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The Mycobacterium tuberculosis trifunctional enzyme (MtTFE) is an g2 tetrameric enzyme. The a-chain harbors
the 2E-enoyl-CoA hydratase (ECH) and 3S-hydroxyacyl-CoA dehydrogenase (HAD) activities and the f-chain
provides the 3-ketoacyl-CoA thiolase (KAT) activity. Enzyme kinetic data reported here show that medium and
long chain enoyl-CoA molecules are preferred substrates for MtTFE. Modelling studies indicate how the linear
medium and long acyl chains of these substrates can bind to each of the active sites. In addition, crystallographic
binding studies have identified three new CoA binding sites which are different from the previously known CoA
binding sites of the three TFE active sites. Structure comparisons provide new insights into the properties of ECH,
HAD and KAT active sites of MtTFE. The interactions of the adenine moiety of CoA with loop-2 of the ECH active
site cause a conformational change of this loop by which a competent ECH active site is formed. The NAD"
binding domain (domain C) of the HAD part of MtTFE has only a few interactions with the rest of the complex
and adopts a range of open conformations, whereas the A-domain of the ECH part is rigidly fixed with respect to
the HAD part. Two loops, the CB1-CA1 region and the catalytic CB4-CB5 loop, near the thiolase active site and
the thiolase dimer interface, have high B-factors. Structure comparisons suggest that a competent and stable
thiolase dimer is formed only when complexed with the a-chains, highlighting the importance of the assembly for
the proper functioning of the complex.

1. Introduction

For Mycobacterium tuberculosis (Mtb), lipid metabolism is important
for its survival in the mammalian host and a large portion of its genome
is accounted for by genes encoding proteins involved in lipid meta-
bolism. Of its genome ~250 genes are known to code for enzymes
involved in fatty acid metabolism as compared to only ~50 in Escher-
ichia coli (Cole et al., 1998). Mtb is metabolically versatile and capable of
switching its metabolic state during the intracellular stage to a state in
which it can grow and survive using lipids (cholesterol and fatty acids)
as a carbon source rather than glucose and glycerol (Lee et al., 2013;
Nazarova et al., 2019; Sassetti and Rubin, 2003; Schnappinger et al.,
2003; Wilburn et al., 2018). It has been reported that the Mtb genes
required for the p-oxidation of fatty acids, a central pathway in lipid
degradation, are upregulated in the intraphagosomal environment
(Schnappinger et al., 2003). This adaptive mechanism could especially

* Corresponding author.
E-mail address: rajaram.venkatesan@oulu.fi (R. Venkatesan).

https://doi.org/10.1016/j.jsb.2021.107776

be advantageous during the latent stage of infection where Mtb utilizes
fatty acids that are available from the host organism to persist and
survive.

The B-oxidation cycle consists of four steps (Fig. S1), being (i) an
acyl-CoA dehydrogenation (ACD), (ii) an enoyl-CoA hydration (ECH),
(iii) a 3S-hydroxyacyl-CoA dehydrogenation (HAD) and (iv) a 3-
ketoacyl-CoA thiolytic cleavage (KAT) that produces acetyl-CoA and
acyl-CoA molecules that are two carbon atoms shorter. For example, the
complete degradation pathway of palmitoyl-CoA into 8 molecules of
acetyl-CoA requires 7 cycles consisting of 28 chemical steps. The en-
zymes catalyzing these reactions can be monofunctional as well as
multifunctional enzymes. The latter enzymes can be bifunctional, like
multifunctional enzyme type-1 (MFE1, catalyzing the ECH and HAD
reactions), or trifunctional (like the trifunctional enzyme, TFE, cata-
lyzing the ECH, HAD and KAT reactions). Mtb has multiple copies of
genes that putatively code for the enzymes of each of these steps. For
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example, it has 35 putative ACDs (fadE1-E35), 21 putative ECHs (echAI-
21), 4 putative HADs (fadB2-fadB5) and 5 putative KATs (fadAI-fadA5)
(Cole et al., 1998). While the function of several of these enzymes re-
mains unknown, some have been better characterized (Bonds et al.,
2020; Cox et al., 2019; Srivastava et al., 2015; Wipperman et al., 2014).
Although there are multiple monofunctional $-oxidation enzymes, Mtb
has only one trifunctional p-oxidation enzyme complex (MtTFE), which
is encoded by the genes fadA and fadB (Venkatesan and Wierenga,
2013). The TFE complex is an apf,-tetramer (Fig. 1), which is capable of
catalyzing the ECH (at the N-terminus of the a-chain), the HAD (at the C-
terminus of the a-chain) and the KAT reactions (f-chain). In the agfs-
tetramer the two a-chains are assembled with the po-dimer by extensive
protein—protein interfaces (Fig. 1). The folds of both chains consist of
several domains, as shown in Fig. S2. The MtTFE a-chain is 720 residues
(Fig. S3) and it is homologous to the monomeric MFE1. The best char-
acterized MFEL1 is the rat peroxisomal MFE1 (RnMFE1). The sequence
identity between these two sequences is 27%. The sequence alignment of
MtTFE-a and RnMFE1 is provided in Fig. S3. The p-chain is 403 residues
and the fy-dimer is homologous to the thiolase dimer. The sequence
alignment of MtTFE-p with a close homologue, the Mtb FadAS5 thiolase,
is given in Fig. S4. A comparison of 130 thiolase sequences has suggested
that the FadA5 and MtTFE thiolase belong to the same thiolase sub-
family (Anbazhagan et al., 2014). The sequence identity between these
two sequences is 40% (Fig. S4). Figs. S3 and S4 provide the secondary
structure nomenclature of the MtTFE a- and MtTFEp-chains.

Bioinformatics studies have identified four TFE subfamilies (Venka-
tesan and Wierenga, 2013): (i) the mammalian mitochondrial TFE, like
the human TFE (HsTFE), (ii) the mycobacterial TFE, like MtTFE, (iii) the
bacterial aerobic TFE, like E. coli TFE (EcTFE) and its close homologue
Pseudomonas fragi TFE (PfTFE) and (iv) the bacterial anaerobic TFE
(such as the E. coli anEcTFE). Structural studies (Ishikawa et al., 2004;
Liang et al., 2018; Sah-Teli et al., 2020; Xia et al., 2019) have shown that
each of these TFEs are agfi2 heterotetramers with the mycobacterial TFE,
bacterial aerobic TFE and mitochondrial TFE showing very different
assemblies. anEcTFE is proposed to have an assembly that resembles the
mitochondrial TFE (like HsTFE) in its tetrameric assembly (Sah-Teli
et al., 2019). anEcTFE and HsSTFE are membrane associated, whereas
EcTFE and MtTFE are soluble. The po/thiolase dimer forms the core of
the tetramer in each of these subfamilies.

Enzyme kinetic studies have shown that EcTFE can degrade short
chain, medium chain and long chain linear enoyl-CoA substrates, such
that the best substrate is short chain enoyl-CoA substrate (Sah-Teli et al.,
2019). The enzymological properties of PfTFE have not been studied in
such great detail, but in any case the linear enoyl-CoA molecules are
substrates (Imamura et al., 1990), and long chain enoyl-CoAs are more
efficiently degraded than short chain enoyl-CoA molecules (Sato et al.,

Fig. 1. The overall assembly of the MtTFE ayf, tetramer. The o subunits are
shown in green (left) and wheat (right), the § subunits of the thiolase dimer are
shown in yellow (front) and blue (back). The thiolase loop domains are in or-
ange and turquoise of the yellow and blue thiolase subunits, respectively. The
twofold axis runs vertically.
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1992). The systematic substrate specificity studies of HsTFE and anEc-
TFE show that these TFEs degrade medium and long chain linear enoyl-
CoA molecules much better than short chain enoyl-CoA (Sah-Teli et al.,
2019). In addition, it has been shown that EcTFE (Yang et al., 1986) and
HSTFE (Nada et al., 1995) have substrate channeling properties, like
RnMFE1 (Yang et al., 1986). The function of EcTFE, anEcTFE and HsTFE
concerns the degradation of linear 2E-enoyl-CoA substrate molecules.

The three active sites of these TFEs, being the ECH, the HAD and the
KAT active sites, have a very different shape and the mode of binding of
CoA to each of these active sites is very different (Zhang et al., 2010).
The ECH active site is formed by the crotonase fold of 2E-enoyl-CoA
hydratases (also referred to as crotonases) and the CoA is bound in a bent
conformation in the ECH active site of these crotonase fold enzymes,
such that the adenine moiety is hydrogen bonded to the active site loop
(loop-2) that forms the oxyanion hole and its phosphate moieties point
into bulk solvent. The acyl tail is bound in a tunnel that connects the
catalytic site with the bulk solvent (Kasaragod et al., 2013). In the HAD
enzymes the pantetheine part of the CoA moiety is bound in an extended
conformation in the pantetheine binding tunnel (Sridhar et al., 2020;
Barycki et al., 2000), whereas the acyl tail is bound in a groove shaped
by domain D. In the thiolase active site, the CoA moiety of the substrate
is bound in a bulk solvent exposed groove and the acyl tail is bound
either in a deep pocket (like in the Zoogloea ramigera biosynthetic thi-
olase (Haapalainen et al., 2006) or in a solvent exposed groove, like in
the peroxisomal SCP2-thiolase (Kiema et al., 2019) and in the Mtb FadA5
thiolase (Schaefer et al., 2015).

The substrate specificity of MtTFE has not been studied systemati-
cally. It has been reported that 2E-decenoyl-CoA is efficiently degraded
(Venkatesan and Wierenga, 2013) and also it has been shown that the
ECH active site catalyzes the isomerization of 3E-octenoyl-CoA into 2E-
octenoyl-CoA, but 3Z-octenoyl-CoA is not a substrate for this isomeri-
zation reaction (Srivastava et al., 2015). Here, the substrate specificity of
MLtTFE is studied systematically by enzyme kinetic measurements with
linear enoyl-CoA derivatives of varying tail lengths, as well as having a
2-methyl branched tail, with or without a steroid moiety at its w-end.
Protein crystallographic studies of unliganded and ligand bound struc-
tures and the comparison with the structures of well-studied homo-
logues reveal the importance of conformational flexibility in each of the
three active sites.

2. Material and methods
2.1. Cloning

Seven active site variants of MtTFE were generated with either one,
two or three active site point mutations. The previously reported active
site residues of each of the active sites namely aGlu141 of the ECH part,
aHis462 of the HAD part and pCys92 of the KAT active site were mutated
to alanine using the QuickChange Lightning Multi Site-Directed Muta-
genesis Kit from Agilent Technologies either as single mutations (MtTFE-
aE141A, MtTFE-aH462A, MtTFE-BC92A) or in a combination to give the
desired double (MtTFE-aE141AaH462A, MtTFE-aE141ABC92A, MtTFE-
aH462ABC92A) or triple (MtTFE-aE141AaH462ABC92A) active site
mutated variant. A previously cloned pET-Duet construct containing
wild type MtTFE-a (Mtb fadB) and MtTFE-p (Mtb fadA) at MCSII and
MCSI, respectively (Venkatesan and Wierenga, 2013), was used as the
template to generate these variants. A list of the primers, that were used
to generate the mutated variants, is given in Table S1. For the expression
and purification of MtTFE-a only (MtTFE-alpha), a previously cloned
construct (Venkatesan and Wierenga, 2013) of pACYC-Duet, containing
Mtb fadB at MCSI, was used.

2.2. Protein expression and purification

MLtTFE, each of its mutated variants and the separate MtTFE-alpha
chain (not assembled with thiolase) were expressed in E. coli BL21
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(DE3) cells and purified as previously described (Venkatesan and
Wierenga, 2013). Briefly, the cells were grown at 37 °C in M9ZB media
to an optical density of 0.6 at 600 nm and were then induced with 0.2
mM of IPTG at 22 °C for 15 h. The cells were then resuspended in 20 mM
Tris buffer containing 500 mM NaCl and 5 mM imidazole at pH 8.0 and
lysed by sonication. Subsequently, the proteins were purified by Ni-NTA
affinity chromatography by gradient elution using 20 mM Tris buffer pH
8.0, containing 500 mM NaCl and increasing the imidazole concentra-
tion from 5 mM to 100 mM. The eluted peak fractions were pooled and
excess of salt and imidazole removed by a buffer exchange protocol
using a 100 kDa Centricon concentrator into 20 mM Tris, pH 7.9, con-
taining 50 mM NaCl. The protein (in 20 mM Tris buffer, pH 7.9, 50 mM
NaCl) was then subjected to anion exchange chromatography on a 6 mL
Resource-Q column, using a gradient from the protein buffer to the
elution buffer (20 mM Tris, 0.5 M NaCl, pH 7.9). Fractions containing
MLtTFE or its variants were then finally passed through a HiLoad 16/60
Superdex 200 size exclusion chromatography (SEC) column previously
equilibrated with a buffer containing 20 mM HEPES, 120 mM KCl, 1 mM
EDTA and 1 mM NaNj; at pH 7.2. For some wild type MtTFE purifications
another buffer (20 mM MOPS buffer pH 7.0) was used at the SEC step,
resulting in a different crystal form in the crystallization step (having
space group C222,, instead of C2). The peak fractions were pooled,
concentrated, frozen in 30-100 pL aliquots and stored at —70 °C for
further studies.

2.3. Synthesis of the acyl-CoA substrates

Acetoacetyl-CoA and 2E-butenoyl-CoA were purchased from Sig-
ma-Aldrich (Missouri, U.S.A.). 2E-decenoic acid and other chemicals
used for substrate synthesis were from Merck (Darmstadt, Germany). 2-
Methyl-2E-decenoic acid, 2E-hexadecenoic acid, 24E-THCe acid
(Fig. S5) and 24E-25DM-THCe acid (Fig. S5) were synthesized and
conjugated with CoA as described previously (Sah-Teli et al., 2019). The
identity of the acyl-CoA esters was confirmed by TLC, [1H] NMR and
high resolution mass spectrometry (HR-MS) analysis. 3,22-dioxo-chol-4-
ene-24-oyl-CoA (Schaefer et al., 2015) (Fig. S5) was synthesized and
provided by the laboratory of Professor Nicole S. Sampson, Stony Brook,
New York.

2.4. Enzyme activity assays

Enzyme activities were measured by spectrophotometric activity
assays using a Jasco V660 spectrophotometer as described earlier
(Venkatesan and Wierenga, 2013). All assays were performed at 25 °C
using 50 mM Tris (pH 8.5), 50 mM KCl, and 50 ug mL~! bovine serum
albumin as reaction buffer with a final volume of 500 pL in quartz cu-
vettes and were monitored for 3 min. To measure the specific activity of
the ECH active site, 60 uM of each substrate was mixed into the reaction
buffer and the reaction was initiated by adding 5 ng of MtTFE. ECH
activity was measured by monitoring the disappearance of the C-C
double bond of the substrate at 263 nm. A molar extinction coefficient of
6700 M~lem ™! was used for calculating the specific activity. The spe-
cific activity is expressed as the number of pmole substrate converted per
mg of enzyme, per minute. To measure the specific activity of the HAD
active site, 60 uM of substrate, 1 mM CoA and 1 mM NAD" were mixed
into the reaction buffer and the reaction was initiated by adding 100 ng
of MtTFE to the reaction mixture. HAD activity was measured by
monitoring the formation of NADH at 340 nm and by using an absorp-
tion coefficient of 6220 M~lem ™! for NADH for calculating the specific
activity. To determine the k¢o¢ and Ky, values with 2E-hexadecenoyl-CoA
for the ECH and HAD activities, the above reactions were repeated by
varying the substrate concentration from 1 uM to 120 uM. GraphPad
Prism version 8.4.2 was used to plot and analyze the data and the linear
part of the progress curve was used to determine the initial rate of the
reaction.

KAT activity with 2E-decenoyl-CoA and 2E-hexadecenoyl-CoA was
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qualitatively determined. First, a Mg?*/3-ketoacyl-CoA complex was
generated by incubating 60 uM of the respective 2E-enoyl-CoA substrate
with 100 ng of MtTFE in the reaction buffer containing 1 mM NAD™ and
5 mM MgCl, at room temperature. Formation of the complex was
monitored at 303 nm for 5 min or until a plateau of the curve at 303 nm
was observed. KAT activity was initiated by adding 0.5 mM of CoA to the
reaction mixture and the reaction was monitored by following the
disappearance of the Mg?*/3-ketoacyl-CoA complex at 303 nm. An
absorption coefficient of 13900 M~ 'em™! for the Mg?*/3-ketoacyl-CoA
complex was used for KAT activity calculations. In addition, the KAT
activity with 60 pM 3,22-dioxo-chol-4-ene-24-oyl-CoA was monitored
both spectroscopically (in the presence of Mg2") as well as by the direct
mass spectrometry assay. For this, 300 pM of 3,22-dioxo-chol-4-ene-24-
oyl-CoA, 100 pM CoA and 0.2 pM of enzyme were mixed into reaction
buffer in a 10 pL reaction volume and left to react at room temperature
for 20 min. ZipTip pipette tips from Merck Millipore were then used to
desalt and concentrate the reaction mixture into 2 pL of 10 mg mL™?
DHB matrix in 50% acetonitrile, that was directly applied onto the
MALDI TOFF plate. Samples were run in the positive reflectron mode
and formation of 3-oxo-pregn-4-ene-20-carboxyl-CoA (3-OPC-CoA) was
detected. The ECH, HAD and KAT specific activities for the point
mutated variants, as well as for MtTFE-alpha, were determined using 60
uM of 2E-decenoyl-CoA, as described above (Table S2).

2.5. Stability measurements

Protein stability was measured by monitoring protein unfolding by
increasing the temperature. 1 mg mL ™! of each protein in 20 mM HEPES,
120 mM KCl, 1 mM EDTA and 1 mM NaNj3 at pH 7.2 was filled into 10 pL
standard capillary tubes (NanoTemper Technologies) and loaded onto
the Prometheus NT.48 instrument (NanoTemper Technologies). The
temperature was increased from 20 °C to 95 °C at a rate of 1 °C per min.
An excitation intensity of 20% at 280 nm was applied so that the
measured emission intensities at 330 nm and 350 nm was between 5000
and 15,000 fluorescent counts. The melting temperature was obtained
by recording emission intensities at 350 nm and 330 nm. The emission
fluorescent intensity ratio (350 nm/330 nm) and the first derivative
were calculated using the PR.ThermControl software (NanoTemper
Technologies).

2.6. Crystallization and crystal soaking experiments of wild type MtTFE

Two crystallization protocols have been used in the crystallization
experiments of wild type MtTFE. In the first protocol MtTFE was crys-
tallized as described previously (Venkatesan and Wierenga, 2013).
Briefly, 0.5 uL of MtTFE solution (6 mg mL ™! in 20 mM HEPES pH 7.2,
120 mM KCl, 1 mM EDTA and 1 mM NaN3), was mixed with the crys-
tallization well solution (2 M (NH4)2SO4, 100 mM Tris pH 8.5) in a 1:1
ratio and crystallized by vapor diffusion in hanging drops at room
temperature. The formation of the crystals was monitored using IceBear
(Daniel et al., 2021) and the crystals were frozen in liquid nitrogen for
diffraction studies.

In the second protocol the protein buffer and the well solution buffer
was a MOPS buffer. 0.5 L of MtTFE solution (6 mg mL™! in 20 mM
MOPS pH 7.0, 120 mM KCIl, 1 mM EDTA and 1 mM NaN3) was mixed
with a well solution of 2 M (NH4)2SO4, 100 mM MOPS pH 6.5, 10%
ethanol in 1:1 ratio and crystallized by vapor diffusion in hanging drop
plates at room temperature. The crystals were harvested and frozen in
liquid nitrogen.

For the crystallographic binding studies unliganded crystals, grown
at pH 8.5, were transferred into mother liquor that contained also CoA,
or 2E-butenoyl-CoA, or NAD' using solutions containing 2 M
(NH4)2S04, 100 mM Tris pH 8.5 supplemented with either 10 mM CoA,
or 2.7 mM 2E-butenoyl-CoA or 5 mM NAD™, respectively. The crystals
soaked with NAD' and CoA were allowed to equilibrate for 6-7 min
before cryocooling in liquid nitrogen and crystals soaked with 2E-
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butenoyl-CoA were soaked for 30 min before cryocooling in liquid
nitrogen.

2.7. Crystallization of MtTFE-alpha
An optimization screen was setup, using hanging drop vapor diffu-
sion method in a 24 well plate around an initial crystallization hit in

which the PEG4000 concentration was varied from 20 to 22% and the

Table 1

Journal of Structural Biology 213 (2021) 107776

concentration of isopropyl alcohol was varied from 20 to 22%. The
hanging drops were made with 3 uL of 4 mg mL~! protein (in storage
buffer 20 mM HEPES pH 7.2, 120 mM KCl, 1 mM EDTA and 1 mM NaNj3)
and 1 pL of crystallization solution. This resulted in large crystals, but
these diffracted weakly (~3.5 A). Therefore, crystals from 2 drops of this
optimization screen were harvested and a seed stock was prepared by
vigorous vortexing with a bead for 5 mins. 4 mg mL™~! of MtTFE-alpha,
containing also freshly added 2 mM NAD™" was incubated on ice for 30

Data collection, data processing and structure refinement statistics of the wild type MtTFE and MtTFE-alpha structures.

Data set MtTFE MtTFE-CoA-A MtTFE-CoA-B MtTFE-CoA-C MtTFE(NAD™) MtTFE-alpha
(ap-unliganded) (NAD™)
Data collection
Beamline BESSY II (14-1) ESRF-ID29 DLS-124 Petra-P13 DLS-104 DLS-103
Detector Pilatus 6M Pilatus 6M Pilatus3 6M Pilatus 6M Eiger2 XE 16M Eiger2 XE 16M
Wavelength (A) 0.9184 1.0722 0.9686 0.9763 0.9795 0.9762
Temperature (K) 100 100 100 100 100 100
Data processing
Space group C222; C2 C2 c2 C2 P1
Unit cell
parameters
a,b,c (A) 104.09, 204.67, 248.25, 135.75, 119.30 245.41, 136.60, 117.91 247.5,136.3, 117.7 243.75, 133.24, 115.60 49.81, 86.81,
132.79 88.96
o,B,y (o) 90, 90, 90 90, 110.30, 90 90, 110.45, 90 90, 110.50, 90 90, 110.14, 90 88.02, 89.91,
75.19
Processing software  xdsapp, AIMLESS xds, STARANISO fast_dp edna_proc xia2_3dii xia2_DIALS,
AIMLESS
Resolution range 48.45-2.1 48.5-2.79 (2.90-2.79) 29.76-2.79 (2.83-2.79) 58.74-2.1 (2.14-2.10) 86.84-2.42 (2.46-2.42) 88.9-2.70
A (2.22-2.10) (2.82-2.70)
Rp.im. (%) 0.041 (0.296) 0.065 (0.554) 0.047 (0.442) 0.058 (1.423) 0.046 (1.176) 0.062 (0.296)
CCy/2 0.997 (0.780) 0.995 (0.473) 0.998 (0.581) 0.998 (0.410) 0.999 (0.289) 0.988 (0.867)
1/sigmal 10.6 (2.0) 10.5 (1.5) 14 (1.3) 8.9 (0.8) 10.2 (0.7) 7.7 (2.0)
Completeness (%) 99.6 (98.3) 95.1 (83.0, ellipsoid) 97.6 (52.9) 99.7 (99.7) 99.4 (99.8) 97.6 (97.8)
Multiplicity 6.8 (6.6) 3.4 (3.3) 6.9 (3.3) 5.1 (4.8) 3.5(3.4) 3.1(3.3)
No. of reflections 1,094,346 279,549 608,741 1,070,948 455,984 119,102
No. of unique 160,514 81,071 88,737 212,119 131,141 38,685
reflections
Vi (A%/Da) 2.9 3.9 3.9 3.9 3.7 2.3
Wilson B-factor 39.3 44.4 62.6 46.8 54.2 33.4
¢S]
Refinement statistics
Resglution range 48.45-2.10 48.5-2.79 29.76-2.79 58.74-2.10 72.92-2.42 83.97-2.70
A)
No. of used 83,073 80,078 88,718 212,013 131,052 38,651
reflections
Ruwork (%) 19.49 17.82 18.71 20.54 21.39 21.28
Rfree (%) 21.93 21.57 23.11 23.36 24.45 26.99
Total No. of atoms 8885 17,229 17,341 17,556 17,045 10,631
No. of waters 343 229 111 265 89 14
Average B factors
€S
Protein 45.0, 38.7 (Chains 55.6, 49.2, 39.2, 39.8 74.7,70.2, 52.9, 56.5 72.8,70.4, 56.6, 59.2 96.2, 91.3, 72.1, 68.2 71.1, 66.5
B, C) (Chains A, B, C, D) (Chains A, B, C, D) (Chains A, B, C, D) (Chains A, B, C, D) (Chains A, B)
Ligands
CoA(ECH) (A, B) - - 72.0, 76.5 106.7, 107.4 - -
CoA(KAT) (C, D) - 97.2, 45.5 82.5,98.0 96.5, 106.1 - -
CoA(HAD/KAT) (C, - 104.2,113.2 - - - -
D)
CoA(ECH2) (A, B) - - 116.6, 115.3 - - -
CoA(ECH/HAD) (A, - - - 104.1, 100.3 - -
B)
NAD" (A, B) - - - - 140.0, 140.3 98.6, 90.1
Waters 40.7 35.6 48.5 56.1 63.9 36.3
Rms deviations
rms bond length (A)  0.002 0.001 0.002 0.002 0.002 0.002
rms bond angle © 0.50 0.42 0.51 0.54 0.49 0.48
Ramachandran plot
(%)’
Favored 97.2 96.9 96.9 97.5 96.5 96.0
Allowed 2.6 3.0 3.1 2.4 3.3 3.8
Outliers 0.2 0.1 0.0 0.1 0.2 0.2
PDB ID 704Q 704R 704S 704T 704V 704U

1 As determined with MolProbity (Chen et al., 2010).
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min. Crystals were set up using the same optimization screen by mixing
3 uL of MtTFE-alpha NAD" mixture, 0.5 pL seed stock and 1 pL well
solution. The best crystals were grown in 100 mM TEA pH 7.5, 22% PEG
4000, 20% isopropyl alcohol at room temperature. The crystals were
harvested two months after the crystallization plates were set up, and
flash frozen in liquid nitrogen.

2.8. Cocrystallization of the point mutated variants

An optimization screen around the crystallization conditions for wild
type MtTFE of 2 M (NH4)2SO4, 100 mM Tris pH 8.5 (Venkatesan and
Wierenga, 2013) was designed in which 2 M (NH4)2SO4 was kept con-
stant but the pH varied from 5.5 to 8.5. Each variant (6 mg mL™!) was
incubated with either 2 mM CoA, or 2 mM 2E-decenoyl-CoA or 500 uM
2E-hexadecenoyl-CoA for 30 min on ice and crystallization drops were
setup using protein-ligand mixture (0.5 pL) and crystallization well
solution (0.5 pL) in sitting drop plates using the Mosquito Nano
dispensing robot. The plates were left at room temperature, for up to two
months, before the crystals were cryocooled in liquid nitrogen and
checked for diffraction. Crystals of MtTFE-aE141A and MtTFE-
aE141AaH462APC92A were harvested from wells at pH 5.5, crystals of
MtTFE-aH462A from wells at pH 6.5 and crystals of MtTFE-BC92A,
MtTFE-aE141ABC92A and MtTFE-aH462ABC92A from wells at pH 7.5.

2.9. Data collection, structure determination and structure refinement

X-ray diffraction data were collected at different beamlines at BESSY
II, Diamond, ESRF and EMBL (Hamburg) (Table 1, Table S3). Data
reduction and scaling was either performed manually using XDS
(Kabsch, 2010), AIMLESS (Evans and Murshudov, 2013) and STAR-
ANISO (Global Phasing Limited) (http://www.globalphasing.com) or by
using the various data processing pipelines, available at the different
synchrotron facilities, including xdsapp (Krug et al., 2012; Sparta et al.,
2016), xia2 (Winter, 2010), xia2_3dii (Winter, 2010), fast. dp (Winter
and McAuley, 2011), edna_proc (Incardona et al., 2009) and xia2_DIALS
(Winter et al., 2018) (Table 1, Table S3). Initial phases were calculated
by molecular replacement with coordinates derived from PDB ID 4B3H
as the search model using either PHASER (McCoy et al., 2007) or
MOLREP (Vagin and Teplyakov, 2010). Positioned coordinates after
molecular replacement were used as the initial model to perform iter-
ative rounds of model building with COOT (Emsley et al., 2010) and
refinement, using Phenix (Afonine et al., 2012; Liebschner et al., 2019)
and REFMACS of CCP4 (Murshudov et al., 2011; Potterton et al., 2018;
Winn et al., 2011). The structure quality was assessed using MolProbity
(Chen et al., 2010). Ligands were included in the later stages of the
refinement whenever these ligands were clearly defined by the density
maps (Table S4 and Table S5). In some structures the catalytic cysteines
of the KAT active sites are oxidized (Table S4). NCS restraints were used
in the initial refinement of some structures. The final structures were
obtained after refinement with Phenix, not using NCS restraints. The
cores of NCS related subunits superimpose on each other with a RMS
value of less than 0.4 A for the corresponding Ca-atoms. The refinement
statistics and the PDB entry codes of the refined structures are reported
in Table 1 and Table S3.

2.10. Structure analysis

The SSM protocol (Krissinel and Henrick, 2004) of COOT (Emsley
et al., 2010) was used routinely for the superposition of the homologous
structures and the MtTFE structures. For the analysis of the binding
pocket of the ECH active site, the structures of rat ECH in complex with
octanoyl-CoA (PDB ID 2DUB, chain A) (Engel et al., 1998), and of
RnMFE1 in complex with 3S-hydroxydecanoyl-CoA (PDB ID 3ZWC,
molecule A) (Kasaragod et al., 2013) were used. For the analysis of the
CoA and NAD™ binding pockets of the HAD active site, the structure of
human 3S-hydroxyacyl-CoA dehydrogenase (HsHAD) complexed with
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acetoacetyl-CoA and NAD™ (PDB ID 1F0Y, chain A) (Barycki et al.,
2000) as well as the RnMFE1 structure of its complex with 3-ketodeca-
noyl-CoA (PDB ID 50MO, molecule A) (Sridhar et al., 2020) were used.
For analyzing the KAT active site, the structures of acetylated biosyn-
thetic thiolase of Z. ramigera complexed with acetyl-CoA (PDB ID 1DM3,
chain B) (Modis and Wierenga, 2000), the C89A-variant of the thiolase
of Z. ramigera complexed with acetoacetyl-CoA (PDB ID 1M10, chain B)
(Kursula et al., 2002) and the Mtb FadAS5 thiolase complexed with 3-oxo-
pregn-4-ene-20-carboxylic acid (PDB ID 4UBT, chain A) (Schaefer et al.,
2015) were used.

The images of the structures were generated using PyMOL (the
PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC). The
molecular surface, color coded according to electrostatic potential, has
been calculated with CCP4MG (McNicholas et al., 2011). These calcu-
lations were done with the MtTFE-CoA-B structure in which the protein
part of the model covers all residues from aMetl to aSer720 of both
a-chains and from BSer2 to pVal403 of both p-chains and in which all
side chains were completely built, but in which the ligands and waters
were removed. The schematic drawings were made with MarvinSketch
(ChemAxon). Sequence alignments were made with CLUSTAL Omega
(Madeira et al., 2019) and the alignment figures were made using the
web based program ESPRIPT 3.0 (Robert and Gouet, 2014). Secondary
structure elements were assigned according to DSSP (Kabsch and
Sander, 1983).

The normalized B-factors were calculated using a bash script for
extracting the individual B-factors of the Co atoms of each residue,
which were then imported into Microsoft EXCEL, allowing for the
calculation of the normalized B-factor, using the formula (Yaseen et al.,
2016):

B-factor(normalized) = (B-factor — u)/o

where p is the mean B-factor of the given structure and ¢ is the standard
deviation. To assess which loops and domains of MtTFE are the most
flexible regions of the a and f-chains, the computed normalized B values
were plotted as a function of residue number for the various structures.

2.11. Molecular dynamics simulation calculations to relax and energy
minimize the modelled substrates

The mode of binding of CoA in the ECH and KAT active sites is known
from the structural studies and for the HAD active site it can be inferred
from the structures of complexes of the RnMFE1 homologue. This
knowledge has been used for model building the mode of binding of the
acyl tail of acyl-CoA in each of the active sites. The starting model has
been obtained through model building of the acyl-CoA molecule into the
active sites of the refined ayp; MtTFE-CoA-B structure in COOT, after
removing from this structure the hexahistidine tag of the a-chain as well
as all ligands and all waters. Both a-chains of the MtTFE-CoA-B structure
include residues Met1 to Ser720 and both p-chains include residues Ser2
to Val403.

The starting model of 2E-decenoyl-CoA bound in the ECH active site
was obtained from the mode of binding of 3S-hydroxydecanoyl-CoA to
the ECH active site of RnMFE1 (PDB ID 3ZWC; molecule A (Kasaragod
et al., 2013)). The CoA part of the substrate was modelled with COOT as
seen in the MtTFE-CoA-B structure and the thioester oxygen was built in
its oxyanion hole. The protonation state of the two active site glutamates
was chosen to be consistent with a competent active site for catalysis of
the hydration reaction of the bound 2E-decenoyl-CoA, being that
aGlu119 is deprotonated and aGlu141 is protonated (Zhang et al., 2010;
Kasaragod et al., 2013).

The starting model of the HAD active site complexed with 3-ketode-
canoyl-CoA was obtained from the mode of binding of 3-ketodecanoyl-
CoA in the HAD active site of RnMFE1 (PDB ID 50MO, molecule A, in
which the HAD active site is complexed with 3-ketodecanoyl-CoA
(Sridhar et al., 2020)). The protonation state of the catalytic histidine
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was chosen to be consistent with the active site complexed with the
product 3-ketodecanoyl-CoA, such that aHis462 is doubly protonated
and its ND1 atom is hydrogen bonded to the side chain of aGlu474,
which is deprotonated (Barycki et al., 2001). The superimposed ligand
was modelled in COOT in the MtTFE-CoA-B structure, such that the
hydrogen bond interactions of the pantetheine moiety, the thioester
oxygen atom and the 3-keto oxygen atom were preserved, as described
previously (Sridhar et al., 2020).

The starting model of the KAT active site complexed with 3-ketode-
canoyl-CoA was obtained from the mode of binding of acetoacetyl-CoA
in the Z. ramigera thiolase active site. pCys92 was mutated into an
alanine, because the reference structure is the structure of the C89A
variant complexed with acetoacetyl-CoA (PDB ID 1M10, chain B (Kur-
sula et al., 2002)). The catalytic histidine, fHis359 was singly proton-
ated (at NE2) and its ND1 atom was hydrogen bonded to OG1(fThr364).
The CoA part of the starting model was modelled in COOT from the
mode of binding of CoA in the MtTFE-CoA-B structure, and the hydrogen
bond interactions of the thioester oxygen atom and the 3-keto atom were
modelled as described previously (Kursula et al., 2002).

The molecular dynamics (MD) calculations were done with the
complete tetramer. The force field parameters for the ligands were ob-
tained using a fragment-based approach. In each case, a fragment for
CoA was taken from the R.E.D database (Dupradeau et al., 2008) and
partial charges for the acyl tails were derived using the RESP method
(Bayly et al., 1993) based on QM calculations with Gaussian 09 (Frisch
et al., 2009) and the HF 6-31G* basis set, using the R.E.D server (Van-
quelef et al., 2011). Parameters for the bonds, angles and dihedrals were
taken from the Lipid 17 and GAFF2 Amber libraries (Wang et al., 2004).

The protein models for all simulations were prepared using the LEaP
module of AmberTools (Salomon-Ferrer et al., 2013). The TIP3PBOX
water model was used to solvate a rectangular box extending 10 A
around each model. All systems were neutralized with counter ions. The
Amber ff14SB force field (Maier et al., 2015) was used for the protein
and ions. The generated files were converted with the parmed tool of the
AmberTools to be compatible for use with the GROMACS software suite
(Van Der Spoel et al., 2005). Steepest decent energy minimization was
first performed in 50,000 steps followed by equilibration steps in NVT
and in NPT ensembles for 100 ps each. The protein and ligand heavy
atoms were restrained during equilibration. Temperature was controlled
using Velocity Rescaling at 300 K and pressure was maintained at 1 bar.
The equilibrated systems were then used for 1 ns MD simulation pro-
duction runs with 2 fs time steps. Coordinates and energies were saved
every 2 ps. The structures, captured in the last frame of each of the MD
runs, were energy minimized and the obtained structures were used to
inspect and visualize the mode of binding of the ligand.

3. Results and discussion

3.1. Medium and long chain enoyl-CoAs are the preferred substrates for
MLtTFE

Specific activities of several possible substrates (Fig. S5) have been
measured. Of the tested substrates, only the unbranched, medium and
long chain 2E-enoyl-CoA compounds are good substrates of the hydra-
tase and subsequent dehydrogenase active sites (Table 2). No HAD ac-
tivity was observed for 2E-butenoyl-CoA. Likewise, no thiolase activity
is detected with the substrate acetoacetyl-CoA. For 3-ketodecanoyl-CoA
and 3-ketohexadecanoyl-CoA, the thiolase activities could only be
determined qualitatively, following the protocol as described in the
Material and methods section. This qualitative thiolase assay showed
activity when testing for degradation of 3-ketodecanoyl-CoA and 3-keto-
hexadecanoyl-CoA. Only residual thiolase activity was found for 3,22-
dioxo-chol-4-ene-24-oyl-CoA, which is the substrate of the FadA5 thio-
lase (Schaefer et al., 2015), by probing the assay mixture using mass
spectrometry, by which the product could be detected. 3,22-dioxo-chol-
4-ene-24-oyl-CoA (Fig. S5) is a derivative of cholesterol, which is an
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Table 2
Specific activity of wild type MtTFE with different substrates’.

Substrate Specific activity (umole mg ™' min~!)
ECH HAD

2E-butenoyl-CoA 6.7 +1.3 ND
2E-decenoyl-CoA 349.8 + 80.6 50+ 1.4
2-methyl-2E-decenoyl-CoA 7.5t 4.4 ND
2E-hexadecenoyl-CoA 125.2 +15.9 53+0.2
24E-THCe-CoA ND ND
24E-25DM-THCe-CoA ND ND

ND, not detectable.
! These measurements were done at 60 uM substrate concentration.

important metabolite for Mtb. This is a more hydrophobic compound
than the two derivatives of THC-CoA, 24E-THCe-CoA and 24E-25DM-
THCe-CoA (Fig. S5), which were found not to be converted by the
hydratase active site (Table 2). THC-CoA is an intermediate of the
mammalian bile acid synthesis pathway (Ferdinandusse et al., 2005).

The results of the activity assay with the substrate of FadA5 (3,22-
dioxo-chol-4-ene-24-oyl-CoA, Fig. S5) indicate that this is a poor sub-
strate for the MtTFE KAT active site. The substrate specificity of MtTFE is
also notably different from the substrate specificity of EcTFE, the other
bacterial soluble TFE, which degrades best the short chain enoyl-CoA
substrates (Sah-Teli et al., 2019). In the thiolase phylogenetic tree cal-
culations EcTFE-thiolase (together with the PfTFE-thiolase) is in a
different cluster than the FadA5 and MtTFE-thiolases (Anbazhagan
et al., 2014).

These kinetic experiments show that medium and long chain, un-
branched enoyl-CoA compounds are good substrates for both ECH and
HAD active sites. For 2E-decenoyl-CoA and 2E-hexadecenoyl-CoA the
Michaelis-Menten kinetic values were measured, as listed in Table 3 for
the hydratase and dehydrogenase activities. These kinetic data show
that these compounds are efficiently degraded by MtTFE. It can be noted
that the k¢, values for the hydratase activity for these substrates are
approximately 20 fold larger than for the corresponding dehydrogenase
activity, whereas the K, values show that the affinities for the respective
substrates is highest for the dehydrogenase active sites. The Michaelis-
Menten kinetic constants for the ECH and HAD activities of MtTFE for
the medium and long chain, linear, acyl-CoA substrates show that MtTFE
degrades these substrates with higher efficiency than HsTFE (Sah-Teli
et al., 2019), whereas both MtTFE and HsSTFE show no catalytic con-
version when assayed with the short chain acyl-CoA molecules. The
kinetic data therefore suggest that linear medium and long chain 2E-
enoyl-CoA molecules are the preferred substrates of MtTFE.

3.2. Structural and modelling studies identify the acyl tail binding pockets
of the ECH, HAD and KAT active sites

In order to facilitate crystallographic binding studies with substrates,
point mutation variants were made, in which each of the respective
active sites were inactivated by point mutations. In the hydratase active
site, it concerns the MtTFE-aE141A variant, in the HAD active site it is

Table 3
Michaelis-Menten constants of the ECH and HAD active sites of wild type MtTFE
with 2E-decenoyl-CoA and 2E-hexadecenoyl-CoA substrates.

Substrate ECH HAD
2E-decenoyl-CoA (Venkatesan and Wierenga, 2013)

Keat (571 380.7 + 39.0 10.3 £ 0.2
K (uM) 15.3 + 3.5 1.7 £ 0.1
Keat/Km (M~ 1s71) 25.7 + 5.4 10° 6.2 + 0.4 10°
2E-hexadecenoyl-CoA

Keae (571 192.6 + 35.2 9.0 + 0.59
Kpn (M) 43+15 1.0 +0.25
Keat/Kmn (M~ 1s71) 49.5 +17.210° 9.9+1.910°
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the MtTFE-aH462A variant and in the KAT active site it is the MtTFE-
BC92A variant. Also, the double and triple mutations were made. These
variants were purified using the same protocols as for the wild type
MLtTFE and have similar stability as wild type (Table S2), as measured
from the nanoDSF melting curves. The specific activities of these vari-
ants for 2E-decenoyl-CoA are also listed in Table S2. Residual ECH and
HAD activities could not be detected when assaying for the activity of
the point mutated active site. The ECH specific activities of the HAD and
KAT active site point mutated variants are similar to wild type, whereas
the HAD specific activity of the MtTFE-BC92A variant is lower.

The crystallographic binding studies with these point mutation var-
iants were done with short chain (2E-butenoyl-CoA), medium chain (2E-
decenoyl-CoA) and long chain (2E-hexadecenoyl-CoA) substrates, using
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the cocrystallization protocol. The point mutated variants of MtTFE
crystallize preferably in the space group C222; with one af-dimer in the
asymmetric unit (Table S3) with the twofold axis of the thiolase dimer
coinciding with a crystallographic twofold axis, in contrast to wild type
MtTFE which preferably crystallizes in the space group C2 with the appa-
tetramer in the asymmetric unit (Venkatesan and Wierenga, 2013). In
the C2 crystal form, the crystal packing is very loose (Vi = 3.9 A%/Da)
whereas in the C222; crystal form the packing is much tighter (V, = 2.9
A3%/Da). The obtained structures of the point mutated variants (Table S3
and Table S4) show minimal structural changes in each of the catalytic
sites. However, the C-domain is disordered to various extents in several
of these structures. Analysis of the electron density maps show that the
ECH and HAD active sites are unliganded in each of these structures,

< ‘domainE
>
{

Fig. 2. The acyl binding pockets of the ECH, HAD and KAT active sites. (A, B) The ECH active site. (A) In the ECH active site the acyl tail of the modelled substrate fits
in a tunnel that connects the catalytic site to the bulk solvent. (B) This tunnel is shaped by loop-1 and helix H1 («Met30) as well as loop-2 (aMet73) and helix H2
(«Val88, alle9l of the A-domain. (C, D) The HAD active site. (C) The acyl tail binding groove of the HAD active site is shaped by residues of the helices DH1 (alle515,
aVal519), DH3 (aLeu555) and DH4 (aLeu559, aMet560). (D) The mode of binding of the modelled substrate to the HAD part of the a-chain with respect to the C-
domain. The pantetheine moiety binds in a tunnel shaped by the C and D/E-domains. (E, F) The KAT active site. (E) The acyl tail binding tunnel of the KAT active site.
The catalytic site is shaped by the purple thiolase subunit. The tunnel that interacts with the acyl tail of the modelled substrate, is between the N-terminal region of
the loop domain (purple, fMet134, fPhel46), the CB1-CA1 loop (fPro296, fMet299) and the NA2 helix of the other thiolase subunit (yellow, “0” labels fLeu75). The
nearby H9A helix of the a-chain is in wheat color. (F) The N-terminal region of the loop domain and the CB1-CA1 loop are highlighted in purple and helix NA2 of the

other thiolase subunit is in yellow.
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whereas in some of the KAT active sites a CoA molecule is present
(Table S4), despite the presence of enoyl-CoA substrate in the cocrys-
tallization mother liquor. CoA can be present in the mother liquor as a
contaminant but more likely it is present because of hydrolysis of the
enoyl-CoA substrate molecules. The crystals were harvested about two
months after the drops had been setup, probably allowing for the enoyl-
CoA substrate to be hydrolyzed.

Subsequently, modelling studies, as described in the Material and
methods section, have been carried out, to study the possible mode of
binding of the acyl tail in each of the three active sites. In the ECH active
site, the CoA part of the modelled substrate is bound as known from the
experimental structures and its thioester oxygen atom binds in the
oxyanion hole and the tail docks nicely in a tunnel shaped by loop-1/
helix H1 and loop-2/helix H2 (Fig. 2A, B). Only a few side chain rear-
rangements of residues lining this tunnel are required to allow for this
mode of binding. In the HAD active site the interactions of the thioester
oxygen and the 3-keto oxygen atoms are preserved in the docked
conformation of the substrate and its tail fits in a groove between helices
DH1 (alle515, aVal519), DH3 (aLeu555) and DH4 (aLeu559, aMet560)
of domain D (Fig. 2C, D). In the KAT active site, the interactions of the
thioester oxygen and the 3-keto oxygen of the modelled substrate are
also preserved and the tail points into a tunnel that is also shaped by
residues of the other thiolase subunit. This tunnel is lined by hydro-
phobic residues such as pMet134, pVall44, fPhe146 (of the N-terminal
part of the loop domain), fLeu75 (of NA2 of the neighboring subunit),
and pPro296, pMet299 (of the CB1-CA1 loop) (Fig. 2E, F). Despite the
different geometries of the three active sites, it is clear that each active
site can accommodate the extended acyl tails, which is in good agree-
ment with the enzyme kinetic data.

3.3. Crystallographic studies with wild type MtTFE reveal three additional
CoA binding sites

For the structural studies with wild type MtTFE five new crystal
structures have been refined and analyzed (Table 1, Table S4). These
include three new structures of MtTFE referred to as MtTFE-CoA-A,
MtTFE-CoA-B and MItTFE-CoA-C, in which new CoA binding sites
different from the ECH, HAD and KAT active site CoA binding sites have
been identified. Each of these are described in the subsequent para-
graphs of this section. Another MtTFE structure complexed with NAD™,
has also been determined (MtTFE(NAD™). These four MtTFE structures
are from crystals which were crystallized in space group C2 with one
apfo-tetramer per asymmetric unit as observed before (Venkatesan and
Wierenga, 2013). Interestingly, when using another crystallization
protocol as described in the Material and methods section, the wild type
MLtTFE crystallized in the space group C222;, the same crystal form in
which the point mutated variants preferably crystallized with one af
-dimer in the asymmetric unit. This structure is referred to as the MtTFE
(ap-unliganded) crystal form. In addition, the structure of the MtTFE-
alfa-chain only, complexed with NAD™ is also reported and referred to
as the MtTFE-alfa(NAD™) structure.

The CoAs bound in the three active sites are referred as CoA(ECH),
CoA(HAD) and CoA(KAT), respectively. In the cocrystallization experi-
ment of wild type MtTFE in the presence of CoA, a CoA binding site
between the HAD part and the thiolase subunit has been identified in the
MtTFE-CoA-A structure. This site is referred to as the CoA(HAD/KAT)
site (Fig. S6, Table S5). This site is not near crystal contacts and CoA is
bound at this site in both copies of the asymmetric unit. The key inter-
action at the CoA(HAD/KAT) site is the stacking interaction between the
adenine ring of CoA and the side chains of aGIn629 (of the HAD part)
and Trp244 of helix LA5 of the thiolase subunit. There is also a salt
bridge interaction between the pyrophosphate moiety of CoA and the
BLys336 side chain of the thiolase subunit. The mode of binding of the
adenine moiety is very well defined by the electron density map
(Fig. S6), whereas the mode of binding of the pantetheine part is less
well defined. This is also seen in the other two structures, MtTFE-CoA-B
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and MtTFE-CoA-C where the pantetheine part of CoA that is bound at
this site is not built (Table S5). The distance of the adenine ring to the
amide moiety of «GIn629 and the indole ring of pTrp244 is 3.4 A and 3.6
A, respectively. This site is not close to any active site (Fig. 3) and it is
not clear if this is a functional binding site. In any case the «Gln629 and
the BTrp244 residues are not conserved in TFE sequences of closely
related species (Venkatesan and Wierenga, 2013).

Subsequently, a soaking experiment with a higher CoA concentration
(10 mM CoA) was carried out and this structure is referred to as the
MtTFE-CoA-B structure. In this structure full occupancy of bound CoA
(ECH) and CoA(KAT) is observed. Apart from the CoA(HAD/KAT)
binding sites, another CoA binding site, referred to as the CoA(ECH2)
site (Fig. S7), was also identified in this structure (Table S5). The CoA
(ECH2) binding site is not near crystal contacts and is present in both
copies of the asymmetric unit. It is shaped by the helices H5 and H6 of
the A-domain of the a-chain, forming a hydrophobic pocket for in-
teractions with the sulfur and adenine moieties of the bound CoA. The
interactions between CoA and protein are mostly van der Waals in-
teractions between atoms of CoA and protein side chains, but include
also hydrogen bonds and a salt bridge (between the side chain of
aLys180, and the 3'-phosphate moiety). The pyrophosphate moiety
points into bulk solvent. The distances from the sulfur of the CoA(ECH2)
to the sulfurs of CoA(HAD) (as obtained from the superimposed com-
plexed RnMFE1 structure) and CoA(KAT) are about 35 A. The location of
the CoA(ECH2) site with respect to the HAD and KAT active sites is
visualized in Fig. 3.

In a soaking experiment with 2.7 mM 2E-butenoyl-CoA the electron
density map of the MtTFE-CoA-C structure shows the mode of binding of
CoA in both ECH active sites as well as in both KAT active sites
(Table S5). In addition, another ligand binding site of the a-chain is
observed (Fig. S8). This site is not near crystal contacts and is present in
both copies of the asymmetric unit. The extended shape of the electron
density map suggests that the ligand is a bound CoA molecule. Since the
3’-phosphate-adenosine part is in weak density, this part has been
included in the modelled CoA with lower occupancy. This site is referred
to as the CoA(ECH/HAD) binding site. This binding site is an extended
hydrophobic groove, shaped by the a-chain only, in particular by helices
H5, H9B and H9A of domain A, and by the linker helix (domain B),
together with the EH2 helix and the subsequent support loop of the HAD
part (domain E). The interactions between the CoA and the protein
consist of van der Waals interactions and hydrogen bonds. There are no
salt bridge interactions. This site is located between the CoA(ECH2) site
and the HAD active site (Fig. 3), and it is near the ECH pantetheine
binding pocket (the pantetheine moieties of COA(ECH/HAD) and CoA
(ECH) are approximately 15 A apart). The distances from the CoA sulfur
of CoA(ECH/HAD) to the sulfurs of CoA(HAD) and CoA(KAT) are
approximately 30 A.

As shown in Fig. 3, the CoA(ECH2) and CoA(ECH/HAD) sites are on
the same side of the complex as the HAD and KAT active sites. The
nearby ECH active site is shaped by the same a-chain that forms the HAD
active site and the surface path between the ECH and HAD active sites is
a tunnel shaped connection (well visible in the stereo figure, Fig. S9),
similarly as seen in RnMFE1 (Kasaragod et al., 2010). For RnMFE1 it has
been speculated that this tunnel could be of functional relevance for its
substrate channeling mechanism. The surface paths from the CoA
(ECH2) and CoA(ECH/HAD) binding sites to the ECH, HAD and KAT
active sites do not have negatively charged side chains and they are lined
by positively charged side chains (Figs. 3, S9). Further MtTFE reaction
mechanism studies are required to establish if the COA(ECH2) and CoA
(ECH/HAD) binding sites are functionally relevant as transient binding
sites in substrate channeling.

3.4. The ECH active site switches into an active conformation on CoA
binding

The ECH active site catalyses the stereo specific hydration of 2E-
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Fig. 3. The relative positions of the ECH, HAD and KAT active sites as well as the CoA (HAD/KAT), CoA(ECH2) and CoA(ECH/HAD) binding sites. (A) Electrostatic
molecular surface of MtTFE. The color codes red, white and blue correspond to negative, neutral and positive electrostatic potential, respectively. The stereo rep-
resentation of this figure is shown in Fig. S9. (B) MtTFE in ribbon presentation. Same view as in Fig. 3A. The colors green and wheat correspond to the A and B
a-chains and the colors yellow and sky-blue correspond to the C and D p-chains. The green colored a-chain A is shown in similar view as in Fig. S2A. The ligands are
shown in sticks. The ligand labels of CoA(ECH) (mostly invisible in Fig. 3A), NAD*(HAD) and CoA(KAT) identify the locations of the ECH, HAD and KAT active sites,
whereas CoA(HAD/KAT) (mostly invisible in Fig. 3A, B), CoA(ECH2) and CoA(ECH/HAD) identify the CoA(HAD/KAT), CoA(ECH2) and CoA(ECH/HAD) sites,

respectively.

enoyl-CoA into 3S-hydroxyacyl-CoA. The substrate is activated for hy-
dration because the thioester oxygen is bound in an oxyanion hole
formed by loop-2 and loop-3. Comparison of the liganded and unli-
ganded ECH active sites of MtTFE shows an interesting difference in the
loop-2 conformation, residues aAla66-aGly67-aGly68 (Fig. 4). In the
liganded structure the aAla66-aGly67 peptide plane is rotated such that
O(aAla66) interacts with the N4P atom of the CoA moiety, as well as
with the N6 atom of the adenine moiety of CoA (Fig. 4). In this
conformational switch also the conformation of the aGly67-aGly68
peptide plane changes, such that N(aGly68) adopts its competent
conformation in the liganded complex and can function as the hydrogen
bond donor of the oxyanion hole. The other hydrogen bond donor of this
oxyanion hole comes from the N-terminal peptide of helix H3, N
(aGly116), as shown in the schematic Fig. 4C. The distance between N
(aGly116) and N(aGly68) increases in the incompetent conformation
(Table 4). A comparison with active sites of other hydratases (having
also the crotonase fold) shows that in the CoA liganded structures the
conformation of loop-2 is conserved, but in the unliganded structures
the competent loop-2 conformation is not always preserved. In the
incompetent conformation the distance between the two hydrogen bond
donors of the oxyanion hole is increased or loop-2 is disordered
(Table 4). The binding of the adenine moiety induces the competent
conformation of loop-2 by the formation of the hydrogen bond between
its N6 atom and O(xAla66), as well as with O(xAla68). This stabilization
of loop-2 in its competent conformation on binding of the adenine
moiety of CoA, rationalizes how the presence of CoA can activate the
hydratase activity of 2E-enoyl-CoA hydratase (crotonase) for the trun-
cated 2E-butenoyl-pantetheine substrate (Bahnson and Anderson, 1989;
Waterson et al., 1972). This truncated substrate (not having the 3'-
phosphate-ADP moiety) is a poor substrate, but in the presence of CoA
the 2E-butenoyl-pantetheine is a much better substrate of this enzyme
than in the absence of CoA (Waterson et al., 1972).

3.5. The conformational flexibility of the C-domain of the HAD active site

The C-domains of the two a-chains are located at the far ends of the

elongated tetramer (Fig. 1) and they have only a few interactions with
the other parts of the MtTFE tetramer. The mode of binding of NAD" to
the C-domain is captured in the MtTFE (NAD™) structure (Fig. S10). The
mode of binding is the same as reported for HSHAD and RnMFEL. In the
MtTFE(NAD™) structure NAD" is only interacting with the C-domain
(Fig. 5A, B). There is considerable variation in the positioning of the C-
domain with respect to the D/E-domains of the HAD-part in the various
MLtTFE structures, as shown in Fig. 5A. The comparison of the structures
of the o subunits of MtTFE(NAD") and MtTFE(of-unliganded) also
shows the rigid positioning of the A-domain with respect to the HAD
part, being fixed in its position by the interactions with the thiolase
B-chain (Fig. 1). This is in contrast to the conformational flexibility
properties of the monomeric RnMFE1, in which case the A-domain
positioning with respect to the D/E-domains of the HAD-part is variable
(Table S6) (Sridhar et al., 2020). The functional relevance of the
conformational flexibility of the C-domain of the monofunctional
HsHAD has been described from structural studies where it has been
proposed that only the fully closed HSHAD structure is competent for
catalyzing the oxidation of the substrate. In this fully closed HsSHAD
structure the reference distance (Fig. 5B, Table S6) between domain C
and domain D is 8.3 A. This distance varies between 15.1 A and 12.1 A
for the available wild type MtTFE structures (Table S6). Therefore,
despite the variability of the positioning of the C-domain in MtTFE, each
of these structures can be classified as having the “open” HAD
conformation.

3.6. TFE thiolase dimers are stable and catalytically competent only in the
presence of the MtTFE a-chain

The MtTFE thiolase and the Mtb FadA5 thiolase belong to the same
thiolase sequence subfamily (Anbazhagan et al., 2014). A key difference
with the FadAS5 thiolase active site is the presence of helix H9A of the
nearby a-chain in MtTFE (Fig. 6). This helix shields the MtTFE KAT
active site from bulk solvent, making the active site more narrow.
Therefore, the mode of binding of the cholesterol derivative as present in
the FadAS structure is unfavorable in MtTFE, as its keto-oxygen atom is
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Fig. 4. The ECH active site. (A) Superposition of the unliganded active site of MtTFE(af-unliganded) (green) and the active site, complexed with CoA, of the MtTFE-
CoA-B structure (wheat), in which loop-2 has adopted its competent conformation. The CoA(ECH) is shown in magenta sticks. (B) Superposition of the liganded ECH
active sites of the MtTFE-CoA-B structure (wheat, with CoA, magenta sticks) and of rat, mitochondrial 2E-enoyl-CoA hydratase (orange, PDB ID 2DUB), liganded with
octanoyl-CoA (orange sticks). The hydrogen bond interactions of the thioester oxygen of octanoyl-CoA and its oxyanion hole hydrogen bond donors (NH(Ala98), NH
(Gly141), Table 4 are highlighted by dotted lines. (C) Schematic figure of the mode of interaction of CoA(ECH) with loop-1, loop-2 and loop-3 of the MtTFE ECH

active site, complexed with CoA. The oxyanion hole is formed by NH(aGly68) and NH(aGly116).

Table 4
Loop-2 sequences of hydratases that have the crotonase fold.
PDB ID Ligand loop-2 N-N distance# loop-2 loop-3 sequence (just before helix =~ Comment
(chain) conformation (A) sequence‘\””’ H3) ¢
2DUB (A) octanoyl-CoA competent 3.9 A-A-G-A98-D- L-G-G141-G-C-E rat mitochondrial hydratase (Engel et al.,
VK* 1998)
704S (A) CoA competent 4.4 F-A-G-G68-D- L-G-G116-G-L-E MtTFE-CoA-B
VK*
704Q (A) no ligand incompetent 5.0 F-A-G-G68-D-VK L-G-G116-G-L-E MLtTFE (ap-unliganded)
1WDK (A) detergent incompetent 6.6 1-V-G-A69-D-IT L-G-G117-G-L-E PfTFE (Ishikawa et al., 2004)
6WYI (A) no ligand disordered NA C-A-G-M66-D-LK 1-A-G114-G-T-E Mtb ECH-A19 (Bonds et al., 2020)
4F47 (A) no ligand disordered NA C-A-G-M77-D-LK 1-A-G125-G-T-E Mtb ECH-A19 (Baugh et al., 2015)
3PZK (B) no ligand incompetent 5.0 A-A-G-A65-D-IK* L-G-G108-G-C-E Mtb ECH-A8 (unpublished)
3Q0G (F) 2E-butenoyl- competent 4.0 A-A-G-A65-D-IK* L-G-G108-G-C-E Mtb ECH-A8 (unpublished)
CoA

#The N-N distance is the distance between the N atoms of the peptide NH groups, that are the two hydrogen bond donors of the crotonase fold oxyanion hole. NA: not

applicable.

& The peptide NH group of the numbered residue is the hydrogen bond donor of the oxyanion hole.
" The side chain of the conserved aspartate of loop-2 has a hydrogen bond interaction with the main chain NH group of a residue of the subsequent helical turn. The

latter residue is highlighted with*.

pointing into a hydrophobic pocket formed by helix H9A residues
(Fig. 6). This suggests that the substrate specificities of these two thio-

lases are different, in agreement with the kinetic data.
Another key difference between the MtTFE KAT active site and
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FadAS and other thiolase active sites concerns the dynamic properties of
the CB4-CB5 catalytic loop, as well as the nearby CB1-CA1l loop. These
loops, which are close to the thiolase dimer interface (Fig. 6), are well
defined in the previously reported thiolase structures, but have high B-
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Fig. 5. The conformational flexibility
of the C-domain of the HAD active site.
The structures of the a-chains of MtTFE
(NAD™) (green) and MtTFE
(ap-unliganded) (wheat) are compared.
The domains of the a-chain are identi-
fied by the labels A, B, C, D and E. The
zoomed in view of the HAD part of
MtTFE(NAD') shows the mode of
binding of NAD™ (magenta sticks) to
domain C. The side chains aHis462 (H)
and aSer512 (S) identify the catalytic
site. The side chains of aMet335 (M)
and aLeu555 (L) are also shown. The
distance between the Ca-atoms of the
latter two residues is used to define the
open/closed state of domain C with

NB5 NB4

—~ .

respect to domain D, as discussed in the
text and in Table S6.

Fig. 6. The MtTFE KAT active site. (A) The
KAT active site is near the p,/thiolase dimer
interface. The NA2 helix of the neighboring
thiolase subunit is in yellow. The loop
domain (turquoise blue) is running over the
two core domains, encircling the bound
CoA, shown in sticks. fCys92 (NB3-NA3
loop, red) is highlighted with a red star.
BCys389 (CB4-CB5 loop, orange) is identi-
fied with an orange star. The CB1-CA1 loop
is also shown in orange, highlighted by an
orange dot. (B) The comparison of the active
site structures of the MtTFE and FadA5 (PDB
ID 4UBT) thiolases. The H9A helix of the
neighboring MtTFE a-chain (wheat) and the
NA2 helix of the neighboring p/thiolase
subunit (yellow) are also shown. CoA
(bound to MtTFE thiolase) is shown in
magenta sticks. The FadA5 loop domain is

shown in orange and the CoA and steroid molecule bound in the FadAS5 active site are shown in orange sticks.

factors in the MtTFE structure (Fig. S11). The crystal structure of only
the thiolase dimer (not assembled with the two a-chains) of MtTFE is not
available, however the structure of an orthologue, the thiolase dimer of
Mycobacterium avium, has been reported (PDB ID 3SVK). On close in-
spection of this structure, it can be noted that the 3SVK thiolase dimer is
not a competent dimer, as the catalytic NB3-NA3 loop, the N-terminal
region (LA1l) and the C-terminal region (LA5) of the loop domain, the
CB4-CB5 loop as well as the CB1-CA1 loops are disordered. There is 90%
sequence identity between the MtTFE thiolase and the M. avium thiolase
and the genes encoding for these thiolases are in the same location in the
genome. Apparently, the competent MtTFE thiolase dimer interface is
formed only in the presence of the alpha subunit.

The stability of a protein—protein interface can be predicted from its
P-value of the PISA analysis (Krissinel and Henrick, 2007). The P-value
depends on the hydrophobicity of the interface surface area. A pro-
tein—protein interface with a lower P-value is predicted to have a higher
stability. The PISA analysis of the MtTFE thiolase dimer interface shows
that the dimer interface area is rather extensive (2400 ;\2). However, the
P-value for the dimer interface is 0.39. Similarly, the P-value for the
PfTFE thiolase dimer is 0.54 suggesting that these TFE thiolase dimers
are weak dimers. A similar PISA analysis of the M. avium thiolase dimer,
as captured in the PDB ID 3SVK structure, calculates a P-value of 0.68,
suggesting that this dimer has even lower stability than the competent
dimer, as present in the MtTFE thiolase dimer. In addition, studies on
EcTFE thiolase, which is a close homologue of the PfTFE thiolase, have
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shown that this thiolase is inactive and exists in a monomer-dimer
mixture in the absence of the EcTFE-alpha subunit (Sah-Teli et al.,
2020). Also, for some monofunctional thiolases, including FadA5, it has
been reported that there exist two forms, a competent and an incom-
petent form. The equilibrium between the competent and the incom-
petent assemblies (in which catalytic cysteines are oxidized and occur as
SS bridges) is influenced by the redox potential of the buffer solution
(Kim et al., 2015; Lu et al., 2017; Pye et al., 2010). There are also other
examples of thiolases, for example, zebrafish SCP2-thiolase, which have
been shown to exist in solution in a dimer-monomer equilibrium (Kiema
et al., 2019). In summary, these comparisons suggest that several thio-
lase dimers are weak dimers and in case of these TFE thiolases, a stable
and competent TFE thiolase dimer is formed only in the presence of the
alpha subunit.

3.7. The helix H9A of the a-chain is stabilized by the thiolase subunit in
the MtTFE assembly

MtTFE-alpha (not complexed with the thiolase dimer) is less stable
than the wild type MtTFE complex (Table S2), but it has catalytic ECH
and HAD activity, although in particular the HAD specific activity is less
than the wild type MtTFE (Table S2). It is a monomeric protein (Ven-
katesan and Wierenga, 2013). In the crystal structure of MtTFE-alpha
(Table 1), obtained by cocrystallization in the presence of 2 mM
NAD™, there are two molecules per asymmetric unit. In both molecules
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the structure of the C-domain is in an open conformation, like observed
in the tetrameric aypp, MtTFE assembly, and the mode of binding of
NAD™ is identical as observed in the MtTFE (NAD™") structure. However,
the crystal structure of the monomeric MtTFE-alpha shows an important
structural difference with the assembled MtTFE a-chain. The residues
aPro236 till aLeu253, that adopt a kinked helical conformation (helix
HO9A, Fig. 1, Fig. S2A) in the assembled MtTFE a-chain, have adopted a
partially disordered, random coil conformation in the monomeric
MtTFE-alpha structure (Fig. 7). In the TFE assembly the H9A helix in-
teracts with the thiolase subunit, near its active site, with two regions. It
concerns the N-terminal region of the loop domain, residues aGly128 till
aPhel46 (including helix LA1), and the C-terminal region of the loop
domain, residues aGly227 till aLeu239 (helix LAS5). Helix LAS is a
unique structural feature of the MtTFE thiolase subfamily (Venkatesan
and Wierenga, 2013). These two regions (LAl and LA5) are disordered
in the structure of the non-competent dimer of M. avium thiolase, as
described in the previous section. On assembly of the monomeric MtTFE
a-chain with the thiolase subunit, the disordered H9A region of the
a-chain and the LAl and LA5 disordered regions of the thiolase loop
domain adopt their ordered structures as seen in the MtTFE tetramer
(Fig. 1). Such disorder-to-order transition of regions involved in pro-
tein—protein interfaces has been seen also for other assemblies (Perkins
et al., 2010). In the tetrameric MtTFE complex, each a-chain interacts
with both thiolase subunits with interface areas of about 1100 A2 (at the
interface formed by LA1 and LA5) and 500 A2 (formed by other loops),
respectively, thereby stabilizing the fy-dimer.

4. Concluding remarks

The structural and enzymological data suggest that unbranched
medium and long chain enoyl-CoA molecules are the preferred sub-
strates of MtTFE and the analysis of the MtTFE structures shows that
each of the ECH, HAD and KAT active sites has a binding pocket that can
accommodate the extended carbon tail of medium and long chain acyl-
CoA substrate molecules. Additional CoA binding sites have been iden-
tified. Two of these sites are located between the ECH, HAD and KAT
active sites (Fig. 3). Further studies are required to understand the
functional relevance of these sites. The comparison of the structures of
the unliganded and liganded MtTFE ECH active sites shows that loop-2
adopts an incompetent conformation in the unliganded complex (Fig. 4).
In each of the MtTFE structures the C-domain of the HAD part has
adopted a slightly different but always open conformation with respect
to the D/E-domains (Fig. 5), for which it is predicted that the CoA af-
finity of the HAD active site is low and the currently available MtTFE
crystal structures have not captured the mode of binding of CoA in the
HAD active site. However, in all MtTFE structures the A-domain is fixed
with respect to the D/E-domains by the interactions of these domains
with the f/thiolase subunit (Fig. 1). The structural analysis of the MtTFE
thiolase subunit shows conformational flexibility of the catalytic CB4-
CB5 loop as well as the adjacent CB1-CA1 loop. These loops are near
the py-dimer interface (Fig. 6) and this conformational flexibility is
correlated with the prediction that this fo/thiolase dimer is a weak
dimer, being stabilized by its interactions with the a-chains. In sum-
mary, the structural analysis presented here highlights how the binding
of substrates and the assembly of the a-and B-subunits into the agfs
tetramer is important to form a fully functional MtTFE complex.
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