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The catalytic domain of the trimeric human A3,A2-en0yl-CoA isomerase,
type 2 (HSECI2), has the typical crotonase fold. In the active site of this
fold two main chain NH groups form an oxyanion hole for binding the
thioester oxygen of the 3E- or 3Z-enoyl-CoA substrate molecules. A cata-
lytic glutamate is essential for the proton transfer between the substrate
C2 and C4 atoms for forming the product 2E-enoyl-CoA, which is a key
intermediate in the B-oxidation pathway. The active site is covered by the
C-terminal helix-10. In HSECI2, the isomerase domain is extended at its
N terminus by an acyl-CoA binding protein (ACBP) domain. Small angle
X-ray scattering analysis of HSECI2 shows that the ACBP domain pro-
trudes out of the central isomerase trimer. X-ray crystallography of the
isomerase domain trimer identifies the active site geometry. A tunnel,
shaped by loop-2 and extending from the catalytic site to bulk solvent,
suggests a likely mode of binding of the fatty acyl chains. Calorimetry
data show that the separately expressed ACBP and isomerase domains
bind tightly to fatty acyl-CoA molecules. The truncated isomerase variant
(without ACBP domain) has significant enoyl-CoA isomerase activity;
however, the full-length isomerase is more efficient. Structural enzymolog-
ical studies of helix-10 variants show the importance of this helix for effi-
cient catalysis. Its hydrophobic side chains, together with residues from
loop-2 and loop-4, complete a hydrophobic cluster that covers the active
site, thereby fixing the thioester moiety in a mode of binding competent
for efficient catalysis.
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Introduction

A®,A*-enoyl-CoA isomerases (ECIs) catalyze an impor-
tant reaction which allows unsaturated fatty acids with
Z/E double bonds (also known as cis/trans double
bonds) at odd positions, like oleic acid (Z9-octadece-
noic acid) and linoleic acid (Z9,Z12-octadecadienoic
acid) [1], to enter the classical B-oxidation pathway for
the degradation of fatty acids (Fig. 1). A key interme-
diate of the latter pathway is 2E-enoyl-CoA. ECI (EC
5.3.3.8) catalyses the conversion of 3Z-enoyl-CoA and
3E-enoyl-CoA substrates to 2E-enoyl-CoA (Fig. 1).
Other enzymes involved in this auxiliary pathway are
A A%*-dienoyl-CoA isomerase (DECI) and 2.4-die-
noyl-CoA reductase [1,2]. This is an important path-
way, and several studies have reported on disease
symptoms related to enzyme deficiencies of mitochon-
drial 2,4-dienoyl-CoA reductase [3] and mitochondrial
ECI [4]. To the best of our knowledge, in the yeast
Saccharomyces cerevisiae there is only one ECI [5],
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whereas in mammals there are several isoenzymes,
located in both the peroxisomes and mitochondria.
The mammalian ECI type 1 (ECI1) is located only in
mitochondria. The mammalian ECI type 2 (ECI2) is
located in peroxisomes as well as in mitochondria.
Therefore, in mammals, there are at least two isome-
rases in mitochondria (ECI1 and ECI2). Also in per-
oxisomes there are two isomerases: ECI2 and the
multifunctional enzyme type 1 (MFEI). It is not
understood why mammals have several isomerase iso-
zymes. The kinetic properties of each of these isome-
rases from rat have been reported, showing a broad
range of fatty acyl chain length specificities and differ-
ent kinetic parameters for 3Z- and 3E-enoyl-CoA sub-
strates [6]. Rodents possess a third mitochondrial ECI,
which has been identified recently and which is homol-
ogous to ECI2 [7]. Structures have been described for
ECI1 from rat mitochondria (1XX4) [8] and human
mitochondria (1SG4) [9], MFEI1 from rat peroxisomes
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Fig. 1. The four reactions of the p-oxidation pathway. The A% AZ-enoyl-CoA isomerase reaction is the last reaction of the auxiliary pathway
for the synthesis of 2E-enoyl-CoA from unsaturated fatty acyl-CoA having double bonds at odd positions or having Z double bonds.
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(2X58) [10] and ECI from yeast peroxisomes (1PJH)
[11]. Here, we report on structural enzymological stud-
ies of human ECI2 (HsECI2).

Each of the ECIs belongs to the crotonase fold
superfamily of enzymes [12,13]. Crotonase is the origi-
nal name of enoyl-CoA hydratase, type 1 (ECH), the
structure of which was one of the first determined
from this superfamily [14], together with the structure
of a dehalogenase [15]. The crotonase fold is formed
by approximately 300 residues. The superfamily
includes many enzymes catalyzing a wide range of
rather different reactions, using CoA thioesters as the
substrate. Usually, these enzymes are trimers or hexa-
mers (dimers of trimers). MFEI is a monomer with
two domains, and the enoyl-CoA isomerase active site
is in the N-terminal crotonase domain. In this fold,
there are two (mostly) parallel B-sheets (A and B). The
edge strands A5 and BS run anti-parallel to the other
strands of these sheets (Fig. 2). The central B-sheet
(sheet A) provides a structural framework. The
strands of this sheet, termed A1-A4, continue into the
B-strands of sheet B, termed B1-B4, and are then
followed by helices H1-H4 forming the PBPa-spiral
crotonase fold. The B-strands of sheet B are rather
short (Fig. 2).

For MFEI [16], ECIl [9] and ECH [17] (3ZWC,
1SG4 and 2DUB, respectively) the mode of binding of
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fatty acyl-CoA is known, adopting a bent conforma-
tion (Fig. 2). The CoA moiety binds between helix-10
and B-strands 1-3 of the B-sheet B. The loops emerg-
ing from the B-strands of B-sheet B and leading into
the covering o-helices, in particular loop-1, loop-2,
loop-3 and loop-4, play important roles in the CoA
binding as well as in the catalytic process of these
enzymes. Loop-2 is a long loop with variable length
(Fig. 3A). Loop-3 is very short as strand B3 continues
immediately into helix-3, which is the catalytic helix.
A common feature in the active sites of each of these
enzymes is an oxyanion hole (OAH), formed by two
peptide NH groups of two different loops, loop-2 and
loop-3/helix-3. Loop-2 is solvent exposed and is not
involved in intratrimer subunit-subunit interactions,
whereas the loop-3 region, being the N terminus of
helix-3, is rather buried. In MFE1 and in ECH, loop-2
is involved in binding the fatty acyl tail, whereas in
ECI1 the fatty acyl tail points towards loop-4 (between
loop-4 and helix-9). In ECII, the C-terminal end of
loop-4, also referred to as the flap region (Fig. 3A),
has adopted another conformation compared to
MFE! and ECH (and also in yeast ECI) (Fig. 2).
ECI1 and ECI2 therefore form two distinct subfamilies
within the crotonase superfamily, as is also found from
phylogenetic relationships (Fig. 3B), showing also that
the yeast ECI belongs to the ECI2 subfamily. The
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Fig. 2. The crotonase fold. Structural comparison of the superimposed structures of the crotonase domain of rat ECH (2DUB, brown, with
bound octanoyl-CoA), MFE1 (3ZWC, N-terminal domain, lilac, with bound 3S-hydroxydecanoyl-CoA), human ECI1 (1SG4, lemon, with bound
octanoyl-CoA) and yeast ECI2 (1PJH, cyan, unliganded). The labeled helix-5 is at the subunit-subunit interface of the trimers of the
crotonase superfamily. The B-strand between helix-5 and helix-6 is the edge strand of sheet B, whereas some residues of loop-1 and loop-2
are forming the other edge of sheet B. Helix-7 shields B-sheet A from bulk solvent. The acyl-CoA is wedged between helix-10 and sheet B.
The two black arrows show the two different binding modes of the fatty acyl tail. The ‘left" mode of binding is found in ECI1, whereas the
‘right’ mode of binding is seen in ECH and MFE1. The structures of ECI1 and ECI2 represent the canonical crotonase fold, assembled in a
trimer. MFE1 is a monomer and the additional helices, before helix-9 (helix-9A and the next helix), prevent trimerization. In ECH helices 9
and 10 have been swapped over to the neighboring subunit (not shown in this panel).
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sequences of the enzymes of the crotonase superfamily
are rather diverse [12,13], as is also evident from the
sequence alignment of the sequences of human ECI2
with the hexameric yeast ECI2 (22% sequence iden-
tity), the monomeric rat MFEL (19% sequence iden-
tity), the trimeric human ECI1 (17% sequence
identity), the hexameric rat ECH (23% sequence iden-
tity) and the hexameric rat DECI (21% sequence iden-
tity).

In ECIs [8,9,18] the catalytic residue is a glutamate,
which abstracts a proton from the substrate C2 atom,
generating a negatively charged enolate [19]. The nega-
tive charge of the thioester oxygen atom is stabilized
by the OAH [20,21]. Subsequently, the abstracted pro-
ton is transferred to the C4 atom, generating the 2E-
enoyl-CoA product (Fig. 1). From sequence (Fig. 3)
and structural alignments (Fig. 2), it can be inferred
that this glutamate in HSECI2 is Glu245, protruding
out of the flap region (end of loop-4, just before helix-
4) into the catalytic site, whereas the OAH is formed
by the peptide NH moieties of Asnl65 (loop-2) and
Ile214 (helix-3).

A peculiar property of mammalian ECI2 is the pres-
ence of the 80 residue long acyl-CoA binding (ACBP)
domain at its N terminus (Fig. 3A), which is con-
nected to the isomerase domain by a linker region.
This extra domain is not present in yeast ECI2. The
NMR structure of the ACBP domain of HsECI2 is
known (2CQU; Tsubota et al.; unpublished), having
the same four helical bundle fold as human liver
ACBP (2CB8) [22]. The four helices of the ACBP of
HsECI2 are labeled in Fig. 3A. This extra domain is
not present in yeast ECI2 and its function in mamma-
lian ECI2 is not clear. Such an extra lipid-molecule
binding domain of unknown function is also found in
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some other peroxisomal enzymes, such as in the mam-
malian sterol carrier protein type 2 (SCP2) thiolase
(having an extra SCP2 domain) [23] and in peroxi-
somal multifunctional enzyme type 2 (MFE2) (also
having an SCP2 domain) [24,25]. A common struc-
tural feature of every crotonase enzyme is helix-10.
This is the C-terminal helix, which is anchored at its
N terminus to the rest of the protein at the subunit—
subunit interface. Its C terminus covers the active site
and the CoA binding pocket and points into bulk sol-
vent, being disordered in many structures. A con-
served feature of helix-10 is the presence of one or
two basic residues, which interact with the phosphate
moieties of the substrate in enzyme-substrate com-
plexes [9,16,17].

It has been noted that the crotonase fold is fre-
quently used in nature to generate natural enzymes
covering a wide range of substrate and reaction
specificities, always using the OAH for its biocatalytic
properties [13,19]. This has recently been exploited for
the creation of non-natural enzymes [26-28] catalyzing
the formation of C-C bonds. The current study was
also undertaken to provide better understanding of
the functional importance of various modules, like
helix-10 and the ACBP domain, taking HSECI2 as the
reference molecule. Structural enzymological proper-
ties of HSECI2 were investigated by performing solu-
tion small angle X-ray scattering (SAXS), X-ray
crystallography, calorimetry and enzyme kinetics stud-
ies. The properties of the full-length construct
(FL-ECI2) have been compared with the properties of
a truncated variant lacking the ACBP domain (ISO-
ECI2) as well as with the ACBP domain itself (ACBP-
ECI2). In addition the properties of the truncated
enzyme derived from ISO-ECI2 in which helix-10 has

Fig. 3. (A) The structure based sequence alignment of isomerases and hydratases of the crotonase superfamily. The secondary structure
above the sequence refers to the human ISO-ECI2 structure as assigned by DSSP. The secondary structure of the ACBP domain concerns
its NMR structure (2CQU). The sequence numbering refers to the Uniprot sequence concerning HsECI2 (075521) and to the PDB entries of
S. cerevisae peroxisomal ECI2 (ScECI2, %), the crotonase domain of rat peroxisomal MFE1 (RnMFET, M), human mitochondrial
ECI1 (HsECI1, 1SG4), rat mitochondrial ECH (RnECH, 2DUB) and rat DECI (RnDECI, 1DCI). The fully conserved residues are labeled by an
asterisk. The residues forming the OAH are marked by a plus sign. The black dot (@), at Gly103, marks the first residue of the ISO-ECI2,
ISOA-ECI2 and ISOB-ECI2 variants, preceded by the purification tag. The C-terminal end of ISO-ECI2 and ISOA-ECI2 is marked with an
arrow (V). The catalytic residues are highlighted in purple. The residues highlighted in red form the hydrophobic cluster near the thioester
and adenine moiety of the substrate, as known from structures of complexes, fixing helix-10 with respect to loop-2 and loop-4. The
residues highlighted in green form the tunnel of the fatty acyl binding pocket. The basic residues of helix-10 known to interact in complexes
with the phosphate moieties of the ligand are colored in red. (B) The evolutionary relationships of the six sequences aligned in (A). The
percentages of replicate trees in which the associated taxa clustered together in the bootstrap test (10 000 replicates) are shown next to
the branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. (C) The modular structure of ECI2. The constructs used in these studies are visualized. Each of these constructs includes
a purification tag just before Gly103 for the ISO-ECI2, ISOA-ECI2 and ISOB-ECI2 constructs, and just before Met1 for FL-ECI2 and ACBP-
ECI2. E245 is the catalytic glutamate. V349 is the mutated residue (V349A) of ISOA-ECI2.
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Fig. 4. The CD melting curves showing the calculated percentages of unfolded protein as a function of temperature. The calculated T,
values are 57.0 + 1.4 °C for FL-ECI2 (cyan), 55.4 &+ 0.1 °C for ISO-ECI2 (green), 51.4 &+ 0.1 °C for ACBP-ECI2 (red), 48.9 + 0.2 °C for

ISOA-ECI2 (purple) and 47.0 + 0.3 °C for ISOB-ECI2 (light blue).

been mutated, either by a point mutation V349A
(ISOA-ECI2) or by deleting the C-terminal residues
350-355 (ISOB-ECI2), were studied. The precise con-
structs that have been used are visualized in Fig. 3C.
Crystal structures of the truncated enzyme and its two
helix-10 variants show the active site geometry of
HsECI2 as well as the structural effects of mutations
in helix-10.

Results and discussion

The purified FL-ECI2 and ISO-ECI2 behave as tri-
mers in solution as shown by static light scattering
(SLS), having molecular masses of 133.5 and 89 kDa,
respectively. Using circular dichroism (CD) spectros-
copy it was found that these constructs, as well as the
ACBP-ECI2 variant, are properly folded proteins. Sta-
bility studies have been done with FL-ECI2, ISO-ECI2
and ACBP-ECI2 by measuring the CD melting curves
as a function of temperature (Fig. 4). These data show
that ISO-ECI2 is a stable protein (melting temperature
Twm =554 °C), being somewhat less stable than
FL-ECI2 (T,, = 57.0 °C), whereas the T, of ACBP-
ECI2 is 51.4 °C. Enzyme kinetics measurements show
that ISO-ECI2 can isomerize 3E-hexenoyl-CoA and
3E-decenoyl-CoA to the corresponding 2E-acyl-CoA
molecules (Table 1). The Michaelis—Menten enzyme
kinetics parameters show that the ISO-ECI2 construct
is less active than the wild-type FL-ECI2 enzyme. For

FEBS Journal 282 (2015) 746-768 © 2014 FEBS

Table 1. The Michaelis-Menten parameters of FL-ECI2 and ISO-
ECI2. The standard deviations are based on three independent
experiments.

Enzyme: substrate K (pn) keat (871 keat/Kin (s7'm™T)
FL-ECI2
3E-hexenoyl-CoA 13856 + 487 202 +36 1.5 x 10°
3E-decenoyl-CoA  83.4 + 246 56.3+9.3 6.7 x 10°
ISO-ECI2
3E-hexenoyl-CoA 446.0 + 11.2 116 £5.0 0.3 x 10°
3E-decenoyl-CoA  31.0 + 4.3 75+ 03 24 x 10°

example the k., for the 3E-decenoyl-CoA substrate is
56s7' for FL-ECI2 and 7.5s ' for ISO-ECI2,
whereas the K, value changes somewhat, from 83 to
31 pum. The variation of the kinetic properties of FL-
ECI2 from short-chain to long-chain substrates shows
the same trend as observed for the rat ECI2 [6]: the
kear values increase and the K, values decrease
for longer chain substrates. The differences of the
FL-ECI2 and ISO-ECI2 Michaelis—Menten parameters
indicate that the presence of the ACBP domain influ-
ences the enzyme kinetics properties. Indeed, calori-
metric affinity data using the saturated decanoyl-CoA
(substrate analogue) and 3E-decenoyl-CoA (substrate)
as ligand with the ACBP-ECI2 construct indicate that
the ACBP domain has high affinity for both of these
ligands, with a Ky of 1.5 um for the saturated deca-
noyl-CoA (substrate analogue) (Table 2) and 5 pum for
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Table 2. The calorimetric data as obtained from the ITC experiments. The error estimates, difference from the mean, are based on two

independent experiments. NB indicates no binding detected.

Enzyme Substrate analogues K, x 10° (M™") Ky (um) —TAS (kcal-mol™")  AH (kcal-mol™") N (number of sites) AG (kcal-mol™")
FL-ECI2 Octanoyl-CoA 1.92 + 0.84 5.21 —-4.60 + 0.10 —2.54 +£0.38 2.19 £ 0.00 -7.14
Decanoyl-CoA 7.10 +£ 1.90 142 -3.61 £+ 1.10 —4.36 £ 0.86 2.03 + 0.01 -7.97
Lauroyl-CoA 27.45 4+ 2.01 0.36 —-4.32 +0.20 —-453 +£0.17 2.02 £ 0.03 —8.85
Myristoyl-CoA 2.13 £ 0.95 469 —-4.23 +0.40 —-2.96 £ 0.09 3.87 £ 0.09 -7.19
ISO-ECI2 Octanoyl-CoA 0.032 £+ 0.01 313.00 1.11 £ 0.22 -5.62 +£0.62 1.05 + 0.05 —4.51
Decanoyl-CoA 0.27 £ 0.16 37.04 —-1.17 £ 0.66 —4.74 £ 0.91 1.33 &£ 0.09 —-5.91
Lauroyl-CoA 0.82 + 0.23 1220 -1.36 + 0.24 —-5.32 £ 040 135+ 0.29 —6.68
Myristoyl-CoA 0.65 £+ 0.25 15.39 —-2.40 + 0.43 —-4.12 £ 0.67 1.69 £ 0.59 —6.52
ACBP-ECI2  Octanoyl-CoA 1.90 &+ 0.86 526 —4.63 + 0.38 —-251 +£066 1.14 £ 0.03 -7.14
Decanoyl-CoA 6.57 £ 0.11 1.52 —-4.78 + 0.49 -3.15+£ 048 0.84 +£0.16 —-7.93
Lauroyl-CoA 38.35 + 11.25 0.26 —-4.34 + 0.97 -462 £ 115 1.30 £ 0.28 —8.96
Myristoyl-CoA 38.55 + 0.35 0.26 —4.96 + 0.05 —4.02 £0.05 1.52 + 0.04 —-8.98
ISOA-ECI2  Octanoyl-CoA NB NB NB NB NB NB
Decanoyl-CoA 0.40 + 0.07 25.00 1.83 +£ 0.03 —-8.06 £ 0.08 1.23 + 0.00 —-6.23
Lauroyl-CoA 0.94 + 0.04 10.60 3.34 + 0.09 —-10.11 + 0.14 1.14 + 0.04 —-6.77
ISOB-ECI2  Octanoyl-CoA NB NB NB NB NB NB
Decanoyl-CoA 0.99 + 0.01 10.10 7.7 £ 0.39 —-14.51 +£0.38 0.66 + 0.10 —6.81
Lauroyl-CoA 1.81 &+ 0.05 5.50 483 + 0.18 —11.96 £+ 0.21 1.10 &+ 0.01 -7.13

the substrate 3E-decenoyl-CoA. These dissociation
constants are at least 10-fold lower than the K, values
measured for the 3E-decenoyl-CoA substrate with FL-
ECI2 (K, = 83.4 um) and ISO-ECI2 (K, = 31.0 um).
The calorimetric data also show that there is one bind-
ing site per ACBP molecule. Calorimetric experiments
with a range of substrate analogues with FL-ECI2
show that there are two binding sites per subunit, in
agreement with the binding of these ligands to both
the ACBP-ECI2 domain and the ISO-ECI2 domain.
The ACBP-ECI2 domain has much higher affinity
than the ISO-ECI2 domain for each of the tested satu-
rated acyl-CoA substrate analogues (Table 2). This is
true for ligands with fatty acyl tails of different
lengths, varying from octanoyl-CoA to myristoyl-CoA,
and it is most pronounced for ligands having the short
tail lengths of octanoyl-CoA and decanoyl-CoA. For
example the Ky values of ACBP-ECI2 and ISO-ECI2
for the saturated decanoyl-CoA substrate analogue are
1.5 and 37 pm, respectively.

The acyl-CoA binding sites of the ACBP and isom-
erase domains are rather different. Crystallographic
[22,29] and NMR [30] binding studies with ACBP have
revealed that the ACBP binding site is a groove, bind-
ing acyl-CoA in such a way that the adenine moiety is
stacked between a tyrosine and the fatty acyl tail,
which subsequently interacts with hydrophobic side
chains. In the spiral-like conformation the pantetheine
part is bulk solvent exposed, being modeled in the
NMR structure [30] but disordered in the crystal struc-
ture of the plasmodium ACBP complex [29]. To the
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crotonase fold, acyl-CoA is bound in the characteristic
bent conformation (Fig. 2). The differences in the
mode of binding of acyl-CoA to ACBP and the cro-
tonase domain indeed result in different thermody-
namic profiles of acyl-CoA binding to the ACBP-ECI2
domain and the ISO-ECI2 domain. The binding of
acyl-CoA to the ISO-ECI2 domain is mainly enthalpy
driven, whereas the binding to the ACBP-ECI2
domain is mainly entropy driven (Table 2).

Structure of full-length HsECI2 in solution

To gain an insight into the assembly of the full-length
HsECI2 enzyme, structural studies were carried out in
solution using X-ray scattering. Different modeling
approaches were taken, ranging from ab initio bead-
and chain-like models to hybrid modeling utilizing
known structures of the isomerase trimer and the
ACBP domain. In essence, all modeling approaches
gave the same overall results, with very good fits to
the raw X-ray scattering data.

The SAXS experiments show that both FL-ECI2
and ISO-ECI2 are trimers in solution (Table 3, Fig. 5).
The theoretical scattering curve from the ISO-ECI2
crystal structure fits the corresponding SAXS data
well, validating the trimeric conformation observed in
the crystal structure. On the other hand, as expected,
the ACBP domain is a monomer (Table 3, Fig. 5); the
slight misfit between the SAXS data and the crystal
structure (Fig. 5A) relates to the fact that our ACBP
construct is significantly longer, having an extra 27 res-
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Table 3. SAXS analysis of the HsECI2 constructs. /(0) and Ry were determined for FL-ECI2 from 4 to 12 samples in the absence and
presence of ligand, respectively. The molecular mass (MM) was calculated from the estimated Porod volume based on the partial specific
volume of 0.7425 cm?®.g™" [55]. The chi values for fitting the crystal structures to the raw SAXS data are from crysoL.

MM based on Porod

Monomer MM from MM based on volume (kDa), ratio to  Fit of structural model
Sample sequence (kDa) /(0) (kDa) Ry (A Drnax (A MM from sequence to SAXS data (chi)
FL-ECI2 (no ligand) 41.3 93 +£9 448 £ 1.2 160 130, 3.1 0.89 (BuncH), 0.84 (coRraL),
1.5 (6AsBOR), 0.97 (DAMMIF)
FL-ECI2 (ligand) 41.3 106 + 12 445+ 2.1 - — -
ISO-ECI2 31.0 93 32.3 120 100, 3.2 1.3 (GASBOR)
ACBP-ECI2 11.6 17 19.2 80 12, 1.0 1.0 (GAsSBOR)
ISO-ECI2 crystal — — 27 90 - 1.3
structure (this study)
ACBP crystal — — 13.6 46.2 - 1.8

structure (2FJ9)

idue long purification tag, which is predicted to be dis-
ordered. The positions of the ACBP domains in the
full-length enzyme are such that the ACBP domains
do not physically interact with each other. The ACBP
domains extend away from the ISO-ECI2 core and lie
in the same plane as the flattened isomerase domain
trimer, at the corners of a triangle (Fig. 5C & E).
Thus, the full-length enzyme is a highly flattened tri-
mer in solution. Apparently, the ACBP domain adopts
a well defined position with respect to the core trimer;
whether it has additional flexibility or motility cannot
be assessed with the current data. In the FL-ECI2
model, the binding pockets of the ACBP and ISO-
ECI2 domains of the same polypeptide chain are fac-
ing each other, being separated by 40 A, as measured
between the N3 atoms of the adenine moieties of the
superimposed models (Fig. 5G). The SAXS data for
the apo and complexed forms of FL-ECI2 show that
the shape of FL-ECI2 with and without ligand is the
same, as the scattering curves have identical shapes
(Table 3, Fig. 5F). Thus, there are no large-scale con-

formational changes in HSECI2 related to acyl-CoA
ligand binding.

The enzymological comparison of FL-ECI2 and
ISO-ECI2 suggests an in vivo function for the ACBP
domain; the ACBP domain of FL-ECI2 makes the
enzyme more proficient compared to ISO-ECI2, espe-
cially for short-chain fatty acyl-CoA substrates. For
example, for the 3E-hexenoyl-CoA substrate, the k.,/
K., value changes from 1.5 x 10° M 's™' for FL-
ECI2 to 0.3 x 10° M 's™' for ISO-ECI2 (Table 1). It
is not clear from the FL-ECI2 SAXS model how the
presence of the ACBP domain enhances catalytic profi-
ciency, as conformational changes induced by ligand
binding were not detected. The large distance
(Fig. 5G) between the binding pockets of the ACBP
and isomerase domains in the same subunit indicates
that the fatty acyl moiety cannot reach its binding site
in the isomerase domain, while the adenine part is still
bound to ACBP. It is possible that the ACBP domain
initially captures the substrate and subsequently
delivers it via a transient movement towards the active

Fig. 5. SAXS analysis of HsECI2. (A) SAXS scattering data for ISO-ECI2 (left), FL-ECI2 (middle) and ACBP-ECI2 (right). The shown fits (from
left to right) represent the ISO-ECI2 crystal structure from this study, the BuncH hybrid model of FL-ECI2 (see E) and the crystal structure of
human ACBP (2FJ9). The inset in the right graph shows a superposition of a cassor ab initio chain-like model of ACBP-ECI2 (gray) and the
ACBP crystal structure (2FJ9; green). The Guinier plots below each scattering curve indicate good linear fitting for all samples. (B) The
ab initio caseor model of ISO-ECI2 (gray) superimposed with the crystal structure of ISO-ECI2. (C) The cassor model of FL-ECI2 (gray) with
the superimposed crystal structure of the ISO-ECI2 trimer in the middle surrounded by three ACBP molecules (1ACA). The latter model is
based on the BuncH model of (E) but the ACBP-ECI2 part was replaced by the coordinates of the NMR structure of bovine ACBP (1ACA)
complexed with palmitoyl-CoA (shown in orange). (D) Distance distribution functions for FL-ECI2 (black), ISO-ECI2 (red) and ACBP-ECI2
(blue). (E) Hybrid model of FL-ECI2 made using suncH. ACBP and isomerase domains are green and cyan, respectively. The linker regions
(Pro85-Glu105) and N and C termini are shown in magenta. (F) SAXS data for unliganded (topmost curve) and three liganded samples of FL-
ECI2 (top to bottom: octanoyl-CoA, decanoyl-CoA, lauroyl-CoA). (G) Zoomed-in view of the FL-ECI2 model showing the acyl-CoA binding
sites of the isomerase and ACBP domains. The model is the same as shown in (C) except that the dummy atom BuncH model of the linker
region is also shown. The acyl-CoA product, 3S-hydroxydecanoyl-CoA, modeled in the isomerase domain is from the superimposed
structure of MFE1 hydratase (3ZWC). The red arrow marks the N terminus of the catalytic helix, helix-3.
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site of ISO-ECI2. Alternatively, this transfer of sub-
strate can happen by diffusion over the surface from
the ACBP binding site to the isomerase binding site,
or by a combination of these two possibilities. Diffu-
sion through bulk solvent would require an additional
solvation and desolvation step. In any case, the rate-
limiting step in the complete isomerase reaction cycle
is unknown, and the function of the ACBP domain
could also be related to product release.

The ISO-ECI2 crystal structure

The ISO-ECI2 crystals were grown at pH 6.5 in the
presence of 1 M ammonium sulfate (Table 4). The
crystal structure of ISO-ECI2, refined at 2.6 A resolu-
tion (Table 5), reveals its trimeric structure (Fig. 6A).
Although the crystals were grown in the presence of
0.5 mm decanoyl-CoA, the ligand is not present in any
of the three active sites. Numerous additional co-crys-
tallization and crystal soaking experiments with vari-
ous acyl-CoA ligands did not result in crystals of the
corresponding ligand ISO-ECI2 complexes. The most
flexible region is loop-2. It is best defined and com-
pletely built in subunit A, but poorly ordered in sub-
unit B in which residues Phel70-Thr171-Asp172-Ile173
could not be built. In subunit C also a complete trace
of loop-2 could be modeled adopting a similar confor-
mation as in subunit A. The side chains of Phel70 and
Leul67 of loop-2 point towards the side chain of
Val349 of helix-10. In subunit A, a glycerol molecule
is bound in the active site, being hydrogen bonded to

Structural enzymological studies of human ECI2

N(Asn165) and N(Ile214), which are the OAH forming
NH groups, while a chloride ion is bound in each of
the three subunits (Fig. 6A).

Extensive structural comparisons were done with the
liganded structures of MFEl, ECH and ECII1. The
active site loops, loop-1, the beginning of loop-2, loop-
3 and the beginning of loop-4, adopt the same confor-
mations as is known from yeast ECI2, MFEI and
ECH (Figs 6 and 7). The catalytic glutamate points
from the flap region of loop-4 into the active site. The
structures of MFE1, complexed with 3S-hydroxydeca-
noyl-CoA (3ZWC), and ECH, complexed with octa-
noyl-CoA (2DUB), define the importance of loop-1
and loop-2 for the mode of binding of the 3’-phos-
phate-adenosine part of the CoA moiety. The adenine
moiety of acyl-CoA is bound in a bulk solvent exposed
binding pocket, shaped by B-strand Bl/loop-1 and B-
strand B2/loop-2 (Fig. 6). The loop-1 residues involved
in this binding pocket are Ala57-Leu58-Asn59-Ala60 in
ECH and Pro20-Val21-Asn22-Ala23 in MFEI. The
corresponding residues in ISO-ECI2 are Lysl25-
Lys126-Asn127-Alal28. The loop-2 residues of this
binding pocket are Ala96-Gly97-Ala98-Asp99-11e100 in
ECH, Ala59-Gly60-Ala61-Asp62-1le63 in MFE1 and
Ser163-Gly164-Asn165-Asp166-Leul67 in ISO-ECI2
(Fig. 3). Each of these loops has highly conserved fea-
tures such as an asparagine in loop-1 (Asnl27 in
HsECI2) and an aspartate in loop-2 (Asp166). The side
chains of these conserved residues stabilize the local
conformation by being hydrogen bonded to main chain
atoms of the respective turns. These two conserved

Table 4. The buffers used for the purification and crystallization experiments. The size-exclusion buffer is also the protein storage buffer.

Purification buffers

Crystallization buffers

Affinity chromatography Well solution
Variants Lysis buffer buffer Size-exclusion buffer  buffer Cryo buffer
ISO-ECI2 50 mm HEPES pH 7.5 30 mm HEPES pH 7.5 30 mm HEPES pH 7.5 100 mm MES pH 6.5 100 mm MES pH 6.5
300 mm NaCl 150 mm NaCl 100 mm NaCl 1 M (NH4)»SO,4 1 M (NH4)»SO,4
30 mm imidazole (wash)/ 0.2 mm decanoyl-CoA
500 mm imidazole (elution) 20% glycerol
ISOA-ECI2 50 mm HEPES pH 7.5 30 mm HEPES pH 7.5 30 mm HEPES pH 7.5 100 mm HEPES pH 7.5 100 mm HEPES pH 7.5
300 mm NaCl 150 mm NaCl 100 mm NaCl 10% PEG 6000 10% PEG 6000
30 mm imidazole (wash)/ 5% MPD 5% MPD
500 mm imidazole (elution) 0.2 mm lauroyl-CoA
20% glycerol
ISOB-ECI2 50 mm Tris/HCIpH 7.5 30 mm Tris/HCI pH 7.5 30 mm HEPES pH 7.5 80 mm sodium 80 mm sodium
300 mm NaCl 300 mm NaCl 300 mm NaCl cacodylate pH 6.5 cacodylate pH 6.5
1T mm 1 mm B-mercaptoethanol 14.4% PEG 8000 14.4% PEG 8000

B-mercaptoethanol
10% glycerol

10% glycerol
30 mm imidazole (wash)/
250 mm imidazole (elution)

160 mm calcium
acetate
20% glycerol

160 mm calcium
acetate

MPD: 2-Methyl-2, 4-pentanediol.

FEBS Journal 282 (2015) 746-768 © 2014 FEBS

755



Structural enzymological studies of human ECI2

G. U. Onwukwe et al.

Table 5. The crystallographic statistics of data collection and structure refinement. The Ramachandran values are as calculated by

MOLPROBITY [49].

ISO-ECI2 ISOA-ECI2 ISOB-ECI2
Processing software XDS XDS XDS
Scaling and merging AIMLESS AIMLESS XDS
Beamline D29 (ESRF) ID29 (ESRF) 103 (DLS)
Wavelength (A) 0.976 0.976 0.976
Spacegroup P2,2:2, P2:2,2, P2:2:24
Unit cell parameters (A) 76.43, 91.92, 130.37 47.61, 123.69, 128.93 74.44, 95.34, 129.97
Number of subunits per a.u 3 3 3
Resolution range (A2 49.6-2.64 (2.73-2.64) 47.61-1.88 (1.95-1.88) 34.85-2.85 (3-2.85)
Completeness (%) 98.4 (87.3) 99.5 (96.8) 99.6 (97.6)
{Is) 11.5 (1.4) 12.0 (1.5) 9.9 (2.8
Roim (%) 4.4 (53.0) 5.4 (57.6) 6.7 (32.7)°
Number of unique reflections 27 223 (2323) 62 659 (5888) 22 266 (3146)
Multiplicity 7.9 (5.8) 7.2 (7.0) 5.7 (5.5)
Matthews coefficient (A%/Da) 2.5 2.1 2.6
Solvent content (%) 50.8 40.8 52.3
Wilson B-factor (A%) 82.1 315 498
Refinement statistics
Resolution (A) 49.6-2.64 47.6-1.88 34.9-2.85
Ruwork (%) 19.43 18.39 17.63
Riree (%) 26.22 23.44 23.30
Number of reflections (Ruork) 25 794 59 362 21 084
Number of reflections (Ree) 1365 3172 1113
Number of atoms 5773 6072 5746
Number of waters 21 273 37
Number of ligand molecules
Glycerol 1 - -
(o 3 3 3
Ethylene glycol - 1 -
Geometry statistics
rmsd, bonds (A) 0.013 0.016 0.011
rmsd, angles (°) 1.5 1.7 1.4
Average B-factor (A?)
Protein atoms 80.4 38.5 52.1
Waters 59.0 41.3 36.1
Glycerol 93.8 - -
CI~ 102.9 81.4 82.7
Ethylene glycol - 48.0 -
Ramachandran plot (%)
Favored 95.0 96.6 95.3
Allowed 99.0 99.6 99.2
Outliers 1.0 0.4 0.8
PDB ID 418 419 4U1A

2 Values in parentheses are for the high resolution shells. ® Calculated with AnMLEss [44].

turns are hydrogen bonded to each other via O(Gly60,
loop-2) to N(Val24, loop-1) in MFE1 (3ZWC) and via
O(Gly164, loop-2) to N(Ile129, loop-1) in HSECI2
(Fig. 6). In MFEI1, the peptide NH group of the O
(Gly60)-N(Ala61) peptide bond is one of the OAH
hydrogen bond donors. The adenine is wedged between
Ala60 and Ilel00 in ECH and Ala23 and Ile63 in
MFEl (Fig. 6B). The corresponding residues in
ISO-ECI2 are Alal28 and Leul67. The adenine-NH2
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moiety is hydrogen bonded to O(Ala96) and O(Ala98)
of loop-2 in ECH. These residues are Ala61 and Ala63
in MFE1 and Ser163 and Asnl165 in HsECI2 (Fig. 6).
The catalytic site, near the thioester moiety, is deeply
buried at the N-terminal end of helix-3, as known from
the mode of ligand binding to rat ECH [17] and MFEI
[16] (Fig. 2), having the fatty acyl tail buried in a
tunnel lined by loop-2 residues and extending from the
catalytic site to the bulk solvent.

FEBS Journal 282 (2015) 746-768 © 2014 FEBS
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The active site geometry of ISO-ECI2

Glu245, the catalytic base, is well defined by its elec-
tron density. It adopts an unusual side chain confor-
mation and it is hydrogen bonded to its own main
chain, N(Glu245), and to OGI1(Thr217) via its OE1
(Glu245) carboxylate oxygen (Fig. 6), whereas OE2
(Glu245) points to the -catalytic cavity and is
surrounded by the side chains of four hydrophobic
residues: Leul89 (loop-2), Ile214 (helix-3), Phe237
(loop-4) and Leu335 (helix-9). Also in yeast ECI2 the
catalytic glutamate Glul58 is hydrogen bonded to a
side chain, Asnl01 [11]. In the structure of ECI1 the
flap region of loop-4 (residues Glu245-Gly246-Gly247-
Cys248 in HsECI2) adopts a different conformation
and in this subfamily of ECIs (Fig. 3B) the catalytic
base Glul36 protrudes into the catalytic site out of a
different position of loop-4 (Fig. 3) [8,9]. This position
is the same as that of the catalytic glutamate Glul64
in the ECH structure (Fig. 3A), which is also proposed
to exchange a proton with the C2 atom [31]. In the
latter structure there are actually two glutamates. The
second glutamate (Glul44) protrudes out of helix-3
and these two glutamates (Glul44 and Glul64) are
both hydrogen bonded to the same catalytic water,
which thereby becomes activated for nucleophilic
attack to the double bond of the enoyl-CoA substrate,
to achieve the chirally specific hydration of the double
bond [32]. These two glutamates, protruding out of
helix-3 and loop-4, are also present in MFEI, being
Glul03 and Glul23 [16]. MFELI is an efficient hydra-
tase, which appears to be its main physiological func-
tion. The proposed MFEl enoyl-CoA isomerase
reaction mechanism, dependent on the catalytic water
[16], is different from the reaction mechanisms of
ECII1 [9] and ECI2 [18].

A comparison of the structures of ISO-ECI2 with
MFEl1 (3ZWC) and ECH (2DUB) suggests that the

G. U. Onwukwe et al.

binding pocket for the tail will be shaped by loop-2.
Indeed, in the ISO-ECI2 crystal structure a tunnel is
present between the catalytic site and the bulk solvent,
in each of the three subunits, allowing for fatty acyl
tails of different chain lengths to bind (Fig. 6). This is
in good agreement with the kinetic data for rat ECI2
[6] and the calorimetric data for HSECI2 (Table 2),
showing that this ECI2 can use as substrate fatty acyl-
CoAs with a broad range of fatty acyl chain lengths.
Also in ECI1 the fatty acyl tail is bound in a tunnel,
but in this subfamily the tunnel is shaped by loop-4
(Fig. 2). Figure 6 visualizes the ISO-ECI2 tunnel
shaped by loop-2, in particular the side chains of resi-
dues Asnl65, Asnl69, Asnl84, Leul88 and Leul89.
Also contributing to this tunnel are the side chains of
residues Thr131 and Tyr134 of loop-1, Ile214 of helix-
3 and Trp340 of helix-9. Hydrophobic side chains such
as Leul88 and Leul89 as well as polar side chains
such as Tyrl134 and Asnl65 contribute to the tunnel.
Also a water and a chloride ion are bound inside the
tunnel (Fig. 6). The water is hydrogen bonded to
Glu245 and the chloride ion contacts at a distance of
about 5 A this water and the side chains of Tyrl34,
Asnl65, Asnl85, Leul88, Leul89 and Trp340. Chlo-
ride ions were present in the crystallization buffer at a
concentration of 100 mm. The rim of the tunnel is
shaped by the side chains of Thr131, Asn169, Lys181,
Asnl85 and Leul88. The Ilength of the tunnel
measured from OE2(Glu245) to OG1(Thr131) is about
14 A, which corresponds approximately to the length
of an extended acyl tail of 12 carbon atoms.

Helix-10

The active site is covered by helix-10, which is the
C-terminal helix (Fig. 2). The function of helix-10 in
the crotonase superfamily has not yet been studied. It

Fig. 6. (A) The stereo view of the ISO-ECI2 trimer. The C-terminal helix-10 is in dark blue and the loop-2 is in green. The N terminus and
the C terminus of each of the subunits are labeled with N and C, respectively. In stick model is shown the glycerol as bound to the active
site of the A subunit. Chloride ions in each subunit are shown in yellow. (B) The structural comparison of the loops involved in binding and
catalysis of ISO-ECI2 (brown) and the hydratase domain of MFE1 (3ZWC, light blue) (similar view as in Fig. 2, rotated somewhat about the
horizontal direction). In ISO-ECI2 it concerns loop-1 (Lys125-1le129), loop-2 (Ser163-Leu167), loop-3 (Pro210-Thr217) and loop-4 (Phe233-
Ser248). In the ISO-ECI2 structure the active site glycerol is also shown, as a stick model. The mode of binding of the 3S-hydroxydecanoyl-
CoA to the MFE1T hydratase active site shows that the adenine ring is wedged between Ala23 (loop-1) and 1le63 (loop-2). Black dotted lines
mark the hydrogen bonds between the adenine amino group and O(Ala59) and O(Ala61) (loop-2). Also highlighted by black dotted lines are
the hydrogen bonds between the thioester oxygen atom of 3S-hydroxydecanoyl-CoA and N(Ala61) (loop-2) and N(Gly100) (loop-3) and the
hydrogen bond between loop-1 and loop-2 (Val24-Gly60) in the MFE1 complex. The hydrogen bonds anchoring the side chain of the catalytic
Glu245 of ISO-ECI2 are shown by red dotted lines. In red is also shown Lys126 of loop-1 of ISO-ECI2 predicted to be important for
substrate binding. (C) The tunnel of ISO-ECI2 which is predicted to bind the acyl moiety (subunit A, similar view to Fig. 2, stereo). The
superimposed 3S-hydroxydecanoyl-CoA product of MFE1 hydratase (3ZWC) is shown as stick representation. The tunnel is formed by loop-
2, loop-1, helix-3 and helix-9. The rim of the tunnel is formed by the side chains Thr131 (loop-1), Asn169 (loop-2), Lys181 (loop-2), Asn185
(loop-2), Leu188 (loop-2) (all shown as black sticks). Also visualized is the chloride ion bound in this tunnel (orange dot).
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appears to be involved in ligand binding interactions
as at least one basic residue protruding out of helix-10
interacts with the phosphate moieties of the acyl-CoA
substrate in the corresponding structures of these com-
plexes. The presence of basic residues in helix-10 is
seen in each of the sequences listed in Fig. 3. In addi-
tion, from the sequence (Fig. 3) and structural com-
parisons it can be noted that a second conserved
feature of helix-10 concerns the presence of hydropho-
bic residues pointing inwards, towards a hydrophobic
cluster of residues that covers the binding pocket of
the ligand near the thioester moiety. In HsECI2 these
residues are Cys345, Val349 and Phe352 (Figs 3 and
7). Other residues that contribute to this cluster are
protruding out of loop-2 (Leul67 and Phel70) and
loop-4 (Leu240). In Fig. 7 the hydrophobic interac-
tions between helix-10 and loop-2 and loop-4 of ISO-
ECI2 are compared with the corresponding geometry
of the ECH and MFEI structures. In ECH the corre-
sponding residues are Arg272, Met276 and Phe279 of
helix-10, Ile100 and Met103 of loop-2 and Leul67 of
loop-4, and in MFEIl they are residues Ala264,
GIn268 and Phe271 (helix-10), Ile63 and Phe66 (loop-
2) and Leul26 (loop-4). It can be noted that Ile100 of
ECH also contributes to the binding pocket for the
adenine ring (Fig. 6). 1le100 is in van der Waals con-
tact with the sulfur atom of the thioester moiety, like
Phe66 in MFE1 (Fig. 7). The conserved leucine of
loop-4 also contacts the sulfur of the thioester moiety
in each of the liganded structures at a distance of
approximately 4.0 A. In HSECI2 Leul67 of loop-2
and Leu240 of loop-4 correspond to these hydropho-
bic residues of MFEI and ECH.

The crystal structures of ISOA-ECI2 and ISOB-
ECI2

The importance of Val349 and that of helix-10 for
catalysis was investigated by the characterization of
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the V349A point mutation variant (ISOA-ECI2)
and the helix-10 deletion variant (ISOB-ECI2), in
which the C-terminal residues 350-355 were deleted
(Fig. 3). These variants have somewhat lower stability
than the wild-type ISO-ECI2 trimer (Fig. 4), but crys-
tallization experiments with both variants yielded well-
diffracting crystals.

The affinity of the two variants for acyl-CoA mole-
cules with a saturated chain is somewhat higher com-
pared to wild-type ISO-ECI2. For example, the K4 of
decanoyl-CoA for ISO-ECI2, ISOA-ECI2 and ISOB-
ECI2 is 37, 25 and 10 pm, respectively, as measured by
calorimetry (Table 2). The enthalpy of binding of these
substrate analogues to ISOA-ECI2 and ISOB-ECI2 is
much higher than for binding to ISO-ECI2. For
the ISOA-ECI2 variant, catalytic activity could be
detected. In the presence of 100 um 3E-hexenoyl-CoA
and 3E-decenoyl-CoA, the activities are 2.5 and 9.2
pumol-min~"-mg~", respectively, whereas for ISO-ECI2
these activities are 4.5 and 18.7 pmol-min~'-mg~".
For the helix-10 deletion mutant ISOB-ECI2, no cata-
Iytic activity could be detected with the 3E-hexenoyl-
CoA and 3E-decenoyl-CoA substrates. Clearly, the
C-terminal end of helix-10 is required for efficient
catalysis.

The crystal structures of ISOA-ECI2 and ISOB-
ECI2 were determined (Tables 4 and 5). In each struc-
ture, the asymmetric unit consists of a trimer, as in the
wild-type crystals. Clearly, the mutation does not
affect the trimerization of the subunits.

In ISOA-ECI2 helix-10 is disordered after the
V349A residue in subunits A and C, but in subunit B
it could be built up to residue Arg355, which is the C-
terminal residue. This is a consequence of crystal pack-
ing, as the C-terminal part of helix-10 is stabilized by
a neighboring molecule. Loop-2 of the ISOA-ECI2 is
only well defined in subunit A, whereas the Phel70-
Thr171-Asp172-1le173 residues of subunits B and C
were not modeled. In wild-type ISO-ECI2 the Leul67

Fig. 7. The hydrophobic cluster which anchors helix-10 to loop-2 and loop-4 of human ISO-ECI2 (light brown, subunit A) aligned with (A) the
hydratase domain of MFE1 with bound 3S-hydroxydecanoyl-CoA (3ZWC, light blue) and (B) ECH with bound octanoyl-CoA (2DUB, light
blue). The following side chains of the ISO-ECI2 crystal structure are shown: Leu167 and Phe170 of loop-2, Leu240 of loop-4, and Cys345
and Val349 of helix-10 (Phe352 of helix-10 is not ordered in this subunit). The glycerol molecule in the active site of ISO-ECI2 and the
chloride ion in the hydrophobic tunnel are also shown as light brown sticks and yellow sphere, respectively. Also shown in each of the
panels is the loop-4 catalytic glutamate, being Glu245 in ECI2-ISO, Glu123 in MFE1 and Glu164 in ECH. In (A) the corresponding
hydrophobic residues of MFE1 are 11e63, Phe66, Leu126, Ala264, GIn268 and Phe271. In (B) the corresponding residues of ECH are 1le100,
Met103, Leu167, Arg272, Met276, Phe279. The van der Waals interactions between the sulfur atom of the acyl-CoA ligand and the side
chains of Phe66, Leu126 (in MFE1) and 1le100, Leu167 (in ECH) are highlighted by black dotted lines (the corresponding residues in ISO-
ECI2 are Leu167, Leu240 respectively). (C) Superposition of ISO-ECI2 (light brown) with ISOA-ECI2 (yellow) and ISOB-ECI2 (cyan),
highlighting the loop-2 changes of Phe170 (in ISOA-ECI2 and ISOB-ECI2) and Leu167 (in ISOB-ECI2). View obtained by rotating around the
horizontal direction with respect to (A) and (B); similar view as in Fig. 2. Key residues of loop-2, loop-4 and helix-10 are shown and labeled.
Also shown is the glycerol molecule bound in the OAH of ISO-ECI2 and the corresponding OAH waters in ISOA-ECI2 and ISOB-ECI2. The
catalytic glutamate (Glu245) and the chloride ion of each of the three structures are shown and labeled.
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and Phel70 side chains of loop-2 are in van der Waals
contact with the Val349 side chain, but in subunit A
of ISOA-ECI2 the Phel70 side chain points towards
the bulk solvent whereas the Leul67 conformation
does not change (Fig. 7). In ISOB-ECI2, helix-10 can
be built up to residue Thr346 in subunit C and up to
residue Cys345 in subunits A and B. Loop-2 adopts a
defined and similar conformation in each of the three
subunits. It is best defined in subunit C. The Phel70
side chain points further inwards and Leul67 points
further outwards, compared to the wild-type enzyme.
Although the mutational differences of ISOA-ECI2
and ISOB-ECI2 concern the helix-10 sequence, there
are no structural changes in this helix. There are also
no structural changes at the catalytic site, near
Glu245, or in the fatty acyl tail binding tunnel, where
the chloride ion binding site is also preserved in ISOA-
ECI2 and ISOB-ECI2 (Fig. 7). There are structural
differences in loop-2, however, in particular in ISOB-
ECI2 (Fig. 7). These structural differences correlate
with differences in catalytic properties, including the
lower specific activity of ISOA-ECI2 and no catalytic
activity of ISOB-ECI2, although calorimetric data for
both variants show that they still bind the longer satu-
rated substrate analogues tightly (Table 2). In ISOB-
ECI2, loop-2 becomes more rigid in each of the three
subunits and the Phel70 side chain points further
inward, towards the fatty acyl binding tunnel, and it is
in van der Waals contact with the chloride ion that is
bound in this tunnel. In this inward pointing position,
the Phel70 side chain would not block the tunnel,
allowing for binding of saturated substrate analogues
(as detected by calorimetry). In its new position, the
Phel70 side chain has moved into an empty space,
which in ISO-ECI2 connects the catalytic site to bulk
solvent. This somewhat narrow exit tunnel between
catalytic site and bulk solvent, defined by loop-2
(Phel70, Lys181, Asnl185), loop-4 (GIn242) and helix-9
(Trp340), is visualized in Fig. 8. The possible func-
tional role of this alternative exit tunnel for binding of
the fatty acyl tails is not clear. In any case, it identifies
an alternative exit path for binding the fatty acyl tail
(between helix-9 and helix-2), which is different from
the exit tunnel in ECI1 (between loop-4 and helix-9;
Fig. 2) and from the MFEI1 exit path (between helix-2
and loop-1/helix-1) (Figs 2 and 6). In ECH the exit
path for the fatty acyl tail is made by unfolding of
helix-2 [17]. Possibly more important for catalysis is
the movement of Leul67 of the hydrophobic cluster
away from the thioester moiety. This conserved hydro-
phobic cluster and the catalytic base are on opposite
sides of the thioester moiety: the cluster effectively
shields the reactive thioester moiety from bulk solvent
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(Figs 7 and 8). In the mutated variants the positions
of Leul67 (in ISOB-ECI2) and Phel70 (in ISOA-ECI2
and ISOB-ECI2) change (Fig. 8). In particular, in
ISOB-ECI2, being inactive, these structural changes
possibly affect the correct positioning of the thioester
moiety in its binding pocket. These results therefore
suggest that the function of this hydrophobic cluster
could be to fix the reactive thioester moiety rigidly in
its binding pocket. This tight binding then ensures that
the thioester oxygen binds correctly in its OAH allow-
ing for optimal stabilization of the enolate intermedi-
ate when it is formed in the catalytic cycle, facilitating
efficient catalysis.

Concluding remarks

Our SAXS data indicate that the ACBP domains are
placed at the periphery of the isomerase trimer,
extending the flat shape of the trimer (Fig. 5). Hence,
the full-length isomerase is a highly flattened trimer,
with all domains in the same plane. The structure
directly suggests that there is no cross-talk between the
ACBP domains from different chains. The ACBP
domains have high affinity towards saturated acyl-CoA
molecules (which are substrate analogues) for both
short- and long-chain acyl moieties, whereas for the
isomerase domain the affinity depends much more on
the length of the acyl moiety, being significantly lower
for short-chain acyl-CoA ligands (Table 2). For short/
medium-chain substrates, like 3E-hexenoyl-CoA and
3E-decenoyl-CoA, the k., /K, values of FL-ECI2 are
higher than those for ISO-ECI2 (Table 1), suggesting
that the ACBP domain is important for efficient metab-
olism of short/medium-chain 3E-enoyl-CoA substrates.
The HSECI2 crystal structures suggest that the fatty acyl
tails of the enoyl-CoA substrates bind in a tunnel
accommodating medium-chain as well as long-chain
fatty acyl tails. This tunnel extends from the catalytic
site to bulk solvent and is mainly shaped by residues of
loop-2 and loop-1. Structural comparisons show that
the OAH geometry is a strictly conserved feature of the
catalytic site of this group of enzymes, whereas the cata-
Iytic glutamate can protrude into the catalytic cavity
from different positions in loop-4. Also the fatty acyl
tail binding tunnel is shaped in various ways by the
loops following after the B-strands of sheet B. In several
structures of the subfamily of hydratases and isomerases
of the crotonase superfamily, the C-terminal part of
helix-10 is disordered, in particular in unliganded struc-
tures, but our mutagenesis studies clearly show the
importance of helix-10 for catalysis. These studies high-
light also the importance of loop-2. It remains intriguing
that ECI2 can isomerize both 3Z- and 3E-enoyl-CoA
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Fig. 8. Surface representation of the crystal structures of (A) ISO-ECI2 subunit A, (B) ISOA-ECI2 subunit A and (C) ISOB-ECI2 subunit C
showing the narrow exit tunnel from the catalytic site. The view is similar to Fig. 7. The residues lining this tunnel in ISO-ECI2, Phe170,
Lys181, Asn185 (of loop-2), GIn242 (loop-4) and Trp340 (loop-9), are labeled in (A). Also labeled in each of the panels are Leu167 and
Phe170 of loop-2. Catalytic glutamate (not labeled) is faintly visible behind GIn242. Each structure has the chloride ion bound to the wider
exit tunnel (not visible in the ISOB-ECI2 structure in C). A 3S-hydroxyacyl-CoA molecule, as bound to the MFE1 active site, is shown in each
panel. The tail of this molecule fits well into the wider exit tunnel of HsECI2.
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substrates. The presence of the main tunnel (defined by
loop-2 and loop-1) and the narrower exit tunnel (defined
by loop-2 and loop-4) in ISO-ECI2 might be relevant
for its substrate specificity. Further crystallographic
binding studies with ISO-ECI2, aimed at a better under-
standing of the role of loop-2 for substrate specificity,
have been initiated.

Materials and methods

Site-directed mutagenesis and protein
expression

For the expression of the FL-ECI2, ISO-ECI2 and ACBP-
ECI2 constructs, the plasmids Pet28a-FL-ECI2 (residues
Metl-Leu359), PNIC28-Bsa4-ISO-ECI2 (Gly103-Arg355)
and Pet28a-ACBP-ECI2 (Metl1-Ser89) were used, respec-
tively. The FL-ECI2 and ACBP-ECI2 plasmids (provided
by J. Knudsen) contained an N-terminal purification tag
with a thrombin cleavage site (MGSSHHHHHHSSGLV
PRGSHMASSQST)) before Metl (Fig. 3), while the ISO-
ECI2 plasmid (obtained from the Structural Genomics
Consortium (SGC), Oxford, UK) contained an N-terminal
(His)s-tag followed by a TEV protease cleavage site
(MHHHHHHSSGVDLGTENLYFQS). The ISO-ECI2
plasmid was also used as a template for mutagenesis to pre-
pare the helix-10 variants ISOA-ECI2 and ISOB-ECI2.
Mutagenesis was performed with the QuikChange site-
directed mutagenesis kit (Agilent Technologies, Santa
Clara, CA, USA) using the forward primers 5-CAGA
TGAATGCACAAATGCTGCAGTGAACTTCTTATCC-3
(ISOA-ECI2) and 5-CAGATGAATGCACAAATGCT
GTGTGACAGTAAAGGTGGATACGG-3 (ISOB-ECI2)
and the reverse primers 5-GGATAAGAAGTTCACTGC
AGCATTTGTGCATTCATCTG-3 (ISOA-ECI2) and 5'-
CCGTATCCACCTTTACTGTCACACAGCATTTGTGCA
TTCATCTG-3' (ISOB-ECI2) (the mutation sites are shown
in bold).

The FL-ECI2 and ACBP-ECI2 plasmids were trans-
formed into BL21(DE23) cells, whereas the ISO-ECI2, ISOA-
ECI2 and ISOB-ECI2 plasmids were transformed into BL21
(DE3)pLysS competent cells. The expression of recombinant
proteins was performed in 1 L M9ZB medium (1% N-Z case
plus® casein hydrolysate, 85 mm NaCl, 20 mm NH,CI,
20 mm NaH,PO,4, 1 mm MgSOy, 0.4% glucose) containing
30 pgmL™" kanamycin and 34 pg-mL~' chloramphenicol.
The culture was grown at 37 °C at 200 r.p.m. until an 4 600
of 0.6 was reached, and protein expression was initiated with
IPTG using a final concentration of 0.5 mm (for ISOA-ECI2
and ISOB-ECI2) or 1 mm (for FL-ECI2, ISO-ECI2 and
ACBP-ECI2). After an overnight expression at 18 °C, the
cells were collected using centrifugation and resuspended in
the lysis buffer (Table 4). At the end, the cell suspensions
were stored at —70 °C until further use.
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Protein purification

The same general purification strategy was adopted for all
constructs. The compositions of the purification buffers
used for the crystallization studies are shown in Table 4.
The cell pellet in lysis buffer was thawed and more lysis
buffer was added to give a final volume of 40 mL per 1 L
original culture. Lysis was enhanced by adding DNasel,
RNaseA, lysozyme and MgSO, to the thawed cell suspen-
sion to a final concentration of 20 pg-mL ™', 2 pgmL™",
100 pgmL~" and 1 mm, respectively. The mixture was
incubated at room temperature (40 min) under constant
stirring and subsequently the soluble fraction was harvested
by centrifugation (35 000 g, 1 h). The clear supernatant
was then passed through a Talon column equilibrated with
the lysis buffer. The recombinant enzymes bound to the
column were eluted with 250-500 mMm imidazole (Table 4).
The fractions containing the eluted protein were concen-
trated using either a 3 kDa (for ACBP-ECI2) or a 10 kDa
cut-off centrifugal filter (for the FL-ECI2, ISO-ECI2,
ISOA-ECI2, ISOB-ECI2). In the next step, the enzymes
were passed through the Hiload 16/60 Superdex 200 Prep
Grade gel filtration column using an Akta Purifier purifica-
tion unit (GE Healthcare, Uppsalla, Sweden). The fractions
containing the recombinant protein were pooled, concen-
trated and stored in small quantities at —70 °C in the gel
filtration buffer (Table 4). The enzyme concentration was
determined by UV absorption, using extinction coefficients
of 34 295, 19 940 and 15 470 M '.cm™' for FL-ECI2, ISO-
ECI2 (and helix-10 variants) and ACBP-ECI2, respectively.
The storage buffer for the FL-ECI2, ISO-ECI2 and ACBP-
ECI2 used for isothermal titration calorimetry (ITC) and
kinetic experiments was 30 mm Tris/HCI, pH 8.5.

Static light scattering (SLS)

The oligomeric state of FL-ECI2 and ISO-ECI2 in solution
was determined using SLS in the presence of 30 mMm potas-
sium phosphate buffer, pH 7.5. Approximately 50 pL of
purified protein (4 mg-mL~') was loaded onto a Super-
dex200 10/300 GL gel filtration column using an Akta Puri-
fier (GE Healthcare) and subsequently passed through a
Shodex refractive index detector (for measuring the protein
concentration) and a miniDAWN TREOS SLS instrument
(Wyatt, Santa Barbara, CA, USA). The results were ana-
lyzed with asTrRA 5.3 (Wyatt).

Circular dichroism (CD) and thermal denaturation

For CD measurements the protein was diluted to
30 pg'mL ™! using 30 mm potassium phosphate, pH 7.5.
The wavelength range used was 190-260 nm at a tempera-
ture of 20 °C. The cuvette path length was 0.1 cm. Thermal
denaturation was carried out from 20 to 90 °C using a tem-
perature ramp of 1 °C-min~'. The instrument used was the
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Applied Photophysics Chirascan™, Surrey, UK. For all
measurements, buffer spectra were subtracted to give the
enzyme spectrum. For data analysis the wavelength range
used was 200-240 nm. T,, values were calculated with GLo-
BAL3 (Applied Photophysics) by curve fitting calculations
using the spectral changes as a function of temperature. A
two-transition unfolding model for ECI2-FL was used (pre-
dicting the 7, value of the intermediate to be
54.3 £ 1.4 °C), whereas for ISO-ECI2, ACBP-ECI2,
ISOA-ECI2 and ISOB-ECI2 a one-transition unfolding
model was used.

Substrate synthesis

Acyl-CoA thioesters were prepared by the mixed anhydride
method [33] and purified on reverse phase silica gel (RP-18;
ICN Chemicals, Costa Mesa, CA, USA). The substrates
were verified by determining their masses using an ESI-
FTICR mass spectrometer (APEX II; Bruker, Bremen,
Germany).

Enzyme activity measurements

Enzyme activities were determined by monitoring the for-
mation of NADH spectrophotometrically at 340 nm in a
coupled assay. The measurements were done in 50 mm
Tris/HCl, pH 8.5, and the final assay mixture (0.5 mL)
was composed of 1 mm NADT', 25ng (FL-ECI2) or
50 ng (ISO-ECI2 and its variants) of enzyme and 5-
300 puMm substrate. In addition, 1.6 pg of Drosophila mela-
nogaster multifunctional enzyme type 2 (DmMFE2) was
used in the assays as a linker enzyme. This linker enzyme
was purified as previously described [34] with little modifi-
cation. The substrate concentration was determined by the
Ellman test [35]. The measurements were carried out with
the Jasco V-660 spectrophotometer (Jasco Inc., Easton,
PA, USA). In all experiments the reaction components
were allowed to equilibrate at room temperature for about
10 min before starting the reaction by adding the sub-
strate. NADH formation was monitored for 3 min by
observing the change in absorbance at 340 nm. The
extinction coefficient of 6220 m~'.cm™' was used for the
conversion calculations. All experiments were performed
at 25 °C and were done at least in duplicate. The data
were fitted to the Michaelis-Menten equation using GRAPH-
PAD PRISM software (GraphPad Software Inc., La Jolla,
CA, USA).

Isothermal titration calorimetry (ITC)

ITC experiments were done with protein solutions in 30 mm
Tris/HCI, pH 8.5. The saturated fatty acyl-CoA powder
(Sigma, Helsinki, Finland) was dissolved in the same buffer.
Ligand concentrations were determined using Ellman’s test.
Before each experiment the protein samples were degassed
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at 25 °C for 8-16 min using the ThermoVac instrument
(GE Healthcare). ITC experiments were performed with a
MicroCal ITC200 calorimeter (GE Healthcare). Tempera-
ture equilibration was carried out for 15-20 min before each
experiment. The sample cell was filled with 200 pL of the
enzyme (40-180 pum as calculated for the subunit or mono-
mer), the protein concentrations being dependent on the pro-
tein construct. A total of 38 pL of ligand solution (I1-
3.9 mMm) using 1 pL per injection into the sample cell was
used. The time between each injection was 120 s, with an ini-
tial delay of 60 s before the first injection. For titration of
ISO-ECI2 with octanoyl-CoA, two data files were combined
using the coNcAT software (MicroCal) since saturation could
not be reached with one measurement. All experiments were
carried out at 25 °C under constant stirring at 500 r.p.m.
Data analysis and curve fitting were carried out using ORIGIN
7.0 (MicroCal).

Small angle X-ray scattering

Synchrotron SAXS data were collected on beamline 1911-4
at MAX-Lab (Lund, Sweden) and beamline P12 at
PETRA I1I, EMBL/DESY (Hamburg, Germany). For FL-
ECI2 (2.2 mg-mL '), the SAXS data were measured in the
presence and absence of acyl-CoA ligands, including octa-
noyl-, decanoyl- and lauroyl-CoA at 50-200 um. SAXS
measurements were also carried out for ISO-ECI2
(4.1 mgmL™") and ACBP-ECI2 (5.7 mgmL™!) in the
absence of ligands. Exposure times were 2 min at 1911-4
A =091 A) and 20 x 50 ms at P12 (A =1.24 A). The
corresponding buffers (FL-ECI2, 30 mm Tris, pH 8.5; ISO-
ECI2 and ACBP-ECI2, 30 mm HEPES, pH 7.5, 100 mm
NaCl) were similarly measured, and buffer contribution
was subtracted from the protein data. For each sample a
50% dilution was also measured, and for all modeling runs
data merged from the two concentrations were used. The
exception was the full-length protein, which always aggre-
gated in the X-ray beam to some extent when it had been
diluted. Hence, only the highest concentration was used
for analyses of FL-ECI2, and no aggregation was evident
in linear Guinier plots.

Programs of the ATsas package [36] were used for data
processing and analysis. Distance distributions were calcu-
lated using GNom [37], and ab initio models were built using
DAMMIF [38] and GasBor [39]. Hybrid modeling employing
rigid body refinement and loop building for FL-ECI2 was
done with coraL [36] and BunNcH [40], respectively. The
model was created using 3-fold symmetry and the crystal
structure of ISO-ECI2 (2F6Q; SGC, Oxford, UK), repre-
sented the isomerase domain (corresponding to residues
Thr106-Asn347) and the NMR structure of the HsECI2
ACBP domain (2CQU, corresponding residues Ser4-Ser84).
Structure superpositions were done using supcomB [41].
Theoretical SAXS data for crystal structures were calcu-
lated with crysoL [42].
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Crystallization and data collection

Crystallization was performed using 96-well plates and the
sitting-drop vapor diffusion method. Crystallization drops
were prepared by the Mosquito crystallization robot (TTP
Labtec, Melbourn, UK) by mixing 0.5 pL. of the protein
solution with 0.5 pL well solution (Table 4). The plates
were incubated at room temperature and imaged using the
Formulatrix RI54 plate hotel. ISO-ECI2 (5.2 mgmL™!,
supplemented with 0.5 mm decanoyl-CoA in the protein
solution) crystallized in 100 mm MES pH 6.5, 1wm
(NH4),SOy, and the crystals grew to their maximum size in
6-10 days. ISOA-ECI2 (4.1 mg-mL~!, protein solution sup-
plemented with 0.5 mm lauroyl-CoA) and ISOB-ECI2
(3.5 mg-mL~") were crystallized and cryo-cooled in differ-
ent conditions but using the same protocol as described for
ISO-ECI2 (Table 4). Before data collection, the crystals
were briefly passed through the crystallization mother
liquor, supplemented with 20% glycerol and a ligand
(Table 4), and subsequently cryo-cooled in liquid nitrogen.
Data collection was carried out on the ID29 beam line at
ESRF (Grenoble, France) and on the beam line 103 of the
Diamond Light Source (DLS), Oxford, UK (Table 5). Data
processing was carried out using xps [43]. Scaling was car-
ried out using XSCALE [43] or AIMLESs [44] of the ccp4 suite
[45]. The data processing statistics are listed in Table 5.

Structure determination, model building and
refinement

The determination of the three structures was done by
molecular replacement using PHASER [46]. The structure of
the ISO-ECI2 construct (2F6Q), without ligands, was used
as the search model for all three structure determinations.
There are three subunits per asymmetric unit in each struc-
ture. Refinement was carried out using REFMACS [47] and
iterative cycles of model building were done using cooT
[48]. The REFMACS refinement was carried out using non-
crystallographic symmetry restraints. The refinement was
finalized when no significant peaks were found in the
F, — F. map. The models obtained have good refinement
statistics and geometry (Table 5).

Structure and sequence analysis

There is good electron density for most of the residues,
except for some residues of loop-2 which have high B-fac-
tors in most of the chains, in particular residues Phel70-
Thr171-Asp172-1le173. Also the residues at the N terminus
and C terminus in most chains are disordered. The Raman-
chandran plot calculated by moLrPrOBITY [49] shows few
outliers in the flexible loops. The only outlier, which is built
in well defined density, is Ser257, adopting ¢/ values of
approximately 75°/125° in each of the three chains of each
of the models.
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A complete trace was built for subunit A of the ISO-
ECI2 structure (from residue Glyl03; also present is
Met102 plus seven additional N-terminal tag residues); for
this subunit loop-2 is defined and it has the same confor-
mation as in subunit C. For subunit B the loop-2 resi-
dues Phel70-Vall78 of loop-2 could not be built. The C-
terminal residues are Val350 for each of the subunits. For
ISOA-ECI2, the trace of subunit B starts at Met102, the
C-terminal helix-10 is ordered and the V349A mutation is
clearly visible in the map. However, for this subunit loop-
2 residues Phel70-Thr171-Asp172-1le173 could not be
built due to its intrinsic disorder; these residues are only
well defined in subunit A. The C-terminal residues are
Ala349, Arg355 and Ala348 for, respectively, subunits A,
B and C. For the ISOB-ECI2 structure a complete trace
could be built for subunit C from Glyl103 to Thr346; also
Met102 was built plus five additional N-terminal tag resi-
dues. For ISOB-ECI2 loop-2 could be built for each of
the three subunits, having the same conformation; it is
best defined in subunit C. The C-terminal residues are
Cys345, Cys345 and Thr346 for respectively subunits A,
B and C.

The crystal structure ISO-ECI2 (2F6Q) which has been
used for the molecular replacement calculation is an unli-
ganded complex of the SeMet derivative of the ISO-ECI2
construct of HsECI2, crystallized in 0.1 m Tris, pH 8.5, in
the presence of 20% isopropanol. In this crystal structure
loop-2 is also a high B-factor loop except in subunit B for
which the loop-2 conformation was built in a similar con-
formation as in the ISO-ECI2 subunit A structure. Crystal
structures of rat peroxisomal MFE1 (3ZWC) [16], rat mito-
chondrial ECH (2DUB) [17], mitochondrial ECI1 of
human (1SG4) [9] and rat (1XX4) [8], rat mitochondrial
DECI (1IDCI) [50] and yeast (S. cerevisiae) peroxisomal
ECI2 (1PJH) [11] were also used in the comparison studies.
The structures of ACBP used for structural analysis were
the NMR structures of the bovine ACBP (1ACA) [30] com-
plexed with palmitoyl-CoA and the human ACBP-ECI2
domain (2CQU) as well as the crystal structures of human
(2CB8, complexed with myristoyl-CoA, and 2FJ9, unli-
ganded) [22] and Plasmodium falciparum ACBP, complexed
with myristoyl-CoA (1IHBK) [29]. The sequence alignment
of human ECI2 with homologous enzymes was performed
using cLUSTALW2 [51] on the EBI server (http://www.ebi.
ac.uk/Tools/msa/clustalw2/). The sequence alignment was
improved by structure superpositions carried out using the
ssM [52] tool in coot [48]. The secondary structure assign-
ment was carried out using Dssp [53] from the CMBI server
(http://www.cmbi.ru.nl/dssp.html). Evolutionary history
was inferred using the neighbor-joining method, using
MEGAS [54]. The evolutionary distances were computed
using the Poisson correction method and are in units of
number of amino acid substitutions per site. The figures of
the structures were prepared using pymoL (http://www.py
mol.org).
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