onto a 23-cm (inside
diameter) glass column packed with 15 kg of silica gel in the
same solvent. Elution with ethyl acetate/methylene chloride
(40:60, vol/vol) was begun at a flow rate of 300 ml/min. After
the initial 5 gallons had been discarded, 40 fractions of 1 gallon
each were collected. The loading zone of the column was stirred
occasionally during the early development to promote flow
through the tarry aggregate. A high content of mevinolin was
found by high-pressure liquid chromatography assay in frac-
tions 20-34, which were combined and concentrated under
reduced pressure to a partly solid residue.

The residue was taken up in 1.5 liter of hot ethyl acetate.
Cooling, filtration, and drying yielded 111 g of nearly white
crystals of mevinolin. Two further recrystallizations from ac-
etonitrile, and then ethyl acetate and drying 16 hr at 40°C
under reduced pressure, yielded 79 g of pure mevinolin, [a]§
= +323° (0.5 g in 100 ml of CH3CN); UV A0y 247, 238, and
231 nm, A1% 418, 621, and 532; differential thermal analysis,
mp (under Np) 174.5°C.

High-resolution mass spectra were obtained on a Varian
MAT-731 spectrometer. 'H and 3C NMR spectra were ob-
tained at 300 MHz and 75 MHz, respectively, using a Varian
SC-300 NMR spectrometer in the Fourier transform mode. 1H
NMR spectra were recorded at 50°C in C2HCl; spiked with
2H,0; chemical shifts 6 are given in ppm relative to internal
tetramethylsilane. 13C NMR spectra were recorded in C2HClg
at 25°C.

Isolation and Assay of HMG-CoA Reductase. Microsomes
were prepared from livers of rats that had been maintained on
rat chow containing cholestyramine for 7 days. HMG-CoA
reductase was solubilized from the microsomes by the method
of Heller and Shrewsbery (19) and purified through the second
ammonium sulfate precipitation step as described by Kleinsek
et al. (20). The enzyme preparation was stored at —80°C in
100-ul samples and was stable for at least 3 months in this form.
Prior to use, the enzyme was activated at 37°C for 30 min. The
assay was similar to that described by Beg et al. (21). Except
where indicated, the reaction mix contained, in 100 ul: 0.14 M
potassium phosphate buffer, pH 6.8; 0.18 M KCI; 3.5 mM
EDTA, pH 7.0; 10 mM dithiothreitol; bovine serum albumin
at 0.1 mg/ml; 0.02 uCi of [*YCJHMG-CoA (New England
Nuclear; 1 Ci = 3.7 X 10! becquerels) at the concentration
indicated in the text; and 0.3 ug of partially purified enzyme
(specific activity 100-150 nmol min~! mg™~!) with or without
inhibitor. After 5-min incubation at 37°C, the reaction was
initiated with 0.2 mM NADPH. The reaction was terminated
with 20 ul of 5 M HCL. After an additional incubation for 15
min at 37°C to allow for complete lactonization of the product,

mevalonate, the mixture was passed over a 0.5 X 5 cm column
containing 100-200 mesh Bio-Rex, chloride form (Bio-Rad),
which was equilibrated with distilled water. With this resin the
unreacted [M4C]JHMG-CoA was adsorbed and the product,
[14C]mevalonolactone, was eluted with 3 ml of distilled water
directly into scintillation vials. After the addition of 10 ml of
Aquasol II (New England Nuclear), radioactivities of the
samples were measured in a Packard Model B2450 scintillation
counter.

Mevinolin and ML-236B were converted into their respective
sodium salts as described (6). Prior to assay the inhibitors were
appropriately diluted with dimethyl sulfoxide. Dilution to
concentrations below 0.1 uM with aqueous buffers resulted in
erratic results, which were attributed to partial inactivation of
the inhibitors under these conditions.

Acute Inhibition of Cholesterol Synthesis in Rats. Holtz-
man male albino rats were obtained from the supplier at
100-110 g and maintained on Purina Formulab Chow-5008
for 1 week. On the seventh day, the rats were divided into seven
or nine groups of 10 animals per group of equal average weight
(approximately 160 g) and feeding ad lib on the Formulab
Chow was continued. The animals were housed 10 per cage in
wire-bottom cages in air-conditioned quarters. At 8:30 a.m. on
the following day, the food was removed from the cages and
each group of rats was given a single stomach tube dose of the
test compound suspended in 5% Emulphor in saline at the doses
indicated in the figures. The control group received the sus-
pending vehicle only. One hour after compound administration,
the rats were injected intraperitoneally with sodium [1-14C}-
acetate (26.7 uCi/ml, specific activity 23.1 uCi/mg) at 80
uCi/kg. After 50 min, 4-ml blood samples were taken by car-
diac puncture, while the animals were under light pentobarbital
anesthesia, and were placed in tubes containing 0.2 ml of 0.4
M sodium citrate. The plasma, obtained by centrifugation, was
hydrolyzed and the cholesterol was extracted into petroleum
ether according to the method of Abell et al. (22). For the
measurement of plasma [14C]cholesterol, 2 ml of the petroleum
ether solution was evaporated to dryness in 8-ml counting vials
with mild heating and taken up in 5 ml of Aquasol-2, and the
14C content was determined with a model PLD Prias liquid
scintillation counter.

Chronic Dog Studies. Pure-bred male beagles obtained
from Haycock Kennels (Quakertown, PA) were housed indi-
vidually and fed milled Purina Lab Canine diet at 30 g/kg per
day. Prior to the start of the experiment, the dogs were bled
twice weekly from the jugular vein and plasma cholesterol levels
were determined by the method of Abell et al. (22) until values
remained stable. To test the effects of mevinolin on plasma
cholesterol, the compound was given to the dogs at 8 mg/kg per
day. It was administered mixed with their rations, which were
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totally consumed. Bleeding was continued twice weekly for an
additional 4 weeks and plasma cholesterol was determined.

RESULTS

Structure Determination. Mevinolin has the elemental
composition Co4H36Os (parent ion M 404.2563, calc.
404.2563). Mass spectral fragments at mass-to-charge ratio m/e
386 (Co4H3404), 302 (C1gH2603), and 284 (CgH340) resulted
from the loss of water, a CsH;002 moiety, or both. Important
fragment ions furthermore appeared at m/e 269 (C,sHz102),
224 (Cy7Hgo), 197-199 (Ci5His41), 174 (Cy3H)s), 169 (C13Hs),
159 (Cj2H)s; 100%) and 157 (C2H;3). The hydroxy function
permitted formation of a mono(trimethylsilyl) derivative (M*+
476). Mild alkaline hydrolysis appeared to open a lactone,
leading to a dihydroxy carboxylic acid that formed a tris(tri-
methylsilyl) derivative; the trimethylsilyl ester group of this
derivative was characterized by its selective exchange with
[2H,g]-bis(trimethylsilyl)trifluoroacetamide (M* 647). Strong
infrared absorbance of mevinolin near 1720 cm™! is in part
assigned to this six-membered lactone; salts of the hydrolysis
product show diminished absorbance at 1720 cm™! but a strong
band near 1555 cm~1. 'H NMR decoupling experiments are
consistent with a 3-hydroxy-6-lactone. The residual infrared
absorbance at 1721 cm™! and a strong band at 1190 cm™!
suggested an ester group; the mass spectral loss of a CsH,00;
moiety, which cannot involve the B-hydroxy lactone, could
therefore be interpreted as the MacLafferty elimination of a
Cs carboxylic acid. UV absorbance at 231 (¢ = 21,490 M1
cm™1), 238 (25,090), and 247 nm (16,890) indicated a trisub-
stituted heteroannular diene chromophore [Agax (calc.) 237
nm). The elemental composition then requires two rings in
addition to the lactone.

Similar structural features have been reported for the P. ci-
trinum (5) of P. brevicompactum (9) metabolite ML-236B,
Ca3H340s, which contains a 3-hydroxy-é-lactone, a bicyclic
diene chromophore (“dehydrodecalin), and an a-methyl-
butyric acid ester functionality, as shown by spectroscopic
analysis and x-ray crystallography (9). The reported mass
spectral fragmentation pattern of ML-236B closely parallels
that of mevinolin. The analogy includes those fragments that
retain only the dehydrodecalin portion of the structure (m/e
159 and 145, respectively, formed by elimination of C5H;002
and rupture of the C,C; bond) and thus localizes the additional
CH; element of mevinolin in this area.

Consistent with the high-resolution mass spectroscopy
measurements, the 13C NMR spectrum on “gated” decoupling
indicated a total of 24 carbons consisting of four methyl, six
methylene, and five methine carbons in the high-field region,
three methine carbons carrying oxygen substituents, four ole-
finic signals consistent with a trisubstituted diene, and two ester
carbonyls. The high-field region contained a methyl carbon in
addition to that expected for ML-236B and substitution of a
methine for a methylene carbon. The position of the new
methyl substituent at C6 can be determined unambiguously
by a IH NMR decoupling experiment. Irradiation of H5 at 6
5.52 sharpens the signal for H6 at 6 2.44. H6 in turn is vicinally
coupled to the new methyl group at & 1.07 and homoallylicly
to H8a at 6 2.77. Irradiation at the absorption frequency for H8
at 6 5.40 (doublet of triplets, ] = 8, 8, and 3 Hz) sharpens the
multiplet for the C7 methylene protons at 6 1.94 and collapses
the H8a signal to a doublet of triplets (J = 11.5, ~1.5, and ~1.5
Hz), showing that the latter is trans-diaxially disposed to H1.
H8a in turn is long-range coupled to H5 (J ~ 1.5 Hz) and H6
(J = 1.5 Hz). Irradiation at 6 1.94 (H7) sharpens the multiplet
assigned to H6 and collapses the H8 absorption to a doublet (J
= 8 Hz). A complete analysis of the complex spin pattern in-
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volving the protons at C5, C6, C7, and C6 CHjg was not possible;
however, the small values suggested for the couplings involving
H6 and H7« and H78, as well as those with H5 and H8a, do
suggest a flattened half-chair conformation of the fused six-
membered ring with the methyl group at C6 cis to the ester
function at C8 as unambiguously demonstrated by x-ray
analysis.

Mevinolin (C4H3O0s) was crystallized from ethanol as thick,
colorless needles. Preliminary x-ray diffraction experiments
indicated that the space group was P2,2,2; with a = 5.974(4)
A, b =17.337(19) Xa and ¢ = 22.148(19) A withZ = 4 for a
calculated density of 1.17 g/cm®. Intensity data were collected
on a Syntex P2, diffractometer with graphite monochromated
CuKa radiation. The structure was solved by using a multi-
solution tangent formula approach (23) and refined by using
least-squares techniques (24). At the present stage of refinement
the R factor is 9.5%.

The absolute configuration of mevinolin was determined by
solution of the crystal structure of the amide prepared by
opening the lactone with S(—)a-methylbenzylamine. Crystals
of the amide (C32H47NOs) formed from ether as clear paral-
lelepipeds with the symmetry P2; and Z = 4. Cell constants
were a = 22.340(10) A, b = 5.701(2) A, ¢ = 26.453(15) A, and
B =113.11(4) A for a calculated density of 1.13 g/cm3. After
a number of solution attempts, tangent formula approaches and
Fourier techniques produced an initial model for the molecule.
The model is currently being refined, using full matrix least-
squares techniques; the present R factor is 11.2%. From the
above experiments it was determined that mevinolinic acid has
the structure and absolute configuration shown in Fig. 1.
Complete structural details for mevinolin and its amide de-
rivative will be reported when refinements are completed.

Inhibition of HMG-CoA Reductase. Assay conditions, in-
cluding order of addition, were established for investigating
the kinetics of inhibition of HMG-CoA reductase such that the
assay was linear in the presence or absence of inhibitor and at
all levels of HMG-CoA for at least 5 min. This was of particular
importance because it was found in preliminary experiments
(data not shown) with sodium salts of the hydroxy acids corre-
sponding to either mevinolin or ML-236B that there was a rapid
decrease in rate if the reaction was initiated with enzyme. In
the absence of inhibitor the order of addition of enzyme did not
influence the rate of reaction. It was found, however, that when
the enzyme was incubated for 5 min with HMG-CoA and the
inhibitor, and the reaction was then initiated with NADPH,
linear kinetics were obtained. Presumably this allowed for an
equilibrium to be established between inhibitor, substrate; and
enzyme. Under these conditions, both inhibitors behaved in a
competitive manner with respect to HMG-CoA (Fig. 2), as
determined by the method of Dixon (25). In a separate exper-
iment the K, for HMG-CoA was found to be 4.0 uM. The K;
for sodium mevinolinate was computed to be 0.64 nM, and the
K for the sodium salt of the hydroxy acid form of ML-236B was
1.4 nM. Thus the metabolite isolated from A. terreus, mev-
inolinic acid, is more than two times as active as the salt of
ML-236B as an inhibitor of HMG-CoA reductase.

Acute Inhibition of Cholesterol Synthesis in Rats. It has
not been possible to demonstrate hypocholesterolemic activity
in rats with ML-236B except after treatment with Triton
WR-1334 (26). However, after a single oral dose of ML.-236B,
cholesterol synthesis from [14C]acetate in normal rats was
markedly inhibited 2-8 hr subsequent to treatment (14). Pre-
liminary experiments with both sodium mevinolinate and
ML-236B as the sodium salt of its hydroxy acid form established
that the onset of inhibitory activity was rapid in rats. The data
are summarized in Fig. 3. One hour after administration of the
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FiG. 2. Dixon plots of inhibition of HMG-CoA reductase by the
sodium salts of mevinolinate (A) and ML-236B (B). Reactions took
place in the presence of three different DL-HMG-CoA concentrations:
W, 17.5 uM; v, 34.8 uM; O, 52.1 uM.

compounds, [14Clacetate (80 uCi/kg) was injected intraperi-
toneally, and 50 min later plasma [14C]cholesterol was deter-
mined as a measure of sterol synthesis. Sodium mevinolinate
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FIG. 3. Acute inhibition of cholesterol synthesis from [14C]acetate
in rats after a single oral dose of either sodium mevinolinate (O) or.
the sodium salt of ML-236B (®). Shown are the results of a number
of experiments carried out at different times. Each point is the average
of the percent inhibition in 10 rats compared to controls assayed on
the same day.
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was approximately 6 times as active as the sodium salt of
ML-236B, with 50% inhibitory doses of 0.046 and 0.29 mg/kg,
respectively.

Hypocholesterolemic Activity in Dogs. In order to ascertain
the chronic effect of mevinolin on plasma cholesterol levels in
nonrodents, studies were carried out in dogs. As seen in Table
1, dogs treated with mevinolin in their diet at 8 mg/kg per day
for 5 days showed a significant decrease in plasma cholesterol
(14.1%). After 21 days a 29.3% decrease was seen. In a similar
study, Tsujita et al. (16) demonstrated that ML-236B at 20
mg/kg per day for 12 days resulted in a 30.4% decrease in
plasma cholesterol; this can be compared to a 24.2% decrease
with mevinolin at 8 mg/kg per day for 12 days (Table 1). This
indicates that comparable decreases in plasma cholesterol in
dogs may be obtained with mevinolin at doses significantly
lower than those required with ML-236B.

An examination of the lipoprotein profile of dogs treated with
mevinolin indicated that low density lipoprotein (LDL) was
preferentially lost (data not shown). Because in dogs the pre-
dominant lipoprotein is high density lipoprotein (HDL), under
conditions in which there was extensive lowering of plasma
cholesterol, the absolute amount of HDL was also somewhat
decreased. The net result was a decrease in LDL/HDL ratio
of approximately 50%.

DISCUSSION

The present report summarizes studies on the isolation, struc-
tural characterization, and biochemical properties of an in-
hibitor of HMG-CoA reductase, mevinolin, which was pro-
duced by cultures of a strain of A. terreus.

Mevinolin (Fig. 1, structure 1) is a member in the family of
substituted hexahydronaphthalene lactones, which interfere
with the biosynthesis of mevalonic acid by inhibition of
HMG-CoA reductase. This family of natural products includes
nuclear variants of compactin (ML-236B) that lack the 2-
methyl-1-oxobutyl and 2-methyl-1-oxobutoxy groups (ML-
236A and C, respectively). The active form of all of these
compounds is the hydroxy acid (opened lactone) structure. In
anticipation of additional structural variants of both natural and
possible semisynthetic origin, we propose the name mevinic
acid (structure 3) for the parent hydroxy acid (1,2,6,7,8,8a-
hexahydro-83,6-dihydroxy-1-naphthaleneheptanoic acid). Thus,
mevinolin is 283,6a-dimethyl-8a-(2-methyl-1-oxobutoxy)-
mevinic acid lactone and ML-236B (compactin) is 20-
methyl-8a-(2-methyl-1-oxobutoxy)mevinic acid lactone or
6-demethylmevinolin.

The structure and absolute configuration of the lactone form
of mevinolinic acid, mevinolin, were determined by UV and
infrared absorption, mass spectral analysis, 'H and 13C NMR
analysis, and x-ray analysis. Recently Endo (27) reported on the
isolation of monacolin K from a Monascus species. From the
physical data presented, it appears that mevinolin may be
identical or very similar to monacolin K.

Table 1. Mevinolin-induced decrease in plasma cholesterol

levels in dogs
% decrease in
Day plasma cholesterol
5 14.1 4+ 5.3*t
12 24.2 + 3.8¢
21 29.3 & 2.5%§

Decreases are given + SEM.
* Significantly different from each other (P < 0.02).
11§ Significantly different from four untreated controls at P < 0.05,
P < 0.002, and P < 0.001, respectively.
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Mevinolinic acid is a highly potent inhibitor of HMG-CoA
reductase. The additional methyl group at the 6a-position
confers a 2- to 3-fold enhancement of the intrinsic inhibitory
activity of mevinolin compared to ML-236B. This was indicated
by kinetic analysis with HMG-CoA reductase. An even greater
enhancement of activity was demonstrated in the acutely
treated rat assay of cholesterol biosynthesis. This may be due
to slower metabolism of mevinolin.

Variable results have been obtained with ML-236B with
respect to its hypocholesterolemic activity. It appears to be
effective in lowering plasma cholesterol at relatively high doses
in dogs (16) and monkeys (17) and at much lower doses in hu-
mans (18). However, in rats receiving multiple doses of the
compound no effect on plasma cholesterol was noted (7,
10).This lack of effectiveness of ML-236B in the rat could be
attributed at least in part to greatly increased levels of HMG-
CoA reductase (11, 15), which compensated for the inhibitory
activity of ML-236B. In tissue culture, incubation with ML-
236B also results in greatly increased levels of reductase (7, 11).
Similar results have been obtained with mevinolin in tissue
culture and in rats (unpublished observations). .

Nevertheless, the apparent potency and efficacy of ML-236B
in humans (18) and the comparatively greater activity of
mevinolin reported here in in vitro and animal models, indicate
the potential of mevinolin as a therapeutic agent for the treat-
ment of hypercholesterolemia.

We are grateful to Dr. Issei Iwai, Sankyo Co. for the generous gift
of ML-236B. We thank Frank Finer, John Ondeyka, and Julia Grim-
wade for skillful technical assistance; Drs. Alan Mayles, Robert Dobna,
Bernard Wilker, Edward Baker, Joseph King, and John E. Miller for
fermentation development; and Joseph Aiena, Louis Fries, and Omar
Davidson for the engineering associated with large-scale isolations. We
also thank William Mucha for technical assistance. We express our
appreciation to Joan Kiliyanski for the skillful typing of this manu-

script.

1. Kannel, W. B, Castelli, W. P., Gordon, T. & McNamara, P. M.
(1971) Ann. Intern. Med. 74, 1-12.

2. Stamler, J. (1978) Arch. Surg. 113,21-25.

8. Grundy, S. M. (1978) West. J. Med. 128, 13-25.

4. Rodwell, V. W., Nordstrom, J. L. & Mitschellen, . J. (1976) Ado.
Lipid Res. 14, 1-74.

5. Endo, A., Kuroda, M. & Tsujita, Y. (1976) J. Antibiot. 29,
1346-1348.

10.
11.

12.
13.

14.
15.
16.
17.
18.

19.

21.

22.

S &

27.

Proc. Natl. Acad. Sci. USA 77 (1980) 3961

Endo, A., Kuroda, M. & Tanzawa, K. (1976) FEBS Lett. 72,
323-326.

Brown, M. S, Faust, J. R. & Goldstein, J. L. (1978) J. Biol. Chem.
253,1121-1128.

Tansawa, K. & Endo, A. (1979) Eur. ]. Biochem. 98, 195-201.
Brown, A. G, Smale, T. C, King, T. J., Hasenkamp, R. &
Thompson, R. H. (1976) J. Chem. Soc. Perkin Trans. 1, 1165-
1170.

Kaneko, I, Hazama-Shimada, Y. & Endo, A. (1978) Eur. J.
Biochem. 87, 313-321.

Bensch, W. R., Ingebritsen, T. S. & Diller, E. R. (1978) Biochem.
Biophys. Res. Commun. 82, 247-254.

Doi, O. & Endo, A. (1978) Jpn. J. Med. Sci. Biol. 31, 225-233.
Betteridge, D. J., Reckless, J. P. D., Krone, W. & Galton, D. J.
(1978) Lancet ii, 1342-1343.

Endo, A., Tsujita, Y., Kuroda, M. & Tanzawa, K. (1977) Eur. J.
Biochem. T7, 31-36.

Endo, A., Tsujita, J., Kuroda, M. & Tanzawa, K. (1979) Biochim.
Biophys. Acta 575, 266-276.

Tsujita, Y., Kuroda, M., Tanzawa, K., Kitano, N. & Endo, A.
(1978) Atherosclerosis 32, 307-313.

Kuroda, M., Tsujita, Y., Tanzawa, K. & Endo, A. (1979) Lipids
14, 585-589.

Yamamoto, A., Sudo, H. & Endo, A. (1980) Atherosclerosis 35,
259-266.

Heller, R. A. & Shrewsbery, M.A. (1976) J. Biol. Chem. 251,
3815-3822.

Kleinsek, D. A., Ranganathan, S. & Porter, J. W. (1977) Proc. Natl.
Acad. Sci. USA 74, 1431-1435.

Beg, Z. H., Stonik, J. A. & Brewer, H. B., Jr. (1977) FEBS Lett.
80, 123-129.

Abell, L. L., Levy, B. B., Brodie, B. B. & Kendall, F. E. (1952) J.
Biol. Chem. 195, 357-366.

Main, P., Hull, S. E., Lessinger, L., Germain, G., Declercq, J.-P.
& Woolfson, M. M. (1978) in Multan 78, A System of Computer
Programs for the Automatic Solution of Crystal Structures from
X-ray Diffraction Data (Department of Physics, Univ. of York,
York, England).

Stewart, J. M., Kruger, J. G., Ammon, H. L., Dickinson, D. & Hall,
S. R. (1972) in The X-ray System, Version of June 1972, TR-192
(Computer Science Center, Univ. of Maryland, College Park,
MD).

Dixon, M. (1953) Biochem. J. 55, 170-171. .

Kuroda, M., Tanzawa, K., Tsujita, Y. & Endo, A. (1977) Biochim.
Biophys. Acta 489, 98-104.

Endo, A. (1979) J. Antibiot. 32, 852-854.



