
Abstract Enniatin synthetase (Esyn), a 347-kDa multi-
enzyme consisting of two substrate activation modules, is
responsible for the nonribosomal formation of the cyclo-
hexadepsipeptide enniatin. The synthesis follows the so-
called thiol template mechanism. While this process is
basically well established, no substantial insight into the
3-dimensional arrangement of these enzymes and possible
interactions between them exists to date. To find out
whether enniatin synthesis is an intramolecular process or
the result of three interacting Esyn molecules (intermolec-
ular), analytical ultracentrifugation equilibration studies
were carried out. The molecular mass of Esyn was deter-
mined by ultracentrifugation and is in good agreement
with that calculated from the ORF of the encoding gene,
indicating that Esyn exists in solution as a monomer. This
strongly suggests that synthesis of the cyclohexadepsipep-
tide enniatin follows an intramolecular reaction mecha-
nism in which all three reaction cycles are catalyzed by a
single Esyn molecule. This finding was supported by in
vitro complementation studies in which [14C]-methylvalyl
Esyn, upon incubation with the second substrate D-2-hy-
droxyisovaleric acid (D-Hiv) and ATP, did not yield ra-
dioactive enniatin. This confirms our previous assumption
of an iterative reaction mechanism similar to that for fatty
acid synthase. Furthermore, the sedimentation rate con-
stant evaluated from analytical ultracentrifugation was
lower (S20,w=14.1S) than expected (S20,w=16.9S) for a
globular protein, indicating that Esyn has an extended
structure.
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Introduction

Enniatins are N-methylated cyclohexadepsipeptides pro-
duced by various Fusarium species and with manifold bi-
ological properties (Tomoda et al. 1992). They are com-
posed of alternating residues of D-2-hydroxyisovaleric
acid (D-Hiv) and an N-methylated branched-chain amino
acid such as L-valine, L-leucine or L-isoleucine (Plattner
et al. 1948). The biosynthesis of enniatins is catalyzed by
the multifunctional enzyme enniatin synthetase (Esyn),
which belongs to the class of nonribosomal peptide syn-
thetases (NRPSs). NRPSs are organized into coordinated
groups of active sites termed modules (Zocher and Keller
1997; Glinski et al. 2001; Walsh et al. 2001). Each mod-
ule is responsible for catalysis of one cycle of polypeptide
chain elongation and associated functional group modifi-
cations (von Döhren et al. 1997; Konz et al. 1999). Bio-
chemical investigations and analysis of the Esyn-encod-
ing gene esyn1 from Fusarium scirpi revealed that the en-
zyme consists of one polypeptide chain with a molecular
mass of 347 kDa (Zocher et al. 1982; Haese et al. 1993).
Like other NRPS systems, Esyn follows a so-called thiol
template mechanism, in which the monomer constituents
are activated as thioesters mediated by enzyme-bound
4′-phosphopantetheine residues (Zocher et al. 1982). In
contrast to other NRPSs, the enzyme consists of only
two activation modules (EA and EB), which contain the
catalytic binding sites for the substrates D-Hiv and the
branched-chain L-amino acid, respectively (Haese et al.
1993). The modules can be further divided into single do-
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mains each of which has a specific function in the biosyn-
thetic process, such as adenylation, thiolation, condensa-
tion, and N-methylation (Billich and Zocher 1987; Hacker
et al. 2000; Haese et al. 1994; Pieper et al. 1995). In 
enniatin biosynthesis the depsipeptide chain is formed 
by three successive condensations of dipeptidol build-
ing blocks (Zocher and Keller 1997). One dipeptidol is
formed in each reaction cycle by nucleophilic attack of

the amino group of the branched-chain amino acid sub-
strate at the carboxy group of D-Hiv and is then trans-
ferred to a third 4′-phosphopantetheine (C-terminal to
module EB), which has been suggested to act as a waiting
position to allow a new reaction cycle (Glinski et al.
2001).

Two possible mechanisms of enniatin formation are
discussed (Fig.1):
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Fig.1a, b Possible mecha-
nisms of enniatin biosynthesis
depending on the quarternary
structure of Esyn in solution. 
a Intramolecular process cat-
alyzed by monomeric Esyn. 
b Intermolecular process cat-
alyzed by trimeric Esyn. P1,
P2, P3 4′-phosphopantetheine
cofactor; P3 represents the
waiting position; MeVal
N-methyl-L-valine



1. An intramolecular process in which three dipeptidol
building blocks are condensed in an iterative manner
by a single Esyn molecule to give a hexapeptidol that
is finally cyclized in a putative cyclization cavity on
the enzyme. Peptide chain growth proceeds via di-,
tetra- and hexapeptidol formation.

2. An intermolecular process catalyzed by three Esyn mol-
ecules (trimer state), each of which catalyzes dipepti-
dol formation only. As a result of the three-dimen-
sional arrangement of trimeric Esyn, a central cycliza-
tion cavity is formed. Enniatin formation then occurs
by condensation of the three thioesterfied dipeptidol
units followed by the terminating cyclization reaction.

According to the second model, no cyclization cavity on
the enzyme is needed for enniatin biosynthesis.

The homologous PF1022A synthetase (PFsyn) is respon-
sible for the synthesis of cyclooctadepsipeptides of the
PF1022 type. These peptides consist of four alternating
residues of N-methyl-L-leucine and four residues of D-lac-
tate, D-phenyllactate or D-hydroxyphenyllactate (Weck-
werth et al. 2000). Like Esyn, this multienzyme comprises two
peptide synthetase modules with an integrated N-methyl-
transferase domain (Futamura et al. 2001; Haese et al. 1993).
The molecular size of PFsyn in SDS-PAGE is identical with
that of Esyn (350 kDa), although PFsyn assembles four di-
peptidol units instead of three (Weckwerth et al. 2000). PFsyn
is encoded by an ORF of 9,633 nucleotides with a calcu-
lated molecular mass of 354 kDa (Futamura et al. 2001).

In previous reports on enniatin biosynthesis, we favored
an iterative reaction mechanism; however, no experimen-
tal evidence had been presented. Here we report the re-
sults of a further analysis of enniatin biosynthesis, eluci-
dating how the programming of enniatin assembly is re-
lated to the structural organization of Esyn.

Material and methods

Strain, growth media, culture conditions, and materials

Fusarium scirpi ETH 1536/J5 was grown in FCM liquid medium
(3% molasses, 1% corn steep) as described by Madry et al. (1982).
All chemicals used were obtained from Merck (Darmstadt, Ger-
many) and Sigma (Taufkirchen, Germany) and were of the highest
purity commercially available.

Enzyme purification, protein determination, SDS-PAGE

Esyn was isolated from F. scirpi mycelium as previously described
(Pieper et al. 1992). After gel filtration on Ultrogel AcA 34 (Bio-
sepra, Frankfurt, Germany, column size: 60×6 cm) Esyn-contain-
ing fractions were subjected to hydrophobic interaction chroma-
tography on pentyl agarose (Sigma, 1.5×4 cm). Esyn was eluted by
a linear gradient of NaCl (0–0.3 M) in Tris buffer (100 mM Tris-HCl,
4 mM dithioerythritol, 1 mM benzamidine, 1 mM EDTA, 10% (w/v)
glycerol), pH 7.8. Active fractions were pooled and rechromato-
graphed on pentyl agarose. Fractions catalyzing enniatin B forma-
tion were concentrated using Centrifree Micropartition Devices
(Millipore, Bedford, Mass., USA) and stored at –80°C.

Protein concentrations were determined via the dye-binding
method of Bradford as described previously (Bradford 1976), us-
ing bovine serum albumin as a standard.

SDS-PAGE was carried out according to the method of Laemmli
(1970). Gels contained 5% acrylamide.

Determination of covalent enzyme-substrate complexes

Covalent enzyme-substrate complexes were assayed according to
the method of Kleinkauf and Gevers (1969). Purified Esyn was in-
cubated in the presence of 5 mM ATP, 10 mM MgCl2, and 1 µCi
of L-[U-14C] valine (260 Ci/mol) for 10 min at 26°C. Two ml of
7% trichloroacetic acid were added and the mixture was left to
stand on ice for 10 min. Radioactive protein was subsequently iso-
lated by suction filtration on membrane filters ME 25 (Schleicher
and Schuell, Dassel, Germany). After two washes with 10 ml of
water, filters were dried at 60°C for 15 min and radioactivity was
measured by scintillation counting. The scintillation counter was
calibrated by measuring defined amounts of radioactivity on mem-
brane filters. This allowed the corresponding dpm values of exper-
imental measurements to be calculated. Ten µg (0.028 nmol) of
Esyn charged with L-[U-14C] valine (1 µCi) for 10 min resulted in
a value of 18,540±952 dpm (0.032 nmol). The reaction reached
saturation after 2 min and could not be further stimulated by in-
creasing concentrations of labeled valine.

In vitro complementation studies

For in vitro synthesis of enniatin B, 10 µg of purified Esyn were
incubated in the presence of 5 mM ATP, 1 mM D-Hiv, 10 mM
MgCl2, 5 mM S-adenosyl-L-methionine (AdoMet), and 1 µCi of
L-[U-14C]-valine in a total volume of 225 µl for 10 min at 26°C.
After addition of 2 ml of water, the product was extracted with 
2 ml of ethyl acetate. The organic phase was evaporated, and the
residue was subjected to thin layer chromatography. Products were
separated on silica-gel plates (Merck) with ethyl acetate/methanol/
H2O (100:5:1 v/v/v) as the solvent system. Enniatin B was identi-
fied by co-chromatography with the authentic substance. The silica-
gel plates were subjected to autoradiography using Konica medical
A2 X-ray films. For complementation studies Esyn was incubated
in the presence of 5 mM ATP, 10 mM MgCl2, 5 mM S-adenosyl-
L-methionine (AdoMet), and 1 µCi of [14C]-valine in a total vol-
ume of 225 µl for 10 min at 26°C to form covalently bound 
N-methyl valine. The reaction mixture was then applied to an
Ultrogel AcA 54 column (Biosepra, 0.5×6 cm). Proteins were eluted
with Tris buffer. Fractions of 200 µl were collected. To check the
stability of the covalent enzyme-substrate complexes (i.e. thioes-
terified N-methyl valine) trichloroacetic-acid-stable radioactivity
(as described above) was measured before and after gel filtration.
There was no significant loss of enzyme-bound radioactivity after
gel filtration, indicating the stability of the covalent complexes (re-
sults not shown). For complementation experiments, radioactive
protein fractions were incubated with 5 mM ATP, 10 mM MgCl2,
and 5 mM D-Hiv for a further 10 min at 26°C. In parallel experi-
ments, additional L-valine (5 mM) was added. After addition of 
2 ml of water, labeled products were extracted with 2 ml of ethyl
acetate and separated by thin-layer chromatography as described
above.

Analytical ultracentrifugation

Analytical ultracentrifugation was carried out in a Beckman/Coul-
ter XL-A analytical ultracentrifuge equipped with UV absorption
optics. Protein concentration was monitored at 280 nm. For sedi-
mentation rate experiments, between 0.2 and 1 µM Esyn was sedi-
mented in double sector centerpieces filled to a height of approxi-
mately 1 cm at 20°C and 47,000×g acceleration (25,000 rpm).

Equilibrium experiments were carried out in six channel equi-
librium centerpieces (Beckman /Coulter, Fullerton, USA) with 120 µl
of sample filling to a height of approximately 3 mm. Equilibrium
was attained after 30 h at an acceleration of 1,830×g (5,000 rpm)
as judged from the temporal stability of the concentration gradient
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after that time. For a single species of molar mass M, partial spe-
cific volume v̄ forming an equilibrium in a solvent of density ρ at
an angular velocity ω, the absorption A(x) at any place x inside the
cell will be described by:

A(x) = Ao + A (x0) exp

(
M (1 − v̄ρ)

RT
ω2

(
x2 − x2

0

))

where A0 is the buffer absorption and A(x0) the absorption of the
molecules at distance x0. By fitting A(x0) and M this function can
be used to evaluate an apparent molar mass from the measured
concentration gradients.

Results and discussion

There is little information regarding the quaternary struc-
ture of NRPSs and polyketide synthases (Schmidt et al. 1992;
Staunton et al. 1996). The PKS 6-desoxyerythronolide B
synthase (DEBS) contains six modules, two housed with-
in each multienzyme DEBS1, DEBS2 and DEBS3. Limited
proteolysis, mutational analysis, cross-linking and analyt-
ical ultracentrifugation experiments with DEBS have led
to the suggestion that in modular PKSs each module forms
a homodimer in a possibly helical structure with the sub-
units arranged in a head-to-tail assembly (Staunton et al.
1996; Kao et al. 1996 ).

The only example for NRPS systems is cyclosporin syn-
thetase. This protein is a multifunctional enzyme compris-
ing 11 activating modules, seven of which have an inte-
grated N-methyltransferase domain (Weber et al. 1994). In
contrast, the two-module NRPS Esyn catalyzes the forma-
tion of a cyclohexadepsipeptide. Each of the 11 modules of
cyclosporin synthetase is responsible for the recognition
and activation of one constitutive amino acid of the cy-
cloundecapeptide cyclosporin. The sequence of the final
product is determined by the collinear arrangement of the
modules. Peptide chain growth proceeds stepwise in the
N- to C-terminal direction. Considering the function of the
enzyme as determined by sedimentation velocity analysis
experiments, an oblate ellipsoid shape of the multienzyme
has been suggested (Schmidt et al. 1992). An average
molecular mass of 1.4 MDa with a maximum error of
±160 kDa was reported (Schmidt et al. 1992), correspond-
ing to a 45.8-kb ORF encoding a peptide with a calculated
molecular mass of 1,689,243 Da (Weber et al. 1994). A
reasonable interpretation in structural terms could be

achieved only for a monomer (Schmidt et al. 1992). Elec-
tron microscopy of cyclosporin synthetase showed at least
two types of structures: globular complexes of a number
of particles (up to 11) and chain-like complexes (Hoppert
et al. 2001). The globular structure was described as a
wound-up chain-like complex. In the chain-like structure,
a single polypeptide chain of 11 separate particles con-
nected by intermodule sections could be observed, proba-
bly representing the 11 modules of cyclosporin synthetase
(Hoppert et al. 2001).

The siderophore enterobactin synthetase system com-
prises a two-module NRPS like Esyn. The modules are
spread over three proteins, EntE, EntB, and EntF, with
EntE contributing an adenylation domain, EntB a thiola-
tion domain and EntF a condensation, adenylation, thiola-
tion and thioesterase domain. The module composition of
Esyn differs from the two-module enterobactin system,
because of its additional thiolation domain at the C-termi-
nus of module EB, the so-called waiting position, and an
additional C-terminal condensation domain. Reconstitu-
tion gel-filtration experiments with the three purified en-
zymes EntE, EntB and EntF were used to detect oligomer-
ization, but there was no evidence for an enterobactin syn-
thetase complex (Gehring et al. 1998).

Enniatin synthesis proceeds by a stepwise condensa-
tion of three dipeptidol building blocks. To gain structural
insights into the mechanism of enniatin biosynthesis and
the 3D-organization of active Esyn, two strategies were
followed: (1) equilibrium analytical ultracentrifugation,
which is a very efficient tool to determine the quaternary
structure (and therefore the molecular mass) of macro-
molecules in aqueous solutions. Because the experiments
were carried out in free solution, there were no complica-
tions due to matrices interactions which can obscure inter-
pretation of certain types of experiments, including gel fil-
tration. (2) Biochemical complementation studies in vitro
to elucidate the reaction mechanism of enniatin biosyn-
thesis.

1. In equilibrium analytical ultracentrifugation, more than
80% of the enzyme showed a molecular mass of 330±
40 kDa with no apparent concentration dependence
(Fig.2). Since analysis of the Esyn-corresponding gene
esyn1 (Haese et al. 1993) predicts a molar mass of 
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Fig.2 Apparent molar mass of 
enniatin synthetase as determined
from analytical equilibrium ultracen-
trifugation at an acceleration of
1,830×g (5,000 rpm). Several differ-
ent loading concentrations in 100 mM
Tris buffer containing 1 mM dithio-
threitol, pH 7.8, were applied. Error
bars Individual statistical error of
each determination



347 kg for the covalent protein chain, these results in-
dicate that Esyn under these conditions is present as a
monomer. To obtain more information about the shape
of the enzyme, purified Esyn was subjected to analyti-
cal ultracentrifugation in order to determine the sedi-
mentation rate constant. A value of S20,w=14.1S was
determined. For a globular protein with a molar mass
of 341 kg and a partial specific volume of 7.36×
10–4 m3 kg–1 S20,w=16.9S would be expected. From this
deviation we conclude that Esyn has a somewhat ex-
tended structure.

2. The finding of a monomeric structure of Esyn could be
supported by an in vitro complementation experiment
with purified enzyme. This experiment took advantage
of the ability of Esyn to form stable enzyme-substrate
complexes in which the corresponding D-hydroxy acid
or L-amino acid moieties are covalently bound. When
the enzyme was incubated with radiolabeled valine the
labeled enzyme could be separated by gel filtration 
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Fig.3 Complementation experiment: in vitro synthesis of enniatin
B (autoradiograph of thin layer chromatography separation of
ethyl-acetate-extractable compounds). Lane 1 [14C]-methylvaline
thioesterfied Esyn from Fusarium scirpi was incubated in the pres-
ence of 5 mM D-Hiv, 5 mM ATP, and 10 mM MgCl2. Lane 2 Con-
trol: in vitro synthesis of enniatin B upon incubation of [14C]-
methylvalyl Esyn with 5 mM D-Hiv, 5 mM L-valine, 5 mM
AdoMet, 5 mM ATP, 10 mM MgCl2. The solvent system was
ethyl acetate/methanol/H2O (100:5:1 v/v/v). As can be seen in lane
2, enniatin formation is observed

Fig.4 Suggested mechanism of enniatin biosynthesis. Order and
organization of Esyn domains as deduced from gene sequence and
biochemical characterization. Green-colored segment Condensa-
tion domain: catalyzes peptide bond formation (elongation). Orange-
colored segment Adenylation domain: recognizes and activates
corresponding substrate. Blue-colored segment Thiolation domain:
catalyzes covalent binding of substrate in thioester linkage; P1, P2,
P3 4′-phosphopantetheine cofactor (P3 represents the waiting posi-
tion). Red-colored segment N-methyltransferase domain: responsi-
ble for N-methylation of the L-amino acid; Cy cyclization cavity;
EA D-Hiv-activating module; EB L-valine-activating module;
MeVal N-methyl-L-valine



without any loss of covalently bound radioactivity (see
Materials and methods). In the complementation ex-
periment Esyn was incubated with [14C]-valine, AdoMet,
and ATP yielding Esyn with covalently bound (1 mol
valine per mol Esyn) [14C]-methylvaline. Separation of
[14C]-methylvalyl-Esyn from unbound substrates was
then achieved by gel filtration on Ultrogel AcA 54. The
addition of D-Hiv and ATP to [14C]-methylvalyl-Esyn
leads to peptide bond formation between thioester-
bound [14C]-methylvaline and D-Hiv, resulting in one
thioesterfied dipeptidol unit per Esyn molecule. In the
case of three interacting Esyn molecules arranged in a
trimer state, the formation of radioactively labeled en-
niatin by condensation of the three dipeptidol building
blocks would therefore be expected. However, separa-
tion by thin-layer chromatography and subsequent au-
toradiography showed that no radioactively labeled en-
niatin B was synthesized upon further incubation in the
presence of D-Hiv and ATP (Fig.3). In a control ex-
periment [14C]-methylvalyl Esyn was incubated in the
presence of D-Hiv, L-valine, AdoMet, and ATP under
saturating conditions. The formation of enniatin B clearly
shows that the enzyme was catalytically active (Fig.3).

Taken together, these results suggest that Esyn, like cylo-
sporin synthetase, exists in solution as a monomer and
that product assembly is achieved in an intramolecular
manner. Figure 4 shows the proposed mechanism of en-
niatin biosynthesis. The reaction sequence leading to the
cyclohexadepsipeptide includes the recognition and adenyl-
ation of D-Hiv and the L-amino acid by the correspond-
ing A-domains. The acyladenylates are then covalently
bound to the thiol groups of the 4′-phosphopantetheine
arms P1 and P2. 4′-Phosphopantetheine facilitates the or-
dered shift of carboxy-thioester-activated substrates be-
tween the two modules. Characteristically, the thioesteri-
fied L-amino acid is methylated with AdoMet, and thus
N-methylation takes place prior to peptide bond formation
and subsequent cyclization reactions After N-methylation
the amino acid and D-Hiv form a dipeptidol. Peptide bond
formation is catalyzed by the condensation domain C of
module EB. The dipeptidol unit remains covalently at-
tached to the N-terminal T-domain of module EB and is
then transferred to the waiting position P3 in order to re-
initiate a new reaction cycle. The hydroxyl group of the
newly formed dipeptidol then attacks the carboxy group
of the dipeptidol in the waiting position in a nucleophilic
reaction yielding a tetrapeptidol covalently bound to the
waiting position. In a third condensation reaction, the next
dipeptidol attacks the tetrapeptidol to form a hexapepti-
dol, which yields enniatin in the terminating cyclization
reaction. We therefore conclude that a trimeric structure is
not necessary for the catalytic function of Esyn.
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