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A new hydroxylase system in Actinomadura sp cells converting
compactin to pravastatin
Y Peng1,2 and AL Demain1
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The hydroxylase in cell-free extracts of Actinomadura sp strain 2966 converts compactin to pravastatin. It requires
NADPH as coenzyme and Mg 2+ as cofactor; Mn 2+ can partially replace Mg 2+. In contrast with the inducible cytochrome
P-450 system of Streptomyces carbophilus which catalyzes the same overall reaction, this constitutive hydroxylase
is stimulated by ATP and ascorbic acid and is not inactivated by CO.
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Introduction

Pravastatin significantly reduces plasma cholesterol levels
in humans and is of great importance in the therapy of hyp-
ercholesterolemia [1,8,9,10]. Pravastatin is obtained via
hydroxylation of compactin byStreptomyces carbophilus
which contains a cytochrome P450 monooxygenase system
[2,7]. We found that a newly isolated microorganism,Acti-
nomadurasp strain 2966, is able to carry out the same over-
all reaction in very high yield [4,11]. In this paper, we
present our studies on the hydroxylase ofActinomadurasp
using cell-free extracts which indicate a different type of
hydroxylase than is present inS. carbophilus.

Materials and methods

Chemicals
Compactin was obtained from Fluka, Buchs, Switzerland,
and pravastatin from Bristol-Myers Squibb, Princeton,
USA.

Organisms, growth and bioconversion conditions
Actinomadurasp strain 2966 was isolated from soil in
South Korea as a rare actinomycete [11]. It has been
deposited as ATCC 55678. NZ medium agar, used for pre-
paring slants, contained the following ingredients (per
liter): glucose 10 g, soluble starch 20 g, yeast extract 5 g,
N-Z amine 5 g, and agar 18 g (pH 7.3). YM medium, used
as liquid seed medium and growth medium, contained the
following ingredients (per liter): glucose 10 g, yeast extract
3 g, malt extract 3 g, peptone 5 g (pH 6.5).

The organism was inoculated from a slant (incubated for
7 days at 30°C) into 250-ml Erlenmeyer flasks containing
20 ml of seed medium. After growth at 30°C with shaking
(220 rpm) for 2 days, 2 ml of the seed culture was inocu-
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lated into 500-ml Erlenmeyer flasks containing 50 ml of
growth medium. After 2 days growth under the same con-
ditions as the seed culture, cells were harvested from 10
flasks by centrifuging the medium at 23000× g for 30 min.
Cells were washed twice with water, then once with buffer
A (80 mM Tris-HCl buffer, pH 7.4, supplemented with
20% glycerol and 2 mM dithiothreitol (DTT)), and stored
at −80°C.

Cell-free extract preparation
Cells were taken from the−80°C freezer, thawed and 40 g
(wet weight) was resuspended in 50 ml of buffer A. Cells
were disrupted in a French Pressure cell. The homogenate
was centrifuged at 105000× g in a Beckman Model L5-
50 ultracentrifuge. The supernatant fluid was stored at
−80°C as the cell-free extract.

Preparation of compactin
Compactin (100 mg) was dissolved in 1.5 ml dimethylfor-
mamide and 8.5 ml of 0.1 N NaOH was added. The sol-
ution was stirred at 70°C until the compactin dissolved.
This solution was stored at 4°C for up to 2 months. Dime-
thylformamide had no effect on the enzymatic conversion
described in this paper.

Determination of compactin and pravastatin
Compactin and pravastatin concentrations were determined
by HPLC [4].

Results

Enzymatic conversion depends on the presence of a
nicotinamide coenzyme
The conversion activity of cell-free extracts was tested
using NADH or NADPH. The reaction mixture included
0.23 mM (=93 mg ml−1) compactin, 160ml of cell-free
extract and 0.26 mM NADH or NADPH in a total volume
of 220ml. The reaction mixture was incubated in a 15-ml
glass test tube, at 30°C, in a water bath shaker operated at
250 rpm. The results (Table 1) show that cell-free hydrox-
ylation activity was observed but only in the presence of
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374 Table 1 Activity of NADH and NADPH as H+ donor in the enzymatic
conversion of compactin to pravastatina

Time (h) Pravastatin (mg ml−1) with:

No H+ donor 0.26 mM NADH 0.26 mM NADPH

5.5 0 2.8 12.8
21.5 0 2.8 11.9

aCompactin at 0.23 mM, 160ml cell-free extract, 220ml total volume,
30°C, agitated at 250 rpm.

a proton donor; NADPH was more active than NADH in
this respect.

Hydroxylase activity is constitutive
In our previous work [4], we observed that the bioconver-
sion by intact cells was linear for 16 h. Pravastatin could
be detected 5 min after compactin was added to the culture.
We concluded that either induction of the enzyme is very
fast or is not required at all. To determine whether the
enzyme in strain 2966 is indeed constitutive, extracts were
made from cells previously exposed to compactin as well
as from cells that had not been exposed.

In this experiment, cells grown for 2 days were separated
into two flasks. Compactin was added to one of these flasks
at a concentration of 300mg ml−1 (0.74 mM). Both flasks
were incubated at 29°C, 250 rpm for 3 h. Cells were har-
vested and extracts were made and the enzymatic conver-
sions were carried out. The data (not shown) clearly dem-
onstrated that prior exposure to compactin is not required
and theActinomadurahydroxylase is constitutive.

Stimulation of enzymatic conversion by Mg, Fe, ATP
and ascorbate
A number of factors were tested in the enzymatic conver-
sion reaction because magnesium is a common cofactor for
many enzymes, ATP may provide energy for the conver-
sion, Fe3+ and Fe2+ are in the active site of many oxy-
genases, and ascorbic acid is a reducing agent often
required for dioxygenase reactions. ATP plus ascorbic acid
markedly improved conversion whereas MgCl2 showed a
slight stimulation; Fe3+ and Fe2+ had no stimulatory effect
(Table 2).

An experiment on the optimization of ATP concentration
in the absence of ascorbate showed that activity increased

Table 2 Stimulation of hydroxylation by MgCl2, ATP plus ascorbic
acida, and Fe salts

Additive Concentration (mM) Pravastatin (mg ml−1)

None – 3.2
MgCl2 2.4 4.4
ATP + 1.9 11.3
ascorbate 12.0
FeSO4 0.09 2.3
FeCl3 0.10 3.3

aCompactin at 0.23 mM, NADPH at 0.72 mM, 160ml cell-free extract,
220ml total volume, 30°C, agitated at 250 rpm, 30 min.

Table 3 Effect of ATP, ascorbic acid, MgCl2 and pravastatin on conver-
siona

ATP Ascorbate MgCl2 Pravastatin
(mM) (mM) (mM) (mg ml−1)

0 0 0 9.5
2.3 0 0 16.2
3.6 0 0 19.6
0 23 0 18.4
2.3 23 0 30.4
3.6 36 2.3 37.6

aCompactin at 0.23 mM, NADPH at 0.78 mM, 160ml cell-free extract,
220ml total volume, 30°C, agitated at 250 rpm, 60 min.

up to a concentration of ATP of 1.8 mM. In the next experi-
ment, the effect of ascorbic acid concentration was tested
in the absence of ATP; 23 mM ascorbic acid was optimal
for the conversion. Table 3 shows that ATP, ascorbate and
MgCl2 are all needed for highest activity. The optimum
MgCl2 concentration was 9.1 mM.

Effect of other possible cofactors
a-Ketoglutarate (1 mM, 5 mM), flavin adenine dinucleotide
(FAD; 0.5 mM), flavin mononucleotide (FMN; 0.5 mM),
CoCl2 (1 mM, 20 mM), and NiCl2 (1 mM, 20 mM) were
tested for their effects on the conversion but none was
noted. On the other hand, CuSO4 almost totally inhibited
the reaction at 2.3 mM.

Effect of chelators
To confirm the importance of a metal ion for the activity
of the enzyme, the effect of ethylenediaminetetraacetic acid
(EDTA) on enzyme activity was tested. The metal chelator
was added to the cell-free extract in different concentrations
and incubated for 10 min at room temperature before the
reaction was started. Magnesium was excluded from the
reaction mixture. The reaction was inhibited by increasing
concentrations of EDTA from 0.1 to 2 mM presumably by
removal of Mg2+ carried over from the cells and present in
the cell-free extract. The inhibitory effect of EDTA prein-
cubation was reversed by adding MgCl2 to the reaction
mixture (data not shown). Similar reversal was observed
with MnSO4 (Table 4). From this result, it was presumed
that Mn2+ could replace Mg2+ in the conversion reaction. To

Table 4 Reversal of EDTA inhibition by Mn2+ in the absence of MgCl2
a

Preincubation MgCl2 MnSO4 Pravastatin
with EDTA concentration in concentration in (mg ml−1)

reaction mixture reaction mixture
(mM) (mM)

No 0 0 7.0
No 9.1 0 15.9
Yes (1 mM) 0 0 1.1
Yes (1 mM) 0 5 11.8
Yes (2 mM) 0 0 0.4
Yes (2 mM) 0 5 11.2

aCompactin at 0.23 mM, NADPH at 0.78 mM, ATP at 3.6 mM, ascorbate
at 25 mM, 160ml cell-free extract, 220ml total volume, 30°C, agitated at
250 rpm, 60 min.
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375Table 5 Effect of CDTA preincubation, dialysis and Mg2+ in conversiona

Pretreatment of Mg2+ added Pravastatin
cell-free extract to reaction mixture (mg ml−1)

Untreated 9.1 mM 18.9
Dialysis 0 4.5
CDTA 0 1.7
CDTA, dialysis 0 1.0
CDTA, dialysis 9.1 mM 12.7

aReaction conditions as in Table 4 footnote.

confirm this, Mn2+ and Mg2+ were compared for cofactor
activity. In the absence of EDTA pretreatment, Mn2+

showed about 85% of the activity observed with Mg2+.
Ni2+, on the other hand, showed little to no activity as an
Mg2+ replacement. In a further experiment, it was found
that a combination of a sub-optimal level of MgCl2, (2 mM)
and 15 mM MnSO4 gave full activity. Such was not the
case with a combination of 2 mM MgCl2 and 1 or 5 mM
NiCl2.

Experiments were also done with cyclohexanediamine-
tetraacetic acid (CDTA) which has a higher binding affinity
for metal ions than EDTA. The cell-free extract was
dialyzed, or pretreated with 5 mM CDTA, or treated with
CTDA and then dialyzed. Dialysis was against 10% poly-
ethylene glycol (PEG 4000) in order to eliminate CDTA
from the cell-free extract. Mg2+ was added to the reaction
mixture at its usual concentration of 9.1 mM. The results
in Table 5 show that dialysis, or CDTA treatment, or both,
markedly decreased activity presumably due to removal of
Mg2+ from the cell-free extract. Addition of Mg2+ to the
CDTA-treated and dialyzed cell-free extract markedly
increased enzyme activity.

Effect of temperature
The conversion was carried out at 28°C, 30°C and 37°C for
60 min to determine the effect of temperature. Pravastatin
produced amounted to 10.8, 13.2 and 11.1 mg ml−1 respect-
ively.

Effect of pH
A pH value of 7.5 is the optimum temperature for the con-
version of compactin to pravastatin. The range tested was
5.0 to 8.5.

Lack of effect of CO on enzyme activity
In order to determine whether or not the hydroxylase is a
heme protein, we tested the effect of CO on hydroxylase
activity. Heme-containing enzymes would be expected to
be inhibited by CO [3]. A cell-free extract was gently
flushed with CO for 30 s before testing its activity. The
subsequent conversion reaction was not influenced by the
CO treatment.

Discussion

Cell-free extracts made fromActinomadurasp are able to
hydroxylate compactin to pravastatin. The studies presented
above show that the hydroxylase requires NADPH and is
stimulated by ATP, ascorbate and Mg2+ as cofactors; Mn2+

can replace Mg2+. The enzyme thus differs from the cyto-
chrome P450 hydroxylating system which catalyzes the
conversion of compactin to pravastatin inS. carbophilusin
the following ways: (i) it does not need induction; (ii) it is
stimulated by ATP and ascorbic acid. Unlike most heme
enzymes including P450 monooxygenases [3], it is not
inactivated by CO. These properties suggest that theActi-
nomaduraenzyme is not only different from that inS. car-
bophilusbut is also a unique hydroxylase [5,6].
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