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AN 1996 : 534930 CAPLUS
DN 125:189269
TI Evidence for Two Catalytically Independent Clusters of Active Sites in a

Functional Modular Polyketide Synthase
AU Kao, Camilla M . / Pieper, Rembert; Cane, David E.; Khosla, Chaitan
CS Department of Chemical Engineering, Stanford University, Stanford, CA,

94305-5025, USA
SO Biochemistry (1996), 35 (38), 12363-12368 /^Ar*s/ A J*;

CODEN: BICHAW; ISSN: 0006-2960 6* n * 1 ^
DT Journal
LA English
AB Modular polyketide synthases (PKSs) , such as the

6-deoxyerythronolide B synthase (DEBS) , catalyze the
biosynthesis of structurally complex and medicinally important natural
products. These large multifunctional enzymes are organized into

modules

,

where each module contains active sites homologous to those of higher
eukaryotic fatty acid synthases (FASs) . Like FASs, modular PKSs are

known
to be dimers. Here we provide functional evidence for the existence of
two catalytically independent clusters of active sites within a modular
PKS. In three bimodular derivs . of DEBS, the ketosynthase domain of
module 1 (KS-1) or module 2 (KS-2) or the acyl carrier protein domain of
module 2 (ACP-2) was inactivated via site-directed mutagenesis. As
expected, the purified proteins were unable to catalyze polyketide
synthesis (although the KS-1 mutant could convert a diketide thioester
into the predicted triketide lactone) . Remarkably however, the KS-l/KS-2
and the KS-2/ACP-2 mutant pairs could efficiently complement each other
and catalyze polyketide formation. In contrast, the KS-1 and ACP-2
mutants did not complement each other. On the basis of these and other
results, a model is proposed in which the individual modules of a PKS
dimer form head- to- tail homodimers, thereby generating two equiv. and
independent clusters of active sites for polyketide biosynthesis.
Specifically, each subunit contributes half of the KS and ACP domains in
each cluster. A similar complementation approach should also be useful

in
dissecting the organization of the remaining types of active sites within
this family of multienzyme assemblies. Finally, blocked systems, such as

the KS-1 mutant described here, present a new strategy for the
noncompetitive conversion of unnatural substrates into polyketides by
modular PKSs.
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TI Dissociation of dimeric 6-hydroxymellein synthase, a

polyketide biosynthetic enzyme in carrot cell extracts, with loss
of keto-reducing activity

AU Kurosaki, Fumiya
CS Lab. Cell Biol., Toyama Med. Pharmaceutical Univ., Toyama, 930-01, Japan
SO Arch. Biochem. Biophys . (1995), 321(1), 239-44

CODEN: ABBIA4; ISSN: 0003-9861
DT Journal
LA English
AB 6-Hydroxymellein synthase, an inducible polyketide

biosynthetic enzyme in carrot cell exts., is composed of two identical
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subunits, and the homodimer is dissocd. to monomeric peptides under
high-ionic-strength conditions with loss of the synthase
activity. Appreciable radioactivities were assocd. with the synthase
proteins when the monomer enzyme was incubated with the radiolabeled
substrates, acetyl-CoA and malonyl-CoA. Therefore, it appeared that the
synthase does not lose the ability of binding the substrate even after

the
dissocn. to monomers. The monomeric synthase liberated triacetic acid
lactone as the derailment product instead of 6-hydroxymellein from the
enzyme -attached triketomethylene chain which is the immediate precursor

of
an NADPH-dependent keto-reducing reaction involved in 6-hydroxymellein
biosynthesis. These observations strongly suggest that the monomeric
synthase retains the ability of ketomethylene chain elongation by the
condensation of acyl-CoAs, but is lacking in an NADPH-dependent
keto-reducing activity toward the triketide intermediate. Results
obtained in the present expts. imply that the catalytic domain of

acyl-CoA
condensation is able to assoc. with that of keto redn ., possibly

to another subunit, only in the homodimeric structure to organize the
multicatalytic reaction center.

L4 ANSWER 3 OF 3 EMBASE COPYRIGHT 2002 ELSEVIER SCI. B.V.
AN 9604 9686 EMBASE
DN 1996049686
TI Evidence for a double-helical structure j:or"'modular polyketide

synthases

.

AU Staunton J.; Caffrey P.; Aparicip^J. F . ; Roberts G.A.; Bethell S.S.;

Important
natural products. They contain multiple sets, or modules, of enzymatic
activities, distributed between a few giant multienzymes and there is one
module for every successive cycle of polyketide chain extension.
We show here that each multienzyme in a typical modular polyketide
synthase forms a (possibly helical) parallel dimer, and that each
pair of identical modules interacts closely across the dimer interface.
Such an arrangement would allow identical modules to share active sites
for chain extension, and thus to function independently of flanking
modules, which would have important implications both for mechanisms of
evolution of polyketide synthases and for their future
genetic engineering.

belonging
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6-Hydroxymellein synthase, an inducible polyketide

biosynthetic enzyme in carrot ceU extracts, is composed
oftwo identical subunits, and the homodimer is dissoci-

ated to monomelic peptides under high-ionic-strength

conditions with loss of the synthase activity* Apprecia-

ble radioactivities were associated with the synthase

proteins when the monomer enzyme was incubated
with the radiolabeled substrates, acetyl-coenzyme A
(CoA) and malonyl-CoA Therefore, it appeared that the
synthase does not lose the ability of binding the sub-

strate even after the dissociation to monomers* The mo-
nomeric synthase liberated triacetic acid lactone as the
derailment product instead of 6-hydroxymellein from
the enzyme-attached triketomethylene chain which is

the immediate precursor ofanNADFH-dependent keto-

reducingreaction involved in 6-hydroxymelleinbiosyn-

thesis. These observations strongly suggest thatthe mo-
nomeric synthase retains the ability of ketomethylene
chain elongation by the condensation of acyl-CoAs, but
is lackingin anNADPH-dependent keto-reducing activ-

ity toward the triketide intermediate. Results obtained

in the present experiments imply that the catalytic do-

main ofacyl-CoA condensation is able to associate with
that of keto reduction, possibly belonging to another
subunit, only in the homodimeric structure to organize

the multicatalytic reaction center. © 1995 Academic Press, inc.

Key Words: polyketide biosynthesis; keto-reducing

activity; multifunctional enzyme; homodimer; 6-hy-

droxymellein synthase; carrot (Dauous carota L.).

It is well known that many higher plants produce
a variety of secondary metabolites by the head-to-tail

condensation of acetyl-CoA2 and malonyl-CoA; a poly-

pe* +81-764.34-4666.
2 Abbreviations used: CoA, coenzyme A; SDS-PAGE, sodium dode-

cyl sulfate-polyacrylamide gel electrophoresis; SH, sulfhydryl.
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ketomethylene chain is postulated as a hypothetical

intermediate involved in the synthetic reactions (1).

Biosynthetic enzymes that produce this class of com-

pounds, polyketides, have been assumed to^iiare many
common properties with fatty acid synthases, because

most of the partial reactions involved in the two pro-

cesses are similar. However, unlike fatty acid syn-

thases, the biochemical properties of the polyketide

synthetic enzymes have not been well defined sine

these enzymes are usually very unstable (1, 2). It has

been shown that higher plant and bacterial fatty acid

synthases can be readily separated into the individual

catalytic units by conventional procedures (type II) (3),

while animal and yeast fatty acid synthases exist as

multifunctional enzymes (type I) (3, 4). The latter are

further divided into two subclasses, IA (consisting of

two identical subunits) and IB (in higher states of ag-

gregation) (4). By contrast, there have been very few

attempts to elucidate the structural organization of

polyketide biosynthetic enzymes in plants (1, 2).

It was shown (5) that carrot cells as an induced resis-

tance mechanism accumulate 6-methoxymellein (Fig,

1, 2), a pentaketide compound with antifungal activity,

upon invasion by pathogenic microorganisms. We have

demonstrated (6) that 6-hydroxymellein (1) is the di-

rect precursor of6-methoxymellein and that the former

compound is synthesized by the condensation of 1 ace-

tyl-CoA and 4 malonyl-CoA. It was also reported (6)

that an NADPH-dependent keto reduction of a car-

bonyl group takes place at the triketide stage to form

the reduced ketomethylene chain as an important in-

termediate (Fig. 1). It has been shown that biosynthesis

of 6-methoxymellein is catalyzed by two inducible en-

zymes, 6-hydroxymellein synthase (6) and 6-hydroxy-

mellein-O-methyltransferase (7). It has been shown (8)

that 6-hydroxymellein synthase is a multifunctional

enzyme, which resembles type I fatty acid synthases,
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and catalyzes the series of reactions involved in the

biosynthesis of the compound. More recently, I have
reported (9) that 6-hydroxymellein synthase is orga-

nized as a homodimer and the two subunits are quanti-

tatively dissociated to monomers with loss of the syn-

thase activity under the high-ionic-strength conditions

in a reversible manner. This fact also implies that the

functional structures in the synthase subunit are not

destroyed by dissociation of the native dimer and sug-

gests the possibility that the monomer merely loses

some of the partial activities essential for 6-hydroxy-

mellein biosynthesis. In the present paper, I provide

evidence that the NADPH-dependent keto-reducing ac-

tivity of 6-hydroxymellein synthase toward the trike-

tide intermediate is lost upon dissociation ofthe native

homodimer to monomeric subunits. Possible arrange-

ment of catalytic domains of the synthase in the active

dimer structure is also discussed.

MATERIALS AND METHODS

Chemicals. S-Methoxymelleia was isolated ihjm fungus-infected

carrot root tissues (5), and 6-hydroxymellein was prepared by de-

methylating the compound with BBr3 in anhydrous methylene chlo-

ride as reported previously (10). Triacetic acid lactone was synthe-

sized from dehydroacetic acid (Nacalai Tesque) according to the

method ofCollie (11)* 2-Chloroethylphosphonic acid, acetyl-CoA, mal-

onyl-CoA, NADPH, and bovine serum albumin were purchased from
Sigma. [2-wCJAcetyl-CoA(sp act, 2.1 GBq/mmol) and [2-

14C]malonyl-

CoA (sp act, 2,2 GBq/mmol) were from New England Nuclear. All

other chemicals were reagent grade.

Induction and purification of S'hydroxymellein synthase, Carrot

roots were purchased from a local market, and induction of 6-hy-

droxymellein synthase activity in root disks was carried out using
2-chloroethylphosphonic add as the elicitor as described previously

(S, 12). Highly purified 6-hydroxymellein synthase was prepared es-

sentially according to the methods described previously (12); how-
ever, the chromatofocusing step was omitted in the present experi-

ments. Purity of the synthase preparation was assessed by SDS-
PAOE analysis (8% gel) according to the method ofLaemmli (13). A
densitometry scan on a dual-wavelength chromatoscanner (Shi-

madzu, CS-910) was performed after the proteins were stained with

Coomassie brilliant blue (12). It was confirmed that the synthase
comprised 42-63% of the proteins in the enzyme preparation in re-

peated experiments.

Binding ofacyUCoAs to monomeric and dimeric 6-hydroxymellein

synthase. Monomeric 6-hydroxymellein synthase was prepared by
the treatment ofthe native dimeric enzyme with 2 m NaCl according

to a method described elsewhere (9). In brief, highly purified 6-

hydroxymellein synthase (approximately 60 ptg proteins) was dis-

solved in 2 ml of 20 dim Na-phosphate buffer (pH 7.6) containing

0,2% (v/v) mercaptoethanoL Aliquots (0.8 ml each) of the enzyme
solution were transferred into cellophane tubes and were dialyzed

at 4°C for 2 h against the same buffer or the buffer containing 2 M
NaCl. A portion of each enzyme preparation was further incubated
with 10mMHgCU at 87*C for 10 min. Volume ofthe enzyme solutions

was then readjusted to 1 ml, and they were incubated with radiola-

beled acyl-CoAs. The assay mixture consisted of 10 mM Na-phos-
phate (pH 7.6), 60 fM [

14C]acetyl-CoA (1.85 kBq), 5 fiM malonyl-CoA,

1 mM NADPH, 6 fig protein of the enzyme preparation (approxi-

mately 100 pkat/assay), and 0.1% mercaptoethanol in a total volume
of200 /d. In a parallel experiment, [

14
C]acetyl-CoA and malonyl-CoA

were replaced by 60 unlabeled acetyl-CoA and 5 ["Clmalonyl-

CoA (1,85 kBq). For the binding assay of the monomeric enzyme,
incubation was carried out in the presence of 2 M NaCl. The reaction

was run for 30 min at 37°C unless otherwise noted and was termi-

nated by the addition of 0.5 ml of 2 M trichloroacetic add. To the

solution was then added 100 pg of bovine serum albumin as a carrier!

and the proteins were precipitated by oentrifugation QOQQg for 5
min). Resultant pellets were successively washed with 1 ml of the

trichloroacetic acid solution and the same volume of acetone. The
samples were then denatured by boiling for 2 min in the presence

of 5% (v/v) mercaptoethanol and 2% (w/v) SDS and were subjected

to SDS-PAGE (8% gels). It has been shown (0) that the dimeric

enzyme is completely dissociated to the monomeric subunits under
these conditions. After electrophoresis, proteins were stained, and
the band corresponding to the 6-hydroxymellein synthase subunit

(128 kDa) was identified with standard proteins (myosin, 200 kDa;
Escherichia coli galactosidase, 116 kDa; rabbit muscle phosphoryl-

ase, 97 kDa; bovine serum albumin, 66 kDa; ovalbumin, 43 kDa).

Gels slices containing the enzyme protein were excised with a blade

and were immersed in 1 ml of Protosol (New England Nuclear). Ra-
dioactivity involved in the gels was determined after mixing with 10
ml of a commercial scintillation cocktail (Amersham, ACS II).

HPLC analysis of the derailment product liberated by monomeric
6-hydroxymellein synthase* Derailment product liberated by mono-
meric 6-hydroxymellein synthase was analyzed primarily by HPLC
(Hitachi Model 656 equipped with a data processor 655-60) using a
reversed-phase Cia column (Gasukuro Kogyo Inc., Japan; Unisil Q,
4.6 X 15 cm) according to the method described previously (6). Di-

meric and monomeric 6-hydroxymellein synthase were incubated

with unlabeled acyl-CoAs in the presence ofNADPH for 1 h as de-

scribed above, and the reaction products were extracted with 0.6 ml
of ethyl acetate by blending. The organic phase was removed and
evaporated, and the sample was redissolved in 100 ^1 of methanol.

An aliquot (10 #1) was injected onto the HPLC column, and relatively

polar compounds were separated with 100% H20 as the eluting sol-

vent. The elution ofthe products was monitored by spectrophotome-
try at 200nm for the diketide and at 280 nm for the triketide products

(6). For analysis of less-polar compounds (tetra- and pentaketide
products), the column was eluted with a linear gradient ofmethanol
(30-70%) in HaO over 20 min with monitoring at 280 nm (6).

RESULTS

Binding ofAcyUCoAs to Monomeric and Dimeric
Forms of 6-Hydroxymellein Synthase

The sequence ofthe reaction catalyzed by 6-hydroxy-

mellein synthase can be described as (i) binding the
substrate acyl-CoAs, (ii) elongation of the ketomethy-
lene chain by the condensation of acyl-CoAs, and (iU)

keto reduction at the triketide intermediate stage (6).

It is possible that the monomer subunits retain or lose

some ofthese partial activities essential for 6-hydroxy-

mellein biosynthesis. To examine whether the mono-
meric form of 6-hydroxymellein synthase retains the
ability to bind the substrates, the monomeric synthase
was incubated with [

14C]acetyl-CoA plus unlabeled
malonyl-CoA or unlabeled acetyl-CoA plus [

UC]-
malonyl-CoA. This enzyme subunit was then separated

from minor contaminant proteins by SDS-PAGE, and
radioactivity associated with the enzyme protein was
determined. Appreciable radioactivity was found to co-

migrate with the monomeric synthase as well as with
the native dimer when determined under nondissociat-



18069302

DIMERIC FORM OF POLYKETTDE BIOSYNTHETIC ENZYME 241

TABLE I

Comparison of the Relative Molar Ratio of Acetyl-CoA and
Malonyl-CoA Bound to 6-Hydroxyraellein Synthase

Acetyl-CoA Malonyl-CoA

Dimer 1.00 2.21 ± 0.18

HgCla-treated dimer 0.09 ± 0.05 0.08 ± 0.08

Monomer 0.65 £ O.05 0.98 ± 0.08

HgClz-treated monomer 0.04 ± 0.01 0.07 ± 0.03

Note, Highly purified 6-hydroxymellein synthase was treated with

Nad-containing buffer to dissociate the homodimer to foft mono-

melic subunits. Dimeric and monomelic synthases were then incu-

bated with [
uC]acetyi-€oA plus unlabeled malonyl-CoA or unlabeled

acetyl-CoA plus [
uC]mal'onyl-GoA. After separation by SDS-PAGE,

radioactivities associatedwith the enzyme proteins were determined.

Results were expressed as relative molar ratios of the acyl-CoAs in

which acetyl-CoA bound to dimeric 6-hydroxymellein synthase was
taken as 1.00. The experiments were repeated three times indepen-

dently, and the means and 3D values are presented.

ing conditions (Table I). By contrast, ra^oactivity asso-

ciated with either monomer or dimer forms ofthe syn-

thase markedly decreased when the preparations were
pretreated with HgCl2 , a potent inhibitor of this SH
enzyme (12). This result suggested that the label for

the acyl-CoAs that comigrated with the enzymes was
not nonspecifically associated with the protein but

probably was attached to the active site. Therefore, it

is likely that the monomer subunit of6-hydroxymellein

synthase does not lose the ability to covalently bind

substrates.

The binding ability of the enzyme toward its sub-

strates varied appreciably, probably because part of

the unstable activity (12) was lost during purification.

Therefore, an attempt to estimate the molar ratio of

enzyme-bound acyl-CoAs versus total enzyme mole-

cules was unsuccessful. By contrast, the ratio of en-

zyme-bound acetyl-CoA versus malonyl-CoA showed a

fairly constant value throughout the experiments.

Therefore, the results were expressed as the molar ra-

tio ofthe acyl-CoAs bound to the monomelic or dimeric

form of the enzyme. In each set of the experiments,

acetyl-CoAbound to the dimeric synthase molecule was
taken as 1.00, assuming that the dimeric enzyme was
quantitatively dissociated to two monomelic subunits

in the buffer containing 2MNaCl (9). As shown in Table
I, the relative molar ratio ofenzyme-bound acetyl-CoA

and malonyl-CoA was similar in the monomelic and
dimeric forms (roughly 1:2). Since active 6-hydroxy-

mellein synthase should bind one acetyl-CoA plus zero

to four malonyl-CoA in the course of the reaction cycle

(Fig. 1), this result implies that the enzyme proteins

which bind the triketide intermediate are the most
abundant species in either dimeric or monomelic form.

It appeared, however, that the dimeric emzyme was
able to bind approximately twofold more of each sub-

strate compared with the inactive monomer, sug-

gesting that the binding capacity of the subunit does

not change even after its dissociation from the active

dimeric form.

Identification ofDerailment Product Liberated

by Monomelic 6-Hydroxymellein Synthase

If the monomer synthase does not lose the ability to

condense substrate acyl-CoAs, it is possible that abnor-

mal produces) synthesized from the oligoketomethy-

lene chain might be liberatedby the dissociated enzyme
instead of 6-hydroxymellein. Therefore, the formation

of a derailment product liberated by monomelic 6-hy-

droxymellein synthase was sought. Dimeric and mono-
melic 6-hydroxymellein synthases were incubated with
nonlabeled acyl-CoAs in the presence of NADPH, and
the reaction products were analyzed by HPLC (Pig. 2).

HPLC separation was first performed with H20 as the

eluting solvent to analyze relatively polar compounds
synthesized from di- and triketomethylene chains (6),

and on!y~one product peak was observed in the sample
produced by monomelic synthase (Fig. 2a). The reten-

tion time of the compound was identical to authentic

triacetic add lactone (Fig. 1, 3), and this compound
was not found in the reaction products formed by the

dimeric enzyme (Fig. 2b). Analysis ofthe reaction prod-

uct mixture was also carried out with a linear gradient

of 30-70% methanol in H20 to detect less-polar com-
pound^) possibly formed from tetra- and pentaketo-

methylene chains (6); however, no significant products

were observed in the mixture generated by the mono-
mer enzyme (Fig. 2c). By contrast, the normal product,

6-hydroxymellein, was observed in the mixture formed
by the dimeric synthase under these conditions (Fig.

2d). The reaction product liberated by the monomer
enzyme was isolated by HPLC and was further ana-

lyzed by ultraviolet spectrometry. The spectra of au-

thentic triacetic acid lactone (6) and the derailment

product were found to be identical (data not shown). In

TLC analysis, the mobility of these two compounds on
silica gel was also identical (Br 0.45, with chloro-

form:acetic acid, 5:1, v/v), and no other product was
observed, except at the origin. The identity of the de-

railment product as triacetic acid lactone was further

confirmed by cocrystallization. Radiolabeled de-

railment product, prepared by incubation of the mono-
mer enzyme with acetyl-CoA and [

uC]malonyl-CoA,
was diluted with 60 mg of authentic triacetic acid lac-

tone and repeatedly recrystallized to a constant specific

activity of 49.8 ± 3.5 dpm/mg (mean and SD obtained

from four times recrystallization).

Since the 6-hydroxymellein synthase preparation

employed in the present experiments was not composed
of the homogenous protein, the possibility still re-

mained that the triacetic acid lactone identified might
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1 2

FIG. 1. Biosynthesis of6-hydroxymellein and 6-methoxymellein. 6-Hydroxymellein synthase catalyzes the condensation of acetyl-CoA and
malonyl-CoA. An NADPH-dependent keto reduction takes place at the triketide intermediate stage to form a reduced ketomethylene chain.

Further condensation ofmalonyl-CoA results in the production of 6-hydroxymellein (1), and a methyl transfer catalyzed by 6-hydroxymellein-

O-methyltransferase leads to 6-methoxymellein (2). When the keto-reducing reaction does not take place, triacetic acid lactone (3) is

liberated as the derailment product.

be a product of a. contaminating enzyme. To exclude

this possibility, dimeric and monomeric 6-hydroxymeli-

ein synthase preparations were subjected to SDS-
PAGE after being incubated with radiolabeled acyl-

CoAs, and the gels were cut into 5-mm slices. Radioac-
tivity of the gels at positions other than the position of

8-hydroxymellein synthase subunits was found to be
less than 5% of those associated with the synthase pro-

tein, suggesting that there was no contaminating en-

zyme which utilized acyl-GoA as substrate. In another

experiment, utilization of malonyl-CoA in the dimer-

and monomer-catalyzed reactions was compared. It has
been shown (6) that triacetic acid lactone is generated
by the native dimer of6-hydroxymellein synthase when
the enzyme reaction is carried out in the absence of

NADPH. The use of malonyl-CoA in the normal and

a
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FIG, 2. HFLC analysis of the derailment product liberated by monomelic 6-hydroxymellein synthase. Monomelic (a, c) or dimeric (b, d)

forms of 6-hydroxymellein synthase were incubated with acetyl-CoA and malonyl-CoA in the presence ofNADPH, and the reaction products
were analyzed by HPLC on a reversed-phase C18 column. Analytical conditions were described under Materials and Methods. Open and
solid arrowheads indicate the positions at which authentic triacetic acid lactone and 6-hydroxymellein elute, respectively.
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the minus NADPH reactions was found to be quite dif-

ferent, and the incorporation efficiency into the respec-

tive products, 6-hydroxymellein and triacetic acid lac-

tone, was estimated to be 1:0.06 (6). In the native di-

mer- and inactive monomer-catalyzed reactions run in

the presence of NADPH, almost the same ratio was
obtained for the use of malonyl-CoA in the syntheses

ofthe two products (1:0.07). All these results appeared
to rule out the possibility that triacetic acid lactone

might be the product of some enzymatic reaction other

than that of 6-hydroxymellein synthesis, and, there-

fore, I conclude that monomelic 6-hydroxymellein syn-

thase liberates triacetic acid lactone as the sole de-

railment product, instead of 6-hydroxymellein, even in

the presence of NADPH. The present results strongly

suggest that the NADPH-dependent keto reduction of

the triketide intermediate does not take place in the

monomelic form of6-hydroxymellein synthase and that

this defect results in the termination of elongation at

the triketide stage to liberate triacetic acid lactone

(Pig. 1).

DISCUSSION

It was reported previously (12) that a marked deute-

rium isotope effect was observed in the rate of 6-hy-

droxymellein synthesis when the reaction was run in

the presence ofstereospecifically labeled [4-*H]NADFH
and, therefore, concluded that this ketoreducing pro-

cess is a rate-limiting step in the biosynthesis of 6-

hydroxymellein. Since the triketomethylene species is

expected as the intermediate preceding this slow-re-

ducing reaction, and the reduction must precede the
condensation of the third malonyl-CoA, the enzyme-
bound form would be expected to be the most abundant
among the catalytically active species of the reaction

cycle of 6-hydroxymellein biosynthesis. As shown in

Table I, acetyl-CoA and malonyl-CoA bound to dimeric

6-hydroxymellein synthase at a molar ratio of 1:2, indi-

cating that the triketide-bound form is the most abun-
dant intermediate in 6-hydroxymellein synthesis. This
observation is consistent with our previous suggestion

that the hydride transfer from NADPH to a carbonyl

group of the triketide is the slowest step among the
several reactions in the biosynthesis of the compound.
In monomeric 6-hydroxymellein synthase, the same ra-

tio of the enzyme-bound acyl-CoAs was also observed

(1:2). This observation implies that, in the dissociated

enzyme, the condensation of acetyl-CoA and malonyl-

CoA is also relatively fast compared to the release of

the triketide as the cyclized product.

Results obtained in the present study indicate that

the keto reduction ofthe triketomethylene chain takes
place only in the dimeric form of the synthase. It is

reasonable to suggest, therefore, that the catalytic sites

of the two partial reactions of 6-hydroxymellein syn-

6-Hydroxymelleln synthase

Fatty acid synthase

BIG. 3. Schematic presentation ofthe hypothetical arrangement of

the functional domains of 6-hydroxymellein synthase. The catalytic

domain for ketomethylene chain elongation is able to associate with

that of keto reduction belonging to another subunit in the homodi-

mer, and two reaction centers are organized in each molecule ofthe
active synthase. Although the organization of the homodimer of 6-

hydroxymellein synthase and type IA fatty add synthase is similar,

the detail arrangement of the functional domains in the peptide

chain, especially the location of the SH group contributed from acyl

carrier protein, is likely to be different.

thase, chain elongation and keto reduction, are able to

associate with each other in functional form only in

the homodimeric structure. These findings led me to

hypothesize that the catalytic domain ofketomethylene
chain elongation would associate with that of keto re-

duction belonging to another subunit in the homodimer
structure (Fig. 3). This assumption also implies that

two reaction centers are organized in each molecule of

the active enzyme and might agree with the observa-

tion that the dimeric molecule of the synthase is capa-

ble ofbinding twice the number ofthe substrates com-
pared with the monomer subunit (Table I). This hypo-

thetical model of the synthase active site resembles

type IA fatty acid synthases of animal cells (3, 4) in

which two multifunctional subunits are aligned in an
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antiparallel direction to form two complete reaction

centers. However, unlike 6-hydroxymellein synthase,

it was demonstrated (14) that the monomer of type IA
fatty acid synthase lacks the acyl-CoA condensation

reaction, but not keto reduction, when the partial activ-

ities were assayed in the presence of the appropriate

substrates. At present, it is widely accepted (3, 14-18)

that one of the two SH groups at the reaction center of

type IA fatty acid synthase belongs to the other subunit

of the homodimer. This SH group is derived from 4'-

phosphopantetheine attached to acyl carrier protein

and is located near the keto reduction domain (Fig.

3). In contrast, in 6-hydroxymellein synthase, the SH
group from acyl carrier protein (8) would be expected

to be involved in the reaction center of the acyl-CoA

condensation, even in the dissociated form (Fig. 3).

These facts clearly indicate that the contribution and
arrangement of the catalytic domains in the reaction

center of 6-hydroxymellein synthase are different from
those oftype IA fatty acid synthases, even ifthe overall

organization of these two related enzymes is similar.

Further elucidation of the hornodimeric structure of

6-hydroxymellein synthase is in progress in my
laboratory.
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