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The soil-dwelling microbe, Pseudomonas sp. strain
CBS-3, has attracted recent attention due to its ability to
survive on 4-chlorobenzoate as its sole carbon source.
The biochemical pathway by which this organism con-
verts 4-chlorobenzoate to 4-hydroxybenzoate consists of
three enzymes: 4-chlorobenzoyl-CoA ligase, 4-chloroben-
zoyl-CoA dehalogenase, and 4-hydroxybenzoyl-CoA thio-
esterase. Here we describe the three-dimensional struc-
ture of the thioesterase determined to 2.0-A resolution.
Each subunit of the homotetramer is characterized by a
five-stranded anti-parallel B-sheet and three major
a-helices. While previous amino acid sequence analyses
failed to reveal any similarity between this thioesterase
and other known proteins, the results from this study
clearly demonstrate that the molecular architecture of
4-hydroxybenzoyl-CoA thioesterase is topologically
equivalent to that observed for B-hydroxydecanoyl thiol
ester dehydrase from Escherichia coli. On the basis of
the structural similarity between these two enzymes,
the active site of the thioesterase has been identified
and a catalytic mechanism proposed.

Within recent years, a variety of soil-dwelling microorgan-
isms have been identified that catabolize halogenated hydro-
carbons appearing in the environment due to commercial pro-
duction and careless waste disposal (1). These bacterial species
have attracted significant research attention for their possible
employment as bioremediation agents (2-5). Of particular in-
terest is the soil-dwelling microbe, Pseudomonas sp. strain
CBS-3, which is capable of surviving on 4-chlorobenzoate as its
sole source of carbon (6, 7).

The metabolic pathway by which 4-chlorobenzoate is de-
graded to 4-hydroxybenzoate in Pseudomonas sp. strain CBS-3,
Arthrobacter sp. strains SU and TM1, and Alcaligenes sp.
strain ALP83 is outlined in Scheme 1 (for a review, see Ref. 8).

The first step in this biochemical scheme, namely the thio-
esterification of 4-chlorobenzoate with CoA, requires one mol-
ecule of Mg?"-ATP and is catalyzed by 4-chlorobenzoyl-CoA
ligase. The next step is catalyzed by 4-chlorobenzoyl-CoA de-
halogenase and involves the hydrolytic substitution of a hy-
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droxyl for a chloro group at the para-position of the aromatic
ring. In the last step, the thioester linkage between the CoA
moiety and the 4-hydroxybenzoyl group is cleaved by 4-hy-
droxybenzoyl-CoA thioesterase, hereafter referred to simply as
thioesterase. The genes encoding these three enzymes are or-
ganized in an operon under the positive control of 4-chloroben-
zoyl-CoA (8).

Presently, little is known concerning the evolutionary his-
tory of these 4-chlorobenzoate degrading enzymes. The expo-
sure of bacteria to such compounds could have first occurred
with the introduction of synthetic chlorinated aromatics into
the environment and thus, the acquisition of the 4-chloroben-
zoyl-CoA pathway genes could have taken place within the last
few decades. On the other hand, it is known that a variety of
chlorinated aromatic compounds are produced by certain or-
ganisms as secondary metabolites (9). Thus, 4-chlorobenzoate
could be a natural product or alternatively, could be generated
through degradation of a more highly functionalized biosyn-
thetic chlorinated aromatic compound. In either of these cases,
however, the genes encoding the ligase, the dehalogenase, and
the thioesterase would have evolved long ago. Irrespective of
the exact age of the enzymes in this pathway, it is expected that
they evolved from enzymes already functioning in primary
metabolic pathways. In an effort to trace the lineage of these
proteins, both amino acid sequence analyses and structural
investigations have been carried out on the enzymes from
Pseudomonas sp. strain CBS3 (10, 11). From these studies, it is
now known that the 4-chlorobenzoyl-CoA ligase belongs to a
large family of enzymes which function primarily in thiol tem-
plate-directed fatty acid and polyketide biosynthetic pathways,
while the 4-chlorobenzoyl-CoA dehalogenase shares ancestry
with the 2-enoyl-CoA hydratase family (8, 10, 12).

The lineage of the thioesterase, however, has remained elu-
sive. From previous biochemical studies of the Pseudomonas
sp. strain CBS3 enzyme (13, 14), it is known that this thioes-
terase is an efficient catalyst (k. = 14 s % K,, = 5 um),
exhibits a high level of substrate specificity, and is largely
resistant to inactivation by chemical modification agents di-
rected toward serine, cysteine, lysine, and histidine residues.
In addition, the 4-hydroxybenzoyl-CoA thioesterase is consid-
erably smaller than other thioesterases and earlier searches of
the protein sequence data banks failed to reveal structural
homology with known proteins (8, 10). The substrate specific-
ity, primary structure, and apparent absence of serine, cys-
teine, or histidine catalytic residues distinguish this protein
from all other thioesterases characterized to date.

As described here, we initiated an x-ray crystallographic
investigation of the Pseudomonas sp. strain CBS-3 thioesterase
to gain further insight into both its catalytic mechanism and
evolutionary origin. Quite unexpectedly, the three-dimensional
structure of this thioesterase is remarkably similar to that of
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TaBLE 1
Intensity statistics
Resolution range (A) Overall 30.0-4.99 3.97 3.47 3.15 2.92 2.75 2.61 2.50

Platinum

Completeness of data (%) 92 94 97 96 94 94 91 88 84

R factor® (%) 2.8 2.4 2.0 2.6 3.2 4.9 6.8 7.5 10.4
Gold

Completeness of data (%) 90 84 90 91 93 92 92 91 87

R factor (%) 3.9 3.7 3.0 3.7 4.4 6.0 7.4 8.6 9.4
Lead

Completeness of data (%) 97 97 98 99 98 98 96 93 93

R factor (%) 3.3 2.9 2.6 3.4 3.8 5.7 8.0 9.3 10.3

Resolution range (A) Overall 30.0—4.00 3.17 2.77 2.52 2.34 2.20 2.09 2.00

Native

Completeness of data (%) 96 99 99 99 98 97 96 93 90

R factor (%) 3.9 3.0 3.9 5.1 6.3 8.7 9.0 10.8 13.5

@R factor = (ST — I/= I) X 100.
TABLE II
Phase calculation statistics

Resolution range (A) —8.86 5.64 4.42 3.76 3.32 3.01 2.77 2.58
No. of reflections 242 383 501 571 649 715 767 802
Figure of merit 0.75 0.75 0.72 0.65 0.62 0.52 0.51 0.50
Phasing power”
Platinum

Centric reflections 1.09 1.00 0.74 0.64 0.56 0.57 0.75 0.59

Acentric reflections 1.18 1.46 1.05 0.97 0.95 0.97 1.02 0.89
Gold

Centric reflections 1.56 1.29 0.93 1.06 0.95 0.77 0.75 0.75

Acentric reflections 1.55 1.61 1.31 1.21 1.14 1.11 1.08 1.03
Lead

Centric reflections 1.06 0.95 0.84 1.01 0.86 0.74 0.87 0.92

Acentric reflections 1.18 1.25 1.21 1.19 1.24 1.17 1.23 1.27

“ Phasing power is the ratio of the root mean square heavy-atom scattering factor amplitude to the root mean square lack of closure error.

B-hydroxydecanoyl thiol ester dehydrase from Escherichia coli
(15). By superimposing the two structures, it has been possible
to identify the probable active site region of the thioesterase
and to propose a catalytic mechanism whereby the carboxylate
side chain of Asp!” activates a water molecule for subsequent
nucleophilic attack at the thioester carbonyl carbon of the
4-hydroxybenzoyl-CoA substrate. In addition, recent amino
acid sequence searches have identified several similarly sized
proteins of unknown function as probable homologues to the
thioesterase. Conservation of several key thioesterase struc-
tural and/or functional residues among these homologues, in-
cluding the putative Asp!” catalytic base, suggest that these
unknown proteins might display thioesterase activities.

EXPERIMENTAL PROCEDURES

Purification and Crystallization Procedures—Protein necessary for
this investigation was purified as described previously (13). Large sin-
gle crystals of the thioesterase were grown by batch methods from 0.9
M ammonium sulfate, 1% (v/v) 2-methyl-2,4-pentanediol, 50 mm HEPES
(pH 7.0), and 5 mMm NaN. The crystallization experiments were initially
set up at 4 °C and then slowly equilibrated to room temperature. Large
single crystals grew in approximately 1 week and achieved maximum
dimensions of 0.5 X 0.4 X 0.2 mm. These crystals belonged to the space
group L,,, with unit cell dimensions of @ = 49.6 A, b = 56.0 A, and ¢ =
93.6 A and one subunit per asymmetric unit. X-ray diffraction maxima
were observed to at least 2.0-A resolution.

For the preparation of isomorphous heavy atom derivatives, the

thioesterase crystals were transferred to a synthetic mother liquor
containing 1.3 M ammonium sulfate, 1% (v/v) 2-methyl-2,4-pentanediol,
50 mm HEPES (pH 7.0), and 5 mm NaN,. Three isomorphous heavy
atom derivatives were prepared with 1.5 mM trimethyllead acetate, 2.5
mM trans-platinum (II) diammine dichloride, or 2 mM potassium dicya-
noaurate (I).

X-ray Data Collection and Processing—All x-ray data from the native
thioesterase and the three heavy atom derivative crystals were col-
lected at —4 °C with a Siemens X1000D area detector system. The x-ray
source was nickel-filtered CuK, radiation from a Rigaku RU200 x-ray
generator operated at 50 kV and 90 mA and equipped with a 300-pum
focal cup. Friedel pairs were measured for all reflections in the heavy
atom derivative x-ray data sets. The x-ray data set for the native crystal
was collected to 2.0-A resolution while the x-ray data sets for the heavy
atom derivative crystals were measured to 2.5-A resolution. All the data
sets were processed with XDS (16, 17) and internally scaled with the
program XCALIBRE.! Relevant x-ray data collection statistics can be
found in Table I. Only one crystal was required per x-ray data set.

Each heavy atom derivative x-ray data set was placed on the same
scale as the native data set by a “local” scaling procedure developed by
Drs. G. Wesenberg, W. Rypniewski, and I. Rayment. The R factors
(based on amplitudes) between the native and the lead, platinum, and
gold data sets were 14.6, 17.8, and 24.4%, respectively.

Heavy atom positions were determined by inspection of appropriate
difference Patterson maps calculated with x-ray data from 30 to 5.0 A
resolution. Each heavy atom derivative contained one heavy atom-

! G. Wesenberg and I. Rayment, unpublished results.
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binding site. The derivatives were placed on a common origin by differ-
ence Fourier maps, and the positions and occupancies for each heavy
atom-binding site were refined by the origin-removed Patterson-func-
tion correlation method at 2.5-A resolution (18, 19). Anomalous differ-
ence Fourier maps were utilized for determining the correct hand of the
heavy atom constellation. Protein phases were calculated with the
program HEAVY (19) and relevant phase calculation statistics can be
found in Table II.

Structural Determination and Least Squares Refinement—An initial
electron density map, calculated with heavy atom derivative phases to
2.5-A resolution, clearly revealed the molecular boundary of the subunit
in the asymmetric unit. The quality of the map was subsequently
improved by the technique of solvent flattening (20) as implemented by
Dr. W. Kabsch, Heidelberg, Germany, and was sufficient to allow a
complete tracing of the molecule from Ala® to the C-terminal residue,
Ser'!. The model was subsequently refined to 2.5-A resolution by
least-squares analysis with the software package, TNT (21). Following
this initial refinement procedure, the protein phases based on the model
were combined with the multiple isomorphous replacement phases to
2.5-A resolution by the program SIGMAA (22) and a new electron
density map was calculated. On the basis of this electron density map,
manual changes were made to the model which was then refined
against the x-ray data to 2.0-A resolution. After this stage of refine-
ment, 64 water and 1 HEPES molecules were included in the x-ray
coordinate set. One last cycle of manual model building and least-
squares refinement reduced the R factor to 18.8% for all measured x-ray
data from 30.0 to 2.0-A resolution. Relevant refinement statistics are
given in Table III and a representative portion of the electron density
map shown in Fig. 1. The average temperature factors for the waters
and for the polypeptide chain backbone atoms were 44.3 A% and 35.2 A2,
respectively. The only significant outlier on the Ramachandran plot of
all non-glycinyl residues is Asp”® which adopts angles of ¢ = 86.0°, and
Y = —28.9°. The electron density is unambiguous in this region and
clearly indicates that Asp” resides in the third position of an approx-
imate Type II reverse turn. A list of the secondary structural elements
is given in Table IV.

RESULTS

Tertiary and Quaternary Structure—The molecular motif of
the thioesterase subunit is quite simple and is characterized by

TaBLE IIT
Least-squares refinement statistics
Resolution limits (A) 30.0-2.0
R factor (%)* 18.8
No. of reflections used 8775
No. of protein atoms 1122

No. of solvent atoms® 79
Weighted root mean square deviations from ideality

Bond length (&) 0.015
Bond angle (deg) 2.65
Planarity (trigonal) (A) 0.005
Planarity (other planes) (A) 0.004
Torsional Angle (deg)® 18.5

@R factor = 3|F, — F J/S|F,|, where F is the observed structure-factor
amplitude and F, is the calculated structure-factor amplitude.

® These include 64 waters and one HEPES molecule.

¢ The torsional angles were not restrained during the refinement.

Fic. 1. Representative portion of
the electron density map. The map
shown was contoured at 1o and calcu-
lated with coefficients of the form (2F, —
F,), where F, was the native structure
factor amplitude and F, was the calcu-
lated structure factor amplitude. This fig-
ure was prepared with the software pack-
age, FROST, written by Dr. Gary
Wesenberg.
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a five-stranded anti-parallel B-sheet labeled A-E in Fig. 2.
These B-strands are quite long and range in length from 8 to 17
amino acid residues. Three of the B-strands, B, C, and E, are
interrupted by B-bulges at Val®? (¢ = —110.6°, y = —28.8°),
Lys® (¢ = —77.2°, ¢y = —45.8°), and Val*! ((¢ = -101.5.6°, ¢y =
—38.3°), respectively. In addition to the five B-strands forming
the major sheet, there is an additional B-strand, labeled F in
Fig. 2, that interacts with a portion of B-strand E thereby
resulting in a second but short two-stranded anti-parallel
B-sheet located at the top left-hand corner of the molecule.
While B-strands A and B are linked together by a complicated
series of reverse turns and a-helical regions, the connections
between B-strands C and D, D and E, and E and F are simple
Type I, Type II, and Type II' turns, respectively. In addition to
the B-strands, there are three major a-helical regions in the
thioesterase subunit delineated by Tyr?4-Phe3®, Trp*’-Val®!,
and Ala'®*-Ser'*!. The thioesterase subunit is somewhat elon-
gated with overall dimensions of 35 A x 48 A x 34 A.

The average B-value for the solvent is 44.3 A2. Of the 64
water molecules positioned into the electron density map, 13
have temperature factors below 30.0 A2 Six of these waters
reside in subunit-subunit interfaces, one sits at the protein
surface where it hydrogen bonds to O of Arg!® and one forms a
linkage between O of Ala®* and N®? of Asn®’ located in the
major a-helix. The remaining five water molecules with tem-
perature factor below 30.0 A2 serve as bridges between various
structural elements. Specifically one links B-strands A and C
via hydrogen bonds with O of Ile®, O of Ile 80, and O? of Thr®2,
a second joins B-strands E and F and a Type I turn by hydrogen
bonding to N of Phe!!®, O of Ile!®°, and O of Lys®, a third
solvent interacts with N®! of His?® and O? of Glu''®, thereby
linking the major o-helix with B-strand E, a fourth water
bridges the major a-helix with B-sheet B by forming hydrogen
bonds with O” of Ser®® and O of Thr®®, and the fifth joins
B-strand A with a Type III reverse turn through interactions
with O of Arg!® and O®! of Asp®. In addition to water mole-
cules, one HEPES molecule was positioned into the electron
density map. This buffer molecule resides in the interface be-
tween two symmetry-related molecules and is surrounded by
the side chains of Lys®®, Arg®®, and Asp'®®.

On the basis of gel filtration experiments, the thioesterase
from Pseudomonas sp. strain CBS was shown to be a homotet-
ramer (13). In the crystals employed in this investigation,
however, there was only one subunit per asymmetric unit. As
such, the thioesterase tetramer packed within the unit cell
such that its three mutually perpendicular 2-fold rotational
axes were coincident with three intersecting crystallographic
dyads. An a-carbon trace of this tetramer, constructed from the
contents of the asymmetric unit, is displayed in Fig. 3, @ and b.
Unlike that observed for the individual subunit, the complete

Glu 115

Phe 119 Phe 119
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thioesterase tetramer is roughly globular with overall dimen-
sions of approximately 49 A x 58 A x 57 A. The quaternary
structure of the enzyme can be accurately described as a “dimer
of dimers” with monomer:monomer interactions extensive be-
tween Subunits I and II and III and IV, respectively. Indeed,
the buried surface area between Subunits I and II is approxi-
mately 1000 A2, as calculated according to the method of Lee
and Richards (23) with a probe sphere of 1.4 A. In contrast, the
surface areas buried between Subunits I and IIT and Subunits
I and IV are approximately 400 A% and 700 A2, respectively.
There are five specific regions of quaternary interactions
between Subunit I and the other three monomers of the tet-
ramer. These areas of contact are provided by the following
secondary structural elements: 1) a surface loop defined by
Glu'?-Trp?® and interacting primarily with Subunit III, 2) the
major a-helix from Tyr?4-Arg®® which contacts both Subunits II
and IV, 3) an a-helical region delineated by Pro*¢-Arg*® which
interacts only with Subunit IV, 4) B-strand B, defined by Ile®-
Phe®®, which lies in close contact to the symmetry-related
B-strand of Subunit II; and finally 5) a Type II turn formed by
Ser”®-Asp”® and interacting with Subunit IV. These regions are
displayed as ball-and-stick representations in Fig. 3a. Both
hydrophobic and electrostatic interactions are employed in
maintaining the proper quaternary state of the enzyme. As an
example of the former, the imidazole ring of His?® (Subunit I)
participates in a striking stacking interaction with the symme-
try-related ring of His?® in Subunit II and, as an example of the
latter, the carboxylate group of Glu'? (Subunit I) forms a salt

TABLE IV
List of secondary structural elements

Residue number

Ser*-Ile'!
Glu'?-Asp?®

Type of secondary structural element

B-Strand (A)
Type III turn

I%Spgj—gﬁyzz TyII{)el'I turn
11§°—E;1yf3 %-ypi 1Ixturn
Trp*"—Val®! a-Helix
Val®2-Gly®® Type I turn
élei%fllefﬁ B-?tranfdl (B)
er ' °—Asp ~Type II turn
Val”"—Trp®” B-Strand (C)
Arg®—Ser®? ~Type I turn

Phe®~Thr'*
Thrl 02_G1y105
Asp'©6_Asn?2?
Aspl23_Arol26
A13134—Ser141

B-Strand (D)
Type II turn
B-Strand (E)
~Type II turn
B-Strand (F)
a-Helix

Fic. 2. Ribbon representation of
one subunit of the 4-hydroxybenzoyl-
CoA thioesterase. This figure and Figs.
3-5 were prepared with the software
package, MOLSCRIPT (38). The B-strands
are labeled A-F.
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bridge with the guanidinium group of Arg®® (Subunit IV).
There are numerous water molecules that line the subunit-
subunit interfaces. The most extensive interactions occur be-
tween B-strands B of symmetry-related Subunits I and II and
III and IV. Indeed, these interactions are such that the indi-
vidual five-stranded anti-parallel B-sheets of Subunits I and IT
and III and IV form continuous 10-stranded anti-parallel
B-sheets as can be seen in Fig. 3b.

Structural Similarity with E. coli B-Hydroxydecanoyl Thiol
Ester Dehydrase—Prior primary structural alignments re-
vealed no obvious clues as to the ancestry of the thioesterase
from Pseudomonas sp. strain CBS. By searching the
Brookhaven Protein Data Bank with the software Dejavu (24)
it became clear, however, that the molecular architecture of the
thioesterase was similar to that previously observed for an-
other protein, B-hydroxydecanoyl thiol ester dehydrase from E.
coli (15). This enzyme is a dimer with each subunit containing
171 amino acid residues (25). The reaction catalyzed by B-hy-
droxydecanoyl thiol ester dehydrase involves a dehydration
and double-bond isomerization on 10-carbon thiol esters of acyl
carrier protein (ACP)? (26, 27).

A superposition of the a-carbons for the dehydrase and the
thioesterase subunits is shown in Fig. 4. Note that the first 51
residues in the dehydrase, which fold into two strands of anti-
parallel B-sheet linked by an a-helix, have no structural coun-
terparts in the thioesterase and have therefore been excluded
from the figure. In fact, the correlation between the two en-
zymes begins at Tyr®® in the dehydrase and Ser* in the thio-
esterase. The root mean square deviation for 86 structurally
equivalent a-carbon atoms between these two proteins is ap-
proximately 2.1 A, as calculated according to the algorithm of
Rossmann and Argos (28). Of these 86 residues, however, only
9 are absolutely conserved between these two proteins with
respect to the identity of the amino acid (Ile'!, Tyr®8, Gly®®,
Phe®®, Thr”®, Lys®, Val®8, Leu!®®, and Ala''? in the thioester-
ase). The central, long helix in the dehydrase (Gly”® to Leu®”) is
almost completely buried within the protein and, as expected, is
extremely hydrophobic with only two of 19 residues being polar
(15). The chemical character of this long a-helix (Tyr?* to Phe®?)
in the thioesterase model is not nearly as hydrophobic, however,
owing in part to the lack of the first B-strand, a-helix, B-strand
motif which packs against this helix in the dehydrase. Indeed, in
the thioesterase seven of the 16 residues in the helix are polar
in nature (Asn?®, His28, Arg?®, Asp®2, Ser®®, Arg®®, and Asn?").

2 The abbreviation used is: ACP, acyl protein carrier.
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Subunit IIT Subunit I Subunit IIT Subunit I

Fic. 3. a-Carbon trace of the thioes-
terase tetramer. The tetramer shown

here was constructed by rotating the con- 3 P s .

tents of the asymmetr}i’c unit, S hown m  Subunit IV Subunit IT Subunit IV Subunit II
red and labeled Subunit I, about three a

mutually perpendicular and intersecting

crystallographic dyads in the unit cell. Subunit I Subunit III Subunit I Subunit III

The four subunits constituting the thioes-
terase tetramer are displayed in red,
green, blue, and black, respectively.
Shown in «a is the molecule viewed down
the crystallographic x axis. The orienta-
tion of the molecule in b is perpendicular
to the z axis.

Subunit IV Subunit II Subunit IV Subunit IT

Fic. 4. Superposition of the a-car-
bons for 4-hydroxybenzoyl-CoA thio-
esterase and B-hydroxydecanoyl
thiol ester dehydrase. X-ray coordi-
nates for the dehydrase were obtained
from the Brookhaven Protein Data Bank
(IMKA). The dehydrase and the thioes-
terase are displayed in red and black, re-
spectively. The 3-decynoyl-N-acetylcys-
teamine suicide inhibitor observed in the
dehydrase structure is depicted in a ball-
and-stick representation.

Active Site for the Thioesterase—The structure of the enzyme replaced with a methylene group) into the thioesterase crystals
presented here is that of the unliganded form. Attempts to soak  have been unsuccessful thus far and co-crystallization trials
an analog of 4-hydroxybenzoyl-CoA (where the sulfur has been with the protein and the above mentioned inhibitor are pres-
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FiG. 5. Active site for the thioester-
ase. The region shown here is presumed
to be the active site for the thioesterase
based on the similarities between it and
the B-hydroxydecanoyl thiol ester dehy-
drase. The substrate is highlighted in
dark bonds. Those residues marked by
asterisks are contributed by a second
subunit.

ently in progress. In light of the structural similarity between
the thioesterase and the dehydrase, however, it is possible to
speculate about the location of the active site. The structure of
the dehydrase was solved in both the unliganded form and in
the presence of 3-decynoyl-N-acetylcysteamine (15). From
these elegant studies, the location of the active site for the
dehydrase was shown to be formed by both subunits constitut-
ing the physiological dimer. Since the thioesterase tetramer
can be envisioned as a dimer of dimers, the polypeptide chains
for one of these dimers were superimposed onto the dehydrase
model with bound 3-decynoyl-N-acetylcysteamine. Based on
the observed binding mode of the 3-decynoyl-N-acetylcysteam-
ine suicide inhibitor in the dehydrase, the true substrate of the
thioesterase, namely 4-hydroxybenzoyl-CoA, was built into the
putative active site as shown in Fig. 5. Note that the dehydrase
catalyzes reactions on 10-carbon thiol esters of the ACP,
whereas the thioesterase recognizes the smaller CoA moiety. In
the dehydrase it has been postulated that the ACP group pro-
trudes away from the interior the active site and toward the
solvent. In the modeling presented in Fig. 5, the same assump-
tion was made regarding the location of the CoA portion of the
substrate; that, indeed, it lies outside of the active site pocket
and toward the surface of the molecule. However, the observa-
tions that CoA itself is a competitive inhibitor of the thioester-
ase with a K; of 370 um and that 4-hydroxybenzoyl pantotheine
exhibits a 100-fold reduced V, /K,, suggest that the “CoA” por-
tion of the substrate molecule also binds to the enzyme, possi-
bly at the mouth of the active site where several positively
charged residues are located (14).

Those thioesterase amino acid residues lying within approx-
imately 5.0 A of the hydroxybenzoyl thioester moiety of the
4-hydroxybenzoyl-CoA ligand are shown in Fig. 5. All observed
water molecules were removed from the thioesterase active site
for this modeling procedure and only the 4-hydroxybenzoyl
group, the B-mercaptoethylamine unit of CoA, and the first
carbonyl and methylene groups of the pantothenate unit of CoA
are shown. Those amino acids labeled with asterisks in Fig. 5
are contributed by the second subunit of the dimer. As can be
seen, the active site pocket is fairly hydrophobic with only the
carboxylate side chains of Asp'”" and Asp®2, the guanidinium
group of Arg''”, and the indole ring of Trp?*” lying near the
4-hydroxybenzoyl moiety. The indole N of Trp?*" and the
carboxylate of Asp®? are positioned for hydrogen bonding with
the benzoyl hydroxyl group while the carboxylate of Asp™” is
available to bind a water molecule. Indeed, O%' of Asp'”" is

located at approximately 6.0 A from the substrate thioester
carbon, providing adequate space between the substrate and
Asp!™ for the proper positioning of a water molecule for nu-
cleophilic attack during catalytic turnover. Further examina-
tion of the active site reveals that the backbone amide group of
T1e®! lies within hydrogen bonding distance to the substrate
thioester oxygen. This interaction could result in the polariza-
tion of the carbonyl oxygen-carbon m-bond (thereby activating
the carbonyl carbon for nucleophilic attack) and in the stabili-
zation of the developing oxyanion transition state. In future
studies, the roles proposed for Asp'””, Asp®?, and Trp?*" in
catalysis and substrate binding will be tested by site-directed
mutagenesis and additional x-ray crystallographic studies. It is
noteworthy that the 4-hydroxybenzoyl-CoA active site does not
contain a nucleophilic residue within striking distance of the
substrate thioester carbon, thus ruling out the possibility of a
chemical pathway involving the formation of a hydroxybenzoyl-
enzyme intermediate.

DISCUSSION

In an effort to understand the biological origin of the thioes-
terase described here, its primary structure was employed to
search recent available protein sequence data banks for homol-
ogous proteins. A Blastp search (29) identified four protein
sequences which showed significant identity to the thioesterase
primary structure: hypothetical proteins from Helicobacter py-
lori (U75328; hyp_hp), Hemophilus influenzae (P44679; hy-
p_hi), Synechocystis sp. (D64002; hyp_syn), and Aquifex aeoli-
cus (AE000743; hyp_aa). Like the thioesterase, these proteins
are small with overall lengths between 128 and 138 amino acid
residues. The sequence identities determined from pairwise
alignments with the program Bestfit, as implemented in the
GCG software package, ranged from ~21 to 36% (30). As indi-
cated in Fig. 6, the amino acid sequence alignment of these five
proteins reveals five positions (Asp!?, Gly?°, Val?2, Ala®%, and
Pro'33 of the thioesterase sequence) at which the residue is
invariant and numerous positions matching amino acid side
chain size, hydrophobicity, and/or charge. This pattern is sug-
gestive of similar folds among these proteins.

It is noteworthy that several of the residues which contribute
to the Asp'” containing active site loop of the thioesterase are
conserved among these four proteins of unknown function.
Examination of the loop structure reveals that the carboxylate
side chain of Asp'® (replaced by a Glu residue in hyp-aa) may
stabilize the Type III turn through hydrogen bonding to the
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(AE000743; hyp_aa). Secondary struc- HYP SYN
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esterase model are indicated as arrows -
and rectangles for B-sheets and a-helices,
respectively. Those amino acid residues
that are fully or partially conserved are
indicated by asterisks.
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HYP_HT
HYP_SYN
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backbone amide group of Glu'2. Gly®° on the other hand, re-
sides in a Type I turn while the side chain of Val?? contributes
to the hydrophobic core. The side chain of Asp'” is directed off
this loop, into the active site where it serves as the putative
base catalyst in the hydrolysis of the 4-hydroxybenzoyl-CoA
thioester. Assuming that the folds of these four proteins are
similar to that of the thioesterase, the conservation of both the
active site loop and the Asp'” base suggests that these proteins
may function in the catalysis of related thioester hydrolysis
reactions.

A particularly intriguing result to emerge from the present
study is the fact that there is no evidence to suggest that the
4-hydroxybenzoyl-CoA thioesterase is structurally related to
known thioesterases functioning in primary or secondary met-
abolic pathways. The thioesterases of fatty acid and polyketide
synthases are subunits or subdomains within large protein
structures while other thioesterases are typically independent
proteins, commonly homodimers or homotetramers with molec-
ular weights ranging from 25,000 to 40,000 (31). The thioester-
ases of the polyketide synthases share significant amino acid
sequence identities with the animal fatty acid thioesterases
Types I or II (32). Most thioesterases of different function
and/or source (plant versus animal versus bacterial) do not,
however, share significant sequence identity. Nevertheless, a
majority of the thioesterases characterized to date contain the
lipase/esterase motif GXSXG and/or C-terminal GXH sequence
(33) characteristic of charge-relay-hydrolases which use a ser-
ine in nucleophilic catalysis and a histidine in combination
with a second proton acceptor (typically an Asp) as the catalytic
base. In some thioesterases, cysteine substitutes for the nucleo-
philic serine (31, 34). The recent x-ray crystal structure of
lux-specific myristol-ACP thioesterase from Vibrio harveyi (35),
a representative of this group, reveals a tertiary structure
which closely resembles the consensus fold of the o/B-hydrolase
superfamily (36).

Based on the crystallographic analysis of the 4-hydroxyben-
zoyl-CoA thioesterase reported in this paper, it is evident that
this enzyme is unrelated in both structure and catalytic mech-
anism to the active site Ser/Cys family of thioesterases. Mech-
anistically, the 4-hydroxybenzoyl-CoA thioesterase shares com-
mon ground with the (human) pB-hydroxyisobutyryl-CoA
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thioesterase (of the valine catabolic pathway) (37) in that the
substrate thioester C=0 is polarized by hydrogen bonds do-
nated from backbone amide groups and the attacking water is
bound and activated by an active site carboxylate residue. The
folds of these two proteins are, however, unrelated. The B-hy-
droxyisobutyryl-CoA thioesterase and coincidentally, the
4-chlorobenzoyl-CoA dehalogenase, are members of the enoyl-
CoA enzyme superfamily.

The amino acid sequence searches conducted in this study
linked the primary structure of the 4-hydroxybenzoyl-CoA thio-
esterase to a group of small bacterial proteins which, at the
present time, have unknown function. The x-ray crystallo-
graphic studies of the thioesterase have, on the other hand,
linked its tertiary structure to that of the E. coli B-hydroxyde-
canoyl thiol ester dehydrase. The absence of significant amino
acid sequence identity between these two proteins is consistent
with the high level of primary structural divergence observed
among the thioesterase group as a whole and, consequently,
our working hypothesis is that the 4-hydroxybenzoyl-CoA thio-
esterase and the E. coli B-hydroxydecanoyl thiol ester dehy-
drase share common ancestry.

The active sites of the thioesterase and dehydrase are formed
through the union of two folded protein chains. The five-
stranded B-sheet of the thioesterase monomer becomes, in the
dimer, a 10-stranded B-sheet which reverses its direction at the
subunit interface thereby creating a solvent accessible crevice
encircled by loops. The same pattern is observed with the
dehydrase despite its additional 51 amino acids which add a
B-a-B motif to the N-terminal region of the protein chain. The
active site crevices observed in these two structures are wide
and deep. In the case of the dehydrase, the active site region
can accommodate a long acyl chain by inserting it between the
central a-helix and the inner surface of the subunit B-sheet.
The entrances of both enzyme active sites accommodate large
substrate appendages, the acyl carrier protein in the case of the
dehydrase and CoA in the case of the thioesterase.

Given the large potential for adaptation of this active site
design to new substrates and chemistries it is expected that the
thioesterase/dehydrase fold is exploited in other proteins func-
tioning in fatty acid or polyketide metabolism. The (3R)-hy-
droxymyristoyl-ACP dehydrase which shares significant se-
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quence homology with the pB-hydroxydecanoyl thiol ester
dehydrase (15) is one example. The four proteins identified on
the basis of primary structure homology with the thioesterase
(Fig. 6), constitute at least one additional example. Future
identifications of other enzyme relatives will, on the other
hand, have to rely on x-ray crystallographic structural deter-
minations since a high level of amino acid sequence divergence
(exemplified by the thioesterase and dehydrase pair) may oth-
erwise erase any hints of common ancestry and fold.
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