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1 | INTRODUCTION

Despite the availability of a vaccine and antibiotics that
led to improvement in patient care, tuberculosis
(TB) remains a major public health concern. Indeed, it is
one of the leading causes of death due to a single infec-
tious agent (Mycobacterium tuberculosis (Mtb)) in the
world, responsible for about 10 million new cases and 1.3
million deaths each year (WHO, 2023). The lack of con-
trol of the disease is due to many factors, notably a com-
plicated treatment regimen involving the use of multiple
antibiotics over the course of several months, and the
emergence of multi- and extremely-drug resistant Mtb
variants. Therefore, design of new therapeutic strategies
for TB remains one of the most urgent unmet medical
need (WHO, 2023). In this context, targeting proteins
required for Mtb virulence but not for essential physiolog-
ical processes was proposed as a strategy that may thwart
infection, while reducing likelihood of resistance (Dickey
et al., 2017).

M:tb synthesizes a variety of atypical lipids that con-
tribute to the complexity and very low permeability of its
cell envelope. They include mycolic acids (MAs), high
molecular weight (up to 100 carbon atoms) a-branched
and p-hydroxylated fatty acids with different types of
chemical modifications that are major components of the
external “mycomembrane” (Quémard, 2016). Three main
classes, a-, methoxy-, and keto-MAs, coexist in Mtbh. MAs
are not only essential for the bacterial viability but they
play determinant roles in Mtb virulence and persistence
by modulating the immune response of the infected host
(Daffé et al., 2019). Furthermore, keto-MAs are essential
for the formation of Mtb biofilms, complex multibacterial
structures detected in the lungs of TB patients and shown
to contribute to both Mtb virulence and drug tolerance in
mice (Chakraborty et al., 2021; Sambandan et al., 2013).
MA biosynthesis pathway requires a fatty acid synthase
type II (FAS-II) with unique capacities to produce “mero-
mycoloyl chains”, the ultra-long (up to Cg—-C7) main
chains of MAs, that occur only in mycobacteria and
related genera (Quémard, 2016). Importantly, several
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biologically relevant functional unit. These results have important implications
for designing innovative antivirulence molecules to fight tuberculosis, as they
suggest that the target to consider is not an isolated subunit, but the whole

(3R)-hydroxyacyl-ACP dehydratase HadBD, catalytic subunit, crystal structure, fatty acid
synthase type II system, hotdog helix, Mycobacterium tuberculosis, mycolic acids, structure-
function relationships, substrate-binding subunit, ultra-long-chain substrates

specific anti-TB drugs, such as isoniazid and the recently
approved delamanid, have been shown to exert their
effects by targeting components of the Mtb FAS-II system
(Daffé et al., 2019). This highlights the relevance of this
system as a target for anti-TB drug discovery and
development.

The acyl carrier protein (ACP)-dependent FAS-II
multienzyme system catalyzes iterative elongation cycles.
The third reaction step of the cycle is performed by (3R)-
hydroxyacyl-ACP dehydratases (HADs). Two Mtb HADs
have been well characterized: HadAB and HadBC
(Biswas et al., 2015; Sacco et al., 2007; Slama et al., 2016).
They are heterotetrameric enzymes composed of HadA
and HadB, or HadB and HadC, respectively, where
HadA, HadB, and HadC are all encoded by a single gene
cluster (Dong et al., 2015; Sacco et al., 2007; Singh
et al., 2022). We showed that HadAB mediates the early
FAS-II elongation cycles common to all MA types,
whereas HadBC is preferentially dedicated to the
methoxy-MA pathway (Slama et al., 2016). Unexpectedly,
we recently discovered an additional HAD protein,
HadD, whose gene lies outside this gene cluster, and is
critical for ketomycolic acid biosynthesis and Mtb viru-
lence (Lefebvre et al., 2020). Overexpression of hadD
gene in Mtb profoundly alters the mycolic acid profile
(Lefebvre et al., 2020), while its deletion causes a sharp
drop in the content of keto-MAs, deeply impacting Mtb
physiology. It results notably in a marked impairment in
biofilm formation (Lefebvre et al., 2020), an important
bacterial defense mechanism recently shown to be pro-
moted by cyclic di-GMP which, by binding to the Lsr2
receptor, leads to upregulation of hadD expression (Ling
et al.,, 2024). Moreover, mice infected with Mtb hadD
deletion mutant show a marked decrease of the bacterial
loads in the lungs and spleen (Lefebvre et al., 2020), in
agreement with the reported role of keto-MAs in the viru-
lence of Mtb in macrophages and in mice and their
impact on host immune system (Dao et al., 2008; Dubnau
et al., 2000; Yuan et al., 1998). Therefore, HadD consti-
tutes a potential target for a therapeutic antivirulence
strategy and for preventing drug tolerance. For this
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purpose, it is crucial to have a thorough understanding of
the molecular structure and function of HadD protein.

In the context of the HadAB and HadBC heterotetra-
mers (Dong et al., 2015; Singh et al., 2022), all three pro-
teins (HadA, HadB, and HadC) belong to the hydratase
2 subfamily, and therefore display distinct structures when
compared to the classical FabZ/FabA-type HADs found in
bacterial FAS-IT systems (Heath & Rock, 1996). However,
only HadB contains an intact catalytic dyad and therefore
catalyzes the dehydration reaction, whereas HadA and
HadC accommodate the growing meromycoloyl chain
(Sacco et al., 2007). Based on the primary structure analy-
sis, HadD also belongs to the hydratase 2 subfamily and
features an intact catalytic dyad, suggesting that it may be
catalytically active (Lefebvre et al., 2020). Here, we used
biochemical, structural, and cell-based analyses to exam-
ine the structure and function of HadD and thus complete
our understanding of Mtb FAS-II HADs. Unexpectedly, we
discovered that HadD interacts with HadB to form HadBD
heterotetramer, although they are encoded by genes from
distinct gene clusters. We provide here a comprehensive
view of the structure-function relationships of the unique
HadBD enzyme, which represents an essential break-
through for future inhibitor development.

2 | RESULTS

2.1 | HadD belongs to a dehydratase core
within the FAS-II system

Although HadD is encoded by a distinct chromosomal
region, it displays high degree of similarity with HadA,
HadB, and HadC proteins. Therefore, we wondered
whether HadD is a standalone protein or whether it
interacts with other Mtb HADs. In our previous work in
Msm, we observed that HadD,,,, (MSMEG_0948) inter-
acts with HadAB (Lefebvre et al., 2018). The relatively
high sequence identity (58%, Figure S1) between
HadDs,, and HadD,,,, (RV0504c) proteins suggests that
HadD,,;, might behave the same and also interact with
HadAB. However, phenotypic analyses showed that
HadDjys,, and HadD,,,, are not strict orthologs and have
distinct functions (Lefebvre et al., 2018; Lefebvre
et al., 2020), suggesting that HadD,,,;, may exhibit a dis-
tinct binding profile. To provide HadDy,-specific
insights, we examined if HadD of Mtb complex (including
among others Mtb and M. bovis species) interacts with
other HAD proteins. Pull-downs were performed in the
surrogate M. bovis BCG as previously reported for other
mycobacterial protein complexes (Plocinski et al., 2014).
This strain is closely related to Mtb both at genetic and
MA content levels; HadD,;, and HadDgcg (BCG_0547¢)
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have 100% sequence identity and M. bovis BCG synthe-
sizes two MA types found in Mtb (a and keto-MAs;
Dubnau et al., 1997). Thus, we transformed M. bovis BCG
with an expression plasmid carrying the hadABC operon
from Mtb modified in order to produce HadA fused to an
enhanced Green Fluorescent Protein (eGFP) tag at its
N-terminus. This bait protein was co-purified with inter-
acting proteins using anti-GFP magnetic beads and, after
extensive washes, released in mild conditions. The elu-
tion fractions, analyzed by quantitative nanoLC-MS/MS
after trypsin digestion, displayed as expected a strong
enrichment (fold change > 10, p-value < 0.001) in HadB.
Interestingly, the fractions were also reproducibly highly
enriched in HadC and HadD (Figure 1). This suggests the
existence of a dehydratase core including HadA, HadB,
HadC, and HadD within the FAS-II system of Mtb com-
plex species.

2.2 | HadD directly interacts with HadB
subunit during heterologous coproduction

To see whether HadD could function as a hydratase, we
examined its primary sequence more closely. Although

; eGFP-HadA
7 : e
: o HadD
6 '
o :
=}
©
>
&
o
=S R [ - - S S
Ke)
-10 -5 10 15
log2 [fold change (PD HadA/PD Ctrl)]
FIGURE 1 HadD makes strong specific interactions with

HadAB from FAS-II in M. bovis BCG. Proteomic analysis of pull-
down fractions using eGFP-HadA,,;, as a bait. Volcano plot
showing enriched proteins in eGFP-HadA-based pull-down

(PD HadA) versus control pull-down (PD Ctrl; using simple eGFP
as a bait). Statistical analysis was performed from four independent
biological replicates by two-sided Student's ¢-test in Proline 2.1
(Bouyssie et al., 2020). Significantly enriched proteins [fold change
(PD HadA/PD Ctrl) > 2; p-value < 0.05] are located in the right
upper panel, beyond the gray threshold lines. Highly enriched
proteins [fold change (PD HadA/PD Ctrl) > 10; p-value < 0.001]
are located beyond the magenta threshold dotted lines. The bait,
eGFP-HadA, and enriched copurifying HAD proteins (HadB,
HadC, and HadD) are colored in red.
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HadD,;, holds the putative catalytic dyad Asp (D37) and
His (H42), its hydratase 2 catalytic motif “F-x(2)-a-x(2)-
D-x(2)-P-x-H-x(5)-A” is degenerated (Figure S1). This is
distinct from the catalytically active HadB,z,, which
bears a strictly conserved hydratase 2 motif “[YF]-x(1,2)-
[LIVG]-[STGC]-G-D-x-N-P-[LIV]-H-x(5)-[AS]” (including
the catalytic dyad D36 and H41; Sacco et al., 2007). Fur-
thermore, HadD,,,, shares 24% and 28% sequence iden-
tity with HadA,,,;, and HadC,;, respectively (compared
to 33% between HadA,;, and HadCyyy). Thus, HadDjyy,
is much closer to the latter two than to HadB,;, with
which it shares only 10% identity (Figure S1). These
sequence-based insights suggest that HadD,,,;, may asso-
ciate with HadB,,,;, to form a heterocomplex similar to

what was observed for HadA and HadC. To answer this
question, HadB,;, and N-terminal polyHis-tagged
HadD,;, (H-HadD,,,;,) proteins were first coproduced in
Escherichia coli. H-HadD,;, was purified by cobalt-based
IMAC, followed by size exclusion chromatography (SEC).
SDS-PAGE analysis of the purification fractions indicated
that the untagged HadB,;, subunit copurified with
H-HadD,,,;, protein (Figures 2a and S2a). The elution vol-
ume during the gel filtration step suggested that the pro-
tein complex formed a tetramer in solution (Figure S2b).
Small angle scattering experiments coupled with SEC
(SEC-SAXS) validated a tetrameric state of the complex
with an estimated molecular weight of 71 kDa, and dis-
played a scattering pattern and an internal distance

(a) (b) (HadBD):
L &S *
QO 100 100 70,390
a N _
180 = =
=5 2
34 - E
26 = 50 50
H-HadD »- —_— =
17 . =
HadB » — o *
*
10 . * HadBD
o1l U © 35,200
2000 3000 4000 5000 6000 7000 20 40 60 80 100 120 140
m/z (Th) Mass (kDa)
(©)
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-Ctrp Cfp10 Cfp10 HadD

Esat6 HadB Esat6
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FIGURE 2

-Trp

HadD,,;, and HadB,,,;, assemble into heterocomplexes in recombinant E. coli and in mycobacterial cells. (a) SDS-PAGE of

SEC purification fraction from an E. coli recombinant strain coproducing H-HadD,,,, and HadB,,,, proteins. The 15% acrylamide gel was

stained using Coomassie Brilliant blue. Two lanes of the same gel are displayed (see the complete gel in Figure S2a). MW, molecular weight
markers. (b) Native MS of purification fractions. Left panel, multicharged spectrum; right panel, deconvoluted spectrum. Theoretical masses,
excluding N-terminal Met residues, of HadB/H-HadD heterotetramer [(HadBD),; black stars]: 70,390 Da and heterodimer (HadBD, gray
circles): 35,195 Da. (c) Split-Trp assays in M. smegmatis. Recombinant Msm AhisA producing pairs of Mtb proteins fused either to the N- or
C-terminal fragment of S. cerevisiae Trplp protein (Ntrp, Ctrp) were diluted 1-, 10-, and 100-fold and spotted in parallel onto minimal and
Trp-supplemented media. Tested protein pairs were Ntrp-HadB,,,/HadDy,,-Ctrp and Ntrp-HadDy,,/HadDy-Ctrp. Ntrp-Esat6/Cfp10-Ctrp
and Ntrp-HadB/HadC-Ctrp protein pairs were used as positive controls (both HadB/HadC and the early secreted T-cell antigens Esat6/Cfp10
from Mtb form tight 1:1 complexes (O'Hare et al., 2008; Sacco et al., 2007). Ntrp-HadB/Cfp10-Ctrp and Ntrp-Esat6/HadD-Ctrp pairs were
used as negative controls. Images were taken after a 3-week incubation at 30°C.
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distribution consistent with a tetramer (Figure S2c).
Moreover, native MS (nMS) analysis clearly showed the
presence of a heterotetramer (HadBD,,,;,), at the expected
molecular weight (MW) of 70.4 kDa (Figure 2b). We also
observed the presence of a tiny amount of heterodimer
HadBD,,,;, (MW of 35.2 kDa), which is most likely due to
partial gas phase dissociation of the tetramer in the mass
spectrometer.

Altogether, these experiments demonstrate that,
when hadD and hadB are heterologously coexpressed,
HadD,,,;, protein associates with HadB,y;, to form a het-
erotetramer in solution, which is reminiscent of the qua-
ternary structures observed for both HadAB and HadBC
(Dong et al., 2015; Sacco et al., 2007; Singh et al., 2022).

2.3 | HadByy, and HadDy,y, tightly
interact in mycobacterial cells

To address whether HadB,,; and HadD,,,; interactions
are physiologically relevant and rule out the possibility
that HadD,,,, forms catalytically competent homodimeric
or homotetrameric enzyme, we employed protein-
protein interaction (PPI) sensing experiments in whole
cells based on the Split-Trp method adapted to the non-
pathogenic rapidly growing Msm species (O'Hare
et al., 2008) and validated with Mtb HADs (Sacco
et al, 2007). The tryptophan (Trp) auxotrophic Msm
AhisA strain was cotransformed with a pair of plasmids,
each one encoding a target protein (HadB,;, or HadDyyyp,)
in fusion with either the N-terminal fragment (Ntrp) or
the C-terminal fragment (Ctrp) of Saccharomyces cerevi-
siae protein Trplp involved in Trp biosynthesis. If an
in vivo interaction occurs between the target proteins
encoded by the pair of plasmids, Trplp function is
restored and the recombinant strain grows without exog-
enous Trp supply. HadBy,,-HadC,; dehydratase and
Esat6-Cfp10 pathogenicity protein complexes from Mtb,
whose PPIs were previously validated through this Split-
Trp method (O'Hare et al., 2008; Sacco et al., 2007), were
taken as positive controls. Msm AhisA producing the pro-
tein pair Ntrp-HadD,,;,/HadDy,,,-Ctrp did not grow on
the medium depleted in Trp, whereas the strain produc-
ing the pair Ntrp-HadBy,/HadDy,-Ctrp displayed a
strong growth on this medium (Figure 2c). This growth
was more pronounced than with the dehydratase pair
Ntrp-HadByy/HadCyry,-Ctrp and similar to that observed
with the control pair Ntrp-Esat6/Cfp10-Ctrp. Thus, these
experiments provide validation that the interactions
between HadB,,,; and HadD,,,; we observed when they
are heterologously expressed also occur in mycobacteria.
Furthermore, we saw no evidence for HadD,,; homo-
complex formation in mycobacteria. Taken together, this
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suggests that heterotetramer (HadBD,,,;), is the physio-
logically relevant species. As the following part of the
manuscript is focused on the enzymes of Mtbh, HadB,,,,
and HadD,,;, will be simply named HadB and HadD,
respectively.

2.4 | HadBD exhibits distinct structural
features when compared to HadAB and
HadBC

To provide further insights, we solved the crystal struc-
ture of the HadBD complex. Each HadBD heterodimer
displays a global double-hotdog-like structure highly sim-
ilar to that observed for HadAB and HadBC, both proto-
mers arranged head-to-tail exhibiting a canonical single
hotdog (SHD) fold that includes a central helix (the “hot-
dog helix”) wrapped into a five-stranded antiparallel
B-sheet and an overhanging segment (Figure 3a). The
heterotetramer (HadBD), observed in the crystal struc-
ture is formed by relating two HadBD heterodimers by a
crystallographic 2-fold symmetry axis (Figure 3b). This
quaternary structure is reminiscent of the HadAB and
HadBC heterotetrameric structures (Figure S3). Based on
PDBePISA server calculations (Krissinel &
Henrick, 2007), HadB and HadD protomers interact with
each other via a large buried surface area of 1363 A to
form a heterodimer (Figures 3a,b and S4). In contrast,
the heterotetramer is formed via limited interface areas
between two HadB protomers (514 A?) from each hetero-
dimer on one side, and HadD protomers (492 A?) on the
other side (Figure 3b). Although heterodimer formation
involves a larger total interface, the heterotetramer is the
predominant species in solution, as discussed above
(Figures 2b and S2b,c).

Next, we compared tertiary structures of HadB and
HadD (this work), and previously reported HadA
(Dong et al., 2015) and HadC (Singh et al., 2022) struc-
tures (Figure 3c). The extra C-terminal tail (12-21 resi-
dues) in the HadA, HadC, and HadD protomers
compared to HadB (Figure S1) was largely not visible
in the different structures, strongly suggesting that this
region was disordered. Overall, all four proteins are
structurally similar, with RMSD values (based on Ca
atoms) in the 2.3-2.7 A range for HadB versus all other
Had subunits, and between 1.0 and 1.3 A when com-
paring HadA, HadC, and HadD. Additionally, HadB
subunits from the HadAB, HadBC, and HadBD struc-
tures superpose with a RMSD of 0.5 A, suggesting that
complex formation does not lead to conformational
changes within HadB.

Although Had subunits share the same overall fold
formed of the central five-stranded p-sheet and three
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colored gray, HadD light green. (a) Superposition of crystal structures of the mycobacterial FAS-II HADs. View of the heterodimers. The
three heterodimers display similar global double-hotdog-like structures. (b) View of the heterotetrameric HadBD assembly. (See Figure S3
for the superposition with the heterotetrameric structures of HadAB and HadBC). (c) and (d) Comparison of HadA;, HadByp, HadCpyy,
and HadD,,, tertiary structures. Sequence lengths: HadB, 142 residues; HadA, 158 residues; HadC and HadD, 166 residues. The crystallized
form of HadC was truncated from its C-terminal end. C-terminal parts of HadA, HadC, and HadD are missing in the structures (see

Figure S1). Secondary structure labeling is the same as in Figure S1. (c) Ribbon representation of the tertiary structures colored by average
B-factor values. Main chain atoms are colored from blue to white to red in B-factor ascending order. The same limits for color ramping were
used, which correspond to the extreme values (i.e., 15 and 141 Az) found in the PDB files of HadAB, HadBC, and HadBD (taking all chains
into account). (d) Average B-factor values for main chain atoms versus residue. The color code of the different subunits is the same as in

(a) and (b). When appropriate, continuous and dashed lines are used for the different chains in the asymmetric unit. The horizontal lines
represent the overall average B value (computed over all residues for each chain).

a-helices, they exhibit notable differences, such as addi- fB-strands and connecting loops (Figures S1 and 3c). One
tional 3,4 helices (nA in HadA, nC in HadA and HadB) striking difference is the shorter a3 helix found in HadD,
and p-strands, as well as different lengths for the  which makes a single turn—compared to four turns in
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FIGURE 4 HadBD forms an active enzyme where HadB is required for catalysis. (a) and (c) Enzyme activity assays monitored by

spectrophotometry. (a) HadBD substrate specificity. (b) MALDI-TOF MS analysis of HadBD product. Assays were done in the presence of
trans-2-C12:1-CoA. Ions peaks of the hydration product, the 3-hydroxydodecanoyl-CoA, were detected in reaction media only in the
presence of HadBD (WT) but not in the control assays (without protein). The substrate ion peaks (proton and mono- to tetra-sodium
adducts) are labeled in black and the hydration product ion peaks (mono- to tetra-sodium adducts) are labeled in red. (c) Activities of wild-
type (WT) HadBD and variants mutated in the catalytic histidine residue of HadB and/or the equivalent residue in HadD. Data are means +
average deviations from triplicates. Significant statistical difference compared with specific activity in the presence of C12:1-CoA (a) or with
HadBD WT-WT specific activity (c): **p-value < 0.01, *p-value < 0.05; ns: no statistical difference (p-value > 0.05).

the case of HadA, HadB, and HadC—followed by a series
of hydrogen bonded turns and bends (Figure 3c). Given
that helix o3 (i.e., the hotdog helix) partially lines the
substrate-binding tunnel in HADs, its distinct features in
HadD might be functionally relevant. Another important
feature is the large variations observed in the average
temperature factors (B-factors) for the different structures
(Figure 3d). The lower B-factor values for HadA and
HadB protomers from HadAB (average values of 29 and
26 A?, respectively) indicated that both HadA and HadB
in the HadAB structure are globally more ordered as
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reflected by the higher resolution limit obtained (1.7 A;
Dong et al.,, 2015) compared to HadBC (2.9 A; Singh
et al., 2022) and HadBD (2.0 A), at similar crystallization
temperatures (289 K, 298 K and 285K for HadAB,
HadBC, and HadBD, respectively). Taken together, the
comparison of available structures revealed that HadB
retains the same structure regardless of the binding part-
ners, thus suggesting that any differences in activity or
substrate preference are due to the distinct features of
HadA, HadC, and HadD, such as the hotdog helix and
protein flexibility.
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2.5 | HadBD forms an active enzyme
where HadB is the catalytic subunit

To verify that HadBD is an enzymatic entity, we used the
well-established in vitro assay that employs enoyl deriva-
tives as model substrates (Heath & Rock, 1996; Sacco
et al., 2007). Kinetic activity assays were performed in the
presence of trans-2-dodecenoyl-CoA (trans-2-C12:1-CoA)
or trans-2-hexadecenoyl-CoA (trans-2-C16:1-CoA), which
have previously been validated as surrogate substrates for
HadAB and HadBC (Sacco et al., 2007). Data showed that
HadBD was active on both substrates (Figure 4a). The
reaction led to an increase of 18 mass units, detected by
MALDI-TOF MS, in agreement with the expected mass
for the hydration product (Figure 4b). Interestingly,
HadBD activity was 10 times higher in the presence of
the longest enoyl-CoA (Figure 4a). This is consistent with
the involvement of HadD in late elongation cycles during
mycolic acid biosynthesis, implying the transformation of
ultra-long-chain natural molecules (Lefebvre et al., 2020).

Structural alignment revealed that the catalytic dyad
of HadD (D37 and H42) superimposes perfectly with that
of HadB (D36 and H41; Figure 5a, Figure S1), which sug-
gests the possibility that HadD is also enzymatically
active. However, out of three additional residues of HadB
that have been proposed to be involved in the stabiliza-
tion of the anionic intermediate (A57, G59, and N38) in
HadAB (Biswas et al, 2015; Dong et al, 2015)
(Figure 5b), only the alanine is conserved in HadD (A58;
Figures 5a,b and S1). Furthermore, the straight hotdog
helix of HadB forms a positive macrodipole culminating
on G59 (Figure 5c), thus likely stabilizing the negative
charge of the substrate transition state (Figure 5b). As
mentioned, the hotdog helix in HadD is kinked and sig-
nificantly shorter, so the corresponding residue in HadD,
L60, cannot have this stabilizing effect (Figures 5c and
3c). Finally, the catalytic residues in HadB lie in a wide
crevice that is easily accessible to the substrate, whereas
the accessibility of the catalytic dyad in HadD is signifi-
cantly restrained (Figure 5d). These structural features

FIGURE 5

HadB and HadD structure comparison suggests that HadB is the catalytic subunit. (a) HadD (pale green) and HadB (gray)

protomers aligned via their putative catalytic residues. Catalytic residues of HadB (D36 and H41) and their equivalent in HadD (D37 and
H42) are displayed as sticks and residues possibly involved in the oxyanion hole (A57, G59, and N38 of HadB; A58, L60, and H39 of HadD)
are in orange. (b) Proposed oxyanion hole for the stabilization of the anionic intermediate. (c) Hot-dog helices of HadD and HadB with the
ending residue (L60 and G59, respectively). G59 in HadB takes part in a positive macrodipole, in contrast to L60 in HadD where the hotdog
helix is very short and kinked. (d) Representation of the solvent-accessible surface around HadB (gray) and HadD (light green). HadBD
displays a large cavity around residues D36 and H41 of HadB while residues D37 and H42 of HadD, in close contact with HadB, are hardly
accessible. There is a rotation of approximately 180° along the vertical axis between both views.
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led us to hypothesize that HadB is the only catalytic sub-
unit in the HadBD complex.

To verify this hypothesis, we generated mutant iso-
forms of HadBD, where the catalytic histidine in HadB
(H41) and/or the corresponding residue in HadD (H42)
were replaced by a Phe or a Gln residue, two substitu-
tions that are classically used to modify the catalytic histi-
dine residue in dehydratase domains/proteins (Faille
et al., 2017; Fiers et al.,, 2016). We heterologously pro-
duced and purified these complexes using the same con-
ditions as those used for the wild-type (WT) HadBD
complex. The catalytic activities of the purified HadBD
mutant forms were then compared to that of the WT
complex in the presence of trans-2-C16:1-CoA. Although
an important decrease of the protein thermostability,
with a drop of about 12°C in melting temperature (Ty,),
was observed by differential scanning fluorimetry (DSF)
upon mutation of H42 in HadD (Figure S5), both WT-
H42F and WT-H42Q HadB-HadD variants displayed
activities close to that of the WT enzyme (Figure 4c). In
contrast, both H41F-WT and H41F-H42F HadB-HadD
forms displayed no detectable activity (Figure 4c). This
total loss of activity due to HadB H41F mutation is
unlikely to be linked to a change in protein structure and
stability, as shown by the relatively moderate T, shift
(3.3°C) observed (Figure S5). Altogether our data provide
evidence that HadB constitutes the catalytic subunit of
the HadBD enzyme while HadD most likely plays the
role of the long chain substrate-binding subunit, similarly
to what is observed for HadAB and HadBC dehydratases
(Biswas et al., 2015; Dong et al., 2015; Sacco et al., 2007;
Singh et al., 2022).

2.6 | Molecular determinants of the
HadBD CoA and ACP binding

We used molecular modeling to map out the mode of
substrate binding potentially employed by HadBD. Thus,
a model of HadBD in interaction with a CoA derivative
was first generated by using the structure of Candida tro-
picalis 2-enoyl-CoA hydratase 2:(3R)-hydroxydecanoyl-
CoA (HDC) complex (PDB 1PN4; Koski et al., 2004) as a
template. We observed, after the superposition with the
HadB protomer, that HDC molecule would fit reasonably
well within HadBD structure (Figure S6a,b). This model
suggested that R86 and F87 from HadB and F88 from
HadD would be key for interaction with the adenine and
phosphopantetheine moieties of CoA (Figure S6b). In
addition, R90 of HadD might be involved in the stabiliza-
tion of the solvent-exposed 3'-phosphate group of the
ribose, a stabilization fulfilled through a salt bridge with
K103 in C. tropicalis hydratase 2 (Koski et al., 2004).
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Furthermore, in the model (Figure S6b), the G59 main-
chain amine and the N38-Ne2 side-chain atom of HadB
appear well positioned to stabilize the substrate transition
state during catalysis (Figure 5b). We also modeled the
interaction between HadBD and an ACP derivative based
on the homodimeric structure of E. coli FabA:C9-holo-
ACP complex (PDB 4KEH; Nguyen et al., 2014). We
observed that the acidic surface of the ACP protein could
potentially be stabilized by electrostatic interactions with
a positively charged patch at the HadBD surface
(Figure S6c¢), delineated by R86, R107, K109, K130, and
R134 of HadB, and R90, K93, and H119 of HadD
(Figure S6d). It is noteworthy that R113 and R145 from
HadA in HadAB, which were assumed to interact with
the negatively charged residues from AcpM (Dong
et al., 2015), the endogenous ACP involved in Mtb FAS-
II, are not conserved in HadD (replaced by 1116 and
E148) nor in HadC (replaced by D113 and Q145;
Figure S1). They might be compensated in HadD by resi-
dues R90 and R86, respectively, located in the same
region, and in HadC by four positively charged residues
(R152, K154, K157, R164) situated in the C-terminal end
and playing a role in AcpM stabilization (Figure S1;
Singh et al., 2022). Thus, taken together, our models
highlight structural features of HadBD compatible with
both CoA and ACP engagement.

2.7 | Enhanced flexibility and
accessibility of the substrate-binding
crevice in HadBD

Given our previous work on HadD, HadBD is expected to
synthesize ultra-long fatty acyl chains (Lefebvre
et al., 2020). From our modeling, we observed that the
Cy0 acyl chain of HDC can fit in a crevice at the interface
between HadB and HadD, close to the catalytic dyad
(Figure 6a). This strongly suggests that this crevice would
accommodate the 10-12 carbon proximal part of the
growing meromycoloyl chain. The opening of this crevice
is defined by two loops, namely loop a3-f2 downstream
the hotdog helix and loop p3-p4, corresponding to poorly
ordered segments, that is, regions that display the highest
B-factor values in HadD (Figure 3c,d). Importantly, com-
pared to HadA which handles substrates with shorter
chain lengths (Lefebvre et al., 2020; Sacco et al., 2007),
HadD features an almost complete opening of the
substrate-binding crevice due to the displacement of the
loop a3-p2 (Figure 6a). In HadC, which accommodates
ultra-long acyl chains like HadD (Lefebvre et al., 2020),
loop a3-P2 is even more flexible than in HadD and con-
sequently not visible in the structure (Figure 6a). Fur-
thermore, in both HadBD and HadBC structures, the
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(a)

FIGURE 6

Hotdog helix (a3)

The wider opening of HadBD and HadBC substrate-binding crevices compared to HadAB. The PDB codes and color codes of

the structures are as shown in Figure 3a,b. (a) Crevice likely accommodating the proximal part of the growing meromycoloyl chain.
Superposition of heterodimeric crystal structures of the mycobacterial FAS-IT HADs. For greater clarity, only the HadB subunit of HadBD is
shown. The HDC molecule (colored by atom type with carbons in cyan: acyl chain, and orange: coenzyme A) was modeled in the crevice
based on the structural superposition with the Candida tropicalis 2-enoyl-CoA hydratase:HDC complex (PDB 1PN4). Catalytic residues are
colored in yellow. (b) A second dead-end cavity in the putative substrate-binding crevice of HadBD. The surface of this cavity is colored in
hot pink. The PEG molecule (colored by atom type with carbons in green) bound in the bottom cavity of the crevice in HadAB fits well in
the corresponding cavity in HadBD, while the HDC molecule (colored as in a) lies above in the crevice.

region around helix a2 (I140-A55) of HadB that borders
the other side of the crevice opening is also disordered,
suggesting that this region is also flexible (Figure 6a,
Figure 3c,d), which might also facilitate the binding of
ultra-long chain substrates. Additionally, as mentioned,
the region of the hotdog helix, upstream of the loop a3-f
2 and partially lining the substrate-binding crevice
(Figure 6a), is another point of difference between HadA
and HadC/HadD. In HadD, this helix is uniquely short,
whereas in HadC it is more flexible (Figure 3c,d). Collec-
tively, the increased openness and flexibility of the
substrate-binding crevice in HadBC and HadBD are most
likely determinants that facilitate the loading of the
longest-size growing meromycoloyl chains.

We then searched for solvent-protected sites that
might allow further elongation of the meromycoloyl
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chain. A closer look at the mycobacterial HAD structures
reveals that the substrate-binding crevice in HadAB,
HadBC, and HadBD is in fact bidentate, with the second
narrow, dead-end cavity that could accommodate chains
ranging from 6 to 12 carbon atoms in length, depending
on the structure (Figure 6b). Interestingly, this cavity was
found to accommodate either a PEG molecule
(Figure 6b) or flavonoid inhibitors in different HadAB
structures (Dong et al., 2015). However, it is unlikely that
a complete C43—Cs, meromycoloyl chain could fit into
this bidendate crevice. Interestingly, we identified two
structural features that might be involved in accommo-
dating the distal part of the lipid intermediates during
elongation. One is a long, sinuous channel that passes
through the entire HAD heterotetramer, making the
junction between the two substrate-binding crevices of
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both heterodimers (Figure 7a). While this channel is con-
tinuous in HadBC, in both HadBD and HadAB, the
entrance into the second heterodimer takes place
through a charged and narrow neck and would require
possible local rearrangements to adjust the ultra-long,
apolar chain. The second feature is the occurrence of
hydrophobic areas at the surface of the mycobacterial
HADs (Figure 7b). In HadBD, we observed an apolar
patch located on HadD surface, next to the HDC methyl
end, at the exit of the substrate-binding crevice. It is
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flanked by the C-terminal part of helix a3 and the
N-terminal part of strand p2, and includes 13 residues
(L72, 174, F75, F78, 180, 182, 184, V87, M145, L146, G147,
A150, and H151) that colocalize to create a large region
of high hydrophobicity (Figure 7b, inset). This region and
other apolar patches are also found in HadAB and
HadBC (Figure 7b), although slightly distinct between
the three enzymes. Given their hydrophobic character
and size, these areas might be involved in the stabiliza-
tion of a putatively solvent-exposed moiety of the

FIGURE 7

substrate-binding
crevice exit

Putative accommodating sites for the distal part of the meromycoloyl chain in HADs. The different protomers are colored as

in Figure 3 (HadA: yellow-orange, HadC: pink, HadD: pale green; HadB in light gray, dark gray, or gray depending on the considered
heterotetramer). (a) Heterotetramer-crossing channel. Cavity volumes, as calculated by PyMOL software, are colored in hot pink. A long
channel crossing the whole heterotetramer is observed in HadBC. A similar but discontinuous channel is observed in HadAB and HadBD.
Pink arrows indicate the channel entrance and exit. (b) Surface apolar patches near the substrate-binding crevice exit. Electrostatic potential
of the heterodimeric surface, as calculated by PyMOL, of the models of each heterotetramer in complex with the (3R)-hydroxydecanoyl-CoA
(HDC; the acyl moiety is represented as sticks and colored by atom type with carbons in cyan). The second heterodimer is drawn as a light
blue cartoon. Apolar surfaces are shown in white, the positive charges are in blue and the negative charges are in red. The red and sky blue
dashed lines indicate the putative paths of the distal part of the meromycoloyl chain through apolar areas. Inset: zoom on the apolar patch
located at the exit of the substrate-binding crevice; the hydrophobic residues are indicated except for G147, not visible in this orientation.
The PEG molecule as observed at the surface of HadAB crystal structure (PDB 4RLJ) is colored by atom type with carbons in green.
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meromycoloyl chain. Supporting this hypothesis, previ-
ously solved HadAB structure includes a PEG molecule
located on an apolar surface, at about 24 A from the exit
of the substrate-binding crevice. This PEG molecule
might mimic a portion of the C33-Cs, solvent-exposed
meromycoloyl chain (Figure 7b). Thus, taken together,
the substrate-binding crevice, the PEG binding region
and the apolar patches between the two might accommo-
date the entire length of the meromycoloyl chain
(Figure 7b).

3 | DISCUSSION

Deciphering the structure-function relationships of
HadD from Mtb is of paramount importance since this
protein plays an important role in the virulence of one of
the world's most successful pathogens (Lefebvre
et al., 2020). Although HadD is encoded by a chromo-
somal region distinct from that of the other HAD sub-
units of the FAS-II system, that is, HadA, HadB, and
HadC, we showed here that HadD exhibits direct
and tight interactions with HadB. Therefore, our studies
rule out the possibility that HadD exists as a standalone
protein. Rather, we present evidence that HadD and
HadB assemble to form a heterotetramer with a quater-
nary structure similar to those described for the two other
mycobacterial FAS-II dehydratases, HadAB and HadBC
(Dong et al., 2015; Sacco et al., 2007). Interestingly, our
pull-down experiments combined with proteomic analy-
sis suggest that the FAS-II system from Mtb complex
holds a dehydratase core that would contain a combina-
tion of HAD enzymes. This will be the subject of future
investigation.

Our kinetic assays demonstrated that the HadBD het-
erotetramer possesses a trans-2-enoyl hydratase activity
like the other HADs when separated from their FAS-II
complex (Sacco et al., 2007). We also showed evidence
that HadB is the catalytic subunit, and that HadD plays a
role in substrate binding despite having an intact cata-
lytic dyad. This suggests that factors other than the con-
served dyad may be important for catalysis and we
document some key differences between HadB and HadD
that may contribute to this: (1) the degenerate nature of
the hydratase 2 motif in HadD; (2) the significantly lower
accessibility of the catalytic dyad in HadD; and (3) a
severely shorter hotdog helix in HadD. The latter point
was found to induce a loss of catalytic activity for enoyl-
CoA hydratase subunits, likely correlating with a reduced
ability to stabilize the reaction intermediate (Koski
et al.,, 2004; Yang et al., 2014). Furthermore, our struc-
tural analysis revealed that HadB assumes the same con-
formation regardless of whether it is bound to HadA,
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HadC, or HadD, suggesting that its role as a catalytic sub-
unit is unchanged.

We also mapped features that potentially determine
substrate binding specificity in HadBD, both in terms of
polar head and chain length. Importantly, the structural
model of the HadBD:acyl-ACP complex suggests that the
AcpM moiety, which transfers the growing meromycoloyl
chain between the different enzymes during FAS-II elon-
gation cycles, would bind to a positively charged patch
on the HadBD surface, which is in agreement with previ-
ous studies of HadAB and HadBC, as well as FAS systems
(Biswas et al., 2015; Finzel et al., 2015; Leesong
et al., 1996; Lou et al., 2019; Musayev et al., 2005; Singh
et al., 2022; Zhang et al., 2016). Regarding chain length
specificity, HadAB is involved in the early FAS-II elonga-
tion steps sufficient for the Dbiosynthesis of
a-meromycoloyl chains (C43-Cs,), a distinct chain length
preference from HadBD and HadBC that are involved in
late FAS-II cycles leading to the production of the longer-
chain oxygenated-meromycoloyl chains (Cs;—Cgy;
Lefebvre et al.,, 2020). In agreement with these differ-
ences, we observed that HadBD structure more closely
resembles HadBC than HadAB. The main point of differ-
ence is the presence of an open and flexible putative
substrate-binding crevice in HadBC and HadBD, which
seems to be narrower in HadAB. Specifically, the larger
opening of the substrate-binding crevice is due to the
positioning of the loop downstream of the hotdog helix
and an increased flexibility of the hotdog helix in HadC
and HadD. The hotdog helix is also kinked and drasti-
cally shorter in HadD, further contributing to the open
nature and flexibility of the substrate-binding crevice.
This is in agreement with the role of the hotdog helix as
a determinant of the substrate accommodation capacity
described for some hotdog family members. Indeed, a
reduced size of the central helix was also described for
enoyl-CoA hydratase domain/proteins binding bulky
substrates such as the eukaryotic multifunctional
enzymes type 2, required for the peroxisomal f-oxidation
of very-long-chain fatty acids and the synthesis of bile
acids, and the Mtb ChsH1-ChsH2 heterotetramer
involved in cholesterol catabolism (Koski et al., 2004,
2005; Yang et al., 2014). In HadBD, the hotdog helix is
even shorter than in the latter enzymes. To the best of
our knowledge, HadBD 1is the first HAD enzyme
described with a truncated hotdog helix. Surprisingly,
HadC has a hotdog helix only slightly shorter (14 resi-
dues) than the standard length (16 residues) found in the
enoyl-CoA hydratase from Aeromonas caviae, AcCRH, that
is specific for very short (4-6 carbon long) substrates
(Hisano et al., 2003). Therefore, in HadBC, the absence of
truncated hotdog helix is most likely compensated for by
the greater flexibility and distinct orientation of the HadC
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hotdog helix (Singh et al., 2022) as well as the greater
flexibility of the downstream a3-f2 loop. Another factor
that may play a role in acyl chain length specificity is the
three-dimensional structure of the substrate. For exam-
ple, it has been shown that different MA classes can
adopt distinct folded conformations, depending on the
functional groups held by their meromycoloyl chain
(Groenewald et al., 2014; Villeneuve et al., 2013). One
may hypothesize that the higher flexibility and wider
opening of the substrate-binding crevice in HadBD and
HadBC (involved in keto- and methoxy-MA synthesis)
would promote the accommodation of a completely or
partially folded oxygenated chain. In contrast, the nar-
rower and more rigid channel of HadAB (involved in
a-MA synthesis) would selectively bind a fully extended
chain.

Despite increased openness and flexibility, the size of
the crevice is unexpectedly short and able to accommo-
date only a 10- to 12-carbon-long chain, which is far less
than the full meromycoloyl chains. It cannot be ruled out
that the crystal structure of the apo form of HadBD does
not fully represent the structure of the enzyme bound to
its natural substrate. However, the presence of short
binding pockets has already been observed for other
enzymes involved in the biosynthesis of mycolic acids
(Bergeret et al., 2012; Kim et al., 2023; Li et al., 2015;
Musayev et al., 2005), and may represent a conserved fea-
ture that is compensated by other mechanisms. Our
structural and modeling analysis suggests two additional
features that may be involved in the stabilization of the
large remaining portion of the growing meromycoloyl
chain: (1) a long sinuous channel that crosses the entire
heterotetramer; and (2) a large apolar surface patch in
the vicinity of the substrate exit, which may play a role
in stabilizing the part of the solvent exposed meromyco-
loyl chain via hydrophobic interactions. However, at this
point we cannot rule out the possibility that additional
factors, such as distinct proteins of the FAS-II system or
the plasma membrane contribute to the stabilization of
the solvent-exposed lipid chain. Indeed, an array of data
suggest that the MA biosynthesis machinery could be
associated with the inner leaflet of the plasma mem-
brane, which would facilitate the export of mycolic acid
derivatives toward their final destination, the mycomem-
brane (Kim et al., 2023; Quémard, 2016).

In conclusion, this work provides evidence that
HadD does not operate as a standalone HAD but func-
tions in the context of the HadBD heterotetramer,
despite being encoded by a gene distant from the hadA-
C cluster. Furthermore, although the presence of the
intact catalytic dyad led to expectation that HadD subu-
nit could drive catalysis, our data show that HadBD
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enzymatic activity is due to HadB and that HadD plays a
role in binding specificity. We highlight the unique
structural features of HadBD linked to its very specific
function leading to the production of the extremely
long-chain keto-MAs. These insights will inform future
efforts to design inhibitors of HadBD, which, given the
role of HadD in Mtb virulence and biofilm formation
(Lefebvre et al., 2020; Ling et al., 2024), may offer inno-
vative alternatives and/or complement to the classical
anti-TB antibiotics, expanding efficacy, and thwarting
drug resistance and tolerance.

4 | MATERIALS AND METHODS

41 | Pull-downs

For pull-down experiments using eGFP-HadA enzyme as
a bait, a M. bovis BCG Pasteur (ATCC35734) strain was
transformed by the plasmid pKWO08::egfp-hadABC\y.
The latter was constructed by cloning the hadABC
(Rv0635-Rv0636- Rv0637) operon of Mtb H37Rv (ATCC
27294) in the tetracycline-inducible vector pKWO08::egfp
(kindly provided by Andrzej Dziembowski; Plocinski
et al., 2014; Williams et al., 2010) between BamH1 and
HindIII sites, downstream of the enhanced Green Fluo-
rescent Protein (eGFP) tag coding sequence followed by
the Tobacco Etch Virus (TEV) cleavage site. The control
strain used for these experiments was M. bovis
BCG/pKWO08::egfp. The resulting strains were grown in
Middlebrook 7H9 broth (Difco) supplemented with
50 pg/mL hygromycin, 10% (v/v) ADC and 0.2% (v/v)
glycerol, and the production of the proteins was
increased by adding 20 ng/mL tetracycline (Sigma) for
48 h during the exponential phase. The affinity purifica-
tion method used was adapted from a previously pub-
lished protocol (Lefebvre et al., 2018). Bacteria were
centrifuged at 4000g for 10 min at 4°C, and resuspended
in lysis buffer: 50 mM potassium phosphate buffer
pH 7.6, 150 mM NaCl, 2 mM AEBSF (Euromedex),
1.7 mM dodecyl p-p-maltoside, 5 pg/mL DNAse I and
5 pg/mL RNase A. Bacteria were lysed with extraction
beads using a Biorupteur Pico (Diagenode) for 30 cycles
(30 s on, 30 s off). The lysate was clarified by centrifuga-
tion at 13,000g for 30 min at 4°C and filtered through
0.2 pm filters, then incubated in the presence of GFP-
Trap®_MA magnetic beads (Chromotek) for 2 h at 4°C
under agitation. After four washes with 50 mM Tris
buffer pH 7.6, 150 mM NacCl, 0.1% (v,v) Triton X-100,
proteins were eluted by cleavage using 10 units AcCTEV™
protease (Fisher) in 50 mM Tris buffer pH 8.0, 150 mM
NaCl, 0.5 mM EDTA, 1 mM DTT, overnight at 4°C.
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4.2 | Proteomic analysis

Sample preparation and nanoLC-MS/MS for proteomic
analysis were performed as previously described (Duguet
et al., 2017). Briefly, after reduction and alkylation of cys-
teine residues, eluted proteins were concentrated in one
band by 12% SDS-PAGE. The proteins were then digested
with trypsin (1 pg trypsin/50 pg proteins) overnight at
37°C. The resulting peptides were extracted from the gel,
then dried, and finally resuspended in 2% acetonitrile,
and 0.05% trifluoroacetic acid. Peptides were analyzed by
nanoLC-MS/MS using an UltiMate 3000 RSLCnano sys-
tem (Dionex, Amsterdam, The Netherlands; 5%-25% gra-
dient for 75 min then 25%-50% gradient for 30 min of
80% acetonitrile, 0.2% formic acid at 300 nL/min flow
rate) coupled to an LTQ-Orbitrap Velos mass spectrome-
ter (ThermoScientific, Bremen, Germany).

Raw MS files were analyzed by MS-angel and Proline
(Bouyssie et al., 2020) softwares. Data were searched with
the MASCOT search engine against M. bovis BCG Pasteur
1173P2 of the UniProtKB protein database (last update
2021-04-16, 3895 entries) and a list of potential contami-
nant sequences provided in Proline. Bioinformatics data
analysis was performed as described previously (Duguet
et al., 2017). The dataset contains MS results from the
analysis of four biological replicates. The statistical prote-
omic analysis was performed on the LFQ intensities from
the “abundance” columns of Proline table. The MS prote-
omics data have been deposited to the ProteomeXchange
Consortium via the PRIDE (Perez-Riverol et al., 2019)
partner repository with the dataset identifier PXD043977.

4.3 | Protein production and purification
The Rv0504c (hadD) gene from Mtb H37Rv (ATCC
27294) was amplified by PCR and the product was ligated
into pET-15b vector (Novagen) between Ndel and Xhol
restriction sites, downstream of the poly-His tag coding
sequence; the absence of mutation was verified by
sequencing. The Rv0636 (hadB) gene from Mtb H37Rv
was amplified by PCR and the product was ligated into
pCDFDuet-1 vector (Novagen) between Ncol and BamH1
restriction sites; the absence of mutation was verified by
sequencing. Site-directed mutagenesis of the Rv0504c and
Rv0636 genes was carried out by reassembly PCR using
pET-15b::Rv0504c and pCDFDuet-1::Rv0636 vectors,
respectively, as well as primers containing the desired
mutation (Table S1). Mutated DNA was used to trans-
form E. coli DH5a competent cells and the introduction
of the point mutation was confirmed by sequencing of
purified plasmids.
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For co-production of HadB,,;, and N-terminal Hiss-
tagged HadD,,,;, or the corresponding mutant proteins, E.
coli BL21(DE3) strain (Novagen) was transformed by the
different combinations of pCDFDuet-1::hadB and pET-
15b::hadD constructs. The resulting strains were grown
in a 1 L culture at 37°C under shaking (180 rpm) in LB
supplemented with carbenicillin (50 pg/mL) and strepto-
mycin (50 pg/mL). At an ODggo of 0.6, gene expression
was induced by the addition of 0.5 mM (WT, simple
mutant, and HadBH41F-HadDH42Q strains) or 0.1 mM
(HadBH41F-HadDH42F) IPTG, and bacteria were grown
further under shaking (180 rpm) for 4h at 30°C
(WT strain) 15 h at 20°C (all mutant strains). After centri-
fugation, the cell pellet was washed in 25 mM Tris buffer,
150 mM NacCl, pH 8.0, and frozen at —80°C. The latter
was resuspended in 50 mM Tris buffer, 300 mM NaCl,
pH 8.0 plus 5% glycerol (buffer A). After addition of
1 mM AEBSF, 5 pg/mL DNase I, 5 pg/mL RNase A, and
100 pg/mL lysozyme, bacteria were lyzed by sonication
with a Branson Sonifier Cell Disrupter B15 (four
30-s cycles, microtip 5, 50% duty cycle) or an Emulsiflex
C5 Homogenizer (Avestin; 500-1000 psi, 3 times). After
centrifugation at 18,500 g for 20 min at 4°C, the superna-
tant was loaded onto 0.5 mL TALON® superflow metal
affinity resin (Clontech) equilibrated with buffer A plus
10 mM imidazole. After extensive washes in the same
buffer then in buffer A plus 28 mM imidazole, the HadB/
H-HadD protein complex was eluted at 200 mM imidaz-
ole. The elution fractions were pooled and dialyzed
(MWCO 6-8 kDa) twice for 30 min, in 50 mM Tris/HCl
pH 8.0, 150 mM NaCl, and 5% glycérol (buffer B), then
concentrated by ultrafiltration on a Vivaspin unit
(MWCO 10 kDa). The resulting protein solution was
loaded onto an analytical S200 gel filtration column
equilibrated with buffer B. The molecular weights corre-
sponding to the elution peaks were estimated based on
the column calibration curve provided by the manufac-
turer. The elution fractions containing HadBD heterote-
tramer were pooled, concentrated by ultrafiltration on a
Vivaspin unit (MWCO 10 kDa), and stored at —80°C after
cryofreezing.

4.4 | Small angle scattering

Small-angle X-ray scattering data were collected at the
BM29 beamline (ESRF, Grenoble, France) using a Pilatus
1M detector. The detector-distance of respectively
2.867m covers a momentum transfer range of
0.04 < Q < 4.94nm™'. SAXS experiments coupled with
SEC (SEC-SAXS) were carried out at 20°C on a Bio Sec
130 column, with HadBD concentration and sample
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volume of respectively 8.2 mg/mL and 50 pL. Fresh DTT
(2 mM) was added to the sample and centrifugation was
performed just before data collection. Each measurement
consisted of 10 frames of 2 s for which radiation damage
was systematically investigated. Data processing was per-
formed with the ATSAS suite of programs (Franke
et al., 2017). Evaluation of the molecular weight was
done based on the Porod volume, as implemented in
SAXSMoW (Piiadov et al., 2019). Fitting of the theoretical
scattering curves computed from both the tetrameric and
dimeric crystallographic structures of HadBD with the
experimental data in solution was done using CRYSOL
(Svergun et al., 1995).

4.5 | Native mass spectrometry

Prior to native MS analysis, HadBD sample at 4.8 mg/mL
was desalted in 200 mM ammonium acetate, pH 7 using
Micro Bio-Spin devices (Bio-Rad, Marnes-la-Coquette,
France). Samples were analyzed on a Synapt G2-Si mass
spectrometer (Waters Scientific, Wilmslow, UK) running
in sensitivity mode, positive ion mode and coupled to an
automated chip-based nano-electrospray source (Triversa
Nanomate, Advion Biosciences, Ithaca, NY). The voltage
applied to the chip and the cone voltage were set to
1.6 kV and 100 V, respectively. The instrument was cali-
brated with a 2-mg/mL cesium iodide solution in 50% iso-
propanol. Raw data were acquired in the 1000-8000 m/z
range with MassLynx 4.1 (Waters, Manchester, UK) and
deconvoluted with UniDec 4.4.0 (Marty et al., 2015) using
the following parameters: m/z range: 1000-8000 Th;
Gaussian smoothing: 100; charge range: 5-30; mass
range: 10,000-100,000 Da; sample mass every 10 Da;
smooth charge states distributions; smooth nearby points:
some; suppress artifacts: none; peak detection range:
50 Da, and peak detection threshold: 0.25.

4.6 | Split-Trp experiments in M.
smegmatis

The Split-Trp experiments in Msm were performed based
on previously described methods (Chao et al., 2010;
O'Hare et al., 2008; Sacco et al., 2007) and modified as fol-
lows. Briefly, expression plasmids encoding each of the
target proteins (HadB,,;, and HadD,,,) or a control pro-
tein (HadCyy,) in fusion with either the Ntrp or the Ctrp
fragment of Saccharomyces cerevisiae Trplp protein were
constructed by cloning Rv0636, Rv0504c, and Rv0637
genes from Mtb H37Rv (ATCC 27294) between AflII and
Clal restriction sites of pJC10 and pJC11 plasmids (Chao
et al., 2010; generously provided by Dr. Yossef Av-Gay),
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under the control of an inducible acetamidase promoter.
A tryptophan auxotrophic Msm AhisA strain (O'Hare
et al., 2008; kindly provided by Prof. Yossef Av-Gay) was
cotransformed with pairs of plasmids encoding Ntrp and
Ctrp fusion proteins, and grown for 3 days at 37°C on LB
supplemented with hygromycin (100 pg/mL) and apra-
mycin (60 pg/mL). Recombinant Msm AhisA colonies
were resuspended in 3 mL of LB plus 0.05% Tween
80 and antibiotics and grown at 37°C with shaking for
48 h; the expression of the genes of interest was induced
by adding 0.2% (w/v) acetamide for 6 h before stopping
the culture (at an ODgqq of 1-2). Bacteria from 500-pL ali-
quots were harvested at 10,000 g, washed twice with
1 mL of water plus 0.05% Tween 80, and resuspended in
about 1 mL of the same mixture, adjusting all the sam-
ples to the same ODgq. Five microliters of aliquots (dilu-
tions 1, 1/10 and 1/100) of each sample were spotted onto
7H9 agar plates supplemented by 0.2% Gro, 0.2% acet-
amide, 60 pg/mL histidine, 100 pg/mL hygromycin,
60 pg/mL apramycin, and depleted in tryptophan. The
same dilutions were spotted on plates containing 60 pg/
mL tryptophan to check growth extent. Plates were incu-
bated at 30°C for 3 weeks. Experiments were performed
in triplicate. Additionally, Msm AhisA strains producing
either Ntrp-Esat6/Cfpl0-Ctrp (pJC10 and pJCll-based
expression plasmids provided by Dr. Yossef Av-Gay;
Chao et al., 2010) or Ntrp-HadByy,/HadCyg-Ctrp were
used as positive controls while two strains producing
pairwise combinations of proteins from distinct com-
plexes (Ntrp-HadBj,/Cfpl0y,-Ctrp and Ntrp-Esat6y,,/
HadD,,,;,-Ctrp) were used as negative controls.

4.7 | Crystallization and structure
determination

Purified HadBD protein was concentrated to a final con-
centration of 6 mg/mL in 50 mM Tris/HCI pH 8, 150 mM
NaCl, and 5% glycerol. All crystallization experiments
were carried out at 12°C using the sitting drop vapor dif-
fusion method. Best crystals of HadBD were obtained
within a week with a 1:1 (v/v) ratio of protein to precipi-
tant solution (0.1 M Na cacodylate pH 6.5, 40% MPD, and
5% PEG 8k). X-ray experiments were carried out at
100 K. Crystals were directly frozen in a cryogenic nitro-
gen stream and stored in liquid nitrogen until the data
were collected. Diffraction data were measured from hex-
agonal crystals diffracting to ca. 1.9 A on Xaloc Beamline
at the ALBA synchrotron (Cerdanyola del Valles, Spain)
using a PILATUS 6M detector. X-ray images were
indexed, integrated, and scaled on-line using autoPROC
and STARANISO (Vonrhein et al., 2011; Vonrhein
et al., 2018) due to a strong anisotropy of the diffraction
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pattern. Programs from the CCP4 software suite (Winn
et al., 2011) were used for subsequent crystallographic
calculations. The structure was solved by the molecular
replacement method using PHASER (McCoy et al., 2007)
and a starting model derived from the structure of
HadAB from M. tuberculosis (PDB 4RLJ). Then manual
rebuilding using Coot (Emsley et al., 2010) followed by
refinement steps using Refmac5 (Murshudov et al., 2011)
were performed iteratively. Crystals belong to the hexago-
nal space group P6s22 (a = b = 96.0 A, ¢ = 143.7 A) with
one heterodimer in the asymmetric unit and a solvent
content of 55%. The refined structure at a resolution of
2.0 A comprises residues 2-141 of HadB and 13-151
of HadD. The final Rwork/Rfree factors are 0.246 and
0.290, respectively (Table S2). Data collection and refine-
ment statistics are given in Table S2. The coordinates
have been deposited to the PDB with the PDB ID 8PWZ.
The surfaces of heterodimerization and tetramerization
were measured according to PDBePISA analysis
(Krissinel & Henrick, 2007). Figures of protein structures
were drawn using the program PyMOL Molecular
Graphics System, Version 2.0 Schrédinger, LLC.

4.8 | Structure-based alignments

For structure-based multiple sequence alignments, all
structures, either experimental (this work for HadB,,,
and HadD,;; PDB 4RLJ chain A for HadA,;,,; PDB
5ZY8 chain C for HadC,;) or predicted using Alpha-
Fold2 (Jumper et al., 2021) in the case of HadDjy,,, were
superimposed using the Superpose program as imple-
mented in the CCP4 suite (Krissinel & Henrick, 2007).
The tertiary structure alignment of HAD protomers was
performed using the secondary-structure matching algo-
rithm of the same Superpose program.

4.9 | Substrate synthesis and
purification

Trans-2-dodecenoyl-CoA and trans-2-hexadecenoyl-CoA
were synthesized using the following procedure based on
the mixed anhydride method (Goldman &
Vagelos, 1961). Briefly, three molar equivalents (with
respect to CoA) of the corresponding free carboxylic acid
(trans-2-dodecenoic or trans-2-hexadecenoic acid, Laro-
dan) were dissolved in 100 pL anhydrous t-butyl methyl
ether (-BME, Sigma-Aldrich) per mg of acid. After the
addition of 1.2 molar equivalents (with respect to carbox-
ylic acid) of both diisopropyl amine and ethyl chlorofor-
mate, the reaction was incubated overnight at room
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temperature. The formed mixed anhydride was separated
from ammonium chloride crystals and concentrated
under nitrogen. One molar equivalent (with respect to
carboxylic acid) of free CoA trilithium salt
(Sigma-Aldrich) was dissolved in a 1:1:1 0.3 M NaHCOx:
ethanol:ethyl acetate mixture at a 5 mg/mL final concen-
tration then added to the mixed anhydride solution. After
a 15-min incubation at room temperature, the reaction
was quenched by the addition of acetic acid. The trans-
2-enoyl-CoA produced was washed three times by one
volume of ethyl acetate. It was then purified by HPLC
over a 250 x 8 mm ProntoSIL C18 H column (Bischoff)
equilibrated with 30% CH;OH in 20 mM NaH,PO,, using
an Ultimate 3000 HPLC (ThermoFischer) apparatus with
detection at 260 nm. Elution was performed at 1 mL/min
flow rate using a multiple-step elution program: a gradi-
ent from 30% to 40% CH;OH in 20 mM NaH,PO, (1%/
min) with a plateau, then a raise to 100% CH;OH in H,O
(12%/min) with a plateau. The nature of purified sub-
strates was confirmed by MALDI-TOF MS analysis (see
below).

410 | Enzyme activity assays

Enzymes belonging to the (R)-specific enoyl hydratase/
hydroxyacyl dehydratase family preferentially catalyze
the hydration reaction when they are isolated from
their metabolic machinery (Heath & Rock, 1996; Sacco
et al., 2007). Therefore, their in vitro activities are most
often studied in the presence of enoyl derivatives.
Hydratase activity was monitored at 263 nm using a
UVmc2 spectrophotometer (SAFAS). Kinetic assays
were performed in a quartz cuvette in a total volume of
400 pL at room temperature, in 100 mM sodium phos-
phate buffer pH 7.0 in the presence of 3 pM of either
trans-2-C12:1-CoA or trans-2-C16:1-CoA. After equili-
bration of the baseline, reactions were started by add-
ing either 20 or 100 nM of purified (HadBD), isoform,
respectively, and measurements were recorded for 1-
3 min. The initial reaction rates were determined by
linear fitting. Enzyme and substrate concentrations
were chosen within a window generating a linear
response. At 263 nm wavelength, trans-2-enoyl-CoAs
display an absorbance shift of 0.67 for a variation of
concentration of 100 pM. The average specific activities
and deviations were calculated from triplicates. Statis-
tical differences in specific activities were determined
by two-tailed t-tests. A p-value < 0.05 was considered
as statistically significant. The nature of the products
formed during the enzymatic assays was confirmed by
MALDI-TOF MS analysis (see below).
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411 | MALDI-TOF MS

Matrix-assisted laser desorption ionization-time of flight
mass spectrometry (MALDI-TOF MS) analyses were per-
formed in the positive ionization and reflectron mode,
using the 5800 MALDI-TOF/TOF Analyzer (Applied Bio-
systems/ABsciex) equipped with an Nd:YAG laser
(349 nm wavelength). MS and MS/MS spectra were
acquired with a total of 2500 shots at a fixed laser inten-
sity of 4000 (instrument-specific units) and 400-Hz pulse
rate. Reaction media of enzyme activity assays were
diluted 10 folds in water prior to analysis. One pl samples
were spotted onto the target plate, mixed with 1 pL of
matrix [10 mg/mL of 2,5-dihydroxybenzoic acid
(Sigma-Aldrich) in water:acetonitrile, 8:2 (v/v)]. Samples
were allowed to crystallize at room temperature. MS data
were acquired using the instrument's default calibration.

412 | Differential scanning fluorimetry
The DSF experiments were carried out as described
(Niesen et al., 2007). Samples were loaded into a clear
96-well PCR plate (Bio-Rad) with each well containing a
final volume of 20 pL. The concentration of heterodimer
in each well was 16.9 pM (0.60 mg/mL) for HadBwt/H-
HadDwt, 18 uyM (0.64 mg/mL) for HadB(H41F)/H-
HadDwt, 16.9 uM (0.60 mg/mL) for HadBwt/H-HadD
(H42F), and HadBwt/H-HadD(H42Q), 17.2 pM (1.6 mg/
mL) for HadB(H41F)/H-HadD(H42F). All experiments
were performed in triplicate in 50 mM Tris-HCI, pH 8.0,
150 mM NaCl, 5% glycerol, and 10X SYPRO Orange
(Invitrogen). The PCR plates were sealed with optical
quality sealing tape (Bio-Rad). DSF experiments were
carried out using a CFX96 real-time PCR system
(Bio-Rad) set to use the 480/500 excitation and 560/580
emission filters. The samples were heated from 20 to
99.5°C at the rate of 6°C/min. A single fluorescence mea-
surement was taken every 0.3°C. Melting temperatures
were determined by performing a curve fit to the Boltz-
mann equation.
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