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Thiolases catalyze the degradation and synthesis of 3-ketoacyl-CoA molecules.
Here, the crystal structures of a Tl-like thiolase (MSM-13 thiolase) from
Mycobacterium smegmatis in apo and liganded forms are described. Systematic
comparisons of six crystallographically independent unliganded MSM-13
thiolase tetramers (dimers of tight dimers) from three different crystal forms
revealed that the two tight dimers are connected to a rigid tetramerization
domain via flexible hinge regions, generating an asymmetric tetramer. In the
liganded structure, CoA is bound to those subunits that are rotated towards the
tip of the tetramerization loop of the opposing dimer, suggesting that this loop is
important for substrate binding. The hinge regions responsible for this rotation
occur near Vall23 and Argl49. The Lal-covering loop-Lo2 region, together
with the NB2-Noa2 loop of the adjacent subunit, defines a specificity pocket that
is larger and more polar than those of other tetrameric thiolases, suggesting that
MSM-13 thiolase has a distinct substrate specificity. Consistent with this finding,
only residual activity was detected with acetoacetyl-CoA as the substrate in the
degradative direction. No activity was observed with acetyl-CoA in the synthetic
direction. Structural comparisons with other well characterized thiolases suggest
that MSM-13 thiolase is probably a degradative thiolase that is specific for
3-ketoacyl-CoA molecules with polar, bulky acyl chains.

1. Introduction

Thiolases are enzymes that are involved in fatty-acid meta-
bolism. In the synthetic direction, they catalyze the formation
of a carbon-carbon bond via a thioester-dependent Claisen
condensation reaction (Heath & Rock, 2002). In the degra-
dative direction, 3-ketoacyl-CoA is cleaved into acetyl-CoA
and acyl-CoA. Despite low sequence identities, all thiolases
share a remarkably similar polypeptide fold and perform
similar functions. Thiolases are either dimers or tetramers
(constituted by two tight dimers). In the catalytic cycle, a
strictly conserved cysteine residue functions as a nucleophile
and forms a covalent intermediate with the priming acyl-CoA
substrate both in the biosynthetic and degradative reactions.
In the biosynthetic direction, with acetyl-CoA as the priming
substrate, the acetylated cysteine reacts with another acetyl-
CoA molecule, leading to the formation of 3-ketobutyryl-CoA
(Modis & Wierenga, 2000). In the degradative direction,
with 3-ketoacyl-CoA as the priming substrate, acetyl-CoA is
released and the acyl moiety is transferred to CoA.
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The six characterized mammalian thiolases have distinct
cellular distributions, quaternary structures, substrate
specificities and enzyme-kinetic properties (Fukao et al., 2002;
Anbazhagan et al., 2014). Cytosolic (CT) thiolase and mito-
chondrial acetoacetyl-CoA (T2) thiolase are short-chain-
specific biosynthetic enzymes. CT thiolase is involved in
cholesterol biosynthesis (Middleton, 1974), while T2 thiolase
is involved in ketone-body metabolism (Staack et al, 1978)
and isoleucine catabolism (Middleton & Bartlett, 1983;
Haapalainen et al., 2007). The mitochondrial 3-ketoacyl-CoA
(T1) thiolase (Middleton, 1973) and the thiolase dimer of the
mitochondrial trifunctional enzyme (TFE; Uchida et al., 1992)
are degradative thiolases and catalyze the last step of the
B-oxidation pathway. T1 thiolase is specific for medium-chain
to long-chain unbranched fatty acids (Staack et al., 1978; Mao
et al., 1995; Miyazawa et al., 1981). TFE is specific for long-
chain and 2-methyl-branched fatty acids (Mao et al, 1995).
Peroxisomal 3-ketoacyl-CoA (AB) thiolase (Antonenkov et
al., 1999; Bout et al., 1991) is involved in the peroxisomal
B-oxidation of very long chain unbranched fatty acids. SCP2
thiolase is also a peroxisomal enzyme that catalyzes a degra-
dative reaction in bile-acid biosynthesis (Antonenkov et al.,
1997). The mammalian SCP2 thiolase has an additional sterol-
carrier C-terminal domain (Seedorf et al., 1994) of unknown
function. CT, T1 and T2 thiolases are tetrameric, whereas AB,
TFE and SCP2 thiolases are dimeric.

The most extensively studied thiolase is the biosynthetic
enzyme from Zoogloea ramigera (Z. ramigera thiolase), which
catalyzes the condensation of two acetyl-CoA molecules to
give acetoacetyl-CoA (Modis & Wierenga, 2000; Williams et
al., 1992). Z. ramigera thiolase catalyzes the first step in the
biosynthesis of polyhydroxybutyrate (also known as a poly-
hydroxyalkonaote), an important storage polyester molecule
in bacteria (Nishimura et al., 1978). Z. ramigera thiolase is a
tetramer in which two tightly associated dimers are loosely
connected via loops that extend from the core of the dimeric
protomers. The catalytic site is located in a deep pocket lined
by four catalytic loops protruding out of the N-terminal
domain (the CxS loop) and the C-terminal domain (the
NEAF, GHP and CxG loops; highlighted in Fig. 1) that
contribute residues important for catalysis. Most biosynthetic
thiolases characterized to date are tetrameric, while degra-
dative thiolases can be either dimeric or tetrameric. However,
the active-site features that differentiate the biosynthetic and
degradative thiolases are not well understood.

Mycobacterium tuberculosis, the causative agent of tuber-
culosis, is a deadly pathogen. Mycobacteria possess a unique
and hardy fatty acid-rich cell wall, and fatty-acid metabolism
plays an important role in the virulence of mycobacteria
(Kotani et al., 1970). Previous bioinformatics analyses have
revealed eight and 13 different thiolases, in addition to one
and two thiolase-like proteins, in the genomes of M. tuber-
culosis and M. smegmatis, respectively (Anbazhagan et al.,
2014). Structural and functional characterization of these
thiolases and thiolase-like proteins might provide insights into
the special features of fatty-acid metabolism in these micro-
organismes.

Here, we report the crystal structure of a T1 thiolase-like
protein from M. smegmatis in both the apo and CoA-bound
forms. This enzyme was named MSM-13 thiolase on the basis
of nomenclature proposed in a previous study (Anbazhagan et
al., 2014). Comparison of the structural features and tetra-
meric organization of MSM-13 thiolase with those of other
thiolases revealed that MSM-13 thiolase might function as a
degradative thiolase with unique substrate specificity. More-
over, an inherent asymmetry in the tetrameric organization of
MSM-13 thiolase was recognized which may have physio-
logical significance.

2. Materials and methods
2.1. Bioinformatics analyses

All thiolase sequences were obtained from the National
Center for Biotechnology Information (NCBI) database. The
sequences of tetrameric thiolases of known structure were
aligned using ClustalW (Higgins, 1994). The multiple sequence
alignment thus obtained was used to generate a phylogenetic
tree by the neighbour-joining method (10000 bootstrap
replicates) in MEGAS (Kumar et al., 1994).

2.2. Cloning, expression and purification of MSM-13 thiolase

The gene coding for MSM-13 thiolase was amplified from
M. smegmatis genomic DNA using Phusion high-fidelity DNA
polymerase (New England Biolabs, Massachusetts, USA) and
specific sense (5'-CAT ATG GCT AGC ATG AGC ATG CGC
GAC GC-3') and antisense (5-GGA TCC TTA CTC GAG
TCC CTC TTG CAC CCG-3') primers. The underlined
sequences in the sense and antisense primers represent Nhel
and Xhol restriction sites, respectively. The amplified frag-
ment was digested with Nhel and Xhol (Thermo Scientific,
Massachusetts, USA) and cloned into the pET-21b(+) vector
(Novagen, Germany). The clone thus obtained was confirmed
by DNA sequencing.

Recombinant protein was expressed in an Escherichia coli
BL21 (DE3) strain transformed with the pGro7 plasmid
(Takara Bio Inc., Japan), which encodes the GroEL and
GroES chaperones. The transformants were selected on LB
agar plates containing 100 pg ml~' ampicillin and 34 pug ml™’
chloramphenicol. Pre-inoculum grown overnight in LB-
ampicillin-chloramphenicol medium from a single colony was
diluted into 31 fresh LB medium containing 100 pg ml™
ampicillin, 34 ugml™' chloramphenicol and 0.3 mgml™"
arabinose. Cells were grown at 37°C until the ODg, reached
0.6-0.7. Protein expression was induced with 0.3 mM IPTG
and the cells were allowed to grow for an additional 12 h at
15°C. The cells were recovered by centrifugation and resus-
pended in 150 ml cold lysis buffer consisting of 20 mM Tris pH
8.0, 400 mM NaCl, 10%(v/v) glycerol, 10 mM S-mercapto-
ethanol. The cell suspension was lysed by sonication on ice. All
subsequent purification steps were performed at 4°C. Cell
debris was removed from the lysate by centrifugation. An
empty column was loaded with Ni**~NTA beads (bed volume
1 ml) pre-equilibrated with lysis buffer. Clear lysate was
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Figure 1

Sequence alignment of MSM-13 thiolase and other well characterized tetrameric thiolases of known structure. The following sequences were
downloaded from the NCBI sequence database and aligned using ClustalW: MSM-13 thiolase (YP_886561.1), R. eutropha BktB (WP_010810126.1),
human T1 thiolase (NP_006102.2), Z. ramigera thiolase (AAA27706.1), human CT thiolase (AAHO00408.1), human T2 thiolase (P24752.1) and
R. eutropha PhaA (WP_010810132.1). The secondary structure of MSM-13 thiolase is shown above the alignment (N-terminal domain, green; loop
domain, pink; C-terminal domain, blue). The four catalytic loops are highlighted in yellow and the catalytic residues are marked with red stars. The
active-site regions of MSM-13 that are structurally different from those of Z. ramigera thiolase are highlighted by orange bars.
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Table 1

Crystallographic statistics of data collection and structure refinement.

Values in parentheses are for the highest resolution shell.

Form I Form II Form IIT Form II, with CoA

Beamline i BM14, ESRF BM14, ESRF Home source Home source
Wavelength (A) 0.9537 0.9537 1.5418 1.5418
Resolution range (A) 54.8-2.4 (2.5-2.4) 45.1-2.1 (2.2-2.1) 69.0-2.7 (2.8-2.7) 47.5-2.4 (2.5-2.4)
Space group C222, P6, P12,1 P6,
Unit-cell parameters

a (é) 113.5 190.9 75.4 190.0

b (A) 181.4 190.9 104.1 190.0

c (A) 271.7 264.6 104.5 265.0

a (%) 90 90 90 90

B () 90 90 107.5 90

y (°) 90 120 90 120

Total observations
Unique reflections

173300 (14451)
94222 (8598)

Multiplicity 1.8 (1.7)
Completeness (%) 91.8 (84.5)
Mean I/o(I) 7.7 (1.7)
Wilson B factor (A2) 372
Ruerge T 0.07 (0.52)
CCyp 0.9 (0.5)
Reflections used for Rye. 4603
Ryork$ 0.21 (0.29)
Rt 0.26 (0.35)
No. of non-H atoms

Total 17678

Protein 17300

CoA bound to subunits —
B, D, F, Hand K

Water 378
No. of protein residues 2375
R.m.s.d., bonds (A) 0.01
R.m.s.d., angles (°) 14
Ramachandran angles, favoured (%) 99.0
Ramachandran angles, allowed (%) 0.9
Ramachandran angles, outliers (%) 0.1
Clashscore 6.9
Average B factor (AZ)

Macromolecules 39.4

Ligands

Solvent 37.2
PDB code Scbq

564928 (55668)
290242 (28891)

83401 (7213)
42124 (3859)

205752 (19521)
201832 (19346)

1.9 (1.9) 2.0 (1.9) 1.0 (1.0)
99.9 (100.0) 100.0 (90.9) 98.9 (93.8)
12.2 (3.4) 11.0 (4.0) 8.2 (1.8)
285 423 39.0
0.04 (0.22) 0.06 (0.20) 0.10 (0.76)
0.9 (0.7) 0.8 (0.6) —%
14680 2129 10163
0.16 (0.23) 0.23 (0.28) 0.16 (0.35)
0.20 (0.28) 0.27 (0.34) 0.19 (0.38)
36621 11628 36512
35097 11517 35014
— — 240
1524 111 1258
4764 1572 4773
0.01 0.01 0.01
12 1.7 1.3
97.0 94.7 96.0
35 45 49
0.3 0.8 0.3
6.8 9.4 7.8
321 455 41.1

56.7
39.8 19.5 36.9
Sbyv 4zrc 5bz4

T Ruerse = Dm0 Hi(hkl) — (I(hKD)| /3" 0 3 I;(hkl), where I(hkl) is the intensity of the ith measurement of reflection hkl and (I(hkl)) is its mean intensity. 3§ CC;, was not

evaluated owing to the lack of redundancy in measured observations. § Ryork = O “Fobsl —

factors. 9 Ry is calculated as for Ry but for a randomly selected subset of the data (5%) which were excluded from refinement.

allowed to pass through the loaded column at a flow rate of
1 mlmin~" to allow binding of the recombinant His-tagged
protein to the beads. The protein-bound matrix was washed
with at least three column volumes of wash buffer 1 [100 mM
NaCl, 20 mM Tris-HCI pH 8.0, 10%(v/v) glycerol, 10 mM -
mercaptoethanol, 10 mM imidazole]. Protein was eluted using
200 mM imidazole along with 100 mM NaCl, 20 mM Tris-HCI
pH 8.0, 10%(v/v) glycerol, 10 mM B-mercaptoethanol. The
eluted protein was concentrated to 1 ml by low-speed centri-
fugation using a 30 kDa molecular-weight cutoff Amicon
Ultra Centrifugal filter (Merck Millipore, Germany). Further
purification was achieved by size-exclusion chromatography
using an AKTA Basic 10 liquid-chromatography system (GE
Healthcare, Uppsala, Sweden) with a Superose 6 HR 10/30
column in 20 mM Tris—HCI buffer pH 8.0 containing 100 mM
NaCl, 10%(v/v) glycerol and 5 mM B-mercaptoethanol. Puri-
fied protein was concentrated to 4 mg ml~'. Protein concen-
tration was estimated by the Bradford method (Bradford,

|FC(\1C|‘/ZW |Fypsl, Wwhere Fop and Fy are the observed and calculated structure

1976). The molecular weight and purity of the enzyme were
checked by 12% SDS-PAGE (Laemmli, 1970) and mass
spectrometry.

2.3. Crystallization of the apoenzyme

Conditions suitable for crystallization were screened by the
microbatch method at 22°C using crystallization kits from
Hampton Research (Li et al, 2007). Crystallization drops
contained 2 ul each of protein (concentration 5 mg ml™') and
precipitant solution. Crystallization plates were covered with a
1:1 mixture of silicone and paraffin oils. Crystals were obtained
under many conditions, which were subsequently optimized
individually to improve the size and diffraction quality of the
crystals. Three different crystal forms (Table 1) could be
optimized under different conditions to yield crystals of
quality suitable for X-ray diffraction data collection: form I
(C222; 20% PEG 3350, 0.15 M calcium chloride dehydrate),
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Acta Cryst. (2015). D71, 2479-2493



research papers

0.80

0.87

0.66

0.59

Figure 2

Beta-ketothiolase (PhaA) from Ralstonia eutropha
Biosynthetic thiolase from Zoogloea ramigera

Human cytosolic thiolase

Thiolase (Thla2) from Clostridium difficile

Thiolase from Clostridium acetobutylicum

Biosynthetic thiolase (Thlal) from Clostridium difficile
Human mitochondrial acetoacetyl-CoA thiolase (T2)
Human mitochondrial 3-ketoacyl-CoA thiolase (T1)
Beta-ketothiolase (BktB) from Ralstonia eutropha
Acetyl-CoA acetyltransferase from Bacillus anthracis
MSM-13 thiolase (this study)

Thiolase from Thermus thermophilus

Phylogenetic tree depicting the relationship between various tetrameric thiolases for which the crystal structures are known. The tree depicts three
different classes of tetrameric thiolases: the CT biosynthetic thiolases (green), the T2 thiolases (red) and the T1 thiolases (blue). Each class is also
represented by a well characterized human tetrameric thiolase. MSM-13 thiolase falls within the T1 thiolase category.

form II (P6y; 45% PEG 200, 0.1 M MES monohydrate pH 6.0,
0.07 M calcium chloride dehydrate) and form III (P2; 0.2 M
sodium acetate trihydrate, 0.1 M sodium cacodylate trihydrate
pH 6.5,30% PEG 8000, 5% n-octyl-B-p-glucoside). In the case
of the form III crystal, where an additive (5% n-octyl-B-D-
glucoside) was used to improve the crystal quality, the volume
of the precipitant solution was decreased to 1.5 pl to accom-
modate 0.5 pl of the additive. Crystals appeared in 5d and
grew to full size in 10 d. Crystals were mounted on a cryoloop
and flash-cooled in a stream of nitrogen gas at 100 K. Ethylene
glycol was used as the cryoprotectant [mother liquor supple-
mented with 20%(v/v) ethylene glycol] for all three crystal
forms.

2.4. Data collection and structure determination

Data for crystal forms I and II were collected at a wave-
length of 0.9537 A on beamline BM14 of the European
Synchrotron Radiation Facility (ESRF), Grenoble, France.
Data for crystal form III were collected at the home source
using a MAR345 image-plate detector system mounted on a
Rigaku RU200 X-ray generator equipped with a 300 pm focal
cup and a copper anode (wavelength 1.5418 A) Data for
crystal forms I and II were processed using DENZO and
SCALEPACK from the HKL-2000 suite (Otwinowski &
Minor, 1997). Data for crystal form III were processed using
iMosflm (Battye et al., 2011) and SCALA (Evans, 2006) from
the CCP4 suite (Winn ef al., 2011). The number of protomers
in the asymmetric unit was estimated by calculating the
Matthews coefficient individually for all of the crystal forms. A
monomeric polyalanine model of Z. ramigera thiolase (PDB
entry 1dm3; Modis & Wierenga, 2000), from which water
molecules and ligands were deleted, was used as the phasing
model to determine the structure of the form III crystal by
molecular replacement using Phaser (McCoy et al., 2007). The
resulting translation function had an LLG and a Z-score of
959 and 25, respectively. The AB dimer of the refined crystal

form III was used as the phasing model to determine the
structures of the other two crystal forms. For the hexagonal
crystal data, the choice of space group between P6, and P65
was made by Phaser on the basis of the LLG value (2380
for P6, and 191 for P6s). All three structures were built to
completion by alternative rounds of automated model
building with AutoBuild (from the PHENIX suite; Terwilliger
et al., 2008), manual model building with Coot (Emsley et al.,
2010) and refinement with phenix.refine (from the PHENIX
suite; Afonine et al., 2012). NCS restraints were used in the
refinement of all of the structures.

2.5. Crystallization, data collection and structure
determination of the MSM-13 thiolase—CoA complex

Prior to crystallization, the protein (5 mgml™') was incu-
bated with 5 mM CoA at 4°C for 30 min. Crystallization was
set up in microbatch plates using the microbatch-under-oil
method at 22°C. Crystallization drops contained 2 pl each
of protein—~CoA complex and precipitant solution. Crystals
appeared in the same condition as the apo form II crystals
[40% (w/v) PEG 200, 0.1 M MES monohydrate pH 6.0, 0.12 M
calcium chloride dihydrate]. The crystals grew to their full size
in 10 d. Prior to cooling, the crystals were soaked in a solution
consisting of mother liquor, 25%(v/v) ethylene glycol and
5 mM CoA. Data were collected using a MAR345 image-plate
detector system mounted on a Rigaku RU200 X-ray generator
equipped with a 300 pm focal cup. Data were processed using
DENZO and SCALEPACK from the HKL-2000 suite
(Table 1). The crystals belonged to space group P6, and were
isomorphous to the apo hexagonal crystals. The final reflection
data set was directly used to refine the coordinates of the apo
hexagonal MSM-13 thiolase structure to acceptable R, and
Ry values using phenix.refine. CoA molecules were built into
the corresponding densities in the difference Fourier maps
using LigandFit (Terwilliger et al., 2006) from the PHENIX
suite.
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2.6. Structure analysis

Among the three apo structures of MSM-13 thiolase, form
IT was of the highest resolution and was therefore used in all
analyses. The B subunit of the MSM-13-CoA complex struc-
ture was used to analyze the ligand-binding properties because
this subunit exhibited the most significant density for CoA.
The MSM-13 thiolase structure was compared with the
following tetrameric thiolases: Z. ramigera thiolase (PDB
entry 1dm3, chain B; Modis & Wierenga, 2000), human T1
thiolase (PDB entry 4c2j, chain A; Kiema et al., 2014), human
T2 thiolase (PDB entry 2ibw, chain B; Haapalainen et al.,
2007), human CT thiolase (PDB entry 1wl4, chain A; Kursula
et al., 2005), Ralstonia eutropha PhaA (PDB entry 409c, chain
C; Kim & Kim, 2014) and R. eutropha BktB (PDB entry 4nzs,
chain B; Kim et al., 2014). The structure was
also compared with those of the dimeric
yeast peroxisomal AB thiolase (PDB entry
lafw; chain A; Mathieu et al., 1997) and M.
tuberculosis TFE thiolase (PDB entry 4b3j;
chain C; Venkatesan & Wierenga, 2013). All
structural analyses were performed using
Coot and PyMOL (http://www.pymol.org/).
The PISA server (Krissinel & Henrick,
2007) was used to calculate buried surface
areas. All structural illustrations were
prepared using PyMOL.

2.7. Thiolase assay

MSM-13 thiolase activity was examined at
25°C using a Jasco V-660 spectro-
photometer. In the degradative direction,
the activity measurement was performed
using the Mg**—acetoacetyl-CoA complex
method, as described previously (Haapa-
lainen et al., 2007). The exact concentration
of CoA was determined by Ellman’s test
(Ellman, 1959) as follows: acetyl-CoA and
acetoacetyl-CoA were hydrolyzed with
hydroxylamine and the concentration of
free CoA released was estimated by moni-
toring the absorbance at 412 nm. The 500 pl
reaction cocktail consisted of 50 mM Tris—
HCI pH 7.8, 25 mM MgCl,, 60 pM CoA and
50 pM acetoacetyl-CoA. The disappearance
of the Mg**—acetoacetyl-CoA complex was
monitored at 303 nm for 3 min after the
addition of 500 ng MSM-13 thiolase. An
assay without added enzyme served as a
control. The initial rate was calculated by
estimating the change in absorption
between 10 and 70 s. In the synthetic direc-
tion, the formation of acetoacetyl-CoA was
estimated as described previously (Haapa-
lainen et al., 2007). The reaction mixture
(500 pl) consisted of 50 mM Tris—HCI pH
7.8,40 mM KClI, 0.2 mM NADH, one unit of

Figure 3

3-R-hydroxyacyl-CoA dehydrogenase (one unit was defined
as the amount of enzyme required to convert 1 pmol of the
substrate into product in 1 min), 0.5 mM DTT and 2 mM
acetyl-CoA. The reaction was initiated by the addition of
500 ng MSM-13 thiolase. The rate of NADH oxidation was
monitored at 340 nm. For both the biosynthetic and degra-
dative reactions, Z. ramigera thiolase was used as a positive
control.

3. Results and discussion
3.1. Bioinformatics analysis

A BLAST search against the PDB with the amino-acid
sequence of MSM-13 thiolase as the query revealed several

R\ B

75
> A

(b)

Structure of a single protomer and the quaternary organization of MSM-13 thiolase. (a) A
single MSM-13 thiolase protomer. The structure can be divided into three subdomains: the
N-terminal domain (blue), the loop domain (pink) and the C-terminal domain (green). The
CoA molecule, represented as a ball-and-stick model, is bound to the loop domain. Its reactive
sulfur moiety (yellow sphere) is bound near the catalytic site. (b) Tetrameric organization of
MSM-13. Chains A, B, C and D are coloured green, blue, yellow and magenta, respectively. The
B and D subunits have a bound CoA molecule. The CD dimer (top) is rotated along a vertical
axis such that the cationic loops of the CD dimer point towards the active sites of the AB dimer
(bottom) and vice versa. The cationic loop of the B subunit is best ordered.
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Table 2
Distances (in A) between the corresponding C* positions of residue Alal85 (in La3) of the
opposing subunits of independent MSM-13 thiolase tetramers.

ABCD tetramer EFGH tetramer JKLM tetramer

Narrow cleft Wide cleft Narrow cleft Wide cleft Narrow cleft Wide cleft
Form I 54.6 (BD) 56.2 (AC) 554 (FF') 59.6 (EE")
Form 11 53.8 (BD) 574 (AC) 54.0 (FH) 575 (EG) 54.6 (KM) 57.3 (JL)
Form II (+ CoA) 53.8 (BD) 57.0 (AC) 53.4 (FH) 575 (EG) 544 (KM) 56.9 (JL)
Form III 57.0 (BD) 57.7 (AC)

CD dimer
(M,H) c (GL)

Narrow cleft Wide cleft

(K,F)

AB dimer
(a)

®)

Figure 4

Tetrameric organization of MSM-13 thiolase. (a) Schematic diagram of the MSM-13 thiolase
tetramer (similar view as in Fig. 3). The arrows indicate the tetramerization loops. The interactions
of the A and C tetramerization loops with the opposing subunits are different from those of the B
and D tetramerization loops. A small rotation along an axis perpendicular to the page applied to the
AB dimer (clockwise) and the CD dimer (anticlockwise) generates an asymmetric tetramer with a
narrow cleft (lined by the active sites of the B and D subunits) and a wide cleft (lined by the active
sites of the A and C subunits). The active sites of the B, F and K subunits are complexed with CoA
with full occupancy. The D and H subunits are also complexed with CoA but with lower occupancy.
The active site of each subunit (*) is completed by loops extending from the other three subunits.
For example, the subunit B active site is completed by the dimer interface (‘di’) NS2-No2 loop of
the A subunit, the tetramerization loop (‘t”) of the C subunit and the cationic loop (‘c’) of the D
subunit. (b) The active site of the B subunit (blue). Argl36 (C chain, yellow), at the tip of the
tetramerization loop, points towards the pyrophosphate and the 3'-phosphate moiety of the bound
CoA in the opposing B subunit. The cationic loop of the D subunit (magenta, labelled at residue
Arg211) also comes close to the substrate-binding pocket of the B subunit. The substrate-specificity
pocket is lined by the NB2-Na2 loop (green, labelled at residue Pro65) of the A subunit.

homologous proteins. Fig. 1 depicts a
sequence alignment of MSM-13 thiolase
and other well studied thiolases. MSM-
13 thiolase shares amino-acid sequence
identities of 41% with Z. ramigera
thiolase, 40% with human T1 thiolase
and 37% with human CT thiolase
(Fig. 1). The sequences with highest
identity were found in Bacillus anthracis
(43% identity; PDB entry 3ss6; Center
for Structural Genomics of Infectious
Diseases, unpublished work), Thermus
thermophilus (45% identity; PDB entry
lulq; RIKEN Structural Genomics/
Proteomics  Initiative, unpublished
work), R. eutropha PhaA (44% identity;
PDB entry 409c; Kim & Kim, 2014) and
R. eutropha BktB (45% identity; PDB
entry 4nzs; Kim et al., 2014). Both PhaA
and BktB are reported to function as
biosynthetic thiolases. PhaA catalyzes
the synthesis of acetoacetyl-CoA from
two molecules of acetyl-CoA (Kim &
Kim, 2014), while BktB catalyzes the
synthesis of 3-ketovaleryl-CoA from
propionyl-CoA and acetyl-CoA (Kim et
al., 2014). Structural comparisons have
revealed that BtkB has a larger
substrate-specificity pocket than PhaA
(Kim et al., 2014).

To identify the relationship between
MSM-13 and other tetrameric thiolases,
a phylogenetic tree was constructed
using the aligned sequences of all
tetrameric thiolases deposited in the
PDB (Fig. 2). Three major branches
could be recognized in the phylogenetic
tree. Each branch included one of the
three distinct human tetrameric thio-
lases (CT, T1 and T2). Therefore, the
branches were labelled CT, T1 and T2.
MSM-13 and its homologues from B.
anthracis, T. thermophilus and R.
eutropha (BktB) clustered in the T1
branch.

3.2. Biochemical properties of MSM-13
thiolase and crystal structures of the
apo and liganded forms

MSM-13 thiolase was expressed in a
soluble form in E. coli in the presence of
the GroEL-GroES chaperone complex
and was purified to apparent homo-
geneity by immobilized metal-ion affi-
nity and size-exclusion chromatography.
Apo MSM-13 thiolase could be
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crystallized in three forms (I-11I). Crystal form I belonged to
space group C222,, with one full tetramer (protomers A/B/C/
D) and one-half of another tetramer (protomers E/F) in the
asymmetric unit. The other half (protomers E'/F") is generated
by crystallographic twofold symmetry. Form II belongs to
space group P6,, with three tetramers (A/B/C/D, E/F/G/H and
JIK/IL/M) in the asymmetric unit. Form III belongs to space
group P2,, with one tetramer (A/B/C/D) in the asymmetric
unit. Together, the three crystal forms provide structures of 22
independent copies of the protomer and six independent

teMation

Figure 5

Asymmetry of the MSM-13 thiolase tetramer. (a) Superposition of the tetramerization loops of
the A (green), B (cyan), C (pink) and D (yellow) subunits. The B and D subunits (with bound
CoA) rotate around a hinge by approximately 11° with respect to the A and C (unliganded)
subunits. (b) Superposition of the A, E and J subunits and of the B, F and K subunits. The hinge
regions are near Vall23 just before the tetramerization domain and near Argl49 (in Lal) just
after the tetramerization loop. (¢) Superposition of the A subunit on the B subunit. The tip of
the subunit C tetramerization loop (red) is closer to the subunit B active site (green) than the
tip of the subunit D tetramerization loop (yellow) is to subunit A (green).

tetramers of unliganded MSM-13 thiolase (Table 2). The
resolution of the structures range between 2.7 and 2.16 A.
Each of these structures could be refined to reasonable R,
and Ry, values. The quality of the final electron-density maps
allowed unambiguous modelling of most of the residues (4—
404) in all three crystal forms. A few N-terminal residues and
the side chains of some residues on the exterior surface of the
protein did not have adequate density. Residues 212-216,
which form the tip of the cationic loop, are disordered in most
protomers. Except for Arg89, all residues are in the allowed or
generously allowed region of the Rama-
chandran map. Arg89 precedes the catalytic
cysteine Cys90 (as deduced on the basis of
comparisons with Z. ramigera thiolase) and
adopts a strained conformation, as in other
thiolases.

The crystal structure of CoA-bound
MSM-13 thiolase was determined at 2.4 A
resolution. This structure is isomorphous to
the apo form II structure, with three tetra-
mers in the asymmetric unit. In the final
difference electron-density map, strong
density for CoA could be seen in the active
sites of the B (Fig. 7a), F and K subunits,
while weaker density was observed in the D
and H subunits. There was no density for
CoA in the other subunits.

3.3. Structure of the MSM-13 thiolase
protomer

As in other thiolases, each protomer of
MSM-13 thiolase consists of three domains:
an N-terminal domain, a C-terminal domain
and a loop domain, which is an insertion in
the N-terminal domain immediately after
the B4 strand (Figs. 1 and 3a). Both the
N- and C-terminal domains exhibit the
BaBaPafB topology characteristic of thio-
lases. Between the N- and C-terminal halves
is a layer of two a-helices contributed by the
N-terminal domain (N3, just after the CxS
motif) and the C-terminal domain (Ca3, just
after the GHP motif). The S-sheets of the N-
and C-terminal halves are surrounded on
the outside by helical layers exposed to the
bulk solvent, giving the protomer a five-
layered appearance. The CoA-binding site is
mostly constituted by the loop domain,
which hosts several important CoA-binding
segments such as the tetramerization,
covering, cationic, adenine and pantetheine
loops (highlighted in Fig. 1; Modis & Wier-
enga, 1999).

Gel-filtration analysis suggested that
MSM-13 thiolase is a tetramer in solution
(data not shown). Consistent with this
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finding, in all three crystal forms the protomers associate into
tetramers (Fig. 3b), as observed in Z. ramigera thiolase.
Superposition of protomers within a crystal form and between
different crystal forms resulted in r.m.s.d.s ranging between
0.3 and 0.5 A for equivalent C* atoms, suggesting that the
structures of independent protomers are nearly identical. The
only difference between the structures of the subunits is in the
relative positioning of the protomers with respect to the
tetramerization loop (see subsequent sections).

3.4. Quaternary organization of MSM-13 thiolase

The overall tetrameric organization of MSM-13 thiolase
closely resembles that of Z. ramigera thiolase. The average
interface area of the 11 independent dimers in the three apo
structures is 2939 A2 per subunit, as calculated by the PISA
server, suggesting tight association of the protomers in the
dimer. This interface is stabilized by approximately 62
hydrogen bonds and 23 salt bridges. Structural comparisons
revealed that the mode of assembly of two protomers into a
tight dimer is nearly identical in all tight dimers. In all cases,

®)

Figure 6

two such tight dimers assemble to form a tetramer which is
stabilized by a characteristic cage-like structure (referred to as
the tetramerization motif in Z. ramigera thiolase; Modis &
Wierenga, 1999). The surface area buried owing to the
formation of the tetramerization motif is ~1900 A2 per
subunit in MSM-13 thiolase. The corresponding area
in Z. ramigera thiolase is 2200 AZ. In the tetramer, the cationic
loop of each subunit points towards the active site of the
opposing subunit (Fig. 3b).

Residues 126-142 at the N-terminus of the loop domain of
the four protomers interact to form the tetramerization motif
of MSM-13 thiolase. In this assembly, the tetramerization
loops of the A and C subunits interact with each other, and the
tips of these loops point toward the active sites of the D and B
subunits, respectively. Similarly, the tetramerization loops of
the B and D subunits interact with each other and point
towards the active sites of the C and A subunits, respectively
(Fig. 4a). The tetramerization motif of MSM-13 thiolase is
stabilized by a number of hydrogen bonds. The core of the
motif is stabilized by hydrophobic interactions mediated by
four methionine residues (Met130) extending from the four
subunits. The methionines stack one above
the other in two pairs. Other side chains that
contribute to the hydrophobic core of the
tetramerization motif are Phel25, Vall39
and Ile141. The tip of the loop is formed by
Gly134-Alal35-Argl36-Thr137.  Although
these residues have relatively high B factors,
their main-chain conformation is well
defined. The long side chain of Argl36 of
the C and A subunits points towards the
phosphate moieties of the CoA bound in the
opposing binding pockets of the B and D
subunits, respectively.

3.5. Asymmetry in the MSM-13 thiolase
tetramer

Within a tetramer, the ‘bottom’ tight
dimers (A/B, E/F and J/K; Fig. 4a) super-
impose well on the ‘top’ tight dimers (C/D,
G/H and L/M, respectively), suggesting
structural invariance of the tight dimers.
However, an asymmetry was recognized in
the MSM-13 thiolase tetramer when the
positioning of the two tight dimers of a
tetramer was examined with respect to the
tetramerization motif. This analysis was
initially performed with the three tetramers
of the apo form II crystals. Careful exam-
ination of the three tetramers of crystal form
IT revealed that the AB dimers and CD

Comparison of the loop domains of tetrameric thiolases. (a) Variations in the loop domains of
MSM-13 (green) and Z. ramigera thiolases. The various regions of the Z. ramigera loop domain
are coloured as follows: tetramerization loop, orange; covering loop, purple; cationic loop, dark
blue; adenine loop, red; pantetheine loop, yellow. The conformations of the tetramerization
and covering loops are significantly different in MSM-13 thiolase. (b) Superposition of the loop
domains of MSM-13 thiolase (green), Z. ramigera thiolase (light blue), human T1 thiolase
(pink), human T2 thiolase (purple), CT thiolase (orange), BktB (yellow) and PhaA (red).

dimers are assembled at slightly different
orientations with respect to the tetra-
merization domain. Fig. 5(a) clearly
demonstrates that the orientation of the
B and D subunits with respect to the
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Figure 7

Interactions between CoA and MSM-13 thiolase. (a) The active site. The four catalytic residues
(Cys90, Asn325, His360 and Cys390) and two catalytic waters (blue spheres) are conserved in
MSM-13 thiolase. The 2F, — F, OMIT electron-density map (calculated after OMIT
refinement, contoured at 1.00) for CoA, along with a stick representation of the ligand, is also
shown. (b) Protein—CoA interactions. The ligand is shown in pink. The residues that interact
with the ligand are shown as green sticks. The water molecules present around the ligand are
shown as red spheres. Hydrogen bonds (within 3.5 A) are indicated by dashed lines. (c)
Hydrogen-bonding pattern around the O5P moiety of CoA. The O5P moiety is hydrogen-
bonded to a water molecule in degradative thiolases (MSM-13 thiolase, green; T1 thiolase,
pink). The water molecules are shown as spheres. In the biosynthetic Z. ramigera thiolase
(blue) the O5P moiety points to His156, but does not hydrogen-bond to any waters or residues.
The extra space for the two waters is provided by the substitution of His156 (Z. ramigera
thiolase) by smaller residues such as Pro160 (T1 thiolase) and Gly162 (MSM-13).

tetramerization loop is different from that of
the A and C subunits. However, systematic
superposition of residues 129-139 from pairs
of protomers revealed that there are no
structural rearrangements within the tetra-
merization loops of the A, B, C and D
subunits (r.m.s.d. of 0.3-0.4 A; Fig. 5a),
suggesting that the tetramerization domain
is invariant and functions as a rigid motif.
The conformational flexibility observed in
the tetramer can therefore be attributed to
small changes in the main-chain dihedrals
near Val123 (just before the tetramerization
loop) and Argl49 in Lol (just after the
tetramerization loop) (Fig. 5b).

This asymmetry was quantified by
measuring the distances between Alal85 of
opposing subunits (Table 2). Alal85 occurs
in the middle of the long Lo3 helix, which is
a well defined helix of the loop domain
located at the edge of the subunit (Fig. 3b).
The relative orientation of the AB and CD
tight dimers with respect to the tetra-
merization domain is such that the B and D
subunits are rotated slightly towards the
cleft between the two dimers. Consequently,
the A and C subunits are rotated away from
the cleft. This unique assembly generates a
‘narrow’ and ‘wide’ cleft between the dimers
(Fig. 4a). The distances listed in Table 2
confirm that this asymmetry is preserved in
all three tetramers of the form II crystal.
Interestingly, this asymmetry is also
preserved in the tetramers of the form I and
form III crystals (Table 2).

The same asymmetry is also observed in
the CoA-complexed form II (Table 2). It
may be noted here that CoA is bound only
to the active sites of those subunits that
point towards the ‘narrow’ cleft, suggesting
that active sites lining the ‘narrow’ cleft have
a higher affinity for CoA. Furthermore, the
structure of Lal, as well as the side-chain
conformation of Argl49, is different in the
liganded ‘narrow-cleft’ active sites and the
unliganded ‘wide-cleft’ active sites. In the
CoA-complexed active sites the side chain
of Argl49 points inwards (towards the
bound CoA), whereas in the uncomplexed
active sites this residue points towards the
solvent (Fig. 5b). The higher affinity of the
‘narrow-cleft’ active sites for CoA may be
attributable to the fact that the ‘narrow-
cleft’ active sites are closer to the tip of
the opposing tetramerization loop (near
Argl36), facilitating interaction of the side
chain of Argl36 of the opposing loop with

2488

Janardan et al. + Mitochondrial 3-ketoacyl-CoA (T1)-like thiolase

Acta Cryst. (2015). D71, 2479-2493



research papers

Figure 8

The larger substrate-specificity cavity in MSM-13 thiolase. (a) Comparison of MSM-13 thiolase
(green) and yeast peroxisomal AB thiolase (yellow). In the peroxisomal AB thiolase, space for
the very long chain fatty-acyl moiety is created by the extended conformation of the region
corresponding to Lal and the covering loop of MSM-13 thiolase. In this region, an MPD
molecule is bound in the yeast AB thiolase. (b) Larger substrate-specificity cavity in MSM-13
thiolase (green and purple for adjacent subunits) when compared with that in Z. ramigera
thiolase (blue and brown for adjacent subunits). The extra space in the active site of MSM-13
thiolase, filled by three waters (blue spheres), is created by the displacement of the Lal-
covering loop and the NB2-Na2 loop (of the other subunit). A conserved glutamine (Gln64) of
Z. ramigera thiolase that protrudes into this cavity is replaced by a smaller proline residue,
Pro65, in MSM-13 thiolase. The distance between the terminal S atom of CoA and the
conserved GIn64 side chain of Z. ramigera thiolase is 6.2 A (brown dashes). The corresponding
distance between the —-SH moiety of CoA and Pro65 in MSM-13 thiolase is 11.3 A (purple
dashes). (c¢) The substrate-specificity cavity for binding the acyl tail in MSM-13 thiolase. Chain
B residues are shown in green and chain A residues are shown in blue. The protein Connolly
surface of the AB apo dimer was calculated with PyMOL using the surface-cavity mode with a
probe radius of 1.4 A and is represented as a wire frame. The cavity is lined by the polar
residues Tyr59, Arg89 and Argl49. The bound CoA molecule is shown in blue.

the phosphates of the bound CoA (Fig. 5¢),
thereby stabilizing the binding of the ligand
to the active site.

3.6. Comparison of the loop domains of
MSM-13 and other tetrameric thiolases

The loop domain is critical for substrate
recognition, and its N-terminal region is
important for tetramerization. Fig. 6(a)
presents a superposition of the loop
domains of MSM-13 and Z. ramigera thio-
lases. The loop domains of MSM-13 and
Z. ramigera thiolases are largely similar,
with the exception of the tetramerization
loop, the conformation of which is markedly
different between the two structures.
Moreover, the segment of the loop domain
between Lol and La2 (the covering loop) is
longer by four residues in MSM-13 thiolase
(Fig. 1). In contrast, the cationic, adenine
and pantetheine loops of MSM-13 thiolase
are remarkably similar to those of Z. rami-
gera thiolase. These observations are
consistent with the fact that the CoA
molecule is bound to the ligand-binding
pocket in the same conformation in both
structures.

Similar comparisons with other well
characterized tetrameric thiolases revealed
that the loop domains of Z. ramigera thio-
lase, CT, BktB and PhaA (all of which are
biosynthetic thiolases) share a similar
structure. The loop domains of T1 and T2
thiolases (both of which are degradative
thiolases) deviate slightly from that of
Z. ramigera thiolase; the loop domain of
MSM-13 thiolase exhibits the maximum
deviation (Fig. 6b).

3.7. The CoA-binding pocket and catalytic
centre of MSM-13 thiolase

The density for CoA is most well defined
in the B, F and K subunits (Fig. 7a). As in
Z. ramigera thiolase, the pantetheine moiety
of CoA binds to MSM-13 thiolase in a long
tunnel starting at the active-site pocket and
leading towards the solvent. The terminal
sulfur of CoA is at a distance of 3.4 A from
the catalytic cysteine. The pantetheine
moiety is lined by residues of the pante-
theine loop. No large conformational
changes were observed in the structure of
MSM-13 thiolase upon CoA binding, except
for the altered conformation of the side
chain of Met163 (in Lo2) near the catalytic
centre. Additionally, the SG moiety of Cys90
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rotates slightly towards the NE2 moiety of His360 upon CoA
binding, as in Z. ramigera thiolase. The residues that interact
with CoA are mainly contributed by the loop domain. The
adenosine moiety binds in a shallow groove, and the N6 amino
group of the adenine ring points inwards and is weakly
hydrogen-bonded to the side-chain hydroxyl moiety of
Thr229.

Several unique arginines interact with the bound CoA in
MSM-13 thiolase (Fig. 7b). Arg226 is stacked with the adenine
moiety. Argl8 lines the CoA-binding groove. In addition,
there is an arginine at the tip of the cationic loop (Arg216 of
the opposing dimer), as well as at the tip of the tetramerization
loop (Argl36 of the opposing dimer). Both of these arginines
point towards the phosphate moieties of CoA. The tip of the
cationic loop is disordered in the unliganded and liganded
protomers. Although the tip of the tetramerization loop (near
Argl36) is ordered in all protomers, the side chain of Argl36
is not always ordered. Interactions with these arginines might
help stabilize the negatively charged substrate in the ligand-
binding cavity.

Systematic comparisons of well characterized tetrameric
thiolases revealed that in biosynthetic thiolases the O5P atom
of CoA is not hydrogen-bonded to either water or a protein
atom (Kursula et al., 2005). However, in degradative thiolases
such as TFE thiolase and T1 thiolase this O atom is hydrogen-
bonded to either a protein side chain (TFE) or a water
molecule (T1). In MSM-13 thiolase the O5P moiety of CoA
is hydrogen-bonded to a water molecule (Fig. 7c). Moreover, a
plausible hydrogen-bonding interaction (at 3.6 A) was
observed between Argl49 and the OS5P of the pantetheine
moiety of CoA. Therefore, MSM-13 thiolase is similar to
degradative thiolases in this respect. How the presence of this
additional hydrogen bond impacts the catalytic cycle remains
to be elucidated.

As in other thiolases, the active site of MSM-13 thiolase is
located in a deep pocket in the interdimer space close to the
tetramerization motif (Figs. 3 and 5). As illustrated in Fig.
4(b), the active site of each subunit is completed by loops from
the other three subunits. Specifically, the subunit B active site
is completed by the NB2-N«2 loop of the A subunit, the
tetramerization loop of the C subunit and the cationic loop of
the D subunit.

The catalytic cysteine that becomes covalently attached to
the priming substrate is conserved in MSM-13 thiolase (Cys90;
equivalent to Cys89 in Z. ramigera thiolase). The S atom of
Cys90 is hydrogen-bonded to the main-chain N atoms of
Cys90 and Gly392. In Z. ramigera thiolase, Cys89 is activated
by His348 by the abstraction of a proton. Another residue
important for catalysis in Z. ramigera thiolase is Cys378, which
acts as a base in the condensation reaction (Modis & Wier-
enga, 2000). His348 and Cys378 of Z. ramigera thiolase are
structurally equivalent to His360 and Cys390, respectively, of
MSM-13 thiolase. The conservation of the geometry of these
active-site residues suggests that they play similar roles in the
two enzymes. Moreover, the two catalytic waters known to be
essential for catalysis are preserved (Fig. 7a). These waters
function in oxyanion hole 1 (OAH1) as hydrogen-bond donors

by interacting with the thioester O atom of acyl-CoA. They
are also important in modulating the properties of the cata-
lytic base (Merildinen et al., 2009; Cys390 in MSM-13 thiolase).

3.8. The distinct substrate-specificity pocket of MSM-13
thiolase

The conformations of the following three loop regions have
been shown to determine the substrate specificity of thiolases:
(i) the Loal-covering loop-Loa2 region, (ii) the NB2-No2
region of the adjacent subunit and (iii) the C81-Cal loop
(Haapalainen et al., 2007; Kiema et al., 2014).

The Lol-covering loop-La2 motif shields the active site
from bulk solvent. In biosynthetic thiolases, the conformation
of this region is such that there is no space to accommodate a
bulky acyl group. In MSM-13 thiolase, La1 and the covering
loop are displaced away from the active site by about 4A
when compared with biosynthetic thiolases. The extra space
created by this displacement hosts three water molecules. In
the dimeric AB peroxisomal thiolase from yeast, this motif
adopts a completely different, more extended conformation
(Fig. 8a). This change in conformation is proposed to provide
the extra space that is required for the binding of a long-chain
fatty-acyl tail. In the unliganded crystal structure of yeast AB
thiolase this extra space is occupied by an MPD molecule.

The NB2-No2 loop is highly conserved in biosynthetic
thiolases. A conserved glutamine (Gln64 in Z. ramigera thio-
lase; Fig. 8b) protrudes from this loop into the active-site
pocket of the neighbouring subunit, thereby allowing only
small acyl chains to bind in the pocket. This glutamine residue
is at a distance of 6.2 A from the terminal S atom of aceto-
acetyl-CoA bound to Z. ramigera thiolase, leaving no space
for longer acyl chains. In MSM-13 thiolase the NB2-Na2 loop
from the adjacent protomer is displaced away from the active
site and adopts a different conformation when compared with
that in Z. ramigera and other biosynthetic thiolases (Fig. 8b).
The conserved glutamine that protrudes from this loop into
the active-site cavity in synthetic thiolases is replaced by a
smaller proline residue in MSM-13 thiolase (Fig. 1). Super-
position of the MSM-13 and Z. ramigera thiolase active-site
pockets (Fig. 8b) revealed that the distance between this
proline and bound CoA is of the order of ~11 A in MSM-13
thiolase, leaving enough space for the binding of a more bulky
substrate.

The CB1-Cal loop has a conserved VMG motif that allows
the binding of straight-chain acyl-CoA substrates. In thiolases
that act on substrates with a branched 2-methyl-acyl chain, this
motif is different. For example, in human T2 thiolase, which
accommodates a 2-methyl group in its specificity pocket, the
corresponding sequence is DFP. MSM-13 thiolase has the
sequence LMG at this region, suggesting that it is specific for
straight-chain acyl-CoA substrates.

The putative fatty acyl-binding cavity, as calculated by
PyMOL, is visualized in Fig. 8(c). A similar cavity extending
from the nucleophilic cysteine was also identified in human T1
thiolase (Kiema et al., 2014). However, the shape and relative
location of this cavity is different in MSM-13 thiolase. Phe328,

2490

Janardan et al.

+ Mitochondrial 3-ketoacyl-CoA (T1)-like thiolase

Acta Cryst. (2015). D71, 2479-2493



research papers

Argl49, Glu258, Ser256, Val240, Metl63, Glu258, Tyr59,
Arg89, Ala327 and Alal52 line this cavity; residues of the
NB2-Na2 loop of the adjacent subunit, including Pro65, seal
this cavity. In T1 thiolases, this fatty acyl-binding cavity is lined
by hydrophobic residues. In contrast, the cavity in MSM-13 is
lined by several polar residues, including Arg89, Argl49 and
Tyr59. Arg89 precedes the nucleophilic cysteine and its main-
chain dihedrals adopt a strained conformation. Other tetra-
meric thiolases have a shorter hydrophobic residue (Leu, Ile
or Val) at the corresponding position (Fig. 1). The other
unique arginine, Argl49, protrudes from Lol (immediately
after the tetramerization loop). A short residue such as Gly,
Ala or Ser is found in other tetrameric thiolases at the
corresponding position (Fig. 1). These two arginines, along

tetramerization loop

covering loop covering loop

tetramerization loop

with Tyr59 (of the NB2-No2 loop of the same subunit; an
isoleucine or leucine residue in all other tetrameric thiolases),
generate a unique water-filled specificity pocket near the
active site that is not seen in any of the other tetrameric
thiolases (Fig. 9). The polar features of this pocket suggest that
the priming substrate of MSM-13 thiolase might have a bulky
polar acyl moiety.

Biochemical analysis revealed that MSM-13 thiolase exhi-
bits residual thiolytic cleavage activity with acetoacetyl-CoA
as the substrate. No catalytic activity was detected in the
synthetic direction with acetyl-CoA (data not shown). It is
possible that acetoacetyl-CoA and acetyl-CoA, both of which
harbour only small acyl chains, are poor substrates for MSM-
13 thiolase; the enzyme might specifically catalyze the degra-
dation of substrates with bulky polar acyl
moieties. Further studies with these
substrates will provide insights into the
specificity and catalytic activity of MSM-13

thiolase.
- ARG-89 il ARG-89
3. < TYR-59 3.3 & TYR-59 3.9. Water-mediated hydrogen-bond
ARG-149 /50 ARG-149 /30 networks in the active sites of thiolases
cjs-go . Water molecules play an important role in

Figure 9

the catalytic function of thiolases. Apart
from the two conserved catalytic waters
(Fig. 7a), two water networks have been

The unique substrate-specificity cavity of MSM-13 thiolase. Three residues near the MSM-13
thiolase substrate-specificity cavity (Tyr59, Arg89 and Argl49) generate a distinct cavity
occupied by three water molecules (blue spheres) in MSM-13 thiolase. The red dotted lines

highlight the hydrogen-bond interactions of these waters.
TRR-339 TRR-339
Ca2 Ca2
MET-33%/3 MET-336 (G
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Figure 10

Differences in the water networks between biosynthetic (Z. ramigera) and degradative (MSM-
13) thiolases. Biosynthetic thiolases (Z. ramigera thiolase, blue) have two networks of buried
water molecules extending from the active-site pocket: (i) a trail of water molecules extending
from the OAH1 water molecule (‘above’ the NEAF-CB2-Ca2 loop) and (ii) a cluster of water
molecules (‘below’ the NEAF-CB2-Co2 loop). The cluster of water molecules is present in
MSM-13 but the trail of waters is absent because of the presence of the bulky hydrophobic
residues Leu324 (CpB2), Met336 (Ca2) and Trp339 (Ca2). The NEAF-CB2-Ca2 loops of
Z. ramigera and MSM-13 thiolases are highlighted in red.

identified near the active sites of thiolases:
(i) a trail of waters extending from the
catalytic site to the bulk solvent and (ii) a
cluster of waters that are not connected to
the bulk solvent. These networks of buried
hydrogen-bonded water molecules are
located near the NEAF-CB2-Ca2 loop (Fig.
10). The cluster of waters is present in all
thiolases, whereas the trail of waters is
present only in the two biosynthetic
enzymes CT thiolase and Z. ramigera thio-
lase. In Z. ramigera thiolase, the trail of
ordered water molecules extending from the
water at OAH1 (Wat82 in Z. ramigera
thiolase) to the bulk solvent is lined by the
side chains of residues Ala315 and Asn327
near the CB2-Ca2 loop. The loop between
CpB2 and Co2 contains the highly conserved
NEAF motif. The asparagine side chain of
the NEAF motif fixes the water at OAHI.
This oxyanion hole has been proposed to
stabilize the negative charge of the CoA-
thioester intermediate (Merildinen et al.,
2009). The connected network of hydrogen-
bonded water molecules has been proposed
to be responsible for the high catalytic
turnover of synthetic thiolases (Merildinen
et al., 2009). In T2 and yeast peroxisomal
thiolases, both of which are degradative
thiolases, this water trail is not present.
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Instead, the side chains of hydrophobic residues fill up the
remaining space.

Inspection of the ordered waters in MSM-13 thiolase
revealed that the first water network, the trail of waters, is
absent, whereas the water cluster is present (Fig. 10). Leu324
of CB2, just before the NEAF motif, protrudes into this
channel, filling the space occupied by the water trail in
Z. ramigera thiolase. Two other bulky residues, Met336 and
Trp339, are also present in the vicinity of this channel. Leu324,
Met336 and Trp339 are replaced by Ala315, Asn327 and
Leu330, respectively, in the biosynthetic Z. ramigera thiolase.
Thus, in terms of hydrogen-bonded water networks, MSM-13
thiolase is similar to biodegradative enzymes such as human
T2 and T1 thiolases, suggesting that MSM-13 is possibly a
degradative thiolase.

4. Concluding remarks

Phylogenetic analysis revealed that tetrameric thiolases may
be classified into three distinct classes (CT, T1 and T2). MSM-
13 thiolase clustered into the T1 branch, indicating that this
thiolase is closely related to human T1 thiolase. The overall
assembly of MSM-13 thiolase is very similar to that of the well
characterized biosynthetic thiolase from Z. ramigera. The
mode of assembly of tetrameric thiolases generates an unusual
quaternary structure, which provides a unique access path for
substrates diffusing from the bulk solvent to the active site.
This is achieved by connecting the two tight dimers via flexible
hinge regions to a small, rigid tetramerization domain formed
by the four tetramerization loops. Analysis of the structures of
nine tetramers of MSM-13 present in three different crystal
forms revealed that the tetramers are asymmetric. The struc-
tural variations result from differences in the positioning of
the AB and CD dimers with respect to the rigid tetrameriza-
tion domain. This asymmetry generates differences in the
geometry of the active sites with respect to two arginines:
Argl136 (at the tip of the tetramerization loop of the opposing
subunit) and Argl49 (of Lal).

The four catalytic residues and two waters known to be
essential for catalysis in thiolases are conserved in MSM-13
thiolase. Structural comparison of the active site of MSM-13
thiolase with that of Z. ramigera thiolase revealed that the Lol
helix and covering loop, as well as the loop occurring after
NpB2 (of the adjacent subunit), are displaced away from the
active site, generating a larger substrate-specificity pocket in
MSM-13 thiolase that differs from the specificity pocket found
in human T1 thiolase. In MSM-13 thiolase, two arginines
(Arg89 and Argl49) and a tyrosine (Tyr59) point into this
pocket.

Biosynthetic tetrameric thiolases have two distinct
networks of buried waters near the catalytic site, whereas
degradative thiolases have only one such network. The water
network in the active site of MSM-13 thiolase resembles that
of degradative thiolases. The larger and more polar substrate-
specificity pocket and the low catalytic efficiency for the
standard thiolase substrates (acetoacetyl-CoA) suggest that
MSM-13 thiolase has a unique substrate specificity. Further

studies are needed to identify the preferred substrate and
physiological function of MSM-13 thiolase.
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