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Background: Escherichia coli b-hydroxydecanoyl thiol ester dehydrase
(dehydrase) is essential to the biosynthesis of unsaturated fatty acids, by
shunting a 10-carbon intermediate from the saturated fatty acid pathway into the
unsaturated fatty acid pathway. Dehydrase catalyzes reactions of dehydration
and of double-bond isomerization on 10-carbon thiol esters of acyl carrier protein
(ACP). The aim of this work is to elucidate mechanisms for the two enzymatic
reactions, which occur in an unusual bifunctional active site, and to understand
the specificity of the enzyme for substrates with 10-carbon fatty acyl chains.

Results: Crystal structures at 2.0 Å resolution for free dehydrase and for the
enzyme modified by its classic, mechanism-based inactivator, 3-decynoyl-N-
acetylcysteamine, have been determined. Dehydrase is a symmetric dimer with
an unusual a+b ‘hot dog’ fold. Each of the two independent active sites is
located between the two subunits of the enzyme, and is a tunnel-shaped pocket
completely isolated from the general solvent. Side chains of histidine from one
subunit and aspartic acid from the other are the only potentially reactive protein
groups in the active site.

Conclusions: A two-base mechanism by which the histidine and aspartic acid
together catalyze dehydration and isomerization reactions is consistent with the
active-site structure. The unique topology of the protein fold and the
identification of the active-site components reveal features of predictive value for
another enzyme, FabZ, which may to be the non-specific dehydratase involved in
elongation of fatty acyl chains. A positively charged area surrounding the
entrance to the active site, which could interact with the negatively charged
ACP, was also found.

Introduction
Unsaturated fatty acids are indispensable to virtually all
life forms. Some important roles include modulation of
biological membrane fluidity and serving as precursors to
other essential cell components.

Whereas eukaryotes utilize molecular oxygen to desatu-
rate full-length, saturated fatty acids, this route is not
available to organisms that live under anaerobic condi-
tions. In certain bacterial systems, an unsaturated interme-
diate in the biosynthetic pathway of saturated fatty acids is
intercepted and shunted into the pathway leading to
unsaturated products. In Escherichia coli, the enzyme
b-hydroxydecanoyl thiol ester dehydrase (dehydrase; EC
4.2.1.60) is responsible for this key step [1]. Dehydrase
catalyzes two reactions on fatty acid thiol esters of acyl
carrier protein (ACP): the dehydration of (R)-3-hydroxy-
decanoyl-ACP to (E)-2-decenoyl-ACP, a reaction that also
occurs in the elongation of saturated fatty acids; and the

isomerization of (E)-2-decenoyl-ACP to (Z)-3-decenoyl-
ACP (Fig. 1a). (E)-2-decenoyl-ACP can be reduced to
decanoyl-ACP, which is elongated to the usual saturated
fatty acids; in contrast, the cis (Z) double bond of (Z)-3-
decenoyl-ACP is retained through the further cycles of
fatty-acid elongation. The isomerization catalyzed by
dehydrase is an allylic rearrangement [2], which is a rela-
tively simple, single-substrate reaction. Both the dehydra-
tion and isomerization reactions seem to occur in the same
active site [3,4].

The substrate specificity of dehydrase is notable [1,5,6]. It
is highly specific for unbranched 10-carbon substrates, and
this accounts for the fact that E. coli contains a very
limited constellation of unsaturated fatty acids, all with
one cis double bond six carbons from the terminal methyl
group. The activity of dehydrase on branched fatty acid
thiol esters or on 8-carbon or 12-carbon intermediates is
negligible. On the other hand, thiol esters of ACP are not
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strictly required, as dehydrase also turns over non-protein
substrates such as thiol esters of N-acetylcysteamine
(NAC) or of pantetheine, the ACP prosthetic group.

There is a paucity of structural information on enzymes of
fatty-acid biosynthesis due to difficulties in studying the
multienzyme complexes or polyproteins of most fatty-acid
synthetases. However, the structures of two enoyl ACP
reductases have been reported recently [7,8]. Fatty-acid
elongation with acetyl-CoA as a two-carbon building block
proceeds by iteration of four chemical reactions: condensa-
tion, ketone reduction, dehydration and double-bond
reduction. Enoyl ACP reductase catalyzes the double-
bond reduction step. Dehydrase and enoyl ACP reductase
are unrelated enzymes, except for the similarity of their
substrates. Comparison of their binding modes for fatty
acyl chains may reveal features essential to the 10-carbon
specificity of dehydrase and the requisite lack of speci-
ficity of enoyl ACP reductase and other enzymes of fatty-
acid elongation.

Dehydrase is a soluble homodimer of a 171 amino-acid
polypeptide [9,10] with two active sites per dimer
[3,11,12]. No metal ions or other cofactors are associated
with its function, and no cooperativity has been detected.
Thus, dehydrase qualifies as a non-metal dehydratase;
structures of this group are less well characterized than are
those of dehydratases that employ metal ions. The struc-
ture of only one other non-metal dehydratase has been
reported [13]. Scytalone dehydratase does not appear to be
related to the dehydrase of this work, but elements of the
catalytic site may nonetheless prove similar. 

The primary structure of dehydrase has been derived from
the nucleotide sequence of fabA, the gene for dehydrase
[9,10]. Dehydrase shares amino-acid sequence similarity

with only one other protein, FabZ, whose structure and
function are less well studied. On the basis of sequence
similarity to dehydrase, Raetz and co-workers gave the
name fabZ to an open reading frame they discovered
among E. coli genes for lipid A synthesis [14]; they then
expressed and studied the FabZ protein. Their observa-
tion of a dehydratase activity for FabZ on hydroxymyris-
toyl ACP showed that dehydrase and FabZ indeed have
similar catalytic activities [15]. This led to the hypothesis
that FabZ may be the previously unidentified dehydratase
of fatty-acid elongation in E. coli.

Dehydrase is of historic importance in the field of
enzymology because it was the first enzyme for which
mechanism-based, ‘suicide’ inactivation was recognized 
[3,16]. In this process, dehydrase catalyzes a propargylic
rearrangement of the acetylenic substrate analog
3-decynoyl-NAC, analogous to the allylic rearrangement
of the (Z)-3-decenoyl thiol ester substrate, creating an
electrophilic allene, which then alkylates His70 and inacti-
vates the enzyme (Fig. 1b). Until the present work, the
identities of residues other than His70 at the active site of
dehydrase were uncertain.

Both reactions catalyzed by dehydrase require deprotona-
tion of a relatively non-acidic substrate without the help of
a metal ion cofactor. The deprotonation at C-2 of the sub-
strate has been shown to be the rate-determining step in
dehydration [17] and in the mechanism-based transforma-
tion of 3-decynoyl-NAC into the reactive allene [18]. Ques-
tions remain as to the nature of groups other than His70
that participate in catalysis. Because a weak base alone is
not expected to deprotonate the relatively non-acidic
substrates efficiently, a hydrogen-bond donor or source of
positive charge is expected to stabilize the development 
of negative charge in the deprotonated species [19–21]. 
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Figure 1

Catalytic reactions of dehydrase. 
(a) Biological reactions of dehydration and
isomerization. (b) Inactivation of dehydrase by
the mechanism-based inactivator 3-decenoyl-
NAC. The first product of inactivation is the
3,4-unsaturated adduct, but this slowly
isomerizes to the 2,3-unsaturated form [11].
The double bond configuration has been
shown by the present study.



X-ray crystal structures at 2.0 Å resolution of dehydrase in a
covalent complex with 3-decenoyl-NAC and of the free
(native) enzyme are reported here, along with their implica-
tions for the catalytic mechanism and substrate specificity.

Results and discussion
Quality of the crystal structures
The electron density for the inactivated structure is con-
tinuous and well defined. Three residues, in the N-termi-
nus and the loop formed by residues 134 to 138, have
weak density in the structure of the free enzyme. There
are no residues in disallowed regions of the Ramachandran
plot of either model. Examples of the initial and final elec-
tron-density maps are shown in Figure 2. Some indicators
of model quality are listed in Table 1.

The protein fold
The dehydrase dimer consists of two identical subunits
that make up one compact domain due to extensive
hydrophobic and hydrogen-bonding contacts between
subunits (Fig. 3). The dimensions of the dimer are
approximately 60×40×40 Å. The 171-residue subunit has
a mixed a+b ‘hot dog’ fold. A seven-stranded antiparallel
b-sheet ‘bun’ wraps around a hydrophobic five-turn
a-helical ‘sausage’. The monomers are joined in a continu-
ous 14-stranded antiparallel b sheet to form the dimer.
The view of the hot dog along the sausage axis shows 
a three-layer segregation of secondary structural elements:
a curved b-sheet layer, the central a-helical layer, and 
a layer consisting largely of loops covering the helix,
analogous to condiments on the hot dog. 

The topology of the monomer is shown in Figure 4. As far
as we can determine, this topology has not been observed
in any other proteins. The seven-stranded b sheet forms a
highly curved surface. Most of the curvature is created by
eight b bulges in each subunit. Four of these, in b4, b5
and b7, are aligned with the central helix and create a
crease across the center of the b sheet. The long non-polar
central helix (a3) packs against the hydrophobic concave
surface of the b sheet. At first glance, aspects of the struc-
ture are reminiscent of the class II MHC peptide-binding
domains [22] and the dimer capsid protein of bacterio-
phage MS2 [23]: there is a prominent b sheet across the
dimer axis and a pair of helices is located on one face of
that sheet. However, dehydrase is fundamentally different
from these structures. The helices lie on the concave inner
surface of the b sheet in dehydrase, and on the convex
outer surfaces of the curved b sheets in MHC II and MS2.

The central helix of dehydrase (a3, residues 79–97) is
unusual in that it has the same length and hydrophobicity
that characterizes the membrane-spanning anchors of some
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Figure 2

Electron density in the area of the bound inactivator. (a) Phase-refined
experimental map at 2.5 Å with final model. (b) Final 2Fo–Fc map at 
2.0 Å with final model. Contours for both pictures are drawn at 1.0s.

Table 1

Model statistics.

Enzyme Inactivated Free

Data range 7.0–2.0 Å 7.0–2.0 Å
R-factor (F>1s) 16.3% 18.3%
No. of reflections (F>1s) 21 941 20 804
R-free (F>1s) 21.4% 24.3%
R-factor (all data) 16.5% 19.3%
No. of reflections (all data) 22 030 21 621
Rmsd between subunit

Ca positions 0.22 Å 0.27 Å
Rmsd bonds 0.010 Å 0.010 Å
Rmsd angles 1.65° 1.63°
No. of protein atoms 2650 2650
No. of water molecules 288 163
Mean protein B-factor 19.2 Å2 33.0 Å2

Rmsd protein B-factor between
bonded atoms 2.9 Å2 2.9 Å2



membrane proteins. It is virtually buried within the protein,
between the b sheet and the loop layer of the polypeptide
fold, and has only 10 Å2 of solvent-accessible surface area.
Only two of the 19 residues that make up the central helix
are polar, and these face the active site. Another example of
an extremely hydrophobic helix in a soluble protein was
reported recently in HMG-CoA reductase [24].

The crystallographic asymmetric unit contains one dehy-
drase dimer. Where relevant, amino-acid residues are
labelled A or B to refer specifically to one of the two sub-
units in the asymmetric unit of the crystals. In part of the
discussion in which reference to the crystal lattice is irrele-
vant, primed and unprimed labels are used.

Conflicting evidence for an intrasubunit disulfide bridge
has been reported [2,3,25]. An intrasubunit bridge between
Cys69 and Cys80, the only cysteine residues in the
polypeptide, would require substantial rearrangement of
the protein structure. With appropriate side-chain rotations,
Cys80A and Cys80B are close enough to form an intersub-
unit disulfide bridge; however, they are reduced in both
crystal structures. The side chains of Cys69A and Cys69B,
which are located on the surface of the enzyme, were modi-
fied by ethyl mercury phosphate in one of the heavy atom
derivatives of crystals of inactivated dehydrase, attesting to
their greater reactivity in the crystalline enzyme.

Seven side chains and two peptides of the dimer each have
two conformations in the inactivated enzyme. Conforma-
tional flexibility of the 109A-110A and 109B-110B peptides,

which are hydrogen bonded to one another at the molecular
twofold, is caused by b bulges at these residues. Alternative
conformers are related by ‘flipping’ the peptides to reverse
the orientation of the amide and carbonyl groups. Confor-
mational flexibility is thus coupled, and either of the mutu-
ally compatible A-B conformer pairs break the molecular
dyad symmetry. Four of the side chains with dual confor-
mations are on the protein surface (Arg4A, Gln24A,
Arg127A and Leu148B), and three are in the hydrophobic
core (Met36A, Met36B and Leu83B). Dual conformers also
occur for the same residues and peptides in the free
enzyme structure, but were more difficult to detect, due to
the higher temperature factor of the free enzyme model. 

The structures of the inactivated and free enzymes are vir-
tually identical, having a root mean square (rms) deviation
in Ca positions of 0.33 Å after superposition. The largest
difference is at the C terminus of the polypeptide where
the side chain of the terminal Phe171 closes the entrance
to the active site in the free enzyme but not in the inacti-
vated enzyme. The large difference (37.8%) in structure
amplitudes, between crystals of the two forms of the
enzyme, is due to slightly different orientations (2.7°) of
the dimers with respect to the crystal axes and to the inac-
tivator itself. It is not due to structural differences
between forms of the enzyme.

The active site and catalytic mechanism
The active site of dehydrase is identified by the location
of the catalytic residue His70 and by the binding site for
the inactivator molecule in the structure of the inactivated
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Figure 3

Stereo ribbon diagrams of the dimer of
dehydrase. The main-chain trace of one
subunit is shown with purple b strands, red
helices, and white loops. The side chains of
His70 and Asp84, along with the inactivator
covalently attached to His70 of this subunit,
are shown in yellow. The second subunit of
the dimer is shown in magenta, with the side
chains and inactivator shown in green. 
(a) View along the dyad axis of the dimer. 
(b) View perpendicular to the dyad,
approximately along the axes of the central
helices.



enzyme (Fig. 5). The two active sites of the dimer are
symmetrically displaced about the molecular dyad, and are
separated by ~20 Å. The active sites are identical, to
within experimental error, and appear to be completely
independent of one another, in accord with the reported
lack of cooperativity in substrate binding or catalysis for
the two active sites of the dimer [3,11,12]. Unexpectedly,
each active site is situated at the subunit interface and is
formed in equal part by the two subunits. This, and the
extensive hydrophobic contact between subunits, is con-
sistent with the fact that efforts to observe enzyme activity
in isolated subunits were unsuccessful [26].

The design of the active site exploits the unusual features
of the dehydrase fold so that catalysis with the hydro-
phobic substrate occurs far from the bulk solvent. The
substrate/inactivator-binding site is a tunnel-shaped pocket,
20 Å long and 6 Å wide, reflective of the shape of the
linear substrate. The pocket resembles a worm hole that
begins at the subunit interface, between strands b4 and
b4′, and burrows into the hydrophobic core of the protein
between the central helix and inner surface of the b sheet.
The innermost half of the worm hole is hydrophobic and
is formed predominantly by residues of one subunit.
Residues from the other subunit form the outermost, polar
half of the worm hole. In the structure of the inactivated
enzyme, the aliphatic tail of the inactivator fills the
hydrophobic half of the binding pocket, and the N-acetyl-
cysteamine moiety fills the polar half. Binding of the inac-
tivator plugs the worm hole, so that the catalytic site is
highly sequestered from bulk solvent. Less than 0.5%
(2.3 Å2) of the total surface area of the bound inactivator is
solvent accessible. In the structure of the free enzyme, the

tunnel is filled with solvent molecules, and the entrance is
plugged by the side chain of the C-terminal residue
Phe171, so that the active site is an isolated cavity. 

Residues of potential catalytic importance come from both
subunits (Fig. 5). His70 is situated halfway along the
binding tunnel and belongs to the subunit that forms the
polar half of the binding site. It is covalently modified at
Ne2 by the inactivator. The space immediately surround-
ing His70 is generally non-polar, with the notable excep-
tion of Asp84′ and a water molecule bound to Asp84′ and to
Cys80, at the N terminus of the central helix (a3). Asp84′,
which was not anticipated to be a catalytic residue, is in
direct contact with the C-3/C-4 region of the inactivator.
Since His70 was identified as the site of covalent modifica-
tion by 3-decynoyl NAC [18], studies of the mechanism of
dehydrase have focused on this residue. Modification of
His70 at Ne2 was demonstrated by 15N NMR [7]. In the
same study, His70 was shown to be unprotonated in the
free enzyme at pH values as low as 5, consistent with the
isolation of the active site from bulk solvent. This NMR
result, in combination with the crystal structure, also
demonstrates that the free enzyme does not include an imi-
dazolium–carboxylate ion pair between His70 and Asp84′.

In most respects, the active sites of the inactivated and
free enzymes are identical to within experimental error
(Fig. 5c). This identity includes the rare non-proline cis
peptide between His70 and Phe71. Another cis peptide
bond, between Pro31 and Asn32, is part of a loop near the
binding pocket for the acyl chain and also occurs in both
the inactivated and free enzymes (the locations can be
seen in Fig. 4b). Few non-proline cis peptides have been
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Figure 4

Structure of the dehydrase monomer. (a) Topology of the polypeptide
fold. b strands are represented as arrows labelled b1–b7. The helices
are represented as cylinders labelled a1–a3 (a2 is a 310-helix). The

dyad axis is adjacent to b4. (b) Stereo view of the Ca trace of the
purple subunit of Figure 3, viewed along the dyad axis. The positions of
the two non-proline cis peptides are shown as shaded boxes.
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Figure 5

Stereo view of residues in the catalytic region
of the substrate-binding site. Only water
molecules in hydrogen-bonding contact with
the catalytically important region of the pocket
are shown here. Dashed lines are hydrogen
bonds. (a) Active site of the free enzyme. 
(b) Active site of the inactivated enzyme. The
inactivator is bonded to Ne2 of His70, and the
water molecule between His70 and Asp84′ of
the free enzyme is not present. 
(c) Superposition of active sites of inactivated
and free enzymes.  Overlay is based on a
superposition of the Ca atoms of residues
69–80, which results in an rms deviation of
0.17 Å.



observed in highly refined crystal structures of proteins,
and nearly all are associated with active sites [27], as is the
case for the 70–71 peptide of dehydrase.

The most notable difference between the inactivator-
attached and free states of the enzyme is the orientation of
the imidazole ring of His70. His70 in the free enzyme
donates a proton in a hydrogen bond from Nd1 to the
backbone carbonyl of Val76 (Fig. 5a), as previously
observed by 15N NMR [7]. This is consistent with a cat-
alytic role for histidine, because it results in a basic lone
pair of electrons on Ne2. The hydrogen bond of Nd1 also
positions the imidazole ring rather precisely. Thus, we
infer that His70 is in the correct tautomeric state and
optimal orientation for catalysis in the free enzyme. This
situation does not prevail in the inactivated enzyme,
where covalent attachment of the inactivator disrupts the
protonation state and conformation of His70. The covalent
bond between the inactivator and Ne2 of His70 results in
loss of a proton by Nd1 (Fig. 1b), which is then unable to
form a hydrogen bond with the carbonyl of Val76. The net
result is that the imidazole ring is flipped by ~180° and
moved away from Val76 (Fig. 5c). The Ne2 atom occupies
the same position in both structures. Because the structure
of His70 in the inactivated enzyme seems to be a direct
result of the covalent attachment of the inactivator, we
assume that the hydrogen-bonded configuration and ori-
entation of His70 in the free enzyme are relevant to the
situation where substrates are non-covalently bound. 

The flip of the His70 imidazole may also be related to an
unexpected double-bond configuration for the inactivator.
The double bond in the 2-decenoyl thiol ester
substrate/product of dehydrase is in the trans (E) configu-
ration. This was the configuration expected for the corre-
sponding double bond in the inactivator moiety of the
inactivated enzyme. However, the inactivator, as gener-
ated by the enzyme from the acetylenic starting material
and covalently attached to His70, has an (E)-2 double
bond (cis with respect to the carbon chain of the inactiva-
tor; Fig. 5b). The conformation of the inactivator and its
double-bond configuration can be stated with confidence

because of the 2.0 Å resolution of the electron density
maps and the unbiased method used to model the inacti-
vator into its density (see the Materials and methods
section). The observed cis double bond indicates that some
important details of substrate/product binding in the active
site are not mimicked by the binding of the inactivator. 

The active sites of both the inactivated and free enzymes
include water molecules. In the inactivated enzyme, one
water molecule is hydrogen bonded to the peptide nitro-
gen of Cys80 and to a carboxyl oxygen of Asp84′ (Fig. 5b),
and another water molecule is hydrogen bonded to a
Tyr155 hydroxyl group and to the sulfur atom in the inac-
tivator. The two water molecules occupy the same posi-
tions in the free enzyme, which has an additional water
bridge between the side chains of Asp84′ and His70
(Fig. 5a). Two of these waters may participate in catalysis.
Five additional water molecules are in the substrate-
binding pocket of the free enzyme, all hydrogen bonded
to either the protein or to each other.

A two-base mechanism is suggested as an attractive alter-
native to the one-base mechanism [2,4,28,29] that has, for
a long time, been presumed for dehydrase. This proposal
is based on the structure of the active site, with His70 and
Asp84′ centered in the largely hydrophobic substrate-
binding pocket. Figure 6 illustrates how His70 and Asp84′
might be positioned with respect to the 3-hydroxy, the
2,3-trans unsaturated and the 3,4-cis unsaturated substrates
and products of dehydrase (Fig. 1a), in such a way that
both amino acid side chains might participate directly in
substrate protonation and deprotonation. It is also pro-
posed that one of the bound water molecules is the stored
water of hydration. This water is hydrogen bonded
between Asp84′ and the peptide nitrogen of Cys80 in the
structures of both the free and the inactivated enzymes.
This water/hydroxyl and the reaction intermediate
enol/enolate [19] may be stabilized by the positive dipole
at the N terminus of the central a helix via hydrogen
bonds to NHs of Cys80 and Gly79, respectively. A more
detailed discussion of possible reaction mechanisms is
being published separately.
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Figure 6

Proposed binding mode for substrates. Dehydrase
interconverts the 2/3-trans unsaturated (D2) and either
the 3-hydroxy (b-OH) or the 3,4-cis unsaturated (D3)
decanoyl thiol esters (Fig. 1a). The proposed
substrate complexes, shown here in schematic form,
exploit the proximal side chains of His70 and Asp84′,
which may carry out both catalytic conversions
occurring in the same active site. This scheme is
consistent with the established stereochemistry of the
reactions [4]. Peptide dipoles from Gly79 and Cys80
at the N terminus of the central a helix (a3) may
provide stabilization to the presumed enol/enolate
intermediate and to the leaving hydroxyl group.
Hydrogen bonds are depicted as dashed lines.



Substrate specificity
The extreme specificity of dehydrase for substrates with
10-carbon aliphatic chains can be explained by structural
features of the substrate-binding pocket. The pocket is
not deep enough for extended 12-carbon chains nor wide
enough for folded or branched chains. The situation with
respect to short molecules is less clear. However, the near
identity of filled and empty binding pockets indicates that
a substrate-induced rearrangement of the protein structure
is not the basis for the 10-carbon specificity. 

Selectivity against short substrates may be provided by
the combined effects of a closed inner end of the binding
pocket and a lack of enzyme specificity for the polar end
of the substrate. That is, substrate-like molecules with
eight or fewer carbons in the aliphatic chain may bind too
far into the pocket to effect catalysis. The specificity and
structure of enoyl ACP reductase [7,8] lend support to this
idea. Enoyl ACP reductase does not have a closed-end
binding pocket, but has on its surface a hydrophobic cleft
for acyl-chain binding. Thus, the open binding site of
enoyl ACP reductase may be associated with lack of speci-

ficity for length of the acyl chain, whereas the 10-carbon
specificity of dehydrase is a feature of the closed pocket. 

Acyl carrier protein and dehydrase
The natural fatty acyl substrate for dehydrase is covalently
attached to ACP by a phosphopantetheine prosthetic group.
The fatty acyl chain and part of this arm-like prosthetic
group bind inside the enzyme, and approximately half of
the prosthetic group is assumed to protrude from the active-
site tunnel at the dimer interface. Although the require-
ment of dehydrase for ACP-thiol ester substrates is not as
stringent as for other enzymes of fatty acid biosynthesis in
E. coli [1], the Km of dehydrase is more than 100-fold lower
[30,31], and the turnover rate is six times greater with the
ACP substrate than with the NAC thiol ester substrate [5].
ACP substrates also show a significantly different product
distribution than that shown by NAC substrates [31]. ACP
is expected to interact with dehydrase near the entrance to
the active site. The surface potentials for dehydrase and
ACP [32,33] reveal regions of electrostatic complementar-
ity. The positively charged patch around the entrance of
the substrate-binding site of dehydrase is large enough to
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Figure 7

Similarity of dehydrase and FabZ. 
(a) Residues conserved in the sequence
alignment of dehydrase and FabZ. In the same
view as Figure 3a, the Ca trace of the dimer is
in green. Identical residues within the region
of significant sequence similarity (residues
60–90 of dehydrase) are shown in magenta.
The bound inactivators are shown in white to
locate the active sites. The conserved
residues are clustered around the active sites
and along the central helices. Conserved
residues (also shown in Fig. 5) are His70,
Phe71, Gly73, Pro75, Pro78, Gly79 and
Gln88. (b) Hydrophobicity profiles of
dehydrase (FabA) and FabZ. Hydropathy is
calculated based on the Engelman et al.
polarity scale [50] with a window size of 19
residues. The 171-residue dehydrase and the
150-residue FabZ are aligned with residues
60–90 of dehydrase corresponding to
residues 44–74 of FabZ. 



span the diameter of the negatively charged surface of ACP
surrounding the pantetheine attachment site. 

Relationship of dehydrase to other proteins
Apart from this work, scytalone dehydratase is the only
metal-free dehydratase of known structure [13]. The folds
of dehydrase and scytalone dehydratase are unrelated,
although both are a+b proteins. The active site of scy-
talone dehydratase includes two basic residues, both histi-
dine, that are proposed to serve as bases in the reaction
mechanism, and also includes a proposed ‘storage site’ for
water between the histidines. As in dehydrase, the active
site is sequestered from bulk solvent. Hydrogen bonds to
water and to protein side chains are available to stabilize
the expected enol/enolate intermediate in the reaction
pathway, but no a-helix dipole is involved. Thus, while
the dehydration reactions catalyzed by dehydrase and by
scytalone dehydratase are similar, structural features of the
enzymes, both in aggregate and in detail, appear unrelated.

FabZ, whose gene was discovered in conjunction with
those involved in lipid A biosynthesis [14], was postulated
to be related to dehydrase on the basis of sequence simi-
larity in the region of His70. It was also shown that FabZ
could catalyze dehydration reactions, and therefore it was
proposed to be the non-specific dehydratase of saturated
fatty acyl chain elongation [15]. For the following reasons,
we expect FabZ and dehydrase to have a common overall
fold. First, the proteins have similar catalytic activity; both
catalyze dehydration of hydroxyacyl ACP substrates.
Second, a region of significant sequence identity clusters
in the functionally and structurally important region of
dehydrase; the conserved residues are at the active site
and in the core helix of dehydrase (Fig. 7a). There is 65%
identity between residues 60 and 90, which accounts for
most of the 23% overall identity. Finally, hydrophobicity
profiles of dehydrase and FabZ are very similar, most
strikingly in the region corresponding to the unusual,
hydrophobic, central helix of dehydrase (Fig. 7b). None of
these arguments alone is convincing evidence for a
common structure, but taken together they make a com-
pelling case. The core of the dehydrase structure is
expected to be conserved in FabZ. This conservation
should include the fold topology, the central buried helix,
the dimerization via a continuous b sheet, the location of
the active site between subunits, and the detailed struc-
ture of the active site. 

The major functional difference between FabZ and dehy-
drase is that FabZ apparently lacks the ability to catalyze
the isomerization reaction. This may be controlled by the
replacement of Asp84 in dehydrase with glutamate in
FabZ, this being the only residue facing the active site
that differs in the two enzymes. Additionally, FabZ is not
specific for 10-carbon substrates. This is easily rationalized
in terms of the three-dimensional structure of dehydrase.

The acyl-chain-binding pocket of dehydrase is formed pri-
marily by residues from the C terminus of the central
helix, together with a loop near the N terminus of the
polypeptide chain (residues 26–29). Residues 1–25 also
contribute to the innermost end of the binding pocket.
Hydrophobicity profiles of dehydrase and FabZ (Fig. 7b)
indicate that both the shorter N terminus of FabZ and the
C terminus of the presumed central helix are more
hydrophilic than are the analogous segments of dehydrase.
Thus, the binding pocket of dehydrase may be an open-
ended tunnel in FabZ, accounting for the ability of FabZ
to dehydrate (R)-3-hydroxymyristoyl ACP, which is four
carbons longer than the substrates for dehydrase [15].

Biological implications
b-hydroxydecanoyl thiol ester dehydrase (dehydrase)
is the key enzyme in the synthesis of unsaturated fatty
acids in Escherichia coli, catalyzing reactions of dehy-
dration and isomerization. It is likely to play a similar
role in many other bacteria. This soluble enzyme is
also known for its classic susceptibility to mechanism-
based inactivation by a synthetic substrate analog. In
this report, 2.0 Å resolution structures of dehydrase in
its free and inactivated forms reveal the catalytic com-
ponents of the bifunctional active site.

The topology of the polypeptide is unlike the b barrels
of fatty acid binding proteins or indeed any other
known fold, with the arrangement of secondary
structural elements resembling a ‘hot dog’. FabZ, an
enzyme postulated to be the dehydratase involved in
fatty acyl chain elongation, is predicted also to have
this fold. This assumption is based on significant
sequence identity with dehydrase in the active-site
region and on similarity of hydropathy profiles.

As is the case for other E. coli enzymes involved in
fatty acid biosynthesis, the natural substrates of dehy-
drase are covalently attached to acyl-carrier protein
(ACP). Surrounding the entrance to the active site of
dehydrase is a large positively charged surface, which
may interact with the acidic surface of ACP. 

Dehydrase catalyzes dehydration and isomerization
reactions by a mechanism that does not involve metals
or other cofactors, unlike the majority of enzymes that
carry out dehydration reactions. The catalytic site is
completely isolated from solvent, and is hydrophobic
except for a histidine and an aspartic acid, which
together are proposed to catalyze both reactions.

Materials and methods
The structure of the inactivator-bound enzyme was determined by mul-
tiple isomorphous replacement (MIR) to 2.0 Å resolution. As the inacti-
vated enzyme is of the same crystal form as the free enzyme, this
structure was the direct basis of a phasing model to obtain the 2.0 Å
structure of the free enzyme. 
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Crystallization and data collection
Recombinant E. coli dehydrase was produced in a high-level expres-
sion system and purified according to published protocol [9,10,34].
Purified protein was concentrated to ~10 mg ml–1 in a Millipore
microfuge concentrator and then filtered through a 0.22 mm Millipore
microfuge filter. To inactivate the enzyme, 20 ml of 3.7 mM 3-decynoyl-
NAC in acetone was added to 0.50 ml of 2.5 mg ml–1 protein to give a
1.5:1 molar ratio of inactivator to protein subunit and an acetone con-
centration of <2% (v/v). In control experiments, this concentration of
acetone was shown to have no detectable effect on enzyme activity.
The solution was incubated on ice for 1 h, the time required for 99.7%
inactivation of the enzyme as judged by spectrophotometric assay
[35]. Inactivated enzyme was then concentrated and filtered as
described above. 

Crystals of dehydrase were grown according to published conditions
[36], with the following variations. The success rate of crystallization
was improved by microseeding (K Bennett, M Leesong, A Sharma, 
JR Gillig, JM Schwab and JL Smith. Crystallization by seeding of
b-hydroxydecanoyl thiol ester dehydrase. Abstracts of the American
Crystallographic Association Meeting 1991,Vol. 19, p. 74), which
ensured reliable growth of small crystals of dimensions less than
0.1 mm. The small crystals were transferred as macroseeds to fresh
growth solutions. Crystals typically grew to sizes of 0.3–0.7 mm in
each dimension. Crystal growth for inactivated and free dehydrase
was complete in one to two weeks by hanging drop vapor diffusion at
21°C. The seeded drop was a mixture of equal volumes of protein
solution (10 mg ml–1 dehydrase in 10 mM phosphate buffer of pH 7.5)
and well solution (18–20% polyethylene glycol (PEG) 8000, 50 mM
sodium citrate pH 5.0). The crystals could be stabilized in the well
solution with up to 24% PEG 8000. The optimal precipitant (PEG
8000) concentration for growing crystals of the inactivated enzyme
from a macroseed was 18%, whereas it was 20% for the free enzyme.
The free dehydrase crystals tended to dissolve if not stabilized within
one day after they were fully grown. Intensity comparisons, from pre-
cession photography at room temperature, of inactivated and free
dehydrase crystals showed that the two crystals were only approxi-
mately isomorphous. They are of spacegroup P212121 with two
monomers per asymmetric unit and 47% solvent by volume. The cell
constants of the two forms, however, do not differ greatly (for the inac-
tivated enzyme a=68.0 Å, b=86.8 Å, c=60.3 Å; for the free enzyme
a=68.5 Å, b=86.9 Å, c=60.5 Å).

Data for inactivated dehydrase and its isomorphous derivatives
(Table 2) were collected with a Siemens area detector diffractometer
on an Elliot GX20 rotating anode operating at 35 kV, 40 mA to
produce graphite monochromated CuKa X-radiation. From crystals
cooled to 4°, data were collected as 0.1° frames at a crystal-to-detec-
tor distance of 100 mm. Data were processed with the program XDS,
and scaled and merged with XSCALE [37]. The derivative data were
internally scaled with ROTAVATA and AGROVATA in the CCP4 suite
of programs [38]. To improve detection of the anomalous signal from
the heavy atoms in derivative crystals, the orthogonal cell axes of the
crystals were aligned with those of the detector for simultaneous
recording of Bijvoet pairs.

Data for free dehydrase (Table 2) were collected from a Rigaku genera-
tor producing CuKa X-radiation operating at 50 kV, 100 mA with
focusing mirrors. These data were collected at room temperature
(21°C) as 0.8° frames on an R-AXIS imaging plate scanning system at
a crystal-to-detector distance of 100 mm. Data were processed with
DENZO and scaled with SCALEPACK [39].

Phase determination
Two heavy-atom derivatives of the inactivated dehydrase crystals were
obtained by soaking (Table 3). The heavy-atom sites for each derivative
were located by analysis of isomorphous and anomalous difference Pat-
terson maps, which revealed consistent peak positions. Anomalous scat-
tering data from both derivatives were included in the phase calculation

and were also used to determine the correct enantiomorph. Cross-
difference Fouriers, constructed with phases calculated from the sites of
one derivative, with and without the anomalous data, yielded conclusive
differences in heavy-atom peak heights for the other derivative. Heavy-
atom parameters (Table 3) were refined using the programs HEAVY
[40] and MLPHARE [41]. An MIR map was calculated at 2.5 Å resolu-
tion, where the phasing power was greater than 1.0 for both derivatives.

MIR phases were refined by molecular averaging and solvent flattening
to improve the interpretability of the map. The orientation and position
of the local dimer axis were found through calculation of the self-rota-
tion function with the program GLRF [42] and geometric analysis of the
symmetrically bound heavy-atom positions. A FORTRAN routine was
written to consider all possible combinations of the two Pt and the two
Hg sites within the estimated dimer diameter of each other and related
by the molecular dyad axis. The position and orientation of the dimer
axis was refined against the dimer electron density. The molecular
mask was generated from skeletonized atoms created by the density-
tracing routine in O [43] from a once-averaged MIR map. The solvent-
protein boundary was clear in most places. The real-space correlation
between dimer subunits within the molecular envelope in the initial
2.5 Å MIR map was 0.55. Phase improvement by solvent flattening and
local twofold symmetry averaging was carried out with local AVGSYS
programs (JT Bolin, JLS and SW Muchmore. Considerations in phase
refinement and extension: experiments with a rapid and automatic pro-
cedure. Abstracts of the American Crystallographic Association
Meeting 1993. Vol. 21, p. 51) implemented to use the fast Fourier
transform routines of CCP4. The phase-refined 2.5 Å map had a dimer
correlation of 0.83 and was easily interpreted. 

Model building and refinement
Model building was done with skeletonized electron density by refer-
ence to a database of well refined structures using the graphics
package O. One subunit was built into the phase refined 2.5 Å map,
and the other subunit was generated with the dyad symmetry operator.
Using stereochemical information, the initial model coordinates of the
inactivator were generated using the program QUANTA3.3 (Molecular
Simulations Inc., San Diego, CA). The geometric restraints for the cova-
lently bound inactivator were defined based on related small molecule
crystal structures in the Cambridge Structural Database. The model
was refined with X-PLOR [44] with stereochemical target values and
associated force constants based on a statistical analysis of the Cam-
bridge Structural Database [45]. The two subunits of the dimer were
refined independently of each other. The initial R-factor of 46% for
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Table 2

Diffraction data and phasing.

Inactivated Inactivated Inactivated Free
native Pt Hg enzyme

Temperature (°C) 4 4 4 21
No. of crystals 3 1 1 1
dmin (Å) 2.0 2.2 2.2 2.0
No. of unique refl. 26 075 11 859 11 809 23 461
Redundancy 3.3 2.3 2.3 2.7
Completeness (%) 97 70 70 93
Rsym (%)* 4.8 3.9 3.9 6.3
Riso (%)† – 17.6 10.2 –
Phasing power‡§

Acentric – 1.6 1.0 –
Centric – 1.2 0.9 –

Figure of merit§
Acentric 0.545
Centric 0.724

*Rsym=(S|Ihi–<Ih>|)/SIhi. †Riso=(S||Fh,native|–|Fh,derivative||)/S|Fh,native|.
‡Phasing power=<|FH|>/<lack of closure>. §Calculated to 2.5 Å.



7.0–2.5 Å data decreased to 33% after minimization and dropped to
26% after one round of simulated annealing. The refinement consisted
of two rounds of simulated annealing and six rounds of least-squares
minimization, with manual adjustment and addition of waters to the
protein model at each round. Data to 2.0 Å were added after the third
round of refinement. Water molecules were selected from Fo–Fc density
peaks by analysis of their distances to hydrogen-bond donors or accep-
tors of the protein or to other waters (local program PEAKCHECK by
JLS). The individual occupancies of the water molecules were assigned
based on a linear scale of the electron density peak heights, with the
highest peak given a value of 1.0 and the lowest given a value of 0.4.
Individual isotropic temperature factors for water molecules were
refined; occupancies were not. Refinement was terminated when the
majority of the largest peaks in the Fo–Fc map could not be accounted
for by additional solvent or adjustments to the protein model.

Two aspects of the model that demanded special caution against bias
were the bound inactivator moiety with its many degrees of torsional
freedom, and two non-proline cis-peptides in each polypeptide. As the
two subunits of the dimer were refined independently, different
methods of model building were used in the two subunits to minimize
bias. The inactivator of one subunit was built into the initial density. In
the other subunit we attempted to develop a less biased image of the
inactivator. For a few rounds of refinement, additional water molecules
were placed into the inactivator electron density at maxima in the Fo–Fc
map as ‘dummy’ atoms free of bond restraints. When the number of
dummy atoms reached approximately half the number of inactivator
atoms, the inactivator model was built, based on the dummy-atom posi-
tions. The two refined models agreed to within experimental error. The
certainty of the non-proline cis-peptides was also tested through inde-
pendent refinement in the two subunits as cis and trans. Characteristic
Fo–Fc difference peaks and disallowed main-chain torsion angles for
the second residue of each cis-peptide were consistently observed
when the peptide was modelled and refined in the trans conformation.
Nine cases of multiple conformations for main-chain or side-chain
groups were also observed during the course of refinement. The 
multiple conformers were not refined simultaneously.

Structure determination of free dehydrase involved refinement of the
inactivated enzyme model against the free dehydrase data. All refine-
ment was carried out with X-PLOR. The starting model consisted of the
two polypeptide chains of the dimer without the inactivator or solvent
molecules. In trial rounds of rigid body and atomic refinement, the cis-
peptide segment His70–Phe71 was also omitted from the model, in
the expectation that the cis-peptide in the inactivated structure was
induced by covalent modification of His70. However, electron density
of the omitted segment was clearly that of a cis-peptide in the free
enzyme. Rigid-body refinement of the complete dimer against the data
for the free enzyme (7–2.5 Å) decreased the initial R-factor of 38% to
28%. After further minimization, data to 2.0 Å were utilized. Water mol-
ecules were added in the same manner as for the inactivated structure.

Statistics for the inactivated and free dehydrase models are reported in
Table 1. Geometric analysis of the model was with PROCHECK [46]
and with options in X-PLOR and in O. Sequence comparisons to other

proteins were carried out with BLAST [47] and CLUSTAL W [48].
Calculation of accessible surfaces was done with the program GRASP
[49]. Atomic models are available from the Protein Data Bank with
access codes of 1MKA for the inactivated enzyme and IMKB for the
free enzyme.
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