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Abstract: Echinomycin is a nonribosomal depsipeptide natu-
ral product with a range of interesting bioactivities that make it
an important target for drug discovery and development. It
contains a thioacetal bridge, a unique chemical motif derived
from the disulfide bond of its precursor antibiotic triostin A by
the action of an S-adenosyl-L-methionine-dependent methyl-
transferase, Ecmli8. The crystal structure of Ecml18 in complex
with its reaction products S-adenosyl-L-homocysteine and
echinomycin was determined at 1.50 A resolution. Phasing
was achieved using a new molecular replacement package
called AMPLE, which automatically derives search models
from structure predictions based on ab initio protein model-
ling. Structural analysis indicates that a combination of
proximity effects, medium effects, and catalysis by strain
drives the unique transformation of the disulfide bond into
the thioacetal linkage.

Echinomycin 1 is a member of the quinoxaline family of
nonribosomal peptide natural products. Quinoxaline anti-
biotics are characterized by a pair of bicyclic aromatic
quinoxaline or quinoline chromophores that are attached to
a C,-symmetric cyclic depsipeptide core (Figure 1). Virtu-
ally all members of this family are potent antibiotics against
Gram-positive bacteria, as they inhibit DNA-directed RNA
synthesis*®! and many, including 1 and BE-22179, also
possess potent cytotoxic activity against a variety of cultured
tumor cells.[®] Recently, 1 was found to be an inhibitor of

a hypoxia-inducing factor that plays a role not only in
controlling cancer cell growth, but also in regulating ovula-
tion® and the development of pluripotent embryonic stem
cells.”) This multitude of biological activities makes the
quinoxaline family of nonribosomal peptides interesting
targets for drug discovery and development.

Triostin A (2) has a cyclic octapeptide core that contains
an intra-peptide disulfide bridge. 1 has the same core
structure as 2, but contains a thioacetal bridge in place of
the disulfide bridge. This subtle but important structural
variation affects the chemical stability and biological activity
of these compounds. Both 1 and 2 can intercalate duplex
DNA, thereby interfering with its transcription, replication,
and repair.'”! However, 1 and 2 have distinct DNA-sequence
preferences that arise from the structural perturbation that is
due to the conversion of the disulfide bridge in 2 into
a thioacetal bridge in 1.') This structural alteration, which
provides higher stability to the bicyclic core in 1 by trans-
forming the labile disulfide bond into a more stable thioacetal
linkage, is also thought to contribute to making 1 a more
potent anti-tumor agent than 2.''l However, the chemistry of
the transformation of a disulfide bond into a thioacetal
linkage is currently not known. To fill this knowledge gap, we
set out to elucidate the catalytic mechanism of Ecm 18, the
enzyme that is responsible for the conversion of disulfide into
thioacetal linkages in Streptomyces lasaliensis.'” Herein, we
present the crystal structure of Ecm 18 in complex with its
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Figure 1. Transformation of triostin A (2) into echinomycin (1) by Ecm18, a SAM-dependent methyltransfer-
ase. The disulfide bond in 2 and the thioacetal bridge in 1 are highlighted in red. Naturally occurring

analogues of 2 and 1 are also shown.

native products echinomycin and S-adenosyl-L-homocysteine
(PDB ID code: 4NEC) at 1.5 A resolution, and we propose
a catalytic mechanism for the transformation of the disulfide
bond into a thioacetal linkage. The crystal structure was
determined by molecular replacement performed with the
program AMPLE.!" Tnitially conceived for application to
pure abinitio models, it was employed here to derive
successful ensemble search models from structure predictions
that were informed by the availability of partial and only
distantly homologous structures (see the Supporting Infor-
mation).

The overall fold of Ecm 18 is characteristic of the SAM-
MTase family of proteins (Figure 2; SAM = S-adenosyl-L-
methionine, MTase = methyltransferase)."!  Specifically,
Ecm18 assumes the ClassI SAM-MTase fold that is
common for MTases that act on DNA and small molecules.
Ecm 18 is comprised of two domains: a SAM-binding domain
and a substrate-binding domain. The SAM-binding domain is

a) b)
Ecm18
n
—sav ) Substrate

M\

pre-Hiss-tag linker

Hisg-tag
C-terminal

Figure 2. a) Overall fold of Ecm18. S-Adenosyl-L-homocysteine (SAH)
and 1 are shown in stick representation, and their electron densities
are shown as green mesh (simulated annealing omit map contoured
at 2.0 0). b) Topology diagram of Ecm 18 and the rat catechol-O-MTase
(COMT),™ an archetypal class | SAM-dependent methyltransferase.
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SAM-MTase structures,
where the central ribose
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moiety is buttressed against
the loop that connects the
p1 strand and the oA helix
that carries the signature
GxGxG nucleotide-binding motif (Figure 3; G = glycine, x =
any canonical amino acid).'¥! The cofactor engages in an
extensive hydrogen-bonding interaction with the protein and
the bound water molecules. On the other hand, the substrate-
binding domain of Ecm 18 is formed by aY and o2 helices, 3,

a)

Echinomycin

Echlnomycm
W121

H115

Figure 3. Crystal structure of Ecm 18 in complex with echinomycin and
SAH. a) Simulated annealing omit map of the bound ligands and

water molecules contoured at 1.2 0. Water molecules are represented

by red spheres. b) Details of the SAH-Ecm 18 interactions; hydrogen
bonds between SAH and Ecm 18 (——) and secondary-shell hydrogen
bonds () are shown. The conserved signature GxGxG nucleotide

binding motif is highlighted in purple.
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Figure 4. Details of the Ecm 18-echinomycin interaction. a) Close-up
picture of the 1-Ecm 18 interaction. The linear arrangement of the
SAH sulfur atom, the methyl group that is transferred, and the
receiving sulfur atom of 1 is shown (-----). b) Solvent-accessible
surface of Ecm 18, with bound 1 represented by a space-filling model;
the exquisite shape complementarity between the protein binding
pocket and the ligand is shown.

helix 11, the loop that connects 02 to oE, and the extended
portion of the P6 and P7 strands (Figure 2). Surprisingly,
1 forms only one direct hydrogen bond (involving the
carbonyl oxygen of the quinoxaline-2-carboxamide moiety
of 1) and one water-mediated hydrogen bond (involving an

a) b) c)
Ecm18-bound 1 Free 1

5.4A 10.1A

DNA-bound 1
11.3A

Ala residue of 1), both with GIn153 of Ecm 18 (Figure 4a).
This suggests that the substrate-binding specificity of Ecm 18
is driven primarily by shape complementarity (Figure 4b).

The most striking structural feature of the complex
between Ecm18 and 1 is the conformation that 1 assumes
within the substrate-binding pocket of Ecm 18. When bound
to Ecm 18 (Figure 5a), the peptide core of 1 assumes con-
formation that is more compact than those observed in the
crystal structures of free 17 (Figure 5b) or for a complex of
1 with duplex DNA™! (Figure 5c). Consequently, the two
quinoxaline moieties in 1 are brought much closer together.
The collapsed conformation of 1 in Ecm18 appears to be
stabilized by the snug fit between 1 and the Ecm 18 binding
pocket and through favorable m-r interactions between the
stacked heteroaromatic rings of the quinoxaline moieties. The
native substrate of Ecm 18, 2, will also have to have its peptide
backbone compactly folded to bind to the active site of
Ecm 18. However, the structures of 2 that were determined by
X-ray crystallography and NMR spectroscopy indicate that 2
assumes an extended conformation when it is free of binding
partners'”!*! (Figure 5d) or when it is in complex with
DNAPY (Figure 5e). In fact, free 2 exhibits a more extended
conformation than free 1 (Figure 5d vs. 5b). Thus, 2 will have
to undergo a significant restructuring to assume the highly
compressed structure that is required for binding to Ecm 18.
The current crystal structure indicates that the compact
folding of 1 involves a trans-to-cis isomerization of the Ala—
MeCys peptide bonds.”!) Whereas N-alkylated amide bonds
are known to assume a cis configuration more readily than
a standard peptide bond,” cis-configured peptide bonds in
the backbone of 2 are still a disfavored structural element.
This observation is in agreement with the occurrence of only
a small proportion of cis-configured peptide bonds in the
ensemble of solution conformers of 2.1 Similarly, only ali-
trans structures were observed by X-ray crystallography and
NMR spectroscopy of 2 and 1 (Figure Sb—e). Thus, the
requirement for the substrate to assume a highly compact
structure with cis-configured backbone peptide bonds upon
binding to the Ecm18 active site is expected to introduce
strain into the bound substrate molecule. The implications of
this strain will be discussed later.

d) e)
DNA-bound 2

11.6A

Figure 5. Comparison of conformations that 1 (a,b,c) and 2 (d,e) assume under different conditions. The distance between the pair of carbonyl
carbon atoms of the quinoxaline-2-carboxamide moieties is given. a) Crystal structure of 1 in complex with Ecm 18. The pair of cis-peptide bonds
present only in the Ecm 18-bound 1 is circled. Carbon yellow (1) or orange (2), nitrogen blue, oxygen red, sulfur green. b) Crystal structure of 1 in
the absence of any binding partner." c) Crystal structure of 1 in complex with DNA.'® d) Crystal structure of 2 in the absence of any binding
partner."”! e) Structure of 2 in complex with DNA determined by NMR spectroscopy.?”
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Figure 6. Mechanism of methylation-initiated modification of different metabolites. a) Proposed conversion of the disulfide bond in 2 into the
thioacetal bridge in 1. b) Methylation/hydroxylation of an olefin during the biosynthesis of hydroxymycolate.” c) Methylation-initiated cyclo-

propane formation during the biosynthesis of Escherichia coli cis-cyclopropane fatty acid.!

The conversion of 2 into 1 by Ecm 18 can be divided into
two stages. The initial stage involves methylation of one of the
sulfur atoms from the disulfide bond of 2 (Figure 6a). In the
second stage, the methylated disulfide bond undergoes
a rearrangement to form the thioacetal bridge of 1. Previous
studies have established that methyl transfer reactions that
are catalyzed by SAM-MTases proceed through an Sy2-type
nucleophilic attack on the methyl group of SAM by the
nucleophile.™ The structure that was obtained for Ecm 18
supports this hypothesis in that the methionyl sulfur atom of
SAH, the transferred methyl group, and the nucleophilic
sulfur atom of 1 are present in a linear arrangement (Fig-
ure 4a; eeees). The only residue in the vicinity of the disulfide
bond that could act as a catalytic base is His115. However,
unlike in most other SAM-MTases where the nucleophile is
a carbon, nitrogen, or oxygen atom that may require
activation through deprotonation, the nucleophile in the
Ecm 18-catalyzed methyl transfer reaction is an electron-rich
sulfur atom of a disulfide bond. Thus, activation of the sulfur
atom as a nucleophile is perhaps not required for the methyl
transfer reaction to proceed. Instead, the Ecm 18-catalyzed
methyl transfer reaction is likely to be driven by the proximity
effect; the enzyme enables the transformation by bringing the
sulfur atom of the substrate close to the activated methyl
group of the cofactor in a favorable orientation. When Ecm 18
is provided with the open form of 2, in which the disulfide
bridge has been reduced, the reaction halts after the
methylation step (Supporting Information, Figure S1). The
trapping of this mono-methylated product provides biochem-
ical support for the proposed two-stage reaction mechanism.

The second stage of the Ecm 18-catalyzed transformation
is the rearrangement of the methylated disulfide bond of 2
into the thioacetal bridge of 1 (Figure 6a). This rearrange-
ment can be initiated by the abstraction of a proton from the
carbon atom adjacent to the tertiary sulfonium cation, which
leads to the formation of a sulfur ylide intermediate. This
deprotonation is likely to be the primary function of His 115,
whose Ne2 atom of the imidazole group is 3.7 A away from
the target carbon atom in the Ecm 18—product complex. The
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occurrence of a charged sulfonium species within the
relatively hydrophobic microenvironment of the Ecm18
binding pocket, which is also shielded from the bulk solvent
by the bound substrate itself, can cause a significant lowering
of the pK, value of the proton to be abstracted,* which
renders proton abstraction by the imidazole group of His115
feasible. Once the sulfur ylide is formed, the carbanion of the
ylide can attack the neutral sulfur atom adjacent to the ylide
sulfonium to complete the rearrangement through the
formation of a three-membered ring transition state to yield
a neutral thioacetal linkage. Again, a general lack of charged
or polar side chains in the vicinity of the sulfur ylide appears
to play an important role in accelerating the reaction.

‘When the overall conversion of 2 into 1 is considered, the
formation of the Ecm 18-2 complex may incur greater binding
energy expenditure than the energy contained in the final
Ecm 18-1 complex because folding the peptide backbone of 2
into a cis configuration is presumably more difficult, because
free 2 assumes a more extended conformation than free
1 (Figure 5d vs. 5b).'"1 Furthermore, the rigid and shorter
thioacetal bridge of 1 may be favored over the more flexible
and longer disulfide bond of 2 within the Ecm18 binding
pocket where the bound ligand is required to be compact.
Thus, the transformation of the disulfide bond into a thioace-
tal linkage, which concurrently releases strain in the bound
substrate, may play an important role in driving the reaction
forward. Taken together, proximity effects, medium effects,
and catalysis by strain appear to work in synergy to render
Ecm 18 an effective catalyst for the transformation of the
disulfide bond into a thioacetal linkage during echinomycin
biosynthesis.

There are other methyltransferases that use methylation
as an initial step for catalyzing the formation of chemical
structures that are beyond simple methylated products. For
example, mycolic acid MTase initially catalyzes a methylation
of one carbon atom of an olefin of a fatty acid prior to
hydroxylating the other carbon atom to generate oxygenated
mycolic acids (Figure 6b).*! Similarly, cyclopropane fatty
acid synthase also uses an initial SAM-dependent methylation
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to promote the formation of a cyclopropane moiety during
the biosynthesis of cyclopropane fatty acid (Figure 6¢). In the
latter case, methylation of an olefin leads to the formation of
a carbocation that is subsequently attacked by a base-
activated methyl group to yield a cyclopropane moiety.?*!
The Ecm 18-catalyzed process represents a new and unique
addition to the list of transformations that SAM-MTases can
accomplish.
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