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ABSTRACT. Biosynthetic thiolase catalyzes the formation of acetoacetyl-CoA from two molecules of acetyl-
CoA. This is a key step in the synthesis of many biological compounds, including steroid hormones and
ketone bodies. The thiolase reaction involves two chemically distinct steps; during acyl transfer, an acetyl
group is transferred from acetyl-CoA to Cys89, and in the Claisen condensation step, this acetyl group is
further transferred to a second molecule of acetyl-CoA, generating acetoacetyl-CoA. Here, new
crystallographic data fafoogloea ramigerdiosynthetic thiolase are presented, covering all intermediates

of the thiolase catalytic cycle. The high-resolution structures indicate that the acetyl group goes through
four conformations while being transferred from acetyl-CoA via the acetylated enzyme to acetoacetyl-
CoA. This transfer is catalyzed in a rigid cavity lined by mostly hydrophobic side chains, in addition to
the catalytic residues Cys89, His348, and Cys378. The structures highlight the importance of an oxyanion
hole formed by a water molecule and His348 in stabilizing the negative charge on the thioester oxygen
atom of acetyl-CoA at two different steps of the reaction cycle. Another oxyanion hole, composed of the
main chain nitrogen atoms of Cys89 and Gly380, complements a negative charge of the thioester oxygen
anion of the acetylated intermediate, stabilizing the tetrahedral transition state of the Claisen condensation
step. The reactivity of the active site may be modulated by hydrogen bonding networks extending from
the active site toward the back of the molecule.

Thiolases are enzymes utilizing the unique thioester A
chemistry of coenzyme A (CoAYerivatives. These CoA- CoA Cysy, CoA  Cys,
binding enzymes exploit the increased chemical reactivity §..C, SH S8H S__c,
of the C-C and C-H bonds near the thioester group in their g‘ &
catalysis 1). Enzymes using CoA or CoA derivatives are ! !
vital in several biochemical pathways, which include both B
degradative and synthetic routes. The net effect observed in §°A c Zys‘*’c . g°A c o gﬁw
the reaction catalyzed by thiolase is the shortening or Terr e ey EeT
lengthening by two carbon atoms of an acyl chain that is % O O O

covalently bound to CoA via a thioester linkage. The two- Ficure 1: The two-step reaction catalyzed by thiolase. (A) Transfer
carbon units are either transferred to CoA or obtained from of an acetyl group from Ac-CoA to Cys89. (B) The Claisen
acetyl-CoA (Ac-CoA). condensation step, in which the acetyl group from the acetylated

. - . . enzyme is transferred to the second Ac-CoA molecule, resulting
Thiolases have been divided into degradative (EC 2.3.1.16)i, the formation of AcAc-CoA. The numbering scheme for the

and synthetic thiolases (EC 2.3.1.9). While this division is atoms of the acetyl and acetoacetyl moieties is also introduced.

e o the el descrbed Biagcal Lncons f (achc Con) degradate thilases are also bl o iz
’ longer chain substrated)( Furthermore, synthetic thiolases

Igrzr;gfltg%;:aen:\ﬁo %E;gfjnfezﬂgitgztgi;g%??ﬁgﬁu%ifgpaig_are always tetrameric, but degradative enzymes can be either
9 y tetramers or dimers. Deficiencies in both degradative and

binding pockgtz, 3). While synthetic thiolases can only use biosynthetic thiolases have been linked to several human
the short chain substrates acetyl-CoA and acetoacetyI—CoAdisease conditionss(7). Recently, biosynthetic thiolases

* Coordinates and structure factors for the crystal structures presenteohave also been objects C_)f Increasing CqmmerCIal Interest QUe
in this paper have been deposited in the Protein Data Bank with the {0 attempts to enzymatically create biodegradable plastic-
following entry codes: 1M3K for the unliganded C89A mutant, 1IM3Z  like polymers 8). The same is true for other thiolase-related

for the C89A mutant complexed with Ac-CoA, 1M4S for the acetylated anzymes. such as polvketide synthas@s and ketoacyl
unliganded thiolase, 1M4T for butyrylated thiolase, 1IM10 for the C89A y ! poly Y 5 o y

mutant complexed with AcAc-CoA, and 1M1T for the Q64A mutant. Symhases 10. H,ere’ we W'l_l focus 9” the details of the
* To whom correspondence should be addressed. Telephtags- reaction mechanism of the biosynthetic thiolase (acetoacetyl-
(8)5531199. Fax:+358(8)5531141. E-mail: rik.wierenga@oulu.fi. CoA thiolase) fromZoogloea ramigera
ﬁg”.“’ers.'ty of Oulu. Biosynthetic thiolase catalyzes the biological Claisen
niversity of Antwerp. .
1 Abbreviations: Ac-CoA, acetyl-CoA; AcAc-CoA, acetoacetyl-Coa; condensation of two Ac-CoA molecules to form AcAc-CoA

CoA, coenzyme A; TLS, translatierlibration—screw. (Figure 1) @, 11). This is one of the fundamental pathways
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of carbon chain assembly in vivo. Furthermore, it is the first

step in many cellular biosynthetic pathways, including those

which generate cholesterol, steroid hormones, and ketone AcAc-CoA
bodies. The reaction is also used by certain microbes, such Hg
asZ. ramigera as the first step in the synthesis of a polyester,
poly-3-hydroxybutyrate 12). In addition, the reverse reac-
tion, which can also be catalyzed by a synthetic thiolase when
AcAc-CoA is the substrate, is crucial in tifeoxidation of HisQH+ 6 His,,~H"
fatty acids 3), as well as in the metabolism of ketone bodies T T Cysg e

2
“CySg
(0] s /Sr
(14). CoAas'"\/?\ CoAusﬂ\

The enzymological properties @f ramigerathiolase have 3)

rCysag

H,j Ac-CoA

been studied in great detail, 15—17). The pH optimum H— H—

of the enzyme is between 7.5 and 8BB)( The kinetic ﬁ—(:ysm “‘S‘—Cysm
properties of the degradative and synthetic thiolases from f

pig heart andEscherichia colhave been investigated in detail 5 * 3
(4, 19). The kinetic properties of the degradative and His o4 His, ;H"
biosynthetic thiolases are rather differefitZ0): biosynthetic rC¥Ss CYSes
thiolase has 100-fold highdg,; values than the degradative j’ CoAw /i
enzyme. However, the reaction mechanism is essentially the CoA~g H 0 Hes ©

same. Thiolases have a classical ping-pong mechar@gm (
22), which includes an acyl transfer step and a Claisen ﬁ—Cyss._,a ﬁ—c)rss,3
condensation step. The reaction involves the formation of a
covalent acyt-enzyme intermediate, in which the active-

site cysteine (Cys89 in th&. ramigerathiolase) is acylated 4

by an acyl-CoA moleculelf), after which CoA leaves the Ac-CoA His,~H" CoA
active site. Then, a molecule of Ac-CoA enters and is e rCYSe

converted into 3-ketoacyl-CoA. In the case of biosynthetic /i

thiolase, the net reaction converts two molecules of Ac-CoA - 0

into CoA and AcAc-CoA. Although the reaction is thermo- ‘Q‘_Cysm

dynamically unfavorablel), conditions in vivo, such as

the excess of Ac-CoA, and the rapid removal of AcAc-CoA Ficure 2: The thiolase reaction cycle. The six intermediates are
I th tion t ' dt ianificant d " shown and numbered in the synthetic (clockwise) direction from 1
allow the reaction to proceed to a signinicant degree. to 6. The blue arrows indicate electronic rearrangements in the

~ Previously, crystallographic data for three key reaction synthetic direction of the reaction. Detailed structural information
intermediates of the biosynthetic thiolase fr@amramigera about the complexes is depicted in Figure 6: complex 1 in Figure

have been presented, (20). These structures included 6C, complex 2 in Figure 6A, complex 3 in Figure 6D, complex 4

; ; ; <1 in Figure 6C, complex 5 in Figure 6A, and complex 6 in Figure
unliganded thiolase and acetylated thiolase complexed WIth6B. The acetyl group going through four distinct conformations is

CoA and acetyl-CoA (complexes 1, 3, and 5, respectively; jngicated in green. The two distinct chemical conversions are
Figure 2). In this study, we report the crystallographic boxed: acyl transfer on the right and Claisen condensation on the
analysis of the three remaining intermediates of the thiolaseleft. The structural rearrangements during the reaction cycle are
reaction cycle. An inactive mutant &. ramigerathiolase gi%:]‘"g?tﬁ?ei”&ig?ﬁg Qo;f;grrzoaﬂ?’oergiogh‘:n‘:%?pé?xtﬁetoagg?“gfexd
was ConSthted’ n Wh_ICh the aC.tlve'Slte cysteine 89 was cysteinéJ (compl’exes—as) in Figure 7B, ang the conversior): of
replaced with an alanine, and its crystal structure was complex 5 to complex 6 in Figure 7C.

determined. This protein was used to determine the crystal

structure of the complexes between thiolase and its naturalinstructions. The oligonucleotide primers used for the muta-
substrates, Ac-CoA (complex 2) and AcAc-CoA (complex genesis (sense,-BGCATGAACCAGCTTGCCGGCTC-

6). The structure of unliganded wild-type biosynthetic GGGCCTGCGC-3 antisense, 5SGCGCAGGCCCGAGC-
thiolase, in which the active-site cysteine is acetylated, has CGGCAAGCTGGTTCATGCC-3 were obtained from TAG
also been obtained (complex 4). In addition, crystallographic Copenhagen (Copenhagen, Denmark). Similarly, residue
experiments have been performed with the substrate analogu&In64 was mutated into an alanine using suitable primers
butyryl-CoA, and with another point mutant of thiolase, in (sense, 5CCGGCCGGCGAAGGCGCGAACCCGGCCCG-
which a dimer interface residue (GIn64) has been replacedCCAG-3; antisense, SCTGGCGGGCCGGGTTCGCGC-
with an alanine. The new data allow for a complete CTTCGCCGGCCGG-3. Mutant clones were identified by
description of the structural events taking place at the thiolasecycle sequencing using the DYEnamic ET terminator kit
active site during the catalytic cycle and highlight features (Amersham Biosciences, Espoo, Finland).

of the catalytic cavity that are important for substrate  The expression and purification of the wild-type and

specificity and catalysis. mutantZ. ramigerabiosynthetic thiolases were carried out
as previously described for the wild-type enzyn3 (The
EXPERIMENTAL PROCEDURES protein was pure as assigned by SEFAGE @3) and

Mutagenesis, Protein Purification, and Protein Charac- Coomassie staining. Enzyme activities were measured in the
terization.The active-site residue Cys89 was replaced with direction of AcAc-CoA thiolysis, by following the loss of
alanine using the QuikChange site-directed mutagenesis kitthe Mg"—AcAc-CoA complex spectrophotometrically, as
(Stratagene, La Jolla, CA) according to the manufacturer’s previously describedlf). The C89A mutant had no detect-
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Table 1: Currently Available Structures @f ramigeraBiosynthetic Thiolase

description growth and soaking conditions ref PDB entry

wild-type apoenzyme (complex 1) grown in the absence of ligands 20 1DLU

C89A apoenzyme grown in the absence of ligands this work 1M3K

wild-type enzyme complexed with CoA grown in the presence of 5 mM CoA, 20 1DLV
soaked for 30 s in 2.5 mM CGA

C89A complexed with Ac-CoA (complex 2) grown in the absence of ligands, this work 1mM3z
soaked for 10 min in 1 mM Ac-CoA

acetylated enzyme complexed with CoA (complex 3) grown in the presence of 5 mM AcAc-CoA, 3 1QFL
soaked for 30 s in 2.5 mM AcAc-CGA

acetylated enzyme (complex 4) grown in the absence of ligands, this work 1m4s
soaked for 30 s in 0.5 mM Ac-CoA,
washed for 3x 10 s without Ac-CoA&

butyrylated enzyme grown in the absence of ligands, this work 1M4T
soaked for 10 min in 25 mM butyryl-CdA

acetylated enzyme complexed with Ac-CoA (complex 5) grown in the absence of ligands, 20 1DM3
soaked for 30 s in 2.5 MM Ac-CGA

C89A complexed with AcAc-CoA (complex 6) grown in the absence of ligands, this work 1M10
soaked for 5 min in 10 mM AcAc-CoA

Q64A mutant grown in the absence of ligands this work IMIT

2 The soaking solution included the cryoprotect&nthe crystals were treated briefly with cryoprotectant after the described soaking experiment.

able thiolytic activity toward AcAc-CoA. The Q64A mutant
was active toward AcAc-CoA, thk., being approximately
30% lower than that of the wild-type enzyme. The folding
and thermal stability of the wild-type and mutant proteins

nomenclature of the structures of the studied intermediates
is summarized in Figure 1.

The crystals were then prepared for crystallographic data
collection by quickly soaking them in a drop of well solution

were also studied by CD spectroscopy using a Jasco J-715ontaining the corresponding substrate and 24% glycerol as
spectropolarimeter (Jasco, Tokyo, Japan). No significant a cryoprotectant. The crystals were flash-frozen in a stream
differences were observed in the behavior of the wild-type of gaseous nitrogen cooled to 100 K. The detailed protocols

and mutant proteins during expression, purification, and
crystallization. CD spectroscopy also indicated that the
variants were properly folded and had melting curves similar
to those of the wild-type enzyme.

Crystallization.Wild-type and C89A mutant biosynthetic

of the soaking experiments are listed in Table 1. All

crystallographic data were collected at beamline 1724) (

of MAX-Lab (Lund, Sweden), except for the data for the

apo form of the C89A mutant, which were collected at
beamline ID29 at the ESRF (Grenoble, France). As previ-

thiolases were crystallized as previously described for the ously discussed, the biosynthetic thiolase crystals exhibit

wild-type enzyme 3). Briefly, both proteins produced
diffraction-quality crystals in +3 days using either the
hanging drop or the sitting drop vapor diffusion method at
room temperature. The well solution contained 0.1 M sodium
citrate (pH 5.0), 1.0 M LiSQy, 0.9 M (NH,),SO,, 1 mM
ethylenediaminetetraacetic acid, 1 mM dithiothreitol, and 1
mM NaNs, and the protein concentration in the drop was 2
mg/mL. Slightly different conditions had to be used to
crystallize the Q64A mutant. The protein concentration in
the drop was 1 mg/mL, and the well solution contained 0.1
M sodium citrate (pH 5.5 or 6.0), 1.0 M {30, 1.1 M
(NH,)2.SOy, 1 mM ethylenediaminetetraacetic acid, 1 mM
dithiothreitol, and 1 mM NaRkl All protein crystals were
grown in the absence of ligands.

Data Collection and ProcessindRrior to the treatment
with cryoprotectant and crystallographic data collection, the

strong anisotropic disordeB); Thus, the data were collected
using oscillation angles of 0-:3.4°, and data processing was
carried out using XDS25). The data processing statistics
are presented in Table 2. Five percent of the reflections were
set aside for the calculation &%.e (26), and were thus not
used in refinement.

Structure Solution, Refinement, and ValidatiSimce the
unit cell dimensions did not change significantly from those
previously observed (Table 2), the structure solution was
initiated by performing rigid body refinement with REF-
MACS (27) of the CCP4 program packag2g], using the
previously determined structure of unliganded biosynthetic
thiolase [PDB 29) entry 1DLU 0)] as the starting model.
There is one thiolase homotetramer in an asymmetric unit.
Each of the four subunits was defined as a separate rigid
body. Subsequently, translatietibration—screw (TLS) re-

crystals were soaked in substrate solutions (see Table 1)finement was performed in combination with restrained

To obtain structures for the enzyme in complex with its

isotropic refinement using REFMACRT, 30). The two tight

natural substrates, the C89A mutant crystals were soakeddimers, A-B and C-D subunit pairs, were defined as

for 10 min in a drop of well solution containing either 10
mM AcAc-CoA or 1 mM Ac-CoA. For the structure of the

wild-type acetylated enzyme without the bound substrate,

the crystals were first soaked in 0.5 mM Ac-CoA in well

separate rigid bodies during TLS refinement. Noncrystallo-
graphic symmetry restraints were also applied between the
four subunits, and during the late stages of refinement, only
the restraints between the-AC and B-D subunit pairs were

solution for 30 s. Subsequently, the crystals were washedkept. Residues involved in crystal contacts were not included
three times for 10 s by transferring them three times to new in the noncrystallographic symmetry restraints. Water mol-

drops of well solution in the absence of Ac-CoA. To obtain
the structure of wild-type thiolase with a C4 substrate, the
wild-type thiolase crystals were soaked for 5 min in a drop
of the well solution containing 25 mM butyryl-CoA. The

ecules were added iteratively using ARP/WARR)( Sub-
strate and solvent molecules, as well as extra atoms at the
modified residue Cys89 in the wild-type enzyme, were only
added if they were clearly visible in the electron density
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Table 2: Data Collection and Refinement Statistics

acetylated C89A with C89A with butyrylated C89A
thiolase Ac-CoA AcAc-CoA thiolase apo Q64A
data collection statistiés
resolution range (A) 561.87 50-1.87 50-1.95 50-1.77 50-1.70 50-1.94
(1.95-1.87) (1.95-1.87) (2.05-1.95) (1.80-1.77) (1.80-1.70) (2.00-1.94)
1/o(l) 9.5(3.2) 8.8(2.9) 7.0(2.9) 9.0 (2.6) 10.5 (2.5) 8.0(2.9)
completeness (%) 97.9 (90.1) 90.8 (93.3) 99.6 (99.1) 99.1 (95.9) 90.0 (56.7) 97.5 (93.5)
redundancy 3.3(2.6) 3.0(2.8) 3.2(3.1) 3.1(2.3) 3.3(2.1) 2.8(2.2)
Rsym (%) 9.2 (35.4) 8.0 (35.3) 11.8 (36.4) 9.7 (34.4) 7.9 (32.9) 10.0 (28.3)
space group P2; 21 21 P2; P2; 21
unit cell parameters
a b, c(A) 84.40,79.28, 84.60,79.68, 84.22,79.22, 84.35,79.31, 84.37,79.20, 84.47,78.95,
148.48 149.32 148.29 147.32 148.86 148.29
o, B3, y (deg) 90, 92.2, 90 90, 92.8, 90 90, 92.5, 90 90, 94.0, 90 90, 92.3, 90 90, 92.6, 90
refinement statistics
resolution range (A) 261.87 20-1.87 26-1.95 26-1.77 20-1.70 20-1.94
no. of reflections 158300 148800 141522 187094 193695 140595
no. of working set reflections 151113 141952 135151 178447 184714 134240
R factor (%) 20.6 19.2 211 20.6 19.9 19.9
no. of test set reflections 7187 6848 6371 8647 8981 6355
Riree (%) 24.7 24.2 25.8 24.2 24.3 24.5
no. of protein atoms 11368 11292 11284 11298 11336 11324
no. of substrate molecules 0 4 0
no. of water molecules 1094 1052 1002 1091 1159 1177
no. of sulfate molecules 4 4 4
no. of glycerol molecules 4 0 4
geometry statistics
rmsd for bond distances (A) 0.016 0.017 0.018 0.018 0.019 0.020
rmsd for bond angles (deg) 15 1.6 1.6 1.6 1.7 1.8
rmsd forB factors (&)
main chain 2.3 25 24 2.1 2.4 2.3
side chain 3.0 2.9 2.6 2.7 3.4 3.2
averageB factors (&)°
protein atoms (A, B, C, D) 14,14,11,13 20, 20,22,23 15,15,15,15 14,14,14,15 13,13,15,16 11,11,9,11
substrate atoms (A, B, C, D) — 63,65, 84,89 48, 46;, — — - —
solvent atoms 41 45 43 42 40 39
Ramachandran plot (all subunits, %)
most favored 90.2 92.0 89.8 90.3 91.4 90.4
additionally allowed 9.5 7.7 9.9 9.3 8.0 9.2
generously allowed 0.3 0.3 0.2 0.4 0.6 0.3
disallowed 0.0 0.0 0.1 0.0 0.0 0.2
noncrystallographic symmetry (AC, B—D)
rmsd for protein atoms (A) 0.21,0.22 0.19,0.18 0.21,0.23 0.21,0.21 0.21,0.21 0.25,0.24
rmsd forB factors (&) 3.4,3.3 3.0,3.3 2.6,2.8 3.1,34 3.0,3.4 2.6,2.7

aThe values in parentheses correspond to the highest-resolution®SHed.contribution of the TLS parameters is not included inBtfactors.

maps. The presence of the expected mutations in the C89A5-sheet 83). In this -sheet, stran@5 runs antiparallel to
and Q64A variants was confirmed by the electron density the other strandgj1 andS3 are at the edges of the sheet,
maps. The quality of the protein models was checked with and the assembly of the strands in fhsheet is51—55—
PROCHECK 82). The refinement and validation statistics p4—/2—/3. f-Strands 2, 4, and 5 are completely buried in
are shown in Table 2. All further analysis concentrated on the bulk of the protein. The loop domain circles around the
the B subunit, which is always best defined in the synthetic active site and is important for binding the CoA moiety of
thiolase crystal structures. the substrate. In addition, residues #2212 of the loop
domain extend away from the subunit, interacting with the
corresponding residues of the other subunits and thus forming

Overall Description of the Moleculélhe thiolase tetramer  the tetramerization motif3) (Figure 3A,B).

is, in fact, a dimer of tight dimers (Figure 3A). Each subunit ~ The structures in this study were refined at resolutions
of the thiolase tetramer consists of three domains: anranging from 1.70 to 1.95 A (Table 2). Residues3®2 of
N-terminal domain (residues—1118 and 256-272) and a all subunits could be built in all structures. In the Q64A and
C-terminal domain (residues 2#392) having similar topol-  C89A mutant structures, as well as in the structure of the
ogy and a loop domain, which is an insertion of ap- acetylated enzyme, Serl and Thr2 could also be included in
proximately 130 residues (residues I319) within the the model. Ramachandran plots indicate that the only residues
N-terminal domain after stranf4. The N- and C-terminal ~ found in the generously allowed or disallowed regions are
domains assemble into a five-layeree f—o—f—a struc- Leu88 and Asn65. Both of these residues are very well
ture, with two central helices, termed® and Gx3, covered defined in the electron density maps, Leu88 being the residue
on each side by layers ¢#-strands anda-helices. The next to the active-site Cys89, and Asn65 being located at
p-strands of the N-terminal domain and the C-terminal the tight dimer interface, near GIn64 which points into the
domain have the same topology of a mixed five-stranded active site of the opposing subunit (Figure 3B). There are

RESULTS
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FiGure 3: (A) Thiolase tetramer, which is a dimer of two tight dimers. Subunits A and B (below) are ir-fteen colors, and subunits

C and D (above) are in yellowred colors. The libration axes of the TLS refinement for the two tight dimers are also shown (red axes for
the A—B dimer and purple axes for the—<D dimer), as are two molecules of AcAc-CoA in the active sites of subunits A and B. The
structure of complex 5, the C89A mutant thiolase complexed with AcAc-CoA, was used to prepare this figure and Figure 5. The image was
made with Molscript47). (B) A—B dimer viewed from the top. Subunit A (above) has a lighter gray color than subunit B. The tetramerization
motif is red, and the loop region which becomes less ordered in the Q64A mutant is orange. The position of GIn64 is indicated by an
orange arrow. The mode of binding of AcAc-CoA is also shown, and the three catalytic residues are indicated with purple. Four green main
chain regions highlight the loop regions defining the bottom of the active-site cavity. Also in green is the region near Ser247, whereas the
orange main chain defines the ceiling of the active-site pocket (see the text). The red and blue side chains refer to Asp141 and Argl129,
which form a salt bridge between opposing subunits at both ends of the tetramerization loop. The image was made wid8D(SD (
Substrate-binding cavity of biosynthetic thiolase (side view). The surface is the solvent-accessible surface calculated for the protain, includi
well-defined solvent molecules, in the absence of AcAc-CoA, which is bound in the active site. The image was made withd9) & (

DINO (49).
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50 - portion is the same. In the presence of CoA, the volume of
1 - ; the remaining cavity at the active site is 88, And no water
40 molecules are detectable [PDB entry 1DL0)]. The cavity
3 - is lined by hydrophobic side chains from residues Val57,

0 -

Leu88, Leul48, Metl57, Met288, Phe319, and Ille350.
Deepest in the cavity are the polar side chain of GIn64 of
the opposing subunit of the tight dimer and an oxyanion hole
formed by the main chain nitrogens of Cys89 and Gly380.
Central in the active-site cavity are the side chains of the
0 o 260 % 39; catalytic residues Cys89 and Cys378, and toward the entrance
Residue number of the cavity is the third catalytic residue, His348 (Figure
FIGURE 4: B factor plot, calculated using main chain atoms, for 3)- In the apo form of the wild-type enzymey(&ys89)

the unliganded thiolase mutants C89A (thick line) and Q64A (thin points toward O (378), whepg = —34° [PDB entry 1DLU
line). The B subunit of the tetramer was used for the analysis. It (20)]. Once a ligand binds [PDB entry 1DL\2()], it rotates

can be seen that while both variants have three regions of highglightly (y, = —58°) toward His348, and it remains in this

irse%ti'g’rﬁiccgvfearﬁgsr'e ;ihdeu eQSGilerggtgfntthréalsogpf%%rtnﬁ]ailgs(sf,ir%ovl\:e)l.red position throughout the catalytic cycle. The His348 side chain

The B factors of the C89A mutant resemble closely those of the IS anchored by a hydrogen bonding contact with Ser353 [the
wild-type enzyme, both in the presence and in the absence of ligandNd1(His348)-0Oy(Ser353) distance being 2.6 A], which is
(data not shown). The contributions of the TLS parameters are notan integral part of a buried water cluste(8ys378) is in
included in the values. a somewhat strained conformation; for exampte= 67°

) ) ) (3, 20). In this conformation, $(Cys378) is close to
three regions of _hlng factors both in the presence and in N(Cys378) and O(Cys378), which are at a distance of
the_absence of ligand, corresponding to Io_op regions nears 3 ‘and 3.4 A, respectively. During the catalytic cycle,
residues 136, 207, and 235 of each subunit (Figure 4). All g,cys378) does not rotate; it is kept in its position by
these regions are within the loop domain, pointing into the nearby Met288 and GIn322 residues. ThéCys378)-
interdimer space toward the opposing dimer and its active S5(Met288) and $(Cys378)-Co(GIn322) distances are both

25

20 —

B factor

sites. _ o 3.8 A. Met288 and GIn322 anchor the Cys378 side chain in
Due to crystal packing, the AB dimer is much better 3 fixed position, as they do not allow any rotation abput
defined in the electron density maps than theCdimer, In this position, $(Cys378) is hydrogen-bonded to Wat49

and the previously described structurds20) had very high (3.3 A) and Wat82 (3.5 A). §Cys378) is 6 ad 7 A from
B factors for subunits C and D. The B subunit was used for 5),(Cys89) and N2(His348), respectively.
the analysis of the structures, but all the discussed structural ~Another important feature of the active site is the presence
features are also visible in the A subunit. Contrary to previous of hydrogen bonding networks leading from the catalytic
structure refinements of this biosynthetic thiolase, TLS center toward the back of the molecule (Figure 5). Two main
parameters30) were used in the current refinement (Figure networks can be distinguished, one on each side of strand
3A). In the final structures, the individual isotrofcfactors CpB2 of the 8-sheet of the C-terminal domain, both being
in all four subunits are low and very similar (Table 2), packed between a nearby helix and tifisstrand. One
indicating that the parameters of TLS refinement account network starts from Wat82. Wat82 is an integral part of the
very well for the anisotropic disorder of the crystal, when active site, being present in all unliganded and liganded
the A-B and C-D dimers are used as separate rigid bodies stryctures. This network is indeed a 15 A long water channel
during refinement. Figure 3A illustrates the libration axes of seven water molecules connected to bulk solvent on the
for the two tight dimers, and it can be seen that a center of gther side of the protein. The water molecules of this network
movement for the €D dimer is found at the tetramerization  jnteract with both side chain and main chain atoms. The other
motif. network extends away from active-site residues His348 and
Description of the Actie Site.The active site of each  Asn316. This hydrogen bonding network is dominated by a
thiolase subunit faces the interdimer space, not being blockedcluster of six buried water molecules which interact with
by crystal contacts (Figure 3A). The catalytic function of the buried charged side chains of Glu314 and Arg356. The
thiolase is performed by the protein atoms surrounding a centralg-strand of the C-termingi-sheet (@2) contributes
cavity (Figure 3C). The bottom of this cavity is formed by a buried charged residue to both networks, Glu314 and
four stretches of the polypeptide chain, leading into the two Glu317 (Figure 5). The third buried charged residue, Arg356,
central helices (M3 and Gx3) of the thiolase fold and out is part of the @3 helix.
of the two central strands ({2 and (34) of the second The potential importance of Wat82 is highlighted by the
B-sheet (Figure 3B). This region is sealed off from bulk fact that it is hydrogen bonded to catalytically crucial atoms
solvent by residues 147156 of the loop domain, and by  of all three catalytic residues, in particular tg(Sys378),
GIn64 of the adjacent subunit (Figure 3B). Sy(Cys89), and M2(His348). It is also hydrogen bonded to
The active site can only be reached via a narrow tunnel Wat49 and O(Cys378). These six atoms form a polar face
(Figure 3C), lined by the hydrophilic residues His156 and of the active-site cavity, centered around Wat82, which is
Ser247, which has two alternate conformations in all of the contacted from the interior of the protein by the Asn316 side
structures. These residues are located near the beginning andhain through a hydrogen bond betweef2fAsn316) and
end of the loop domain, respectively, and this is the region Wat82. In the liganded structures, the thioester oxygen of
binding the phosphopantetheine moiety of CoA. In all both acetyl-CoA and acetoacetyl-CoA contacts the center of
liganded structures of thiolase, the binding mode of the CoA this face through a hydrogen bond with Wat82, further
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Ficure 5: (A) Two water-mediated hydrogen bonding networks extend from the active site toward the back of the molecule, one on each
side of the centrgB-sheet (view similar to that in Figure 3B). The loop formed by residues-332, shown in purple, seals one of the

water networks away from bulk solvent. The channel on the left links the active site to bulk solvent, while the cluster on the right does not
directly contact bulk solvent. The image was made with DIN®).((B) Schematic representation of the hydrogen bonding networks. For
clarity, only the interactions involving the water molecules and the side chain atoms of the protein are shown.

emphasizing the central position of Wat82 (see, for example, structures indicate that both substrates were bound in the
Figures 5 and 6). active site of the mutant enzyme. The binding mode of the

Binding Mode of Acetyl-CoAlo be able to study the mode CoA part was similar for both substrates, and the same as
of binding of the natural substrates of thiolase, acetyl-CoA that seen in previous complexe&} 20). Few direct contacts
and acetoacetyl-CoA, the inactive mutant C89A was ex- are present between the ADP moiety of the CoA molecule
pressed, purified, and crystallized. Analysis of the crystal and the enzyme. This is in agreement with the earlier
structure of the apo form of the C89A mutant protein observations that CoA analogues, from which thpl®spho-
indicated that the only significant difference in the structure ADP moiety has been removed, are also substrates for
of the mutant compared to the wild-type enzyme was the biosynthetic thiolase3d).
loss of the $ atom of Cys89. In addition, one extra water The first step in the thiolase reaction in the synthetic
molecule is present in the active site of the mutant in the direction is the binding of Ac-CoA in the active site. The
unliganded state and in the presence of Ac-CoA, being binding of Ac-CoA to the inactive enzyme (complex 2) is
located in the oxyanion hole formed by the backbone N only slightly different from its binding to the acetylated
atoms of Cys89 and Gly380. Thus, the C89A mutant crystals intermediate (Figure 6A). In both structures, the thioester
were suitable for use in substrate soaking experiments.  oxygen atom of Ac-CoA is hydrogen bonded te2{His348),

The natural substrates of thiolase, Ac-CoA and AcAc-CoA, but in the C89A mutant complex, the thioester oxygen is
were soaked into crystals of the inactive C89A mutant somewhat rotated into the space created by the absence of
thiolase, using the protocols described in Table 1. The crystalthe S/ atom of Cys89. The CP2SP1-C1-01 dihedral
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Ficure 6: Specific structural features of the complexes. The numbering scheme for the complexes is defined in Figure 2. (A) Two
structures complexed with Ac-CoA (complexes 2 and 5). The carbon atoms of complex 5 (Ac-Cys89 and Ac-CoA) are colored green.
(B) Binding mode of acetoacetyl-CoA (complex 6, top view). Hydrogen bonding interactions of the thioester oxygen and the 3-keto oxygen
of the acetoacetyl moiety with the polar atoms of oxyanion holes are indicated with dashed lines. (C) Structure of the acetylated enzyme
(complex 4). Cys89 exists in two alternative conformations, one of which is acetylated and the other of which corresponds to the apo form
(complex 1). Shown is also the conformation (purple) of Cys89 in the complex with @A (D) Structure of the butyrylated enzyme.
Superimposed are CoA and Cys89 from complex 3 (in orange), demonstrating that butyrylation of Cys89 prevents the entry of a CoA
molecule or its thioester derivative into the active site. Highlighted are also two hydrogen bonds made by the side chain of GIn64 in the
wild-type enzyme (dashed lines), and the corresponding alanine residue and a water molecule replacing the side chain in the Q64A mutant

(purple).
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angles of Ac-CoA are-41° and 3 for complexes 2 and 5, refinement, occupancies of 50% were used for the overlap-
respectively, indicating that in complex 5, the acetyl group ping conformations of modified and unmodified Cys89.
is strained, while in complex 2, it adopts a more relaxed The orientation of the acetyl moiety of the acetylated
conformation. The C2 atom of Ac-CoA contacts the side cysteine in complex 4 is the same as in complex 3 (Figure
chains of Met288 and Cys378, as well as O(Cys378) (Figure 7B). The orientation of the acetyl moiety in complex 4 is
6A). Presumably, in the wild-type enzyme, the binding mode such that the thioester oxygen points to the solvent, whereas
of acetyl-CoA is very similar to that observed in the mutant. the methyl group points to the cavity wall, in particular,
Energy minimization of the active site after thg &om has Leu88 (Figure 6C). The thioester oxygen atom is hydrogen
been added back to Cys89 results in only small shifts suchbonded to Wat82 (3 A) and N(Gly380) (3.7 A); in complex
that the acetyl moiety of Ac-CoA rotates into a position more 3, there is an additional hydrogen bond to S(CoA) (3 A).
similar to that seen in complex 5 (unpublished results). It  Binding Studies with Butyryl-Co&utyryl-CoA was found
should also be noted that in the wild-type enzyme, the to be only a weak inhibitor of the thiolysis of AcAc-CoA at
binding of CoA in the active site induces a rotation of 1 mM butyryl-CoA, despite the structure being very similar
approximately 30 about the @—Cg bond of Cys89, to both Ac-CoA and AcAc-CoA. Soaking of the C89A
resulting in the movement oh§Cys89) toward N2(His348) mutant crystals in 10 mM butyryl-CoA did not result in a
(20). The S§ atom of Cys89 now becomes a powerful detectable level of binding of the compound in the crystal
nucleophile; this is crucial for the subsequent catalytic steps. structure (unpublished results), further indicating a low
Binding Mode of Acetoacetyl-CoAn the degradative  affinity of synthetic thiolase for butyryl-CoA. Crystal-
direction, synthetic thiolase uses AcAc-CoA as its first lographic data indicate that soaking of wild-type thiolase
substrate. The acetoacetyl group is almost planar in thecrystals in butyryl-CoA results in Cys89 being butyrylated,
structure of the C89A mutant complexed with AcAc-CoA with no additional CoA being bound (Figure 6D). The
(complex 6; see Figure 6B). The ©C1-C2—-C3 and C+ thioester oxygen of the butyrylated Cys89 points deep into
C2—C3—-03 dihedral angles are177 and—16C, respec- the oxyanion hole of N(Cys89) and N(Gly380). In this mode
tively. Consequently, both O1 and O3 atoms point away from of binding, the @(Cys89)-Sy(Cys89)-C1-0O1 dihedral
the sulfur atom of CoA, toward the oxyanion holes formed angle is strained-{10°), as also seen for the acetyl group
by Wat82 and N2(His348) and N(Cys89) and N(Gly380), on Cys89 (28) in the structure of complex 320).
respectively (Figure 5B). The S and C4 atoms of the Following acyl transfer in the crystal, the tightness of the
S-acetoacetyl moiety point upward, away from the catalytic active site results in a conformation of the transferred butyryl
residues and toward the side chain of Leul48 in the loop group that sterically prevents further entry of a CoA molecule
domain. This particular stretch of the loop domain is fixed (Figure 6D), in good agreement with the narrow substrate
in its position by a hydrogen bond betweea2{(GIn64) of specificity of the enzyme. It is clear that in thiolases with
the adjacent subunit and O(Gly147) (Figures 3B and 6D). longer chain length specificity, the acyl group must adopt a
C4 also points toward the Val57, Leu88, and lle350 side conformation different from that observed for the butyryl
chains, while the thioester sulfur atom is twisted toward the group, to allow the further entrance of CoA or Ac-CoA.
side chains of Met157, Met288, and Phe319 (Figures 3C and  Structure of the Q64A Mutar®In64 is a highly conserved
6B). residue in biosynthetic thiolases. It is located at the dimer
The very tight and rigid cavity of the active site of interface, and its side chain points toward the active site of
biosynthetic thiolase directs the substrate into the proximity the adjacent subunit of the tight dimer, interacting with
of the catalytic groups in the protein. The O3 atom of the residues of this opposing monomer (Figures 3B and 6D).
acetoacetyl group points deep into the oxyanion hole formed Ne2 of GIn64 is hydrogen bonded to the main chain carbonyl
by N(Cys89) and N(Gly380), while the O1 thioester oxygen oxygen of Gly147 of the loop domain, and it is also very
is hydrogen bonded to Wat82 ande2{His348). Energy  close (3.6-3.7 A) to the $ and G atoms of Met157. The
minimization of the structure after adding the &tom to Oel atom, on the other hand, is hydrogen bonded to
Cys89 results in only small changes in the conformation of N(Gly381). The Q64A mutant was purified and crystallized
the acetoacetyl group (unpublished results). (Table 1). The protein is enzymatically active in the thiolysis
Unliganded Acetylated Thiolas€rystals of wild-type of AcAc-CoA, the experimentak., being slightly smaller
thiolase were used to determine the structure of the covalentlythan that for the wild-type enzyme. The overall structure of
modified intermediate in the absence of bound substrate.the Q64A mutant is essentially the same as that of the wild-
Soaking of wild-type thiolase crystals in acetyl-CoA resulted type enzyme, except for the absence of the side chain of
in the formation of an acetylenzyme intermediate, which  GIn64 (Figure 6D). One extra water molecule is detected in
could be trapped in the absence of bound CoA or its the cavity induced by the mutation; this water is hydrogen
derivatives due to careful washing of the crystals after bonded to N(Gly381) and O(Thrl49). Analysis of the
soaking. Soaking in Ac-CoA produced an enzyme acetylatedtemperature factors of the mutant indicates a dramatic
at Cys89 (complex 4). Upon refinement, it became evident increase in thé factors for residues 147163 of the loop
that the structure is a mixture of the acetylated cysteine anddomain (Figure 4), when compared to all the other biosyn-
an unmodified cysteine (Figure 6C) in the same conformation thetic thiolase structures. This region, in particular Leu148,
found in unliganded thiolas&(). This was expected, as the closes the tight binding pocket of the fatty acid tail. The
acetylated enzyme is hydrolyzed by water, and the half-life hydrogen bonding interactions of GIn64 are apparently
of the acetyl group on Cys89 in acetylated thiolase is only important in anchoring this region of the loop domain to the
2 min (35). After the acetyl group had been built in, extra bulk of the protein, which is possibly relevant for the very
electron density could be detected in the position where the narrow substrate specificity of the enzyni), The high
Sy atom of unliganded thiolase Cys89 is located. In level of sequence conservation of GIn64 in synthetic thiolases
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Ficure 7: Visualization of the structural rearrangements taking place during the thiolase reaction cycle. The numbering scheme of the
complexes is provided in Figure 2. (A) Structures of complexes 2 and 3 (top view). The carbon atoms of Cys89 and CoA in complex 3 are
colored orange. These complexes represent the active site before and after transacetylation has occurred, respectively. From the orientation
of the acetyl group on Ac-CoA in complex 2, it can be deduced that the negative charge developing on its O1 in the transition state is
stabilized by the oxyanion hole formed by His348 and Wat82. (B) Orientation of the acetyl group on Cys89 in complexd$Hh&

entrance of Ac-CoA induces a movement in acetyl-Cys89 that brings its O1 into the oxyanion hole of N(Cys89) and N(Gly380). Complex

3 is indicated in orange and complex 5 in green. (C) Complexes 5 and 6. These complexes represent the structure before and after Claisen
condensation, respectively. The thioester oxygen atoms that will be negatively charged in the transition states are in the oxyanion holes in
both structures. Green carbon atoms represent complex 5.

suggests that this anchoring interaction is important for the consisting of a series of six intermediates (Figure 2). In this

function of biosynthetic thiolase. cycle, two distinct chemical conversions are catalyzed; these
reactions are an acyl transfer, where complex 2 is converted
DISCUSSION into complex 3, and a Claisen condensation, in which

General Aspects of the Thiolase Reaction and thevActi  complex 5 is converted into complex 6. Thiolase can catalyze
Site. The thiolase reaction can be considered a cycle these conversions in both directions, i.e., toward the synthesis
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or the degradation of AcAc-CoA. The bacterial thiolase esterases such as acetylcholinester@8e (n serine pro-
discussed in this paper has evolved to function in a syntheticteases, the NH donor groups are provided by the same loop.
pathway; consequently, the catalytic events will be discussedin thiolase and acetylcholinesterase, the two NH groups are
here in this context. Thus, the first event of the catalytic cycle provided by two different loops; in these enzymes, the second
is the binding of Ac-CoA (Figure 2). Now, crystal structures NH group is donated by a glycine-rich loop, corresponding
are available that represent each of the six complexes of theto the Gly380-Gly381-Gly382 sequence in thiolase. The other
reaction pathway, and a complete picture of the structural oxyanion hole in thiolase is formed by Wat82 and2N
events occurring during the entire thiolase reaction cycle can(His348). This oxyanion hole stabilizes transition state
be obtained. intermediates of both the acyl transfer and Claisen condensa-
The active site of biosynthetic thiolase is characterized tion reactions.
by the presence of two reactive cysteine residues, Cys89 and It is further interesting to note that the thiolase active site
Cys378. The active site catalyzes two chemically different is located at the N-termini of the two long central helices,
reactions, both of which involve the transfer of an acetyl Na3 and Gx3, of the thiolase fold. Residues of the first turn
group between the enzyme and Ac-CoA. In the first reaction, of these helices contact each other, and a buried water
the acetyl group is transferred between the sulfur atoms of molecule is bound in this region, hydrogen bonded to
CoA and Cys89; simultaneously, a proton is transferred from N(Ser91) and N(Gly92) of N3 and to N(Ser353) and
Cys378 to the S atom of the leaving group, CoA (Figure 2). N(Gly354) of Ga3. The helix dipoles39) of these helices
In the second reaction, the acetyl group is transferred frommay be an important factor in the thiolase reaction. For
the sulfur atom of Cys89 to the C2 atom of a second Ac- example, the negatively charged oxyanions of the transition
CoA molecule. At the same time, a proton is transferred from states point toward the N-termini of these helices. Also, an
C2(Ac-CoA) to Cys378. In this reaction, also termed Claisen essential step of the thiolase reaction is the deprotonation of
condensation, a €C bond is formed between an electro- Sy(Cys89), which will be favored by the positive electrostatic
phile, C1 of acetylated Cys89, and a nucleophile, C2 of Ac- potential of the N-terminus of the®B helix. The lowering
CoA. Both of these carbon atoms belong to a thioester group,of pK, values of ionizing Cys residues by helical dipoles
and the stabilization of the charges on these carbon atoms idas been reported previous§0j and also suggested to play
favored by electrostatic interactions of the thioester oxygen a role in the generation of a nucleophilic cysteine in another
atoms with two oxyanion holes. In these two reactions, Cys89 enzyme having the thiolase fold, FabH, frden coli (41).
functions as a carrier of acetyl groups, and Cys378 shuttlesThe localization of Cys89 in a tight turn, stabilized by the
protons. hydrogen bond between the main chain carbonyl oxygen of
Key factors determining the substrate specificity of bio- the Ramachandran outlier Leu88 and the amide nitrogen of
synthetic thiolase are the size and properties of its substrate-Ser91, as well as the one betweenp @ Ser91 and the main
binding pocket. The active-site cavity of biosynthetic thiolase chain nitrogen of GIn87, may be important in enabling the
is small and rigid, explaining the very narrow substrate Sy atom to take full advantage of the helix dipole.
specificity. For example, th&, values for the cleavage In the entire substrate-binding pocket, His348 is the only
of C6—3-oxoacyl-CoA and 2-methylacetoacetyl-CoA are,  group having a transient positive charge; the only negative
respectively, less than 0.1% and nondetectable when com-charges lie on either of the two active-site cysteines,
pared to the reaction with AcAc-CoA®). In the unliganded  depending on the stage of the reaction. During the course of
state, the active-site region contains no formally charged the reaction, negatively charged transition states are formed
atoms. The active-site cavity has polar and apolar faces suctthat are stabilized either by the oxyanion hole of N(Cys89)
that the center of the polar face of the active site is near and N(Gly380) or by the side chain of His348 and Wat82.
Wat82, and the apolar face is formed by the side chains of The negative charge on Cys89 generated upon ligand binding
Leu88, 1le350, Val57, Leul48, Met288, Met157, and Phe319. (complexes 2 and 6) is transferred to Cys378 for the second
In the standard view (for example, Figures 3C and 6A), the half of the catalytic cycle (in complexes-3). The negative
polar face can be termed the bottom of the cavity, while the charge on $(Cys378) is stabilized by hydrogen bonds to
hydrophobic side chains form the ceiling of the cavity. In Wat82 and Wat49, which interact with His348 and a water
complex 6, AcAc-CoA is bound so that the hydrophobic S channel, respectively. Thus, the transient positive charge on
and C4 atoms point upward, contacting the hydrophobic face, His348 will also effectively decrease th&pof Cys378, via
while the O1 and O3 atoms of the substrate interact Wat82. In fact, the nearest charge tp(Sys378) is in the
intimately with the polar face (Figures 3C and 6B). The tight side chain of His3487 A away. In the Claisen condensation
packing of the active-site cavity is in agreement with the step, when complex 5 is converted to complex 6, the
earlier observation that acetyl-dithio-CoA cannot acetylate protonation state of Cys378 reverts back to the neutral state.
the enzyme36). The thiocarbonyl moiety in this compound Analysis of the crystal structures of all the intermediates
is significantly more bulky than the oxocarbonyl group of of the thiolase reaction allows one to compare the atoms
Ac-CoA (36). The acetyl group is so tightly packed that there that move during the reaction cycle. Strikingly, the only
would not be enough space to exchange the carbonyl oxygemrotein atom, apart from protons, that moves during the entire
with a sulfur atom, considering the structure of the acetylated thiolase reaction is theySatom of Cys89. Once substrate
enzyme. binds, this atom moves closer to His348, at the same time
Two distinct oxyanion holes stabilize the two different being deprotonated. Then, it stays in the same position
transition states. The oxyanion hole functioning only in throughout all reaction steps, regardless of whether it is
Claisen condensation is formed by the main chain nitrogen acetylated. In the unliganded structure, th€/s89)-Ne2-
atoms of Cys89 and Gly380. Such oxyanion holes are also(His348) distance is 4.2 A; the small displacement of the
seen in serine proteas&y) and other enzymes, for example, Sy atom upon substrate binding shortens this distance to 3.0
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A (Figure 6C). The other moving atoms during the reaction moieties are stacked on top of each other at a distance of
belong to the two acetyl groups brought into the active site 3.0 A and contacted by the negatively chargedCys378)
by CoA, while the CoA moiety itself is always bound inthe 3.3 A away from C2 of Ac-CoA (Figure 7B,C). This
same mode. The first acetyl group that is brought into the geometry is in agreement with experimental studies showing
active site by the first Ac-CoA molecule goes through four that the stereochemistry of the reaction causes inversion at
distinct conformations and two oxyanion holes before leaving the methyl group of Ac-CoA that is converted to the
the active site as the terminal acetyl group of AcAc-CoA methylene group in AcAc-CoAl(, 43). Sy(Cys378) is well-
(Figures 6 and 7). The only clear role played by solvent positioned for abstracting the C2 proton, allowing for the
directly in the reaction mechanism is the stabilization by subsequent condensation reaction between the nucleophilic
Wat82 of the two transition states in which the O1 atom of C2(Ac-CoA) and the electrophilic C1(Ac-Cys89) to proceed.
the substrate transiently has a negative charge. The electrophilic character of this C1 atom is enhanced by
Events Taking Place at the Aeé Site during the Bio-  the presence of the tight oxyanion hole formed by N(Cys89)
synthetic Thiolase Reaction Cyclewe consider the reaction  and N(Gly380).
along the synthetic pathway, the unliganded enzyme (com- The Claisen condensation reaction is initiated by the loss
plex 1) binds Ac-CoA (complex 2), and at the same time, of a proton from C2 of Ac-CoA to the)Batom of Cys378
the side chain of Cys89 rotates toward His348 (Figure 6C), (42). It is experimentally well establishedZ, 34, 36) that
as seen, for example, in the structure of the complex betweenCys378 is a more efficient catalytic base in the acetylated
unmodified thiolase and CoA(). His348 activates Cys89 enzyme than in the apo form. In the complex between the
by abstracting the proton from itgy&tom, creating a reactive  acetylated enzyme and Ac-CoA (complex 5), the distance
nucleophile, at the same time acquiring a positive charge. between $ of Cys378 and C2 of Ac-CoA is only 3.3 A,
01 of the acetyl group in Ac-CoA is now hydrogen bonded while the distance between the corresponding atoms in
to the oxyanion hole comprised of Wat82 anel{His348). complex 6 is 4.4 A. Due to resonance, the carbonyl O1 of
In the acyl transfer step, the acetyl group is transferred Ac-CoA has a partial negative charge, and hydrogen bonding
from Ac-CoA to Cys89, during which the tetrahedral with His348 Ne2 and Wat82, as seen in complexes 5 and 6
intermediate is stabilized by His348 and Wat82. Upon (Figure 7C), stabilizes this planar transition state intermediate.
comparison of the active-site geometry of complex 2 with The C2 carbanion of Ac-CoA reacts with the electrophilic
the structure of acetylated thiolase with CoA (complex 3), C1 atom of acetylated Cys89. The negative charge on the
it is clear that the transfer of the acetyl group is accompanied thioester oxygen atom of Ac-Cys89 of the tetrahedral
by a major structural rearrangement of the acetyl group intermediate is stabilized in the oxyanion hole formed by
(Figure 7A), while the hydrogen bonding interaction between N(Cys89) and N(Gly380). After Claisen condensation, AcAc-
the thioester oxygen and Wat82 is maintained. The C1 atomCoA is present in the active site (complex 6), with its O3
of the acetyl group moves by 2.2 A upon its transfer from oxygen still in the second oxyanion hole (Figure 5B). The
CoA to Cys89. In the predicted tetrahedral transition state, O3 atom of AcAc-CoA points deep into the oxyanion hole,
in which the acetyl group is shared by the sulfur atoms of its distance to N(Cys89) bajn3 A and that to N(Gly380)
CoA and Cys89, the O1 atom of the acetyl group carries a being 2.5 A. The loss of AcAc-CoA from the active site,
negative charge. The orientation of the acetyl group in the and the simultaneous rotation of the Cys89 side chain to the
structures indicates that the transient negative charge on thepo position, completes the thiolase reaction cycle.
oxygen is stabilized by the His348¢R atom, which has a Two Water Channels Tee@rse through the Thiolase Fold
positive charge as it previously has activated Cys89 for from the Actie Site. Previously, it was noted that an
nucleophilic attack by abstracting the proton from itg. S  extensive water-mediated hydrogen bonding network, in-
Also, Wat82 is involved in the stabilization of the intermedi- volving the buried charged residues Arg356 and Glu314,
ate. The acyl transfer reaction is completed when the leavingextends from the biosynthetic thiolase active site all the way
group, CoA, is protonated by Cys378. The importance of to the backside of the subuni2@), but this network does
this protonation reaction is emphasized by the significantly not contact bulk solvent. Further examination has now
reduced reaction rate of the acylation step observed for aindicated that, indeed, there also exists a water channel that
C378G mutant42). From the available crystal structures, it connects the thiolase active site to bulk solvent on the
is clear that the oxyanion hole formed by the main chain N backside of the protein (Figure 5). The previously observed
atoms of Cys89 and Gly380 is not involved in the acyl water cluster, including the protein side chains, is conserved
transfer step. between synthetic and degradative thiolag (), except
The O1 atom of the acetyl group on Cys89 does not yet for differences in some side chain conformations at the far
enter the other oxyanion hole, formed by N(Cys89) and end of the network. The water channel only exists in the
N(Gly380), in the presence of CoA (complex 3). When CoA synthetic enzyme; the corresponding space is filled by
has left the active site (complex 4), the conformation of hydrophobic residues in the degradative enzyme. These water
acetyl-Cys89 stays unchanged. When the second Ac-CoAnetworks of biosynthetic thiolase pass through the thiolase
molecule enters the active site of the acetylated enzymefold on opposite sides of the sarmiestrand (@2), and are
(complex 5), it causes the rotation of the acetyl group on both packed between a nearby helix and fhistrand. It is
Cys89 so that its O1 atom now enters the oxyanion hole unclear how, and to what extent, these water channels may
(Figure 7B). In fact, the dihedral anglesf€Sy—C1-01) affect the catalytic properties of the thiolase active site. The
of the acetylated Cys89 for complexes3 are 74, 71°, present structures show that the first water molecule of the
and 28, respectively, indicating that it is the entrance of water channel, Wat82, is important in stabilizing negatively
Ac-CoA that drives the thioester oxygen on Cys89 into the charged reaction intermediates in both the acyl transfer and
oxyanion hole. In this strained conformation, the two acetyl Claisen condensation steps. In acyl transfer, this intermediate
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is a tetrahedral species, while in the Claisen condensation, a 3.

planar enolate form of acetyl-CoA is involved.

CONCLUDING REMARKS

The crystallographic data allow for a detailed description
of the structural events occurring during the catalytic cycle
of biosynthetic thiolase. The mode of binding of the acetyl
and acetoacetyl moieties is determined by hydrogen bonding
interactions of the substrate oxygen atoms with polar atoms,
as well as via van der Waals interactions with hydrophobic
side chains. Once substrate has been bound, the actual
catalytic cavity of biosynthetic thiolase is a very tightly
packed environment. The size, shape, and polarity of this
cavity are the key factors behind the substrate specificity of
the enzyme. From the observed mode of binding of the
substrates, it can be understood hoy(Gys89) can react
with either C1 (acyl transfer) or C3 (Claisen condensation)
of the substrate. Similarly, it can be rationalized that S
(Cys378) can exchange protons with either S(CoA) (acyl
transfer) or C2(Ac-CoA) (Claisen condensation). Thus,
Cys89 and Cys378 have completely different catalytic
properties. This correlates with the markedly different
geometry of the two side chains. Cys89 is in an unstrained
conformation, located at the N-terminus of the long central
No3 helix. The nucleophilic character ofy8ys89) is
enhanced by the hydrogen bonding interactions of the Cys89-
His348-Ser353 triad. Such catalytic triadgl)( are also seen
in serine and cysteine proteases, as well as in CoA-dependent
enzymes other than thiolase. For example, catalytic triads
such as this include the Ser-His-Asp triad in chymotrypsin,
the Cys-His-Asn triad in papain, and the Cys-His-Asp triad
in arylamineN-acetyltransferaselp). Cys378 is in a reverse
turn between antiparallep-strands 4 and 5 of the
C-terminal half. The side chain dihedral angle of Cys378
is approximately 69 This is a strained conformation, usually
not observed46). Cys378 is not part of a catalytic triad;
instead, it is hydrogen bonded to Wat82 and Wat49. These
two water molecules are involved in extensive hydrogen bond
networks, which are proposed to play a key role in determin-
ing the catalytic properties of biosynthetic thiolase.
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