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ABSTRACT

Group I chaperonins are key proteins that control cell metabolism, stress adaptation and survival. They usually
form a tetradecameric structure that assists, coupled to ATP hydrolysis, 10 % of all cellular protein folding. While
working on TesA thioesterase activity, we serendipitously discovered that M. tuberculosis GroEL1 also had
thioesterase activity. Using recombinant E. coli GroEL, human mitochondrial Hsp60 and GroEL1 and GroEL2
M. tuberculosis chaperonins, we found that these proteins all showed thioesterase activity. Focusing on
M. tuberculosis chaperonins, we further identified that GroEL1 and GroEL2 also have esterase and auto-
acyltransferase activities. The smaller oligomers of human Hsp60 and M. tuberculosis GroEL1 were able to use
the long acyl carbon chain substrate palmitoyl-CoA, while tetradecameric E. coli GroEL and human Hsp60 were
not. ATP, together with Mg, reduced GroEL1 dimerization, but, alone, also antagonized GroEL1 thioesterase
activity. Alanine substitutions on six M. tuberculosis GroEL1 residues identified Asp86 and Thr89 in the ATP-
binding pocket and an additional Ser393 as important residues for the thioesterase activity. Additionally,
M. tuberculosis GroEL1 enhanced palmitoylation of the recombinant C-terminal half of the PpsE protein. As PpsE
is required for phthiocerol dimycocerosate (PDIM) biosynthesis, this could explain, at least partly, the

involvement of GroEL1 in M. tuberculosis PDIM biosynthesis and antibiotic resistance.

1. Introduction

One of the most striking aspects in cell biology is the influence of the
environment on cellular mechanisms. Proteins that are involved in
enzymatic activities must be timely synthesized and correctly folded so
that their activities occur at the right place with the right partners. This
is particularly important in stressful conditions. Chaperones, including
heat shock proteins (HSPs), are known to facilitate protein folding.
Chaperonins, some of the most important chaperones, are an evolu-
tionary conserved group of proteins, composed of ~55 kDa subunits
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assembled in 800-1000 kDa double rings [1].

Group I chaperonins, with Escherichia coli (E. coli) GroEL as an
archetype, are found in all bacteria and in mitochondria (where it is
called Hsp60) as well as in the chloroplasts of eukaryotes. They assist
protein folding, thereby preventing protein aggregation [2]. These ac-
tivities are dependent on ATP hydrolysis but also on their co-chaperone,
GroES/Hsp10, which acts as a lid for each of their two heptameric rings
stacked back-to-back [3]. Each of the 14 GroEL monomers consists of
three domains: an apical domain involved in non-native protein and
GroES binding through hydrophobic residues; an intermediate, highly
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flexible hinge domain able to encapsulate unfolded proteins; and an
equatorial domain containing an ATP-binding site (DGTTT) [4]. Allo-
steric changes in the intermediate domain and large conformational
changes inside the GroEL hydrophilic inner wall cage are driven by ATP
binding in the equatorial domain. The 10 kDa GroES co-chaperone then
binds to the GroEL apical domain and ATP hydrolysis triggers poly-
peptide substrate folding [2,5]. By contrast, group II chaperonins found
in archaea and in the cytosol of eukaryotes, (such as TCP-1 in human)
also consist of two stacked rings, but they do not require a co-chaperone
for their activity as they contain a built-in lid [6].

Although in approximately 70 % of bacteria (including E. coli) there
is only one groEL gene, two or three groEL genes co-exist in the genomes
of some lineages such as cyanobacteria [2] and mycobacteria [7].
Mycobacterium tuberculosis contains two GroEL proteins, GroEL1 and
GroEL2, also known as chaperonin 60, Cpn60.1 or Cpn60.2, or heat-
shock protein 60, Hsp60-1 or Hsp60-2. GroEL1 shares 61 % sequence
identity with GroEL2, 52 % sequence identity with its homologue E. coli
GroEL and 38 % sequence identity with human mitochondrial Hsp60
according to the Clustal Omega alignment tools [8]. However, only
M. tuberculosis GroEL2 is able to restore function in GroEL-defective
E. coli mutants [9]. This could be partly explained by the fact that
GroEL2 shows a stronger sequence identity with its homologue E. coli
GroEL (59 %). By contrast, M. tuberculosis GroEL1 plays a variety of
essential roles under stress conditions that cannot be carried out by
GroEL2 [10-13]. These data suggest that GroEL proteins are “moon-
lighting proteins”, meaning that they assume different, unrelated func-
tions in cells [14]. Unlike recombinant E. coli GroEL, recombinant
M. tuberculosis GroEL1 and GroEL2 form smaller oligomers [9,15],
mainly monomers and dimers for GroEL1 and dimers and tetramers for
GroEL2 [16-19]. The ATPase activities of these two mycobacterial
GroEL are very low (about 10 % for dimeric GroEL2 and about 6 % for
GroEL1 compared to E. coli GroEL), not required for their folding and
anti-aggregation activity and are not influenced by the presence of
GroES [11,17,19].

Interestingly, acetylome analysis also revealed that M. tuberculosis
GroEL1 and GroEL2, and E. coli GroEL, among others, are highly acet-
ylated [20-22]. The physiological relevance of these post-translational
modifications (PTMs) was however never studied, although PTMs
have been shown to impact various cellular processes, both in pro-
karyotes and in eukaryotes. In bacteria, lysine acylation was reported to
modify virulence [22,23] and in eukaryotes, histone acetylation
demonstrated a strong impact on gene expression.

Group I chaperonins have been targeted to develop therapeutic drugs
against various diseases [24-28]. This was the case for tuberculosis (TB),
a severe infectious disease caused by a pathogenic mycobacterium from
the Mycobacterium tuberculosis complex. This disease, still causing 1.6
million deaths annually [29], is difficult to treat, not least because of the
M. tuberculosis impermeable cell wall. These bacteria have an external
waxy mycomembrane, rich in mycolic acids, and an outer layer con-
sisting of various non-covalently attached waxy lipids, including phe-
nolglycolipids (PGL) and phthiocerol dimycocerosates (PDIM). PDIM
lipids, long p-diol chains (phthiocerol) esterified with two long myco-
cerosic acids, are only present in pathogenic mycobacteria and involved
in phagosomal escape, exit from host cells and drug resistance [12,30].
The mycobacterial GroEL1 protein is required for PDIM biosynthesis and
for antibiotic resistance [12,31]. GroEL1 is also an essential virulence
factor, required for in vivo M. tuberculosis persistence [31]. In infected
lungs, M. tuberculosis can be detected intracellularly in macrophages, in
granuloma lesions or extracellularly in necrotic lesions [32], counter-
acting environmental stresses, thanks to GroEL1, among others [10].

Human mitochondrial Hsp60 acts as a classical protein-folding
chaperonin involved in mitochondrion integrity but also exhibiting
extra-mitochondrial functions that are not yet completely elucidated
[24,33]. This protein was also targeted in drug-development. Indeed,
specific mutations reducing its ability to form oligomers have been
associated with neurodegenerative diseases [24] and its overexpression
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has been linked to inflammatory and autoimmune diseases as well as to
various cancers [24,33-36].

We serendipitously discovered that GroEL1 has thioesterase activity.
We tested this activity in several group 1 chaperonins from
M. tuberculosis, E. coli and human mitochondria, and present the results
here. The hydrolytic enzymatic activities of M. tuberculosis GroEL1 and
GroEL2 were further investigated, uncovering that both mycobacterial
GroEL also had auto-acylation activities. The acetylated residues were
identified and five single alanine substitutions in GroEL1 allowed to
highlight important residues for the thioesterase activity. Furthermore,
we verified whether E. coli GroEL and human Hsp60 also show hydro-
lytic activities. Finally, we studied whether GroEL1 could enhance PTM
on other proteins, such as palmitoylation of a polyketide synthase pro-
tein, PpsE, involved in PDIM biosynthesis.

2. Results

2.1. M. tuberculosis, E. coli and human GroEL/Hsp60 proteins have
thioesterase and esterase activities

The thioesterase activity of TesA from M. tuberculosis was previously
studied in our group [37]. At that period, we investigated whether the
addition of a chaperonin, recombinant M. tuberculosis GroEL1 could
improve the TesA thioesterase reaction, similar to bovine serum albu-
min. This led to an unexpected result showing that the cleavage of the
palmitoyl-CoA thioester bond was increased when TesA was mixed with
recombinant M. tuberculosis GroEL1 (Fig. 1A). This result prompted us to
test for a possible thioesterase activity of GroEL1 itself. Purified GroEL1
showed an activity in a dose-dependent manner (Fig. 1B) and the
GroEL1 thioesterase reaction fitted to the apparent Michaelis-Menten
model with a specific activity of 44.75 mU-mg~" for palmitoyl-CoA,
an apparent Viax (PPVinay) of (2.52 £ 0.25) x 10~ M:s™}, an affinity
for palmitoyl-CoA (*PPKy,) of 25.95 4 3.52 uM and a turnover number
(3PPkqp) for palmitoyl-CoA of (2.52 + 0.25) x 1073 s7! (Fig. 1C).

Additional recombinant group I chaperonins, E. coli GroEL,
M. tuberculosis GroEL2 and human Hsp60 (Figs. S1A, B and S2A, B) were
purified to test their thioesterase activities. Experimental molecular
masses (without His-tag) of 61,345 Da for human Hsp60, 56,169 Da for
M. tuberculosis GroEL1, 57,620 Da for E. coli GroEL, 57,018 Da for
M. tuberculosis GroEL2 were identified for these proteins using mass
spectroscopy (MS), in agreement with their theoretical values (Figs. S1C
and S2C). Furthermore, different oligomeric forms of those recombinant
proteins were detected by native-PAGE on 4-15 % gels (Fig. 2A, B).
Recombinant Hsp60 presented various oligomeric forms that were
further purified by size-exclusion chromatography (SEC) (Figs. S2 and
2A, B). When analyzing their thioesterase activities using palmitoyl-CoA
as substrate, we observed that the recombinant human Hsp60 (1),
mainly present as two heptameric rings (tetradecamers), the recombi-
nant human Hsp60 (2) consisting mainly of heptamers, the tetradeca-
meric recombinant E. coli GroEL and the various subunit forms of
recombinant M. tuberculosis GroEL2 were inactive (Fig. 2C). Only the
lower subunit forms of recombinant Hsp60 (3) and the dimeric recom-
binant M. tuberculosis GroEL1 showed significant thioesterase activity on
this substrate (Fig. 2C). Nevertheless, we observed that all group I
chaperonins tested can cleave the thioester bond present in different
short acyl carbon chain substrates, including acetyl-CoA and propionyl-
CoA (Fig. 2D).

Many thioesterase also show esterase activities [38], therefore the
esterase activity of the recombinant M. tuberculosis GroEL1 was inves-
tigated using 4-nitrophenyl acetate (4-NPA) and 4-nitrophenyl butyrate
(4-NPB) as substrates. GroEL1 displayed an esterase activity on 4-NPA
and 4-NPB with an ?PVmax of (3.97 + 0.39) x 1078 M:s ! and (8.14
+0.28) x 107" M:s71, respectively (Fig. 3A and B). The apparent affinity
for the 4-NPA and 4-NPB substrate (°PPK,,) was 1.13 4+ 0.74 mM and
0.18 + 0.08 mM, respectively. GroEL2 also showed esterase activity,
slightly weaker than the GroEL1 esterase activity (Fig. 3C).
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Fig. 1. GroEL1 has a thioesterase activity. (A) Effect of GroEL1 on TesA thioesterase activity (A). The enzymatic reaction contained recombinant TesA (alone in red)
and/or GroEL1 (alone in black) at different concentration ratios (TesA:GroEL1 at 1:0.5 in blue at 1:1 in green and 1:2 in violet) in the presence of 75 pM palmitoyl-
CoA and 2.5 mM DTNB, (B) GroEL1 dose-dependent thioesterase activity (GroEL1 at 2.5 uM in black, 5 pM in red and 10 puM in blue). (C) Palmitoyl-CoA dose-

dependent thioesterase activity of recombinant GroEL1.
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Fig. 2. Thioesterase activities of recombinant proteins. (A) Oligomeric form assessment of the recombinant proteins or protein eluted fractions (Hsp60(1),(2),(3))
after SEC as determined by 4-15 % native-PAGE. (B) Main oligomeric forms of the recombinant proteins detected on the native gel. The number of subunits between
brackets was barely detected, (C) Comparison of different recombinant chaperonin thioesterase activities in the presence of 400 pM palmitoyl-CoA, (D) Recombinant
chaperonin thioesterase activity in the presence of 400 pM acetyl-CoA and propionyl-CoA.
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Fig. 3. Mycobacterial GroELs esterase activities. GroEL1 esterase activity in the presence of 4-nitrophenyl acetate (A) or 4- nitrophenyl butyrate (B). GroEL2 esterase
activity compared to GroEL1 esterase activity using 4-nitrophenyl acetate as substrate (C).

2.2. Mycobacterial GroEL proteins are auto-acylated

Acetylation is a frequent modification that can occur either on the
NH3# group of the N-terminus of the protein (called Nt-acetylation) or on
the side chain Ne group of lysine. In contrast to Nt-acetylation, lysine
acetylation is a reversible PTM able to dynamically regulate protein
functions both in eukaryotes and prokaryotes, being eventually critical
for adaptation to stressful environmental conditions [39]. As such,
acetylation is involved in virulence and pathogenicity. The human and
M. tuberculosis acetylome studies have shown that human Hsp60 and
mycobacterial GroEL1 and GroEL2 proteins are among the most acety-
lated proteins [22,40]. Acetylation can be catalyzed by various acetyl-
transferases using acetyl-CoA as a precursor molecule. The discovery of

the thioesterase activities of human Hsp60 and GroEL1 prompted us to
test the potential use of thioesterase reaction products for autoacyl-
transferase activities. Using propionyl-CoA as a substrate and a PTM
protein enrichment strategy, based on immunoprecipitation with anti-
propionyllysine antibodies, we identified the auto-propionylated resi-
dues of GroEL1 by MS/MS. Twelve lysine residues K3, K21, K243, K270,
K275, K353, K362, K369, K388, K391, K423 and K524, according to the
GroEL1 sequence, were propionylated in the recombinant GroEL1 pro-
tein (Table 1). The propionylation of the GroEL1 protein was verified on
native M. bovis BCG GroEL1, which presents 100 % sequence identity
with the M. tuberculosis GroEL1 of the 12 modified lysines detected in the
recombinant protein, only 6 (K270, K275, K353, K369, K388 and K423)
were found to be propionylated in the native form (Table 1).
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Table 1
Auto-propionylations on recombinant (r.) GroEL1 compared to propionylation
on native (n.) M. bovis BCG GroEL1.

Peptide sequences Propionylated lysine (K) Observed
sites in
AEIDKSDSDWDR 353 r. and n.
AMEVGMDKLADTVR 21 T.
AVAVKGPYFGDR 275 r. and n.
KALTELR 423 r. and n.
KESVEDAVAAAK 391 r.
LAKLAGGVAVIK 369 r. and n.
MVLTTETVVVDKPAK 524 T.
SDSDWDREKLGER 362 T.
SKLIEYDETAR 3 I.
TLKAVAVK 270 r. and n.
VGAATETALKER 388 r. and n.
VAGTGKPLLIVAEDVEGEALATLVVNAIR 243 T.

Recombinant mycobacterial GroEL PTM was also investigated after
reaction with 4-NPA and 4-NPB esterase substrates. After reaction with
4-NPA, a series of at least twelve peaks, with a A mass of 42 Da, were
observed in the mass spectrum of GroEL1 (Fig. S3A). Similarly, at least
four peaks, with a Amass of 70 Da were also observed in the presence of
4-NPB (Fig. S3B). With GroEL2, up to seven peaks were observed in the
presence of the 4-NPA, suggesting that recombinant GroEL2 was also
able to be autoacetylated but in a slightly reduced manner compared to
recombinant GroEL1 (Fig. S3A). The acetylated residues of GroEL1 and
GroEL2 after incubation with 4-NPA analyzed by MS/MS after trypsin/
Lys-C or EndoGlu-C digestion allowed to locate the acetylation sites
mostly on lysine residues of GroEL1 (K3, K21, K31, K79, K166, K345,
K369, K378, K423, K468, K527) and GroEL2 (K3, K31, K369, K388,
K391, K465). Another residue from GroEL1, S2, was also found to be
acetylated (Fig. 4A).

Finally, we investigated whether GroEL1 could be auto-
palmitoylated. Due to difficulty to characterize such a hydrophobic
PTM and in the absence of commercially available anti-palmitoyllysine
antibodies, we tested auto-palmitoylation of recombinant mycobacterial
GroEL using a fluorescent labeled palmitoyl-CoA. In these experimental
conditions, recombinant GroEL1 was found to be palmitoylated which
was not the case for GroEL2 (Fig. 4B).

2.3. Evolutionary history of group I chaperonins

All cells contain chaperonins, likely due to their critical roles in heat
shock response and protein folding. Group I and Group II chaperonins
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are distantly related, with the split occurring at the time of divergence of
Bacteria from Archaea (including Eukaryotes). While the sequences
diverged, the 3D structures of the chaperonin groups remained
conserved. Leveraging this structure conservation, it was possible to
align the diverged group sequences together and draw them in a single
all-encompassing phylogenic tree (Fig. 5). The tree highlights the close
relationship between GroEL and human mitochondrial Hsp60 in
contrast to the distant eurkaryotic equivalent human cytosolic TCP-1. It
also emphasizes the divergence between the two mycobacterial proteins
GroEL1 and GroEL2.

The sequence alignment allowed comparisons between and within
the chaperonin groups.

The characteristic GMM C-terminal pattern of GroEL2 protein is
found in GroEL and in both human Hsp60 and TCP-1. This suggests that
this GMM C-terminal pattern represents the ancestral state of GroEL
proteins.

By contrast, M. tuberculosis GroEL1 is characterized by a histidine-
rich C-terminus, which is rarely seen in the other clades represented
on the phylogenetic tree (Fig. 5). This highlights mycobacterial GroEL1's
evolutionary divergence from the ancestral GroEL pattern after
following a gene duplication event that most probably occurred in the
common ancestor of Actinobacteria, although GroELl retained its
cistronic association with GroES following this duplication [7].

Counterintuitively, GroEL2, although more divergent from arche-
typal GroEL in terms of operon structure, retained a function closer to
archetypal GroEL, having higher thioesterase activity on short acyl-CoA
substrates (Fig. 2C and D), whereas GroEL1 retained the operon struc-
ture of the pre-duplication ancestor but acquired a divergent sequence
and/or conformation responsible for slightly different activities, having
higher thioesterase activity on palmitoyl-CoA, probably essential for
stress survival (Fig. 2C and D) [10-13,31,41].

Strikingly, mycobacterial GroEL1 does not require co-chaperonin for
its hydrolase activities and it is possible that GroEL1 harbors a build-in
lid (consisting eventually of N-terminal and C-terminal residues), simi-
larly to group II chaperonins [6] and various thioesterases [42].

2.4. GroEL acyltransferase activity is modulating PpsE PTM

We previously shown that GroEL1 is required for PDIM biosynthesis
[31], for PDIM-related intrinsic resistance to vancomycin, for PDIM-
related growth and for biofilm formation [10,12], comparing wild-
type (WT) and mutant Acpn60.1 (unable to produce GroEL1) M. bovis
BCG strains [31]. Therefore, we investigated whether GroEL1 could

GroEL2

GroEL1 MSKLIEYDETARRAMEVGMD KLADTVRVTLGPRGRHVVLA KAFGGPTVINDGVTVAREIE LEDPFEDLGAQLVKSVATKT 80
GroEL2 MAKTIAYDEEARRGLERGLN ALADAVKVTLGPKGRNVVLE KKWGAPTITNDGVSIAKEIE LEDPYEKIGAELVKEVAKKT 80

GroEL1 NDVAGDGTTTATILAQALIK GGLRLVAAGVNPTALGVGIG KAADAVSEALLASATPVSGK TGIAQVATVSSRDEQIGDLV 160

GroEL2 AGKPLLITAEDVEGEALSTL \’\'\'KIRGTFKS\'A\IAPGFG DRRKAMLQDMAILTGGQVIS EEVGLTLENADLSLLGKARK 320

GroEL1 VVVSKDDTVIVDGGGTAEAV ANRAKHLRAEIDKSDSDWDR EKLGERLAKLAGGVAVIKVG AATETALKERKESVEDAVAA 400
GroEL2 VVVTKDETTIVEGAGDTDAT AGRVAQIRQEIENSDSDYDR EKLQERLAKLAGGVAVIKAG AATEVELKERKHRIEDAVRN 400

GroEL1 AKAAVEEGIVPGGGASLIHQ ARKALTELRASLTGDEVLGV DVFSEALAAPLFWIAANAGL DGSVVVNKVSELPAGHGLNV 480
AKAAVEEGIVAGGGVTLL-Q AAPTLDELK—LEGDEATGA NIVKVALEAPLKQIAFNSGL EPGVVAEKVRNLPAGHGLNA 477

GroEL1 NTLSYGDLAADGVIDPVKVT RSAVLNASSVARMVLTTETV VVDKPAKAEDHDHHHGHAH—— 539
GroEL2 QTGVYEDLLAAGVADPVKVT RSALQNAASTAGLFLTTEAV VADKPEKEKASVPGGGDMGGMDF 540

GroEL2  DDVAGDGTTTATVLAQALVR EGLRNVAAGANPLGLKRGIE KAVEKVTETLLEGAKEVETK EQTAATAATSAGDQSIGDLI 160 - T
(M)
GroELl  GEAMSKVGHDGVVSVEESST LGTELEFTEGIGFDKGFLSA YFVTDFDNQQAVLEDALILL HQDKISSLPDLLPLLEKVAG 240 GroBL2 A 0 10 2 1
GroEL2  AEAMDKVGNEGVITVEESNT FGLQLELTEGMRFDRGYISG YFVIDPERQEAVLEDPYILL VSSKVSTVEDLLPLLERVIG 240 ()
ﬂllol‘eécen( NBD- - 200 200 100 kDa - 200 200 100
GroEL1  TGKPLLIVAEDVEGEALATL VVNATRKTLKAVAVKGPYFG DRREAFLEDLAVVTGGQVVN PDAGMVLREVGLEVLGSARR 320 By ;

A

B

Fig. 4. Detection of (auto)acyltransferase activity by mycobacterial GroEL proteins. (A) Protein sequence alignment of recombinant GroEL1 and GroEL2 with
autoacetylated lysine residues indicated in red in GroEL1 and in blue in GroEL2.The other acetylated residues are highlighted in yellow. The acetylated lysine
residues identified by Xie et al. in 2015 and Birhanu et al. in 2017, are underlined in red and highlighted in green, respectively. (B) On the contrary to recombinant
GroEL2, recombinant GroEL1 can be autopalmitoylated as detected by fluorescence.
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Human cytosolic TCP-1

\ Human mitochondrial HSP60

Fig. 5. Pruned phylogenetic tree of GroEL proteins and their homologs, showing the relationships between bacterial chaperonins type I (such as E. coli GroEL (in
blue)), human mitochondrial HSP60 (in light blue) and chaperonins type II (such as TCP-1, in green). M. tuberculosis GroEL1 (violet) and GroEL2 (pink) are closely

related duplicates that arose within Actinobacteria.

have an impact on polyketide synthase (PKS) proteins, including the
PpsA-E proteins involved in PDIM biosynthesis [43-45], especially on
potential PTM. First, we assessed the possibility that GroEL1 could bind
PKS proteins by pull-down assay using WT and Acpn60.1 M. bovis BCG
strain extracts. As GroEL1 can be retained on a Ni-column due to its
natural Histidine-rich C-terminal region, we analyzed, by MS/MS,
whether some proteins from the M. bovis BCG extracts could also be
retained on this column, eventually through binding with GroEL1.
Pks13, involved in mycolic acid biosynthesis and PpsA-E were only

present in the eluate of the Ni-column when loading a WT M. bovis BCG
strain extract onto the stationary phase (Fig. S4A). The absence of these
proteins in the eluate of the Ni-column using a Acpn60.1 M. bovis BCG
strain extract as sample load suggests that GroEL1 could bind to these
PpsA-E and Pks13 proteins. Nevertheless, it is worth mentioning that, in
the absence of GroEL1, the production of M. bovis BCG PpsA-E proteins
were reduced [10]. This probably explained the reduced amount of
some high molecular weight (between 130 kDa and 250 kDa) proteins in
the M. bovis BCG Acpn60.1 protein extract compared to the WT M. bovis
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Fig. 6. Palmitoylation on recombinant GroEL1 and PpsE-C proteins. (A) Palmitoylation assessed on GroEL1 and PpsE on 4-15 % native-polyacrylamide gel after 1 h
incubation at 37 °C in 100 mM sodium phosphate (pH 7.2) in the presence or absence of 10 pM recombinant mycobacterial GroEL1 and/or 10 pM PpsE-C protein and
100 pM fluorescent labeled palmitoyl-CoA. The data are representative of at least three independent experiments. (B) LC-MS/MS identification analysis of fluorescent

proteins, after elution from native polyacrylamide gel (A) and digestion by trypsin.
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BCG strain protein extract (Fig. S4B).

Secondly, we assessed the potential impact of GroEL1 on PTM of the
carboxy half moiety of PpsE (PpsE-C), having approximately 60 kDa.
When analyzing palmitoylation of recombinant GroEL1 and the soluble
C-terminal half part of the PpsE protein (called here PpsE-C) in the
presence of a fluorescent palmitoyl-CoA analogue, we not only observed
GroEL1 auto-palmitoylation, as it could be expected from its thio-
esterase activity (Figs. 1C, 4B, 6A), but also PpsE-C auto-palmitoylation
(Fig. 6A). The PpsE-C auto-palmitoylation was almost similar to the
GroEL1 auto-palmitoylation. Surprisingly, when both proteins were
incubated in the same reaction, palmitoylation fluorescence signal in-
tensity was further increased (Fig. 6A). LC/MSMS analysis of gel-eluted
fluorescent proteins, after trypsin digestion, demonstrated an increased
palmitoylation of PpsE-C in the presence of GroEL1 and even suggested
that GroEL1 and PpsE could interact with each other (Fig. 6B).

2.5. GroEL1 thioesterase catalytic site and identification of functional
residues

Having demonstrated the thioesterase activity of GroEL1, we sought
to locate the site of this enzymatic activity and the residues likely to be
functionally important. Palmitoyl-CoA consists of three chemical moi-
eties: the hydrophobic palmitic acid chain, the (phospho)pantetheine
and the adenosine tri-(or di-)phosphate (ATP/ADP) analogue (Fig. 7A).
In view of the analogy of the latter with ADP, we hypothesized that the
ATP binding site, previously identified in the E. coli GroEL [46], could
interact with the ADP-like part of the acyl-CoA. As such, ATP would act
as a competitive inhibitor of the GroEL1 thioesterase activity. As shown
in Fig. 7B, GroEL1 thioesterase activity is indeed inhibited by ATP, in a
dose-dependent manner, especially in the presence of magnesium. As
ATP and Mg are both required for enabling E. coli GroEL protein to form
an oligomeric complex with GroES, an essential key step in the protein
folding process [47], the impact of ATP and Mg was therefore investi-
gated on M. tuberculosis GroEL1 oligomerization. As observed on native
polyacrylamide gel, in the presence of ATP and Mg (Fig. S5A), the
amount of dimeric GroEL1 was strongly reduced, although GroEL1 could
still be detected in denaturing conditions. Moreover, the addition of 5
mM ATP and 10 mM MgSO4 also improved the stability of the GroEL1, as
observed in thermal shift assay (TSA) (Fig. S5B). ATP binding could
therefore not only compete in the GroEL1 thioesterase activity, but it
could also reduce thioesterase activity by affecting GroEL1
oligomerization.

To further investigate the role of the ATP binding pocket in the
GroEL1 thioesterase activity, the docking calculations were carried out.
Firstly, to validate our procedure, the docking of AGS, an ATP analog,
was performed in different modeled structures and compared to its
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crystalline position in the X-ray structure of the E. coli GroEL homo-
logue. The AGS position closest to the experimental geometry was ob-
tained for the docking in the GroEL1 3D model generated using as a
template the Xanthomonas oryzae GroEL structure and features the
phosphate groups and magnesium forming interactions with D86 or
with the threonine triplet 88-90 (Fig. 8A). The Al tool AlphaFill [48],
which is using information of experimentally determined binding
pockets and ligands to identify and fill matching areas in predicted
protein structures, also supports a potential ATP binding pocket
86DGTTTIO0 in the M. tuberculosis GroEL1 AlphaFold model (P9WPE9
from Uniprot), referencing the PDB structure 1AON of the GroEL-GroES
complex in E. coli.

Palmitoyl-CoA was then docked in the ATP binding pocket of all
modeled structures. Docked positions were selected based on their
similarity to the position of AGS (Fig. 8A). In particular, the proximity of
the phosphate groups to D86 or the 88-90 threonine triplet as with AGS
was used as a criterion. On this basis, only the positions obtained from
the docking in the structure modeled with X. oryzae GroEL in the pres-
ence of magnesium were selected (Fig. 8B, C).

Analysis of the positions of the docked palmitoyl-CoA led to the se-
lection of several residues based on their proximity to the thioester and
phosphate groups, namely D86, T89, S150, D396, R152, S393, for their
mutation in the cpn60.1 gene in order to change the corresponding
residues into alanine. Kinetic of H/D exchanged analyzed by FTIR
showed that the tertiary structure of the purified mutant proteins
(Fig. S6A and B) was close to that of the WT protein, with no significant
change in global conformation (Fig. S6C).

The thioesterase activity of all mutant proteins was then tested with
palmitoyl-CoA as substrate. Only the thioesterase activities of the D86A,
T89A, R152A and S393A GroEL1 mutant proteins decreased signifi-
cantly compared to that of the GroEL1 WT protein (WT) (Fig. 9A). The
activity of the D86A GroEL1 was less than 20 % compared to the WT
GroEL1 activity. The T89A and the S393A mutant GroEL1 showed less
than 40 % and 50 % activity, respectively, compared to the WT protein
(Fig. 9A).

The mutations introduced in GroEL1 were mapped onto corre-
sponding residues in other GroEL/Hsp60/TCP-1 proteins using the full
MSA. MSA logos allow to assess residue conservation at pinpointed
positions, potentially highlighting functional implications of the six
substituted residues (Fig. 9B). These residues are all conserved between
human Hsp60 and M. tuberculosis GroEL2. The positions 116 and 119 in
the MSA representing GroEL1 D86 and T89, were highly conserved in
the ATP-binding site motif DGTTT. By contrast, GroEL1 R152 (at posi-
tion 201 in the MSA) and S393 (at position 526 in the MSA), which are
important for the GroEL1 thioesterase activity (Fig. 9A), were not
conserved (except S391 in TCP-1).
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Fig. 7. (A) Palmitoyl-CoA structure. (B) Dose-dependent inhibition of ATP on GroEL1 thioesterase activity. The activity was monitored by measuring the absorbance
at 412 nm for 30 min at 37 °C. The data were obtained from at least three independent experiments. ***p < 0.001.
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Fig. 8. (A) Palmitoyl-CoA docked in the ATP binding pocket of the GroEL model from Xanthomonas oryzae in the presence of magnesium. Details are shown in panels

B and C.
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Fig. 9. The thioesterase activity of the D86A, T89A, S150A, D396A, R152A, S393A GroEL1 mutant proteins in comparison to the WT GroEL1 thioesterase activity, in
the presence of palmitoyl-CoA. The activity was monitored by measuring the absorbance at 412 nm for 1 h at 37 °C. The mean from at least three independent
experiments was calculated and plotted along with the standard deviation. The data were analyzed by two-sample unpaired t-test: ***p < 0.001.

To elucidate the role of the C-terminal histidine-rich region
(HDHHHGHAH) of GroEL1 for its thioesterase activity, we studied the
activity of a recombinant M. tuberculosis GroEL1 devoid of its C-terminal
histidine-rich region (GroEL1AHis). This mutant protein showed similar
hydrolytic activities to the WT protein (Fig. S7). This region is thus not
important for the hydrolytic activities of GroEL1, as previously reported
for its ATPase activity [11].

3. Discussion

We showed that GroEL/Hsp60 proteins have esterase and thio-
esterase activities, with low oligomeric forms of mycobacterial GroEL1
and Hsp60 being able to use the long carbon chain substrate, palmitoyl-
CoA. Indeed, all tested recombinant group I chaperonins, have a higher
thioesterase activity on short acyl-CoA, except recombinant
M. tuberculosis GroEL1. Short acyl-CoA could better fit in a tetradeca-
meric group I chaperonin catalytic site. The low oligomeric group I
chaperonins, in contrast, could in turn relatively better interact with the
long palmitoyl-CoA because of their lower oligomeric states (for Hsp60
(3) and GroEL1). The low thioesterase activity of GroEL2 on palmitoyl-
CoA remains however challenging. GroEL1 exhibited thioesterase ac-
tivity with apparent kinetic parameters in the same range as for
M. tuberculosis TesA thioesterase activity (having a specific activity of
34.8 mU-mg ! for palmitoyl-CoA, an ®PV,,,, of (1.71 + 0.39) x 1078
M-s~!, an %PK,, of 57.44 + 9.5 pM for palmitoyl-CoA and a PPky for
palmitoyl-CoA of (3.42 + 0.78) x 1073 s_l) [37]. On the opposite,
GroEL1 showed a lower affinity for the 4-nitrophenolacetate esterase
substrate (*PPKm of 1,13 mM), with a 44-fold affinity reduction

compared to the palmitoyl-CoA thioesterase substrate (*?PKm of 25.95
+ 3.52 pM). The substrate used in the esterase activity assay are not
physiologically relevant. Identification of natural esterase substrates
(such as cholesterol esters and triacylglycerols) with high affinities for
the native proteins, in stress conditions, would be interesting to inves-
tigate in the future.

As GroEL was recently reported to have also p-galactosidase activity
on the ortho-nitrophenyl p-galactoside [49], the group I chaperonins
harbor various hydrolase activities.

We also observed in the mycobacterial chaperonins that acyl chains
released following these hydrolyses can be transferred, by auto-
acylation as PTM. Palmitoylation enhances protein hydrophobicity
and can contribute to protein membrane insertion and as such can
impact protein-protein interactions and protein-protein localization
[50]. It will be interesting in the future to assess whether the Hsp60
membrane localization frequently observed in cancer cells could be due
to auto-acyltransferase activity [51,52]. Although we could detect
GroEL1 auto-palmitoylation, in the absence of pan-palmitoyllysine an-
tibodies, we could not perform the classical PTM peptide enrichment
strategy and were unable, using MS tools, to identify the palmitoylated
residues. This could be due to the increased hydrophobicity of the PTM
protein.

Considering that GroEL1 is required for PDIM biosynthesis in path-
ogenic mycobacteria [12,31], that GroEL1 could eventually bind various
PKS proteins, among others the PpsE protein involved in the last step of
the phthiocerol biosynthesis required for PDIM biosynthesis and anti-
biotic resistance, we investigated therefore whether GroEL1 could
potentially facilitate the PpsE palmitoylation. Indeed, this could have an
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important impact on anchoring PpsE in the membrane. Palmitoylation
analysis suggested that the combined presence of GroEL1 with the 60
kDa C-terminal region of the PpsE protein, containing various domains
(PP, condensation, NRPS), improved the palmitoylation of the PpsE.
This could partially explain the role of GroEL1 in PDIM biosynthesis and
consequently also in vancomycin and rifampicin resistance [12]. Recent
studies have highlighted the importance of proper assembling and
translocation of lipids to the different layers of the mycobacterial cell
wall [53]. As such, GroEL1 could play a crucial role in stress condition,
by facilitating PpsE membrane anchorage through increased PpsE pal-
mitoylation, reducing the risk of cytoplasm phthiocerol aggregation
before transport through the cell membrane. GroEL/Hsp60 driven-PTM
on native mycobacterial proteins, especially PpsE, should be further
studied in the future.

The environment has a crucial influence on cellular mechanisms and
enzymatic activities are finely tuned. Unfortunately, by using purified
recombinant proteins, the regulation of these newly found GroEL1l
enzymatic activities could not be studied. It is also unclear if the
monomeric and oligomeric states are occurring for native proteins in the
cell. Therefore, working in a mycobacteria model would be a relevant
perspective to study GroEL1 thioesterase activity regulation in a native
environment.

Furthermore, we investigated possible binding modes of the adeny-
late moieties of the palmitoyl-CoA could fit in the ATP binding site of the
GroEL1. The ATP-binding pocket was shown conserved across group I
and group II chaperonins according to our MSA. Furthermore, we
observed that ATP can inhibit the GroEL1 thioesterase activity, possibly
by allosteric competition. Looking to the structure of palmitoyl-CoA we
hypothesized that this substrate of GroEL1 could even be twice hydro-
lyzed, once at the thioester bond, as observed in our thioesterase assay,
but also between the two phosphates, considering group I chaperonin
ATPase or phosphodiesterase activity. This would eventually provide for
three reaction products: adenosine 3',5- biphosphate, phosphopante-
theine (that could also be used for polyketide synthase, among other
PpsA-E proteins for building their operational acyl-carrier domain, ACP,
required for PDIM biosynthesis) and the acyl-chain, used for PTM. This
was studied in more detail based on docking calculations, carried out on
a GroEL1 model, constructed using the X. oryzae GroEL structure, as
template. Among the six residues selected because of potential
involvement in GroEL1 enzymatic function, three residues, D86, T89
and S393, were identified as key players. Residues D86 and T89 are
positioned in the main ATP-binding motif and may play a role in
anchoring palmitoyl-CoA, which has an ATP-analog part. The mutation
of these residues may have interrupted this favorable interaction,
leading to a thioesterase activity decrease. Further catalytic site pre-
diction is limited because conformation changes after ATP or substrate
interaction could take place, as previously observed for various thio-
esterase enzymes [54]. Oligomeric assembly regulation by ATP binding
was thus previously observed for GroEL proteins but also for some
hotdog-fold thioesterases [54,55]. Indeed, in the E. coli GroEL-GroES
but also in the human Hsp60-Hspl0 complexes, ATP binding induce
tetradecamer complex conformational changes in order to switch from a
substrate binding state to a substrate folding activity [56]. It is worth
mentioning that although D86 and T89 amino acid residues are probably
in the ATP-binding pocket of GroEL1, GroEL1 has almost undetectable
ATPase activity, which therefore impedes mutant ATPase activity
analysis. Interestingly, S393, which we have shown to be involved in the
GroEL1 thioesterase activity and is localized in the “central” a-helix,
intermediate domain, of the GroEL1 model, was previously reported to
be involved in conformational change through phosphorylation [19]. It
is rarely present in other sequences (such as in TCP-1), highlighting the
uniqueness of GroEL1's low oligomeric form. The fact that residue D396
in GroEL1 (D398 in GroEL) corresponds to a residue only involved in the
activity of E. coli GroEL ATPase, not in ATP binding [57] could explain
why the mutation of this highly conserved residue did not influence
GroEL1 thioesterase activity. For residues 150 and 152, no functional
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relevance could be inferred. Although this study focused on residues
potentially involved in GroEL1 thioesterase catalytic sites according to
GroEL1 model and docking prediction, further investigations are war-
ranted, especially on position E461 as it could be involved in coopera-
tivity between ATP binding and hydrolysis [58]. The residues
potentially relevant for GroEL protein oligomer stability (A2, E76,
A109) [17,58-60] could also be further investigated to assess whether
they could provide an explanation for activity difference between
GroEL1 and GroEL2 in M. tuberculosis.

Strikingly, several typical serine protease inhibitors (tetrahydrolip-
statin, phenylmethylsulfonyl fluoride (PMSF), methoxy arachidonyl
fluorophosphonate (MAFP)), similarly inhibited (around 50 %) GroEL1
thioesterase activity as the S393A GroEL1 mutation (data not shown).
This was also previously observed for M. tuberculosis TesA using serine
protease inhibitors [37]. As half-of-site activity has been reported for
various thioesterases [54], it is tempting to hypothesize that the
maximum 50 % inhibition obtained by targeting a catalytic serine could
be linked to a half-of-site reactivity. Inhibitors targeting other amino
acid functions can be explored in the future.

According to our study, GroEL1 could be a new type of thioesterase.
Based on the catalytic mechanisms but also on the primary and tertiary
structures of multiple thioesterases, various thioesterase classification
attempts have been obtained [61]. The group I chaperonins do not fit
into any of these families. However, as other thioesterases, we hypoth-
esize that the various acyl-CoA substrates could first interact with some
residues, in that case, the GroEL ATP-binding pocket (DGTTT), thereby
initiating conformational change favoring the hydrolytic thioesterase
activity.

This could have an important impact for anti-cancer or anti-
tuberculosis drug developments. Indeed, various studies targeting
M. tuberculosis GroEL1 and 2, aiming at treating tuberculosis, but also
human mitochondrial Hsp60, to treat cancer and some autoimmune
diseases [62,63], were confronted to the cytotoxicity of their inhibitors,
since they always targeted the classical, ubiquitous, folding or ATPase
activity of those proteins. Instead, we propose to develop selective in-
hibitors of specific enzymatic activities only relevant for low oligomeric
group I chaperonins (i.e. thioesterase activity with palmitoyl-CoA),
without disrupting the ATPase activity. Although it is challenging to
investigate the mechanism of low oligomeric group I chaperonin activ-
ity, we can hypothesize that the formation of the tetradecameric cage
and steric hindrance could prevent palmitoyl-CoA to reach the thio-
esterase catalytic site of the high oligomeric forms.

4. Conclusion

PTMs are reversible and modulate protein interactions, stability,
localizations and activities. We show here for the first time that GroEL/
Hsp60 proteins have thioesterase activities. Focusing on M. tuberculosis
GroEL1, we showed that it can drive PTM due to its hydrolytic activities,
including thioesterase and esterase activities, and its (auto)-acyl-
transferase activity. In addition, using palmitoyl-CoA, GroEL1 was able
to increase palmitoylation of the PpsE protein involved in M. tuberculosis
cell wall biosynthesis and innate drug resistance. It will be important to
assess the role of these new activities in the context of their main
function to assist protein folding as well as in their moonlighting actions
that could involve PTM and change in protein localization.

5. Material and methods
5.1. M. bovis BCG strains and growth condition

Wild type M. bovis BCG (WT) and M. bovis BCG Acpn60.1 (or
Cpn60.1/GroEL1 knockout, KO) strain precultures were performed in
Middlebrook 7H9 medium (BD Difco) containing 10 % (v/v) albumin-
dextrose complex (ADC) and 0.05 % (v/v) Tween-80 (or 0.2 % glyc-
erol) at 37 °C?2. The 7H9 precultures were used to launch potato (fresh
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uncooked French fries) precultures floating in 3.5 %/6 % (v/v), Sauton's
medium. Sauton's medium contains 4.0 g asparagine, 2.0 g citric acid,
0.5 g KoHPOy, 0.5 g MgSOy, 0.05 g ferric ammonium citrate, 1.435 mg
ZnS0O4e7H,0, 60 mL/35 mL glycerol in 1 L, adjusted to pH 7.2 with 2 M
NaOH. Colonies from the potato precultures were loaded on the inter-
face air/liquid on 3.5 %/6 % Sauton's medium and incubated at 37 °C for
25 days for pellicle formation [41].

5.2. Plasmid constructions

pMtGroEL1, pMtGroEL1 A\ His and pMtGroEL2 plasmids were previ-
ously obtained by cloning into the modified pET-15b vector [18]. This
modified vector includes a cleavage site for the rhinovirus 3C protease
after the 5xHis-tag sequence [18]. Coding sequences for the E. coli
GroEL and the human Hsp60 were amplified by polymerase chain re-
action (PCR) and inserted in the modified pET-15b vector using the
restriction sites Ndel and/or Xhol to obtain the pMtGroEL and pMtHsp60
plasmids, respectively. The primers used are shown in supplementary
data (Table S1). All the plasmid constructions were verified by
sequencing.

5.3. Construction of pMtGroEL1 mutated plasmids

The oligonucleotide primers designed to insert individual mutations
in the ¢pn60.1 sequence using QuikChange Lightning Site-Directed
Mutagenesis Kit (Agilent) are shown in supplementary data
(Table S2). Mutagenized pMtGroEL1 plasmid sequences were amplified
by PCR, before Dpn I digestion to remove parental plasmid DNA. After
digestions and bacterial transformation, plasmids were sequenced to
identify pMtGroEL1-D86A, pMtGroEL1-T88A, pMtGroEL1-S150A,
PMtGroEL1-R152A, pMtGroEL1-S393A and pMtGroEL1-D396A trans-
formed colonies.

5.4. pMtPpsE plasmid construction

Two carboxyl terminus PpsE sequences, encoding either the phos-
phopantetheine (PP)-binding domain combined with the condensation
domain or the condensation and the non-ribosomal peptide synthetase
(NRPS) domains, were cloned by PCR using primer PP, COND, NRPS
(Table S3) in the modified pET-15b vector. This allowed us to obtain the
pMtPpsE(PP-COND) and the pMtPpsE(COND-NRPS) plasmids, respec-
tively. As the pMtPpsE(COND-NRPS) was devoid of the 129 bp encoding
for the last 42 amino acid residues, an additional plasmid was obtained
(pMtPpsE-end) by PCR, by cloning the last 129 bp of the ppsE gene
sequence into the pMtPpsE(COND-NRPS), using primer END (Table S3).
The pMtPpsE-end plasmid allows to produce the C-terminal end of the
PpsE protein with the condensation and NRPS domains. Finally, a new
plasmid was constructed by insertion of the PpsE C-terminus region
(about 900 bp) into the pMtPpsE(COND-NRPS), allowing to obtain the
pMtPpsE-C plasmid used to produce the last 555 amino acid residues of
PpsE. The PpsE gene sequences were verified by sequencing.

5.5. Production and purification of recombinant proteins

The E. coli strain BL21(DE3) transformed with either the pMtGroEL,
the wild-type or mutated pMtGroEL1, the pMtGroEL2 or the pMtHsp60
plasmid were used for overproduction of recombinant proteins. The
bacteria were grown in Lennox broth (LB) medium (Carl Roth Gmbh,
Karlsruhe, Germany) with or without 100 pg/mL ampicillin. Gene
expression was induced by addition of 1 mM isopropyl p-D-1-thiogalac-
topyranoside (IPTG) when the optical density of the bacteria cultures
reached 0.4-0.6 at 600 nm. Bacteria cultures were further incubated 20
h at 18 °C for GroEL1 production or at 30 °C for GroEL2 and Hsp60
production, or at 37 °C for GroEL production. Bacteria were harvested
by centrifugation at 4000g at 4 °C and resuspended in a lysis buffer (20
mM HEPES, 300 mM NaCl, 10 mM imidazole, pH 8.0, EDTA-free
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protease inhibitor cocktail from Carl Roth Gmbh, 20 mM MgSO4 and
10 pg/mL DNase from Sigma). The suspension was homogenized in a
Potter-Elvehjem homogenizer before lysis of the bacteria by three pas-
sages through an Emulsiflex-C3 (Avestin). The bacterial lysates were
centrifuged 40 min at 30,000g at 4 °C. The supernatant was loaded on a
1 mL Ni-NTA agarose column (Thermo Scientific) and incubated under
gentle agitation during 1 h at 4 °C. The column was washed for the first
time with 20 mM HEPES, 300 mM NaCl and 10 mM imidazole (pH 8.0),
for the second wash with 20 mM HEPES, 300 mM NaCl and 40 mM
imidazole (pH 8.0), before protein elution with 20 mM HEPES, 300 mM
NaCl and 250 mM imidazole (pH 8.0). Imidazole was removed from the
protein solutions by exchange with 20 mM HEPES, 150 mM NaCl (pH
7.5) using PD-10 desalting columns (Cytiva). To remove the His-tag of
the proteins, HRV-3C protease (protein/enzyme mass ratio of 75:1) was
added for a 4 °C overnight incubation. Proteins were further purified by
size exclusion chromatography (SEC) using a Superdex 200 10/300 GL
analytical column connected to an AKTA purifier system (Cytiva). The
protein concentrations were determined by measuring the absorbance at
280 nm using the calculated extinction coefficients of 16,960 M~! cm™!
for GroEL1, 15,930 M~! em™! for GroEL2, 10,430 M~* cm ™! for GroEL
and 15,930 M~ ecm™! for Hsp60. The recombinant proteins were veri-
fied by SDS-PAGE and mass spectrometry for purity (always above 93 %,
sometimes reaching 99 %) and integrity, respectively (for details see
open access data on Zenodo DOIL https://doi.org/10.5281/zenodo
.13355298). Recombinant proteins were flash-frozen in liquid nitro-
gen and stored at —80 °C for further experiments. Recombinant TesA
protein was similarly produced and purified as previously described
[37].

5.6. Native-PAGE (native polyacrylamide gel electrophoresis)

Native-PAGE was performed at a constant current of 20 mA/gel
using Mini-PROTEAN® TGX™ precast 4-15 % gels (Bio-Rad, USA)
under native conditions. Molecular weight estimation of proteins sepa-
rated on the native-polyacrylamide gels was realized using Native-
Mark™ Unstained Protein Standard (Invitrogen).

5.7. Thioesterase activity assays

Thioesterase activity assays were performed in 96-well plates and the
thiol group enzymatic production was highlighted using the 5,5-
dithiobis(2-nitrobenzoic) acid (DTNB) able to yield a DTNB-derived
yellow product [64,65]. Acetyl-CoA, propionyl-CoA, decanoyl-CoA
and palmitoyl-CoA were used as substrates. The reaction medium con-
tained 100 mM sodium phosphate (pH 7.2), 2 mM DTNB, 10 uM proteins
and increasing substrate concentrations in a final volume of 200 pL. The
thioesterase activity was monitored spectrophotometrically (Tecan)
over time at 412 nm. The activity was described in international units
(U), corresponding to 1 pmol/min released TNB2". Here, it was first
calculated for one mL (unit/mL) taking the dilution factor (df) at each
time point in min. (t), the extinction factor €412 = 14,150 M! cm’l, the
absorbance (A) at 412 nm, the used volume of enzyme (V. in mL) and the
volume of reaction (0.2 mL) in consideration, using the formula:

AAgrp _ AAgyy,
12mm Test — =412 Blank

€412nm X Ve

Enzyme activity = x Vxdf

Then, the specific activity (SA) was calculated in unit/mg enzyme,
knowing the concentration of the enzyme (mg/mL). Curve fitting and
evaluation of apparent K, and apparent Vy,x [66] were done using
OriginPro 8.0 enzyme kinetics program [37]. Each plot is representative
of at least three different experiments.

5.8. Esterase activity assays

The esterase activity assays were performed according to Nguyen
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et al. [42]. Enzymatic reactions were carried out over a period of 60 min
in a 96-well plate in 100 mM sodium phosphate (pH 7.6) with 10 pM
proteins and various substrate concentrations. The 4-nitrophenyl acetate
(4-NPA), 4-nitrophenyl butyrate (4-NPB) and 4- nitrophenyl palmitate
(4-NPP) were used as substrates. The absorbance was measured at 410
nm (spectrophotometer, Bio-Tex) every 30 s for 60 min at 37 °C. Each
plot is representative of three different experiments.

5.9. Thermal stability assay

The SYPRO orange dye (Invitrogen) was used to monitor protein
unfolding during heating. The thermal shift assay was conducted in 96-
well plate using the CFX96™ real-time system (Bio-Rad, USA) under
different conditions. Five pM GroEL1 and SYPRO orange dye (2000
times dilution of the commercial stock) were present in all reactions in
the presence of 150 mM NaCl and 20 mM HEPES buffer (pH 7.5). The
samples were heated from 10 °C to 95 °C with a heating rate of 1 °C/min.
The fluorescence intensity was recorded at Ex/Em = 465/510 nm. The
data were obtained from the Bio-Rad Precision Melt Analysis software
1.0. Plots of dF/dT (fluorescence intensity difference, dF, in function of
temperature difference, dT) were obtained using the OriginPro 8
software.

5.10. Structural modelling of GroEL1

To perform docking calculation several models of GroEL1 structures
were generated by comparative modelling with Modeller 9v4 [67]. First
a BLAST search performed on the Protein Data Bank (PDB) sequences
identified several proteins as potential templates, notably GroEL2 from
M. tuberculosis (PDB ID: 3rtk) and GroEL from Xanthomonas oryzae (PDB
ID: 6kvf) and from E. coli, the latter in complex either with an ATP
analogue (PDB ID: 1sx3) or with GroES (PDB ID: 1pcq). Sequence
alignments were carried out with ClustalW [68]. A model built by
AlphaFold2 [69] was also used.

5.11. Docking calculations

The structures were prepared with the Protein Preparation Wizard
workflow implemented in the Schrodinger package [70]. The initial 3D
structures of the ligands were generated using the Ligprep module
(Schrodinger, LLC, New York, NY, USA, 2018).

In the present work, the binding region in the monomer was defined
by a box centered on a pocket delimited after superposition of a GroEL
E. coli X-ray structure determined with phosphothiophosphoric acid-
adenylate ester (AGS), an ATP analog (PDB ID: 1sx3) on the modeled
structure. Docking was performed using the Glide XP docking protocol
and scoring function which approximates a systematic search of posi-
tions, orientations, and conformations of the ligand in the receptor
binding site using a series of hierarchical filters. The default settings of
Glide were used.

5.12. Phylogenetic tree building

53.000 sequences of chaperonins GroEL and TCP1 were retrieved
from Uniprot [71]. This dataset was filtered first for the most scientifi-
cally relevant bacterial and archaea genera, as well as Eumetazoa. A
sequence-based data reduction was performed using the software CD-Hit
[72] with an 80 % sequence similarity criterion. The resulting dataset
encompassed 698 sequences. These sequences were aligned using the
novel pipeline SIMSApiper [73], which uses protein structure models to
overcome the high sequence divergence in the dataset. IQ-Tree2 [74]
was used to calculate an unrooted phylogenetic tree from this MSA with
ModelFinder [75] and 10.000 ultra-fast bootstrap replicates [76]. The
root was placed between the cluster of archaeal and bacterial sequences.
The resulting tree was visualized using TreeViewer [77].
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5.13. Contextualization of GroEL1 mutations

Residues with functional implications on GroEL function in E. coli
(POAG6F5) and M. tuberculosis (PO9WPE9) were collected from Uniprot.
These residues were mapped onto the multiple sequence alignment
(MSA) and visualized as sequence logos [78]. Each sequence logo pro-
vides information of the consensus sequence at the position, allowing to
better visualize sequence conservation across GroEL/Hsp60 and TCP-1
proteins and to infer possible functional implications of these residues.

5.14. Recombinant GroEL1 auto-acylation characterization

The potential acylation of recombinant GroEL1 was investigated by
mass spectrometry. Briefly, 10 pM GroEL1 in esterase reaction or 89 pM
GroEL1l in thioesterase reaction were incubated with 2 mM 4-NPA or 4-
NPB substrate or with 1 mM propionyl-CoA in 100 mM sodium phos-
phate pH 7.6 and the reaction mixture was incubated at 37 °C for 1 h.

After the esterase enzymatic reaction, the buffer was exchanged for
75 mM NaCl and 10 mM HEPES pH 7.5 using a Vivaspin 6 ultrafiltration
spin column (10,000 MWCO). The intact mass of the proteins was
determined by mass spectrometry. After digestion with trypsin/Lys-C or
EndoGlu-C endoproteases (sequencing grade, Promega) in an enzyme/
protein mass ratio of 50:1, the modified peptides were analyzed by
tandem mass spectrometry (MS/MS).

After the thioesterase reaction, an additional step for product
enrichment was performed by immunoprecipitation directly.

5.15. Peptide immunoprecipitation with antibody conjugated agarose
beads

The digestion of native or recombinant GroEL1 proteins was carried
out by addition of trypsin. First, 1 mg dry tryptic peptides was dissolved
in 100 pL IP buffer (100 mM NaCl, 1 mM EDTA, 20 mM Tris-HCl, 0.5 %
NP-40, pH 8.0) and insoluble proteins were discarded by centrifugation
at 12,000 xg for 10 min at 4 °C. The supernatant was then incubated
overnight under gentle rotation at 4 °C with 20 pL of anti-
propionyllysine antibody conjugated agarose beads (PTM BIO), previ-
ously washed with 0.5 mL of ice-cold PBS. Afterwards, antibody con-
jugated beads were collected by centrifugation at 500 xg for 30 s and
washed first by adding 0.5 mL wash buffer I (100 mM NaCl, 1 mM EDTA,
20 mM Tris-HCl, 0.5 %, v/v, NP-40, pH 8.0), followed by adding 0.5 mL
wash buffer II (100 mM NaCl, 1 mM EDTA, 20 mM Tris-HCI, pH 8.0) and
finally using 0.5 mL Milli-Q water. The bound peptides were eluted with
100 pL of elution buffer (0.1 %, v/v, trifluoroacetic acid) and dried for
mass spectrometry analysis.

5.16. Analysis of GroEL1 protein PTM by LC-MS/MS

After reduction and alkylation, GroEL1 was digested with trypsin at a
ratio of 1:25 (enzyme: substrate) and incubated overnight at 37 °C.
Trypsin digestion was then stopped with 1 ml 5 % (v/v) formic acid.
Tryptic peptides were analyzed on an ultra-high-performance liquid
chromatography-high-resolution tandem mass spectroscopy (UHPLC-
HRMS/MS) system (Eksigent nanoLC 425 - AB SCIEX TripleTOF™
6600-+). Tryptic peptides (2 pL) were separated in a 15 cm C18 column
(Triart C18, 3 pm, YMC) using a linear acetonitrile (ACN) gradient
[5-35 % (v/v), in 75 min] in water containing 0.1 % (v/v) formic acid at
a flow rate of 5 pL/min.

Mass spectra (MS) were acquired over the range of 400-2000 m/z in
high-sensitivity mode (resolution >30,000), with a 250 msec accumu-
lation time. The instrument was operated in DDA (data dependent
acquisition) mode, and MS/MS spectra were acquired over the range of
100-2000 m/z. The precursor selection parameters were as follows:
intensity threshold, 100 cps; maximum precursors per cycle, 30; accu-
mulation time, 50 msec; and exclusion time after two spectra, 4 s. These
parameters lead to a duty cycle of 1.7 s per cycle to ensure that high
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quality extracted ion chromatograms (XICs) were obtained for peptide
characterization. ProteinPilot Software (v5.0.1 — ABSciex, United States)
was used to perform database searches against the GroEL1 sequence.
The search parameters included propionylation pre-digestion as special
factor, all biological modifications, missed trypsin cleavage sites. All
identification with a coverage of 99 % (95 % confidence), a mass ac-
curate score below than 20 ppm and a clear MS/MS spectrum were
considered.

5.17. GroEL1 and PpsE-C (auto-)palmitoylation characterization

Thioesterase reactions (20 pL) containing 100 mM sodium phosphate
(pH 7.2), 10 uM recombinant mycobacterial proteins and 100 pM fluo-
rescent related palmitoyl-CoA, the 16-NBD-16:0, (N-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)-methyl]amino) palmitoyl Coenzyme A (Avanti),
were incubated at 37 °C for 1 h. Afterwards, samples were diluted and
inactivated for 4-15 % native-PAGE followed by fluorescence analysis
(ChemiDoc XRS+, Bio-Rad). The most intensive fluorescent bands were
cut from the gels and put in trypsin digestion reactions as described
above. The tryptic peptides were analyzed by LC-MSMS, as described
above. The relative abundance of GroEL1 or PpsE were analyzed using
the ProteinPilot software based on the intensity of identified peptides.

5.18. Production and purification of native M. bovis BCG GroEL1

M. bovis BCG biofilm cultures were grown on zinc deficient Sauton's
medium containing 6 % (v/v) glycerol to obtain large amounts of
secreted proteins [79]. The culture medium was clarified by filtration
through a filter unit of 0.22 pm porosity (Millipore) and concentrated
using a Pellicon filter unit equipped with membranes of 30 kDa cut off.
To obtain the native GroEL1 having a natural His rich C-terminal region,
the retained compounds from the Pellicon filtration were loaded on a Ni-
NTA agarose column (Thermo Scientific) for further purification as
described above.

5.19. Fourier transform infrared spectroscopy (FTIR)

ATR _FTIR spectra were recorded on a Bruker Equinox 55 spectro-
photometer equipped with a MCT detector at a resolution of 2 cm ™. The
spectra were obtained in the ATR mode by using a Golden Gate™ ATR
accessory (Specac, Orpington, United Kingdom) with an integrated total
reflection element composed of a single diamond. The angle of incidence
was 45°. The spectrophotometer was continuously purged with dry air
and measurements were carried out at 21 °C. Thin protein films were
obtained by slowly evaporating samples under a stream of nitrogen. For
hydrogen/deuterium exchange, the sample was flushed with D20 satu-
rated No. We recorded 64 scans every minute for 2 h and averaged each
time point results for kinetic measurements. Data were processed using
the Kinetics program developed by Dr. Erik Goormaghtigh [80] in
MatLab R2007a.

5.20. Statistical analysis

Figures were prepared using OriginPro 8. Unpaired t-test statistical
analysis was performed using OriginPro 8 software unless otherwise
stated. A p value <0.05 was considered statistically significant. Experi-
mental results are shown from pooled data of at least three independent
experiments.
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