Domain swapping in the low-similarity
isomerase/hydratase superfamily: The crystal structure
of rat mitochondrial A%,A%-enoyl-CoA isomerase

PAUL A. HUBBARD,' WENFENG YU,> HORST SCHULZ,? axnp JUNG-JA P. KIM!

"Department of Biochemistry, Medical College of Wisconsin, Milwaukee, Wisconsin 53226, USA
2Department of Chemistry, City College and Graduate School of the City University of New York,
New York 10031, USA

(REceIvVED December 21, 2004; FinaL RevisioN February 23, 2005; Acceptep February 25, 2005)

Abstract

Two monofunctional A% A%-enoyl-CoA isomerases, one in mitochondria (mECI) and the other
in both mitochondria and peroxisomes (pECI), belong to the low-similarity isomerase/hydratase
superfamily. Both enzymes catalyze the movement of a double bond from C3 to C2 of an unsaturated
acyl-CoA substrate for re-entry into the B-oxidation pathway. Mutagenesis has shown that Glul65 of
rat mECI is involved in catalysis; however, the putative catalytic residue in yeast pECI, Glul58, is not
conserved in mECI. To elucidate whether Glul65 of mECI is correctly positioned for catalysis, the
crystal structure of rat mECI has been solved. Crystal packing suggests the enzyme is trimeric, in
contrast to other members of the superfamily, which appear crystallographically to be dimers of
trimers. The polypeptide fold of mECI, like pECI, belongs to a subset of this superfamily in which the
C-terminal domain of a given monomer interacts with its own N-terminal domain. This differs from
that of crotonase and 1,4-dihydroxy-2-naphtoyl-CoA synthase, whose C-terminal domains are
involved in domain swapping with an adjacent monomer. The structure confirms Glul65 as the
putative catalytic acid/base, positioned to abstract the pro-R proton from C2 and reprotonate at C4
of the acyl chain. The large tunnel-shaped active site cavity observed in the mECI structure explains
the relative substrate promiscuity in acyl-chain length and stereochemistry. Comparison with the
crystal structure of pECI suggests the catalytic residues from both enzymes are spatially conserved
but not in their primary structures, providing a powerful reminder of how catalytic residues cannot be
determined solely by sequence alignments.

Keywords: domain swapping; low-similarity isomerase/hydratase superfamily; enoyl-CoA isomerase;
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To metabolize unsaturated fatty acids, eukaryotes require
two auxiliary enzymes, 2,4-dienoyl-CoA reductase (DCR)
and A®,A%enoyl-CoA isomerase (ECI; EC 5.3.3.8). ECI
catalyzes the movement of the double bond between
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carbons 3 and 4 of the acyl chain to carbons 2 and 3,
allowing the acyl-CoA to re-enter the B-oxidation path-
way at the second step. ECI differs from DCR in that it is
essential for the metabolism of all fatty acids with double
bonds at odd as well as even carbon positions (Schulz and
Kunau 1987). However, like DCR, ECI is relatively pro-
miscuous, catalyzing the isomerization of both cis and
trans unsaturated fatty acyl chains (Stoffel et al. 1964;
Palosaari et al. 1990; Zhang et al. 2002). Various isoforms
of ECI are present in the mitochondria and peroxisomes
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of mammalian cells (Palosaari et al. 1990; Zhang et al.
2002), as well as in the peroxisomes of yeast (Geisbrecht
et al. 1998; Gurvitz et al. 1998). Sequence analysis shows
they belong to the low-similarity isomerase/hydratase
superfamily (LSI/H) (Muller-Newen et al. 1995; Holden
et al. 2001), with the mammalian forms grouped into four
classes based on their substrate specificity, organelle loca-
tion, and physical composition: mitochondrial enoyl-CoA
isomerase (mECI), mitochondrial enoyl-CoA hydratase 1
(crotonase), peroxisomal enoyl-CoA isomerase (pECI),
and multifunctional enzyme type-1 (MFE-1). Recent stu-
dies suggest that a previously characterized mitochondrial
long-chain enoyl-CoA isomerase is the same as pECI,
indicating that this isomerase is present in both mitochon-
dria and peroxisomes (Zhang et al. 2002). Biochemical
characterization of rat liver mECI shows that each sub-
unit has a molecular weight of ~30 kDa, with a native
molecular weight of 81 kDa (as determined by gel filtra-
tion) and 73 kDa (as determined by analytical ultracen-
trifugation), which led the investigators to suggest that the
enzyme is dimeric (Palosaari et al. 1990).

Until very recently, the crystal structures of only two
ECI family members had been solved: rat liver crotonase
(Engel et al. 1996) and yeast pECI (Mursula et al. 2001).
The structures show that both of these enzymes are com-
posed of a dimer of trimers, with each subunit folded into
two domains. The N-terminal a/B-domain, composed of
approximately the first 200 amino acids, forms the core of
the enzyme. The C terminus forms an a-helical domain
made up of three a-helices and comprises about 60 amino
acids. However, in the pECI structure the three a-helices
wrap around the N-terminal domain, whereas in crotonase
these a-helices protrude away from the core of the enzyme,
with both domains forming extensive intra-trimer and
inter-trimer interfaces. The structure of crotonase with a
potent inhibitor, acetoacetyl-CoA, shows the substrate
binds at the three intra-trimer interfaces, with Glul44
and Glul64 positioned to serve as catalytic residues and
two backbone amide nitrogens from Ala98 and Glyl41
forming an oxyanion hole that stabilizes the enolate inter-
mediate formed during catalysis (Engel et al. 1996). The
pECI structure lacks a bound substrate analog; however,
site-directed mutagenesis and structural comparison with
another member of the LSI/H superfamily, 4-chloroben-
zoyl-CoA dehalogenase, suggest that Glul58 serves as the
catalytic base (Mursula et al. 2001).

The difference between the two ECI isozymes is supported
by studies that compared mECI’s and pECI’s catalytic effi-
ciency with various substrates (Zhang et al. 2002). Results
showed that both enzymes have a relatively broad substrate
chain-length specificity, though pECI exhibits a slight pre-
ference for long-chain acyl-CoAs. However, pECI shows a
much greater catalytic efficiency with 3-frans substrates,
whereas mECI exhibits a preference for 3-cis substrates.
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To gain further insight into the structure—function rela-
tionships of ECI, the crystal structure of rat mitochondrial
ECT has been solved. The structure shows that some of the
more general features of this superfamily of enzymes are
conserved, such as the N-terminal domain fold, oxyanion
hole, and CoA binding site. We also find that mECI
shares, at both the sequence and structural level, the cata-
lytic base of crotonase rather than that of the more func-
tionally related peroxisomal isomerase, though pECI
appears to share a spatially conserved catalytic residue. A
similar conclusion was reached with human mECI, whose
structure was reported while this manuscript was in pre-
paration (Partanen et al. 2004). Our present studies com-
plement and extend those observations by underscoring
the significance of the three forms of domain-swapped
subunit assembly found in the LSI/H superfamily and
providing additional insights into the catalytic mechanism
of the isomerization reaction of mECI.

Results

Overall protein structure

The final structure of mECI shows the enzyme to be com-
posed of two domains. The N-terminal o/ domain is com-
posed of four spiral turns that contain two B-strands and one
a-helix, as seen in all structures of the LSI/H superfamily
solved to date. Extension of the C terminus during model
building and refinement showed rat mECI to have an
a-helical domain composed of three a-helices that wrap
around the body of the N-terminal domain (Fig. 1A,B,
right), giving rise to the term “self-association” fold. This is
the same fold seen in human mECI (Partanen et al. 2004),
6-oxo camphor hydrolase (Whittingham et al. 2003), and
pECI (Mursula et al. 2001) and is similar to that seen in
methylmalonyl-CoA decarboxylase (Benning et al. 2000).
In contrast, the V-shaped intra-trimer association fold, in
which the C-terminal domain interacts with a neighboring
subunit within the trimer, is seen in crotonase (Engel
etal. 1996), the related AUH protein (AU binding homolog
of enoyl-CoA hydratase) (Kurimoto et al. 2001), and
4-chlorobenzoyl-CoA dehalogenase (Benning et al. 1996),
as well as in dienyol-CoA isomerase (Fig. 1B, middle;
Modis et al. 1998). An inter-trimer variation of the C-term-
inal crotonase-like fold, which spans the trimer—trimer
interface, has also been recently reported for 1,4-dihy-
droxy-2-naphtoyl-CoA synthase (MenB) (Fig. 1B, right;
Truglio et al. 2003).

Oligomeric state

Analysis of the crystal packing and the location of the
threefold axis with respect to the asymmetric unit strongly
suggests that, rather than being a dimer, as reported on the
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Figure 1. The overall fold of mECI and comparison with pECI. (4) Ribbon diagram of a single monomer, as found in the
asymmetric unit. The color is ramped from blue, at the N terminus, to red, at the C terminus. Note the three a-helices of the
C-terminal self-association fold at the botrom and right of the figure. (B) Comparison of the trimeric assemblies of mECI (lef?),
crotonase (middle), and MenB (right). The trimeric forms of the enzymes are viewed down the threefold crystallographic axis, with
each subunit colored differently. All three models are in the same orientation, with the trimer—trimer interfaces of crotonase and
MenB pointing up. The C-terminal domain is colored a darker shade than the N-terminal domain. Comparison of the three figures
clearly shows variations in the C-terminal topology: the self-association fold in mECI, intra-trimer domain swapping fold in
crotonase, and inter-trimer domain swapping fold in MenB. However, the arrangement of a-helices within each monomer is similar.
(C) Superimposition of the crystal structures of mECI, in purple, and pECI, colored light blue. Crotonyl-CoA molecules, as based on
the octanoyl-CoA-crotonase complex, are included as darker colored sticks. (D) Comparison of the electrostatic surfaces of mECI
(left) and pECI (right); contoured from —10 kT/e, colored red, to + 10 kT/e, colored blue. The models are in the same orientation,
looking down the threefold axis, with the trimer—trimer interface of pECI facing up. The twofold axes that form the hexamer in pECI
are perpendicular to the threefold axis. The distribution of negative charge between the two enzymes is very different.

basis of analytical ultracentrifugation studies (Palosaari (1996) and the recently reported structure of human
et al. 1990), mECT appears to be a trimer (Fig. 1B, left), mECI (Partanen et al. 2004). In contrast to pECI, the
in agreement with a postulation made by Engel et al. crystallographic twofold axes in the mECI structure fail
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to produce a dimer of trimers, as seen in the hexameric
LSI/H enzymes. Therefore, even though mECI and pECI
have similar folds (Fig. 1C) (r.m.s. deviation of 1.3 Afor 155
Ca atoms, ~60% of the model), they exhibit relatively little
sequence similarity (13% identity between rat mECI and
yeast pECI) and have different oligomeric states. Compar-
ison of the electrostatic potentials at the interface between
the two trimers of yeast pECI with the corresponding region
in the rat mECI trimer shows significant differences, reflect-
ing the relatively low sequence identity (Fig. 1D). This
region in pECI shows alternating regions of positively and
negatively charged potential, with an ~4 A deep and 10 A
wide cleft between each subunit of the trimer having sig-
nificant positive character (> 10kT/e, or 6 kcalmol ~'). This
region corresponds to the first a-helix in the C-terminal
a-helical domain (H1 in Fig. 1B), although the basic
amino acids in this region point in toward the N-terminal
domain rather than out toward the trimer—trimer interface.
The adjacent acidic patch is made up of residues that form
parts of a B-strand and two «-helices on the surface of
the N-terminal domain and the second a-helix of the
C-terminal domain (H2 in Fig. 1B). The positively charged
regions of rat mECI correspond well with those on the pECI
molecular surface, but lack similar sized acidic patches.

Although the arrangements of the C-terminal domain in
each molecule of the trimeric assembly of the three classes of
folds (self-association and the intra-/inter-trimer associa-
tions) are different, the overall assembly of these a-helices
within a single subunit is similar (Fig. 1B). Helix 1 (H1) of all
three folds occupies the same position; helices 2 and 3 (H2
and H3) of the self-association fold from a single subunit
occupy similar spatial positions to helices 2 and 3 (H2
and H3') of the neighboring subunit in the intra-trimer
association fold and to helices H2” and H3" of a twofold
symmetry related subunit on the other trimer in the inter-
trimer association fold. These are elegant variations of
“domain swapping”, where a-helices between two neighbor-
ing subunits are swapped, as exemplified by the domain-
swapped dimeric form of bovine seminal RNase (Bennett
etal. 1994). Figure 2B shows structure-based sequence align-
ment of the C-terminal domains, grouped according to
which of the three classes of domain swapping folds they
belong. There appears to be very little sequence homology
within each group, though the intra-trimer domain swap-
ping fold appears to have four well-conserved residues dis-
tributed across the entire regions (shown in red and yellow
boxes). Interestingly, the conserved lysine and aspartate
from the first and third helices of the C-terminal domain
are also in the inter-trimer domain swapped group.

Substrate binding and active sites

Figure 2A shows a structure-based sequence alignment
of the N-terminal domain of members of the LSI/H
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superfamily. Among the superfamily members, the first
four structures (identified in blue type) have been solved
with CoA substrate analogs. Superposition of these four
structures show that the CoA moiety of the substrate
binds to a conserved position on the enzyme, correspond-
ing to four discrete regions of the primary structure (high-
lighted in green and boxed in Fig. 2A). These regions are
also moderately conserved in the mECI structure (boxed
in Fig. 2A). The second significant feature of this super-
family of enzymes is a conserved oxyanion hole that binds
the carbonyl oxygen of the substrate acyl chain, stabilizing
the enolate form of the thioester linkage during catalysis
(Holden et al. 2001). The oxyanion hole is made up of two
residues that hydrogen bond to the oxygen atom via their
backbone amide groups. Structure-based sequence align-
ment shows that both of these residues are conserved in
mECI (Leu95 and Gly140), with neither residue being a
proline. Mutation of Glyl41 to proline in the oxyanion
hole of crotonase, causing the removal of one of the back-
bone amide nitrogens, results in a million-fold reduction
in k., (Bell et al. 2001), illustrating the importance of the
interaction of the amide group with the carbonyl oxygen
of substrate for catalysis. Finally, if one highlights the
known primary catalytic residues of all LSI/H structures
in the structure-based sequence alignment, there is an
apparent clustering at three distinct loci (highlighted
with pink boxes in Fig. 2A). The first houses Glul44 of
crotonase, which corresponds to Leul43 in the mECI
structure. Since there are no other potential catalytic resi-
dues in this region, the fact that the functional homolog,
pECI, has a similar arrangement of such innocuous amino
acids (Alal29) and the knowledge that Glul44 is not
necessary for isomerase activity in crotonase (Kiema et
al. 1999) suggest that there is no corresponding catalytic
residue for mECT at this locus. The second cluster, around
Glul64 of crotonase, corresponds to Glul65 of mECI.
Mutation of this residue in rat mECI has shown that this
residue is essential for isomerase activity (Muller-Newen
and Stoffel 1993). Surprisingly, this residue is not con-
served in pECI, corresponding to Phel50. Instead, from
substrate modeling and mutagenesis, Glul58, which cor-
responds to Pro173 in mECI, is proposed as the putative
catalytic base in pECI (Mursula et al. 2001). Interestingly,
this residue in pECI lies at the third cluster of catalytic
residues. Other members whose catalytic residues lie at the
third cluster include dienoyl-CoA isomerase, 4-chloroben-
zoyl-CoA dehalogenase, MenB, and methylmalonyl-CoA
decarboxylase. However, judging from the one amino acid
offset position of Tyr140 in methylmalonyl-CoA decar-
boxylase and Aspl92 in MenB, the spatial position of
these residues does not appear to be absolutely conserved.

Further inspection of the structure-based sequence
alignment shows four residues are conserved in all the
LSI/H structures (red boxes, Fig. 2A): Phe91, Gly135,
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Figure 2. (A) Structure-based sequence alignment of the N-terminal domain of members of the LSI/H superfamily: crotonase,
4-chlorobenzoyl-CoA dehalogenase, methylmalonyl CoA-decarboxylase, 1,4-dihydroxy-2-naphtoyl-CoA synthase (MenB),
AUH protein, 6-oxo camphor hydrolase, dienyol-CoA isomerase (dci), peroxisomal enoyl-CoA isomerase (pECI), and
mitochondrial enoyl-CoA isomerase (mECI). Secondary structure elements from the crotonase and mECI structures are
included on the rop and bottom of each row of sequences, respectively. Red and yellow boxes show identical and homologous
residues, respectively. The first four sequences (labeled in blue) are from crystal structures with CoA substrate analog bound.
Regions of these peptides that are within 3.9 A of these molecules are highlighted in green and boxed. The corresponding
regions in the mECI sequence that are relatively conserved are shown in boxes. Blue chevrons denote residues that form the
oxyanion hole. Pink boxes show primary catalytic residues for each enzyme. Also, no catalytic residue has been highlighted for
6-oxo camphor hydrolase sequence, as this residue is believed to reside in the C-terminal domain, which is not included in this
alignment. Since the primary function of AUH protein is in binding RNA, no catalytic residues have been highlighted. (B)
Sequence alignment of the C-terminal domains grouped according to the C-terminal fold; enzymes having the self-association
fold (top); enzymes belonging to the intra-trimer domain swapping fold (middle); and MenB (bottom), the sole member having
the inter-trimer domain swapping fold.
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Aspl49, and Gly208 (all in mECI numbering). Mapping
these positions onto the mECI, crotonase, and MenB
structures shows these residues lic at positions remote
from the active site, with the latter three residues lying at
the intra-trimer interfaces, suggesting that they function
in substrate binding and/or maintaining structural and
oligomerization integrity rather than catalysis.

When crotonyl-CoA is modeled in the active site of
both mECI and pECI, the structures show that the puta-
tive catalytic carboxylate moieties appear to approach the
acyl chain from different angles (Fig. 3A). Inspection of
the active site of mECI shows Glul65 to be positioned to

Glul6s

Glul 58

B 1,

Figure 3. (A4) Stereoview of the active site of mECI, shown in red, and
pECI, in blue. The respective putative catalytic residues are included.
Modeled product, crotonyl-CoA, is also included as balls-and-sticks.
Dotted lines show the potential interaction between the carboxylate of
the catalytic residue and the C2 atom of the acyl chain. Note the
differing positions of the catalytic residue in mECI and pECI. The
mECI model clearly suggests proton abstraction is pro-R specific,
while the pECI model shows abstraction might also be pro-R specific.
(B) Cutaway of the topology of the putative substrate binding site for
mECI (left) and pECI (right). Crotonyl-CoA, which is modeled based
on the crystal structure of the octanoyl-CoA—crotonase structure, is
included as ball-and-sticks. The green lines highlight the lip of the
tunnel on different regions of the monomer surface, suggesting both
enzymes can accept a wide variety of acyl chain lengths. Dark gray

balls represent carbon atoms, red are oxygen, blue are nitrogen, yellow
are sulfur, and purple are phosphorus.
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abstract the pro-R hydrogen from carbon 2 of the acyl
chain, in agreement with a postulate made by Fillgrove
and Anderson (2000), which was based on the stereospe-
cificity of crotonase and consistent with the recent struc-
tural analysis of human mECI complexed with octanoyl-
CoA (Partanen et al. 2004). Modeling studies with pECI
also suggest that the carboxylate group of Glul58 is
positioned for pro-R abstraction (Fig. 3A).

Substrate chain-length specificity

Crotonase, which can hydrate acyl-CoAs with acyl-
chain lengths ranging from C4 to at least C16 (Fong
and Schulz 1977), binds substrate using a flexible tunnel
that runs from the CoA binding site to the trimer—trimer
interface, passing via the active site (Engel et al. 1998).
This tunnel is partly formed by a disordered loop
between residues 113 and 120 in the N-terminal domain,
corresponding to a well-ordered a-helix in the mECI
structure (residues 110-119). This observation suggests
that a binding mode for mECI similar to crotonase is
unlikely. Examination of the putative substrate binding
site for the mECI structure shows a large tunnel that
starts at the CoA binding site and passes through to the
other side of the enzyme via the catalytic site (Fig. 3B,
left). However, in contrast to crotonase, the “exit” of the
tunnel on the face opposing the CoA binding site runs
through a hole formed between a turn in the N-terminal
domain and the second «-helix of the C-terminal
domain, lined mostly by aromatic residues. Modeling
of crotonyl-CoA into the active site suggests that acyl
chains of up to ~14 carbon atoms in length can be easily
accommodated in this tunnel. A similar scenario is seen
in the pECI structure; however, the tunnel appears to be
somewhat shorter than mECI’s, and, as with crotonase,
terminates at the trimer—trimer interface rather than
being exposed to solvent (Fig. 3B, right).

Discussion

The low-sequence similarity isomerase/hydratase
(LSI/H) superfamily is one of a growing number of
enzyme superfamilies that demonstrate how polypeptide
folds are used as scaffolds to catalyze a wide variety of
reactions, with the LSI/H superfamily catalyzing reac-
tions ranging from isomerization to dehalogenation and
decarboxylation. The structures of LSI/H superfamily
members determined to date show the large N-terminal
core domain to fold in an almost isosteric manner, with
the largest rmsd being 2.1 A between 6-0x0 camphor
hydrolase and dienoyl-CoA isomerase for all Ca atoms
in this domain. This domain is composed of ~200
amino acids, or ~75% of the mature peptide.
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The 60-amino-acid a-helical C-terminal domain shows
somewhat greater diversity, having one of three folds: the
V-shaped intra-trimer domain swapping fold which is seen
in crotonase, 4-chlorobenzoyl-CoA dehalogenase, dienoyl-
CoA isomerase, and AUH protein; the inter-trimer
domain swapping fold, which to date has only been
observed in MenB; and the self-association fold, which
wraps around the N-terminal domain, as observed in
mECI, pECI, 6-oxo camphor hydrolase, and a longer
form seen in methylmalonyl-CoA decarboxylase. It should
be noted that while these folds are different, they all con-
tain three a-helices of about equal length, but exhibit only
limited sequence homology (Fig. 2B). These different
C-terminal folds provide elegant examples of variations
of domain swapping, first identified in the domain-
swapping dimeric form of RNase (Bennett et al. 1994).

With the exception of mECI, whose molecular assembly is
a trimer, all LSI/H structures determined to date appear

Methylmalonyl-CoA
Decarboxylase 11.7%

Crotonase
13.1%

Dienoyl-CoA Isomerase
14.7%

crystallographically as hexameric proteins, composed of a
dimer of trimers. The oligomeric state of 4-chlorobenzoyl-
CoA dehalogenase has been reported to be a trimer; how-
ever, inspection of crystal packing shows that ~2100 A?
(corresponding to 7.7% of the total trimer surface of
27,700 Az) is buried between the two trimers. Therefore,
for the purposes of this discussion, the dehalogenase will be
treated as a dimer of trimers along with other members of the
superfamily. Each type of C-terminal domain fold appears
to form part of the interface between neighboring subunits
within the trimer and also, with the exception of mECI, the
trimer—trimer interface, by domain swapping, which places
the a-helices in spatially conserved positions (Fig. 1B). The
trimer—trimer interface areas range from 5.4% of total hex-
americ molecular surface for AUH protein to 38.3% for
MenB (Fig. 4). In all of these enzymes, the trimer exhibits
threefold rotational symmetry, with the hexamer formed by
twofold rotation perpendicular to the threefold axis. mECI,

Peroxisomal Enoyl-CoA
Isomerase 19.7%

4-Chlorobenzoyl-CoA
Dehalogenase 8.3%

5.4%

Figure 4. Electrostatic potential maps of the trimer—trimer interfaces of different C-terminal folds found in LSI/H superfamily
members. (A4) Self-association fold; (B) intra-trimer domain swapping fold; (C) inter-trimer domain swapping fold. The
threefold axis is projected out of the page as in Figure 1B, and the three twofold axes that form each hexamer lie on the
plane of the page. The trimers are orientated such that the trimer—trimer interface is facing the viewer. The percentage for the
trimer—trimer interface out of the total hexamer surface area for each molecule is listed. Comparison of each picture shows
there is little conservation in regions that form the interface or their electrostatic character.
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originally believed to form a dimer (Palosaari et al. 1990),
appears to be a trimer in the crystal lattice with the twofold
axes failing to form a hexamer. Whether a LSI/H super-
family member forms a trimer or a hexamer appears to be
determined by factors far more complex than surface and
electrostatic complementarity, as inspection of the electro-
static surface at the interface of the hexameric forms reveals
few discernable patterns (Fig. 4). Furthermore, regions that
form the interface appear to be dependent on the conditions
in which the protein is present, as demonstrated by the
“tight” and “loose” forms of pECI (Mursula et al. 2004).
Further studies examining effects on ionic strength and
oligomerization states should address these unusual proper-
ties found in pECI and the apparent oligomeric anomaly of
mECI (being the only trimer among the LSI/H superfamily),
as well as the true oligomeric state of the dehalogenase where
the crystallographic trimer—trimer interface is rather high for
its molecular ensemble to be a single trimer.

Structures of all members of the LSI/H superfamily
solved in the presence of a CoA substrate analog show
the active site to be spatially conserved, being present at
either the intra-trimer interface, as seen for enzymes that
have the C-terminal domain swapping fold (crotonase,
4-chlorobenzoyl-CoA dehalogenase [Benning et al. 1996])
and the inter-trimer variation seen in MenB (Truglio et al.
2003), or within a single subunit seen in methylmalonyl-
CoA decarboxylase (Benning et al. 2000) and recently
reported for human mECI (Partanen et al. 2004), both of
which have the C-terminal self-association fold. Among all
members of the LSI/H superfamily, the most extensive
structural studies have been done with crotonase. Struc-
tures with acetoacetyl-CoA (Engel et al. 1996; PDB acces-
sion code 1DUB), 4-(N, N-dimethylamino)cinnamoyl-CoA
(Bahnson et al. 2002; PDB accession code 1EY 3), hexanoyl-
CoA (Bell et al. 2002; PDB accession code 1M1J3), and
octanoyl-CoA (Engel et al. 1998; PDB accession code
2DUB) show that Glul44 and Glul64 are positioned for
catalysis at carbon 3 of the acyl chain, with a water molecule
positioned between the C2—C3 bond of the acyl chain of
substrate and these two catalytic residues. The coordinates
for the recently reported structure of human mECI in com-
plex with octanoyl-CoA are presently unavailable for anal-
ysis; however, it was stated that the mode of the acyl chain
binding to human mECI is different from that found in
crotonase (Partanen et al. 2004).

Comparisons of the catalytic residues of mECI, pECI,
and crotonase suggest that, despite the primary function
of each enzyme, the N-terminal domain of mECI is
more closely related to crotonase than pECI. For iso-
merase activity, both crotonase and mECI share the
same spatially conserved catalytic residue, Glul64 in
crotonase and Glul65 in mECI, whereas pECI’s cataly-
tic residue, Glul158, suggests that this enzyme belongs to
the subfamily of enzymes that place their primary
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catalytic residues at the third locus. These enzymes
include 4-chlorobenzoyl-CoA dehalogenase and methyl-
malonyl-CoA decarboxylase, the latter of which has
similar C-terminal self-association topology to the
ECIs. One can therefore hypothesize that, although
functionally dissimilar, pECI is more closely related to
methylmalonyl-CoA decarboxylase than to mECI. The
active site topology of the mECI crystal structure also
supports the proposal that this enzyme is pro-R specific
(Fillgrove and Anderson 2000). Structure-based
sequence alignment shows that mECI, crotonase, and
DCI share the same catalytic residue: Glul65 in mECI,
Glul64 in crotonase, and E196 in DCI. Both crotonase
and DCI have also been shown to be pro-R specific
(Bucklers et al. 1970; Chen et al. 1994), lending further
support to the proposed stereochemistry of this reac-
tion. While there are no data supporting this hypothesis
for the peroxisomal form, modeling studies suggest that
this enzyme might also be pro-R specific.

Despite the lack of a conserved catalytic residue
between the two ECls, the catalytic mechanism of mECI
appears to be much like that of pECI, with Glul65 acting
as a general base at C2 of the acyl chain, and the backbone
amide nitrogens of Leu95 and Glyl140 forming an oxya-
nion hole via hydrogen bonds to the thioester carbonyl
oxygen (Fig. 5). Inspection of the crotonyl-CoA bound
models of mECI and pECI suggests that Glul65 and
Glul58, respectively, appear to function as the general
acid as well, as there is no other residue that could perform
this function. Minor torsion about the Ca—C bond of the
side chain of the catalytic glutamate would bring the
carboxyl group into close association with the C4 atom
of the acyl chain for reprotonation of the anionic reaction
intermediate. Support for this mechanism comes from
NMR studies that show ['H] 3-enoyl-CoA is converted
to ['H] 2-enoyl-CoA in the presence of deuterated solvent
(Fillgrove and Anderson 2000). However, the possibility
that a water molecule may act as the general acid when
substrate is bound cannot be excluded.

Finally, analysis of substrate binding, as shown by
modeling of crotonyl-CoA, shows a long tunnel in both
mECI and pECI structures that runs from one region of
the molecular surface of the enzyme to another, via the
catalytic site. This appears to sequester the hydrophobic
acyl chain of the CoA substrate from solvent, while
allowing a wide variety of chain lengths to bind for
catalysis. This hypothesis is supported by kinetic studies
that show micromolar K, values for substrates having
chain lengths from C6 to Cl4 (Zhang et al. 2002).
Peroxisomal ECI’s slight preference for longer chain
acyl-CoAs compared with mECI’s might be due to the
fact that the tunnel exit on the opposing face of the CoA
binding site is sequestered from solvent by the trimer—
trimer interface, whereas mECI’s is not. However, with
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Figure 5. Proposed reaction mechanism for mECI, with Glul65 acting as both the general base and conjugate acid. Although
the current mECI structure has no substrate analog bound, crotonyl-CoA has been modeled in. The carboxylate of Glul65 is
about 3 A from the C2 atom of the acyl chain of modeled substrate. The Glul65 to C4 atom distance is also ~3 A for the cis
conformation and ~4 A in the frans conformation, implying that Glul65 might undergo minor conformational changes before
reprotonating the C4 atom during catalysis. Backbone amide groups from Leu95 and Gly140 form hydrogen bonds to the

thioester carbonyl oxygen, stabilizing the enolate intermediate.

the limits of structure interpretation imposed by the
modeling studies presented here, the current structures
for mECI and pECI fail to explain the stereochemical
preference for each enzyme, mECI preferring 3-cis double
bonds, and pECI preferring 3-trans. The recently deter-
mined human mECI structure also shows a large tunnel,
suggesting that there are two alternative binding modes
for the fatty acyl moiety of the substrate, depending on
the length and stereochemistry of the acyl chain. Further
studies including crystal structure determinations of both
enzymes in the presence of both stereoisomeric analogs
are needed.

The results presented here show that most members of
the LSI/H superfamily enzymes contain one or more pri-
mary catalytic residues from three structurally conserved
loci. These residues are further embellished by additional
residues that line the active site and determine the chem-
istry of the reaction. Therefore, care must be taken when
analyzing sequence alignments in the absence of struc-
tures, as one can easily come to wrong conclusions as to
which residues participate in catalysis. This is exemplified
by a fully conserved aspartate residue, which appears to
be required for structural rather than functional reasons.
Thus, the structures of the LSI/H superfamily members
offer a powerful example of a catalytically essential resi-
due that is not conserved in the primary structure of
related enzymes, as also observed in some other super-
families (Todd et al. 2002).

Materials and methods

Cloning, expression, and purification

Rat mitochondrial enoyl-CoA isomerase was cloned, expressed,
and purified to homogeneity for crystallization. Briefly, the open
reading frame corresponding to mature mECI (amino acids Ala26
through Gly289) was cloned from rat liver Marathon-Ready
¢cDNA (CLONTECH) using the following primers: 5-CAG
GATCCCATATGGCGCGTCGCTTCTCTAACAAGC-3' and

5'-CAGTAAGCTTATCAGCCCTTCTTTTGCTTGAGCTT-
3. The PCR product was subcloned into the BamHI-HindIII
site of vector pND-1 (a gift from Dr. Didier Negre) to obtain
an expression plasmid. This plasmid was used to transform
Escherichia coli BL21(DE3)pLysS cells, which were cultured in
LB media, and induced by addition of 0.6 mM IPTG. The
enzyme was purified to homogeneity by chromatography on
hydroxyapatite, CM-52, Matrix Gel-Red A, and Sephacryl
S-200 HR columns. A typical preparation yielded about 10 mg
of pure protein from a 2-L culture. The purified protein was
concentrated to about 6 mg/mL in a buffer containing 20 mM
KPi, pH 7.25, and 1 mM EDTA and stored at —80°C.

Protein crystallization

For screening, pure mECI was further concentrated to 10 mg/mL
prior to the addition of crystallization agents. Conditions
19-28 from the Hampton Crystal Screen II were tested, and one
of them, condition 27 (25% PEG-MME 550, 0.1 M MES
[pH 6.5], 0.01 M zinc sulfate), yielded small cubic crystals
overnight (0.1 X 0.1 X0.1 mm). This condition was further
optimized by addition of 8% glycerol to the original crystallization
agent and dilution of the protein to 7 mg/mL. This resulted in
much larger crystals (0.2 X 0.2 X 0.2 mm), which grew over a
period of about 1 wk. The crystals belong to the space group
14,32 with cell dimensions of a = b = ¢ = 170.6 A.

Data collection and structure determination

The data used for molecular replacement, up to 2.8 A resolution,
were collected on an R-AXIS IIC image plate (Molecular Struc-
ture Corp.) equipped with a Rigaku RU 200 generator and
Osmic confocal mirrors (Table 1). A high-resolution data set
used for final refinement was collected to 2.2 A resolution on a
RU 300 generator equipped with an R-AXIS IV+ + image
plate, an MSC X-stream 2000 cooling system set at —180°C,
and Osmic confocal mirrors. HKL (Otwinowski and Minor
1997) was used for reduction of the preliminary low-resolution
data, and d*trek (Pflugrath 1999) was used for high-resolution
data reduction. For molecular replacement, a homology model
was built using MODELLER (Sali and Blundell 1993), derived
from the coordinates of three proteins of known structure that
exhibited highest sequence homology with the mature rat mECI
sequence. A FASTA search (Pearson and Lipman 1988) through
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the PDB database (Berman et al. 2000) showed AUH protein
(Kurimoto et al. 2001; PDB accession code 1HZD), crotonase
(Bahnson et al. 2002; PDB accession code 1EY3), and 4-chloro-
benzoyl-CoA dehalogenase (Zhang et al. 2001; PDB accession
code 1JXZ) to have 29%, 23%, and 24% sequence identities,
respectively. Since the Matthews coefficient suggested one mole-
cule per asymmetric unit (Vy; = 3.44), the homology model,
corresponding to one monomer, was used as a probe for cross-
rotational molecular replacement. Initial attempts at molecular
replacement failed to find a solution. However, when the 60-
amino-acid region corresponding to the C-terminal a-helical
domain that is structurally conserved in the three template mod-
els but not in the pECI structure (Mursula et al. 2001, 2004; PDB
accession codes IHNO and 1PJH) was deleted, leaving only the
N-terminal domain (residues 30-228) as the probe, a solution
was obtained. This solution was confirmed to be correct by rigid
body refinement and simulated annealing in CNS (Brunger et al.
1998), using the 2.8 A data set, yielding reasonable R-factors
(Reree = 50.6%, Repysy = 42.5%). This model was further
refined and then used for solvent flattening in SOLOMON
(Abrahams and Leslie 1996) in conjunction with phase combina-
tion of the model in SigmaA (Read 1986). The refined mECI
model was then manually fitted to the modified map using the
graphics program Xfit (McRee 1999), and the resulting model
was subsequently annealed using the 2.2 A data set. Several
rounds of alternating positional refinement in CNS and manual
model adjustment in O (Jones et al. 1991) were performed with
the high-resolution data until the model was judged to satisfac-
torily fit the 2|Fo| — |Fc| map. Water molecules were initially
included in the model using the DDQ water molecule search
program (van den Akker and Hol 1999), and then added manu-
ally toward the end of refinement, with positional and B-factor
refinement in the final stages until Rg.. convergence was
achieved. Final statistics for the 2.2 A model are listed in Table 2.

Structure-based sequence alignment was performed
using INDONESIA (D. Madsen., P. Johansson, and G.J.
Kleywegt, in prep.), employing the Levitt and Gerstein
method (Levitt and Gerstein 1998), followed by some
minor manual adjustments. Electrostatic and surface calcu-
lations were performed using GRASP (Nicholls et al. 1991)
with an ionic strength of 0.1 M, and ligand—protein interac-
tions were analyzed by LIGPLOT (Wallace et al. 1995).
Interface surface area calculations were made using the
“buried_surface_area” script in CNS (Brunger et al. 1998).
Crotonyl-CoA modeling in the active site of both mECI and
pECI was performed in the Insight2000 software package

Table 1. Data collection statistics of mECI

Crystal ECI (hi res.) ECI (low res.)

Resolution (A) 30.0 (2.28)-2.20 30.0 (2.85)-2.80

Space group 14,32 14,32
a=b=c (A) 169.9 170.6
Mosaicity (°) 0.48 1.22
Completeness (%) 99.9 (100) 95.1 (87.1)
Total no. of ref. 424,963 111,389
Unique no. of ref. 21,510 10,224
Redundancy 19.8 10.9
<I/cl> 11.2 (3.3) 13.8 (2.4)
Roym (%) 8.9 (41.1) 9.6 (30.5)
Detector R-AXIS IV ++ R-AXIS 11

Values in parentheses represent the highest resolution shell.
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Table 2. Summary of refinement statistics for mECI

Crystal ECI (hi res.)
Resolution (A) 30.0—2.20
Reryst/ Reree (Y0)* 23.9/26.5
Average B-factors (Az)

Protein [no. of atoms] 41.9 [2006]

Solvent [no. of atoms] 45.3 [90]

Others [no. of atoms] 48.9 [45]
r.m.s. deviation

Bond lengths (A) 0.007

Bond angles (°) 1.4
Ramachandran analysis

Most favored (%) 91.2

Allowed (%) 8.4

Disallowed (%) 0.4°

#Ryree, for 5% of randomly selected reflections omitted from refine-
ment.

® Ala139 lies at the border between generously allowed and disallowed
regions.

(Accelrys Inc.), using the atomic coordinates of octanoyl-
CoA from 2DUB as a starting point (Engel et al. 1998),
followed by conjugate gradient energy minimization in
Discover3 (Accelrys Inc.).
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