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SUMMARY
Effective treatment of tuberculosis is frequently hindered by the emerging antimicrobial resistance of
Mycobacterium tuberculosis. The present study evaluates monocyclic b-lactam compounds targeting the
mycobacterial cell wall remodeling. Novel N-thio-b-lactams were designed, synthesized, and characterized
on the L,D-transpeptidase-2, a validated target in M. tuberculosis. The candidates were evaluated in
biochemical assays identifying five compounds presenting target-specific kinetic constants equal or supe-
rior to meropenem, a carbapenem currently considered for tuberculosis therapy. Mass spectrometry in
line with the crystal structures of five target-ligand complexes revealed that the N-thio-b-lactams act via
an unconventional mode of adduct formation, transferring the thio-residues from the lactam ring to the
active-site cysteine of LdtMt2. The resulting stable adducts lead to a long-term inactivation of the target
protein. Finally, the candidates were evaluated in vitro against a drug-susceptible and multidrug-resistant
clinical isolates of M. tuberculosis, confirming the antimycobacterial effect of these novel compounds.
INTRODUCTION

b-Lactams are a well-known class of antibacterial agents char-

acterized by the crucial structural scaffold of the four-

membered azetidin-2-one ring. Along with bicyclic b-lactams

such as penicillins, cephalosporins, and the later developed

carbapenems, the discovery of some monocyclic molecules

in the early 1980s, known as nocardicines and aztreonam,

served the first evidence that the bicyclic structure was not

essential to gain antibacterial activity (Figure 1A) (Cimarusti

and Sykes, 1984). b-Lactam antibiotics are still the main class

of agents used today to treat bacterial infections, and a plethora

of monocyclic b-lactams available today exhibit potent antimi-

crobial effects and diverse biological activities (Galletti and

Giacomini, 2011; Decuyper et al., 2018). The emergence of

antibiotic resistance, however, presents one of the greatest

challenges today in the management of infectious diseases. A

number of human pathogens including Mycobacterium tuber-

culosis, the causative agent of tuberculosis (TB), presents a

serious problem with the increased occurrence of antimicrobial

resistance and with the emergence of multidrug-resistant

(MDR) infections observed in the clinic. Consequently, the

World Health Organization considers the development of novel
Cell Chemical Biology 28, 1321–1332, Septem
This is an open access article und
and effective antibiotics against MDR M. tuberculosis a high-

priority issue (Tacconelli et al., 2018; Tacconelli and Pezzani,

2019; European Center for Disease Prevention and Con-

trol, 2018).

The mycobacterial cell envelope is more complex than the cell

wall of Gram-positive or Gram-negative bacteria and is an estab-

lished target for antibiotics including specific antitubercular

agents which act by interfering with cell wall stability and main-

tenance. This multilayered structure is in part responsible for

the increased stress tolerance and for the relatively low perme-

ability to antibiotics, a characteristic of M. tuberculosis (Dul-

berger et al., 2020; Jankute et al., 2015). In addition to this

protective barrier the expression of efflux pumps, b-lactamases

(BLA), and modified peptidoglycan structure contribute to

the increased antibiotic tolerance of this pathogen (Wivagg

et al., 2014).

In the mycobacterial cell wall the peptidoglycan layer is

situated at the innermost position, forms the foundation of the

complex multilayered structure, and is responsible for the me-

chanical and osmotic stability (Dulberger et al., 2020, Wivagg

et al., 2014; Vollmer et al., 2008). Peptidoglycan (PG) is a com-

plex polymer (Figure 1B) built by carbohydrate (glycan) chains

of alternating N-acetylglycosamine and N-acetylmuramic acid
ber 16, 2021 ª 2021 The Authors. Published by Elsevier Ltd. 1321
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Figure 1. ß-Lactam antibiotics and N-thio-

ß-lactams

(A) b-Lactam antibiotics representing the main

classes.

(B) Schematic structure of the cell wall peptido-

glycan indicating the 3,4-peptide crosslinks formed

by D,D-transpeptidases and the 3,3-peptide

crosslinks dominating in M. tuberculosis cell wall,

formed by L,D-transpeptidases. NAG, N-acetylgly-

cosamine; NAM, N-acetylmuramic acid.

(C) Synthesis of monocyclic b-lactams selected for

this study. Reagents and conditions: (a) R0S-SR,
SO2Cl2, TEA, CH2Cl2, 0

�C, then reflux, 4 h; yields of
isolated compounds after flash chromatography

are reported in parentheses in (D).

(D) N-Thio-b-lactams produced for this study.
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units and short tetra- or pentapeptide stems attached to the

N-acetylmuramic acid moieties that form crosslinks with adja-

cent peptides. The polymer character of PG and consequent

cell wall stability are reliant on the integrity and density of these

peptide crosslinks (Vollmer et al., 2008). The unique features of

the M. tuberculosis PG are the N-glycolylmuramic acid building

blocks in the glycan chains and the unusual peptide crosslinks.

The sequence of the tetrapeptide stems is the conventional

found in most eubacteria (Figure 1B); however, the carboxylates

in D-Glu andmeso-Dap residues are amidated and the crosslink-

ing pattern is distinctive. The conventional peptide crosslinks in

most eubacteria are the Dap-Ala, so-called 3,4 crosslinks;

M. tuberculosis peptidoglycan instead contains a high density

(up to 80%) of Dap-Dap crosslinks (so-called 3,3 crosslinks, Fig-

ure 1B). This crosslinking pattern is dominant in the intra-macro-

phage state, suggesting its importance for intra-host survival

and infectivity of the pathogen (Jankute et al., 2015; Maitra

et al., 2019; Kumar et al., 2012; Lavollay et al., 2008). These

3,3 crosslinks are produced by the L,D-transpeptidases (Fig-

ure S1) that are not related to the D,D-transpeptidases, the clas-

sical penicillin-binding proteins, which produce the conventional
1322 Cell Chemical Biology 28, 1321–1332, September 16, 2021
3,4 linkages (Vollmer et al., 2008;Mainardi

et al., 2005). Five L,D-transpeptidases

(Ldt) are found in the M. tuberculosis

H37Rv genome, and among them LdtMt2

(Rv2518c) exhibits the highest expression

level and was shown to be essential for

infectivity in the mouse model of TB

(Gupta et al., 2010). LdtMt2 is a validated

target based on studies ranging from

genetics, biochemistry, and infection

models consistent with the observed phe-

notypes of the LdtMt2 knockout strains

(Gupta et al., 2010; Schoonmaker et al.,

2014; Sanders et al., 2014). Chemical vali-

dation relies on the fact that LdtMt2 is the

target of meropenem, being the reason

for meropenem sensitivity (Wivagg et al.,

2016). The remarkable bactericidal effect

of the meropenem-clavulanate (a BLA in-

hibitor) combination was observed on

dormant mycobacteria and drug-resis-

tant strains, and in the mouse TB model
(Xiong et al., 2013; England et al., 2012; Dauby et al., 2011).

Moreover, the combination was successfully used in the clinical

treatment of extensively drug-resistant tuberculosis (De Lorenzo

et al., 2013; Payen et al., 2012). These collective facts bring

LdtMt2 and b-lactam antibiotics in focus for future TB therapy.

The covalent adduct formation between the active-site cysteine

of LdtMt2 and b-lactam type antibiotics (penam, penem, and

carbapenem class, Figure 1A) was shown by us and by others

(Cordillot et al., 2013; Steiner et al., 2017; Kumar et al., 2017; Ian-

nazzo et al., 2016; Wang et al., 2020), and it was established that

the penem-type b-lactam, faropenem, is the most effective on

LdtMt2 as target (Steiner et al., 2017).

Faropenem was the most successful b-lactam even in the

absence of clavulanate in killing M. tuberculosis in in vitro cul-

tures and inside macrophages (Dhar et al., 2015). Mass spec-

trometry and structural and biochemical analysis shed light on

the mechanism of faropenem action on LdtMt2. Following the

nucleophilic attack by the active-site cysteine on the lactam

ring of faropenem, the primary adduct decomposes, leaving a

small 86-Da fragment of the antibiotic (285 Da) attached to

the cysteine in the active site, thus locking the enzyme in a
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non-reactive, dead-end complex (Steiner et al., 2017; Kumar

et al., 2017). The detailed mechanism of adduct evolution was

described recently (Lohans et al., 2018, 2019); additionally it

was revealed that faropenem follows a classical mechanism

without decomposition after acyl-enzyme adduct formation

when targeting the D,D-transpeptidase PBP3 (Lu et al., 2020).

These recent achievements suggest that the inhibition of pepti-

doglycan biosynthesis by b-lactam antibiotics following the far-

openem-type mechanism of action holds a potential for future

TB therapy with LdtMt2 as the target in focus (Wivagg et al.,

2014; Steiner et al., 2017; Kumar et al., 2017; Dhar et al., 2015;

Tiberi et al., 2019).

Turos and co-workers reported the synthesis and biological

evaluation of monocyclic b-lactams with an alkylthio group on

the lactam nitrogen atomwith antibacterial activity againstBacil-

lus and Staphylococcus species (Turos et al., 2000, 2002). The

presence of an N-methylthio group was essential for activity

against methicillin-resistant Staphylococcus aureus strains iso-

lated from pediatric patients with cystic fibrosis (Galletti et al.,

2011; Cervellati et al., 2013; Giacomini et al., 2017a; Martelli

and Giacomini, 2018). M. tuberculosis was moderately affected

by theseN-thio-b-lactams, or even by compoundswith the sulfur

linked on the C-4 position of the b-lactam ring (Bhattacharya and

Turos, 2012; Majewski et al., 2016; Kostova et al., 2011). Con-

cerning the mechanism of the antibacterial activity, it was

proposed that the bacteriostatic effect of N-thio-lactams is

mediated by different mechanism than that of the classical

b-lactams (Revell et al., 2007).

A series of monocyclic b-lactams (Figures 1C and 1D) were

designed, synthesized, and evaluated in this study against

LdtMt2 as the target from M. tuberculosis. These novel

N-thio-b-lactams were found to form covalent adducts at the

LdtMt2 active site. Kinetic studies following the rate of adduct

formation were used to identify the most effective compounds

and confirmed the high stability of the modified state of the

target protein. Data from mass spectrometry and X-ray crys-

tallography consistently point at the formation of a mixed

disulfide adduct at Cys354. Selected compounds were finally

evaluated on M. tuberculosis in vitro to demonstrate their anti-

mycobacterial activity on drug-susceptible and MDR clinical

isolates.

RESULTS AND DISCUSSION

Design and synthesis of N-thio-substituted monocyclic
b-lactam compounds
Faropenem, the most effective b-lactam-type inhibitor of LdtMt2

to date, forms a small covalent adduct at the active-site cysteine,

thus suggesting that other b-lactam compounds following a

similar mechanism or leading to the formation of small adducts

may be useful candidates against this target. A series of 12

N-alkylthio- andN-arylthio-azetidinoneswere designed and syn-

thesized for this study (Figures 1C and 1D). With respect to an

already reported procedure (Galletti et al., 2011), a new variant

of the N-thiolation procedure was studied and applied here for

the synthesis of the compounds. The optimized procedure

made use of the selected disulfide in the presence of sulfuryl

chloride and triethylamine (TEA) in dichloromethane (Figure 1C)

(Giacomini et al., 2017b). Themilder reaction conditions afforded
crudes that are purified by flash chromatography, as already re-

ported for the synthesis of compounds 1a and 2a. Employing the

same methodology, starting from the commercially available

compounds 1 and 2, the uncharacterized b-lactams 1b to 1g

and 2b to 2e were obtained with a purity >95% and fully charac-

terized (see STAR Methods and Data S1).

Covalent adduct formation at the LdtMt2 active site
To evaluate the panel of monocyclic compounds on the

M. tuberculosis LdtMt2 as target and to identify the compounds

leading to the formation of a stable covalent adduct at the active

site, we employed the spectrophotometric dithio-nitrobenzoate

(DTNB)-based assay (Figure 2A). The two-domain protein

construct (BC module) derived from LdtMt2 contains a single

cysteine residue, the active-site Cys354, which forms covalent

adducts with b-lactam compounds. The structure of the this

two-domain fragment (BC module) comprising an immunoglob-

ulin-like domain (B) and the catalytic domain (C) does not show

significant differences when compared with the complete peri-

plasmic fragment of the enzyme comprising three domains

(A, B, and C). The superposition of the BC module from the

full-length protein including the residue range 55–408 (PDB:

3VYN; Li et al., 2013) and the isolated BC module gives Ca

root-mean-square deviation of 0.79 Å; moreover, the active-

site residues are in the same position and adapt the same

conformation (Figure S1). Adduct formation by the active-site

cysteine residue as a consequence of b-lactam exposure hin-

ders the DTNB-dependent thiol derivatization and hence the

concomitant stoichiometric thionitrobenzoate (TNB; Amax at

412 nm) release (Figure 2A). Meropenem, which forms a well

characterized and stable adduct (Steiner et al., 2017; Kim

et al., 2013), was used as a positive control while the protein

with no compound exposure was used as negative control

(Figure 2B).

The DTNB-based assay was employed to test the set of 12

monobactams at a single concentration (1.0 mM) to detect

the adduct formation ability at the active site of the target pro-

tein. Higher spectrophotometric signals for 2a, 2b, 2c, 2d, 2e,

1d, and 1f indicated no adduct formation or unstable adduct

(Figure 2B). On the other hand, compounds 1a, 1b, 1c, 1e,

and 1g resulted in lower signals similar to that of the control

compound meropenem, blocking the active-site cysteine and

indicating a fast and stable adduct formation (Figure 2B). The

series containing the bulky OTBS moiety (2a, 2b, 2c, 2d, 2e)

or the larger N-thio-substituent (1f) were less successful in

adduct formation. The reason is most likely that bulky groups

do not allow compound docking at the enzyme active site in a

position favoring nucleophilic attack by Cys354. Thus, b-lac-

tams 1a, 1b, 1c, 1e, and 1g were further investigated by kinetic

measurements and for adduct stabilization in biochemical as-

says and mass spectrometry. The time-resolved sampling of

the protein-monobactam reaction mixtures containing 50 mM

protein and 50 mM compound subjected to DTNB derivatization

were utilized to record the kinetics of the adduct formation (Fig-

ure 2C). The rate constants kobs of the adduct formation were

derived from exponential fits for the tested compounds and

for meropenem as comparison. The kinetic constants were

used to rank the compounds as 1b > 1c > 1g = 1e > 1a, since

the fast adduct formation is the prerequisite of an effective
Cell Chemical Biology 28, 1321–1332, September 16, 2021 1323



Figure 2. Kinetic analysis of adduct forma-

tion at the LdtMt2 active site

(A) Principle of the DTNB-based assay to monitor

b-lactam dependent adduct formation. The active-

site Cys354 derivatization by DTNB and the

concomitant release of a TNB (Amax: 412 nm)

molecule produces a spectrophotometric signal.

Blocking the active-site Cys354 by a b-lactam-

derived adduct does not allow DTNB derivatization

and TNB release, hence the A412 signal is low.

(B) Screening for adduct formation by the DTNB

assay. A412 values for the control samples and for

the samples after compound exposure are shown

from triplicate measurements; error bars indicate

the standard deviation. MERO, meropenem (used

as positive control).

(C) Kinetics of adduct formation for the five potent

compounds and meropenem for comparison.

Mean A412 values from triplicate measurements at

various time points plotted against time and used

to fit an exponential (solid line) to derive the rate

constants kobs for each compound.

(D) Comparison of the rate constants (kobs) for the

five potent compounds. Themean kobs values from

triplicate measurement and the standard error is

indicated above the bars for each compound.

(E) Adduct stability for the five adducts (1a, 1b, 1c,

1e, 1g) and for the meropenem-derived adduct in

the presence of meso-Dap; the potential acceptor

substrate is followed. A412 values were recorded in

triplicate, and error bars indicate standard error.
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inhibition in the case of covalent inhibitors. The rate of adduct

formation of carbapenems (meropenem, doripenem, and erta-

penem) are in the range of 0.011–0.018 s�1 on the same protein

target LdtMt2 under comparable conditions (Steiner et al., 2017).

Hence 1g, 1c, and 1e are approximately as potent in covalent

adduct formation as these carbapenems or meropenem as

demonstrated here, while 1b shows faster binding kinetics

(Figure 2D).

During the catalytic cycle of LdtMt2 the covalently bound donor

peptide stem (acyl-enzyme intermediate) would react with the

amino group of the Dap moiety from the acceptor peptide

stem, leading to the formation of a new peptide bond, regenerat-

ing the ground-state enzyme with a free sulfhydryl at Cys354

(Figure S1). Since the acyl-enzyme adducts derived from the

classical b-lactams resemble the reaction intermediate (Steiner

et al., 2017; Kumar et al., 2017), the acceptor substrate may

react with it, releasing the free Cys354 in the active site. The pro-

cess as described above would lead to the release of the

ground-state enzyme (Figure S1) and to a signal measurable
1324 Cell Chemical Biology 28, 1321–1332, September 16, 2021
by the DTNB assay. The preformed pro-

tein adducts derived from the five com-

pounds 1a, 1b, 1c, 1e, and 1g and mero-

penem were challenged by meso-

diaminopimelate (meso-Dap), a potential

substrate that may act as acceptor in

the second half-reaction of the transpep-

tidase catalytic cycle (Figure S1). In this

kinetic screen the absorbance (A412) re-

mained close to the initial values in each
case and no adduct release was observed (Figure 2E). These re-

sults confirm that the adduct-modified state represents a

blocked and dead-end state of the transpeptidase.

Mass spectrometric detection of adduct formation at
the LdtMt2 active site
The protein samples exposed to the monocyclic compounds

were analyzed by nano-electrospray ionization mass spectro-

metry to determine the mass of the covalent protein-compound

adducts. The mass of the protein is instrumentally detected as

28,490 Da, 6 Da higher than themass calculated from the protein

sequence (28,484 Da). From samples with compound exposure,

typically a single mass unique for each compound could be de-

tected (Figure 3A and Table 1). The Cys354Ala mutant variant of

the protein construct did not form the covalent adduct, hence the

unmodified protein mass 28,450 ± 2.1 Da (Figure 3B) could be

detected, confirming the site of adduct formation as the active-

site Cys354. The mass difference in the samples as a conse-

quence of compound exposure indicated the formation of



Figure 3. Mass spectrometric analysis of

covalent adduct formation

(A) Mass spectra of LdtMt2 and adducts of LdtMt2

with the compounds 1a, 1b, 1c, 1e, and 1g. The

mass corresponding to the unmodified target

protein (28,490 Da) is indicated by the gray bar.

The extra masses as a consequence of compound

exposure are indicated by the numbers above the

peaks.

(B) Mass spectra of C354Amutant variant of LdtMt2

and the spectra after exposure to the compounds

1a, 1b, 1c, 1e, and 1g. The mass corresponding to

the unmodified target protein detected as

28,450 Da is indicated by the gray bar.

(C) Adduct stability indicated by the time-resolved

sampling of the reactions for the most potent co-

valent inhibitors 1b, 1c, 1e, and 1g at 0 s, 60 s,

1,800 s, and 360 min time points. The gray bar

indicates the peak of the unmodified protein mass,

and the arrows indicate the peak corresponding to

the protein-adduct mass.
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covalent adducts, although this additional mass was never the

full molecular weight of the compound but a lower mass, indi-

cating that only a small fragment of the compound was bound.

The delta-mass values were consistent with the covalent

attachment of the -S-R0 substituent present in the cases of

each compound (Table 1). This result was intriguing, since

the covalent adducts derived from bicyclic b-lactam com-

pounds, such as the carbapenems previously studied (Cordil-

lot et al., 2013; Steiner et al., 2017; Kumar et al., 2017),

were linked via the carbonyl group after a b-lactam ring-

opening reaction. Here the mass spectrometry data indicated

that these N-thio-b-lactams behaved differently, forming

the adduct with the thio group instead of lactam ring opening

(Table 1).

The lifetime of these modified states was tested by sampling

the nearly equimolar mixtures of protein (40 mM) and compound

(50 mM) in the 0- to 360-min range (Figure 3C). In this setup a

complete derivatization is achieved; however, prospective

adduct hydrolysis would regenerate the native unmodified pro-
Cell Chemical Biology
tein since a secondary adduct formation

would not be possible. On exposing

LdtMt2 to compounds 1b, 1c, 1e, and

1g, the resulting adducts could be de-

tected without degradation even after

360 min (Figure 3C). The high stability of

these adducts indicates a long-term inac-

tivation of the target protein in line with

data from kinetic analysis (Figures 2C

and 2E). The compounds with larger sub-

stituent 1d and 1f formed an adduct with

the transfer of their respective S-R0 moiety

(Table 1), but their action was not kineti-

cally favored (Figure 2B).

To demonstrate that an intact catalytic

site would be responsible for the nucleo-

philic attack to the N-thio-b-lactams,

we tested protein samples denatured

prior to compound exposure. In all cases
none of the compounds formed adducts, indicating that the N-

thio-b-lactam action requires the folded protein and these com-

pounds are suicide inhibitors of the LdtMt2 transpeptidase.

Structures of the protein-adduct complexes reveal the
nature of the adducts
Since the mass spectrometry data indicated unexpected adduct

formation with the potent N-thio-b-lactam compounds, further

investigation was initiated to obtain structural information about

the adduct-blocked state of LdtMt2. The structures of the pro-

tein-adduct complexes in the cases of 1b and 1g were deter-

mined from X-ray diffraction data to 1.45-Å and 1.85-Å resolution,

respectively, by crystallizing the preformed protein-adduct com-

plexes. For 1a, 1c, and 1e the corresponding adducts were

obtained in crystalline state by soaking the preformed protein

crystals with the compounds, and the structures of the corre-

sponding complexes were determined to 1.77 Å resolution for

1a and 1c and to 1.65-Å resolution for 1e. X-ray diffraction data

statistics and model parameters are presented in Table S1. The
28, 1321–1332, September 16, 2021 1325



Table 1. Mass values derived from the mass spectra of LdtM2 (BC-mod) reacted with the N-thio-b-lactam compounds 1a to 1g

Case tested

N-Thio-b-lactam

mass (Da) Mass detected (Da) Dm (Da) Conclusion

LdtMt2, 28,484 Da – 28,490 6 native protein mass (+6 Da)

LdtMt2 + 1a 1a (175) 28,535 (native: 28,490) 45 protein adduct with the fragment S-methyl (47 Da)

LdtMt2 + 1b 1b (237) 28,600 (native: 28,490) 110 protein adduct with the fragment S-Ph (109 Da)

LdtMt2 + 1c 1c (251) 28,615 (native: 28,490) 125 protein adduct with the fragment S-CH2Ph (123 Da)

LdtMt2 + 1d 1d (203) 28,565 (native: 28,490) 75 protein adduct with the fragment S-isopropyl (75 Da)

LdtMt2 + 1e 1e (203) 28,565 (native: 28,490) 75 protein adduct with the fragment S-propyl (75 Da)

LdtMt2 + 1f 1f (294) 28,655 (native: 28,490) 165 protein adduct with the fragment S-benzothiazolyl (166 Da)

LdtMt2 + 1g 1g (267) 28,625 (native: 28,490) 135 protein adduct with the fragment S-pOMePh (139 Da)

Delta-mass values (Dm) were derived using the native protein mass detected in the same spectra.
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structures were solved by molecular replacement using the

solvent and ligand free coordinates of the LdtMt2 BC module

(Böth et al., 2013). The crystals belong to the P21 crystal form

harboring two polypeptide chains in the crystal asymmetric unit

(ASU) in essentially identical conformations with ordered residues

at the active-site cleft and in the mobile lid domain covering the

active site (Figure 4A). The only disordered region was observed

in the structure of the 1a-derived adduct at the tip of the lid mod-

ule including a three-residues-long segment (residues 308–310).

The LdtMt2 catalytic site is situated on a b-sheet platform present-

ing the catalytic dyad (Cys354, His336) under the mobile lid mod-

ule comprising residues 303–323. This b-hairpin module can

adopt various conformations ranging from wide-open as

observed in the TNB adduct (PDB: 5LB1), half-open as observed

in the meropenem-adduct structure (PDB: 4GSU), or closed as in

the faropenem-derived adduct (PDB: 5LBG) and the native pro-

tein (PDB: 4HUC) (Steiner et al., 2017; Kim et al., 2013; Böth

et al., 2013). The lid domain in the current protein complexes

derived from 1a, 1b, 1c, 1e, and 1g adopted a closed conforma-

tion similar to that observed in faropenem-derived adduct and in

the native structure of the protein (Figure 4B).

The electron density maps (Figure 4C) revealedmodification of

the cysteine residue in the active site and allowed modeling of

the covalent adducts consistent with the mass differences

derived from mass spectrometry data presenting the moieties

derived from the N-thio-b-lactams 1a, 1b, 1c, 1e, and 1g

(Table 1). The adducts are bound to Cys354 as mixed disulfides

with S–S bond distances in the range of 2.05–2.09 Å in the

refined structures, perfectly matching the S–S bond distances

present in high-resolution protein structures (2.05–2.20 Å). The

adduct residues display B factors in the range of that of the sur-

rounding amino acid side chains. The two adducts that were

formed in solution prior to crystallization, derived from 1b (phe-

nylthio residue) and 1g (p-methoxy-phenylthio adduct), bound

in a manner similar to that of mixed disulfide to Cys354 in both

protein chains of the asymmetric unit. The remaining three

adduct-bound states produced by crystal soaking present

different occupancy in the two protein chains of the ASU. The

methylthio adduct originating from 1a is present in both chains,

although in one of the chains its occupancy is clearly lower.

Therefore, it was modeled with full occupancy in one of the pro-

tein chains of the ASU and at 50% occupancy in the other. The

propylthio adduct derived from 1e bound in one of the two pro-
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tein chains only. The benzylthio residue originating from 1c is

bound in one of the polypeptide chains of the ASU, likely exhib-

iting multiple conformations, and was modeled at 50% occu-

pancy in the dominant conformation.

The variation of the adduct occupancy between the two pro-

tein chains of the ASU occurs in the structures where the com-

plexes were formed by crystal soaking, and this phenomenon

reflects the difference in accessibility of the two active sites

via the solvent channels of the protein crystal in this P21 crystal

form. The interactions and solvent accessibility of these cova-

lent ligands were analyzed in both chains constituting the

ASU where applicable (Table S2). The adduct moieties derived

from 1a, 1c, and 1e adopt a conformation similar to that of the

faropenem-derived b-hydroxy-butyryl adduct, while the ones

originating from 1b and 1g are aligned in a different manner

(Figure S2).

The hydrophobic adduct moieties (Figure 4C) are caged by the

residues surrounding the catalytic dyad of the LdtMt2 of the domi-

nantly hydrophobic binding site formed by the side chains of

Met303, Tyr318, Thr320, Val322, Val331, Phe332, and Trp340

(Figures 4D and S3). The two conformations representing the

two distinct binding modes of these modifications are shown in

Figure 4D using the structures from 1e- and 1g-derived protein

adducts as examples. No hydrogen bonding or polar interactions

are present; the adduct fragments originating in 1b and 1g fill the

hydrophobic cage and display the typical van der Waals dis-

tances of 3.2–3.4 Å. The adduct moieties derived from 1a, 1c,

and 1e adopt a different orientation (Figures 4D, S2, and S3)

and also display slightly larger intermolecular distances in the

range of 3.4–3.7 Å from the side chains of the active-site cleft.

An important feature of the N-thio-b-lactam-derived adducts

revealed by the five X-ray structures is the closed conformation

(Figure 4B). The solvent-accessible surface areas (SASA) of the

Sg of Cys354 or that of the adduct S atoms are small, accounting

for 0–5 Å2 (Table S2). The differences in SASA when comparing

two chains of the ASU in the cases of 1a, 1b, and 1g adducts

reflect the small differences in conformations of the surrounding

amino acid side chains. The low solvent exposure does not

promote external attack on these adducts leading to potential

hydrolysis, and supports the stability and long lifetime of the in-

activated state. Moreover, the extended active-site modification

in the current structures with the covalent modifications derived

from 1a, 1c, and 1e also blocks the binding pocket of the



Figure 4. Structures of the LdtMt2 with the covalent adducts derived from N-thio-b-lactams

(A) Overall structure of the LdtMt2 BC module is depicted as green cartoon. In the close-up image, the covalent modification of the active-site Cys354 located in

the catalytic domain (Domain-C) under the lid module is illustrated by the adduct derived from 1g, and shown as stick model (gray carbons).

(B) Ca backbone of the various adduct-bound structures of LdtMt2, illustrating the open (red, TNB adduct, PDB: 5LB1), the intermediate (orange, meropenem

adduct, PDB: 4GUS), or the closed (green, faropenem adduct, PDB: 5LB1) conformation; the Ca backbone traces of the enzymewith the adducts originating from

1a, 1b, 1c, 1e, and 1g are depicted in the shades of magenta and blue. The faropenem-derived and 1g-derived adducts are represented as stick model in green

and gray, respectively.

(C) 2Fo-Fc electron density maps shown as a blue mesh at the position of the adduct-modified Cys354 residues contoured at 1.0s. The modified Cys354 and the

covalent modifications originating in the various N-thio-b-lactams are depicted as sticks with yellow and gray carbons, respectively.

(D) Binding site of the adducts derived from 1e (left) and 1g (right). The LdtMt2 Ca trace is shown as gray ribbon, the modified Cys354 as stick model with gray

carbons, and the surrounding residues constituting the binding site as yellow carbons.
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acceptor substrate, similarly to the small b-hydroxy-butyryl

adduct derived from faropenem (Figure S2).

The mechanism of adduct formation by N-thio-
b-lactams
The active-site cysteine SH nucleophile may attack the

N-thio-b-lactams in three positions. The attack on the carbonyl
group causes a ring-opening reaction leading to the formation

of a thioester adduct (Figure 5, path A), and represents the clas-

sical inhibition pathway of b-lactam antibiotics against bacterial

transpeptidases. This mechanism of action is also observed on

LdtMt2 in the cases of several b-lactams including meropenem

and faropenem (Steiner et al., 2017; Kumar et al., 2017; Lohans

et al., 2018, 2019; Kim et al., 2013). The attack of the Cys354-SH
Cell Chemical Biology 28, 1321–1332, September 16, 2021 1327



Figure 5. Potential nucleophilic attacks on N-thio-b-lactams by

cysteine-dependent enzymes

S-Acylation (path A) is the conventional mode of action of b-lactam antibiotics

leading to the acyl-enzyme adduct resembling the reaction intermediate of the

catalytic cycle. The disulfide formation (path B) leads to a mixed disulfide

adduct at the enzyme’s active site as observed here in the case of the N-thio-

b-lactam compounds (Figure 4). S-Alkylation (path C) is the energetically least

favorable pathway and is not observed in this work.

ll
OPEN ACCESS Article
nucleophile on the methyl group results in an alkylation reaction

(Figure 5, path C); however, it is limited to more oxidized sulfur

derivatives such as dimethylsulfate (Smith and March, 2007).

Alternatively, the Cys354-SH nucleophile attacks the sulfur

atom, leading to a mixed disulfide adduct (Figure 5, path B);

this path involves the breaking of the weakest N–S bond

(111 kcal/mol) compared with C–N (184 kcal/mol, path A) or

C–S (167 kcal/mol, path B) (Rumble, 2020). Moreover, following

the hard and soft concepts, a soft -SH nucleophile such as a

cysteine-dependent enzyme can obtain more favorable interac-

tions with a soft electrophile such as the methylthioether, and

therefore the disulfide bond formation is preferred (Anslyn and

Dougherty, 2006), as observed here in the case of the reaction

between the N-thio-b-lactams and LdtMt2.

The structural analysis and the results from mass spectrom-

etry are consistent with path B (Figure 5) and the resulting mixed

disulfide formation. A similar mechanism was reported for a

different class of compounds, the isothiazolones, in the inhibition

of the cysteine proteases cathepsin-B and histone acetyltrans-

ferase P300/CBP-associated factor (Wisastra et al., 2011). The

transpeptidation reaction catalyzed by LdtMt2 initiates with a

nucleophilic attack on the Dap carbonyl residue of the cell wall

peptide stem, releasing the D-Ala residue (Figure S1). It is plau-

sible that the docking of the N-thio-b-lactam would place its S

group in a favorable arrangement for a nucleophilic attack by

Cys354 in the active site. The resulting mixed disulfide is a stable

modification and leads to an irreversible inactivation of the

enzyme by blocking the catalytic machinery and occluding the

substrate-binding cavity.

Antimycobacterial activity
The results from the kinetic investigation using the isolated

LdtMt2 prompted us to test the efficacy of selected compounds

for in vitro growth inhibition of M. tuberculosis. The N-thio-

b-lactam compounds 1a, 1b, 1e, 1g, and 2a were selected for

preliminary testing for growth inhibition using a drug-susceptible

clinical isolate of M. tuberculosis. The N-thio-b-lactams and
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reference drugs (isoniazid, rifampicin, ethambutol, and pyrazina-

mide) were tested at different concentrations in a drug suscepti-

bility test (Table S3). Compounds 1e, 1b, and 1g inhibited the

growth of the drug-susceptible clinical isolate ofM. tuberculosis

at 20 mg/mL concentration.

In a second approach, the minimal inhibitory concentration

(MIC) values were determined for the most active compounds

1b, 1e, and 1g in the presence and absence of 5 mg/mL clavu-

lanic acid against four M. tuberculosis strains: the reference

strain H37Rv (ATCC 25618), a clinical isolate susceptible to

first-line drugs, and two characterized MDR clinical isolates

(MDR-1 andMDR-2), defined as resistant to rifampicin and isoni-

azid. The full characterization of drug susceptibility of the

four MTB strains used in this study is shown in Table S4. Pheno-

typic results were confirmed by molecular tests (GenoType

MTBDRplus and MTBDRsl).

The presence of clavulanic acid did not affect the MIC values

(Table 2), thus suggesting that mycobacterial b-lactamases were

not influencing the efficacy of these N-thio-b-lactams. Each

compound (1b, 1e, 1g) presented an MIC of 10 mg/mL on the

H37Rv reference strain and 20 mg/mL on the drug-susceptible

clinical isolate. Compound 1e was the most active toward the

MDR clinical isolates, resulting in an MIC of 20 mg/mL on both

isolates, while compound 1g gave an MIC of 20 mg/mL

and 40 mg/mL on the MDR-1 and MDR-2 strains, respectively

(Table 2).

b-Lactam antimicrobial drugs have long been considered of

limited use against M. tuberculosis, due to the rapid hydrolysis

by broad-spectrum mycobacterial class-A b-lactamases

(BlaC). Susceptibility testing of ampicillin, amoxicillin, and ceph-

alosporins in the presence of clavulanic acid showedMIC values

>16 mg/mL, which remains below the concentration achievable

in serum (Abate and Miorner, 1998; Chambers et al., 1995). In

contrast, a potent activity of meropenem-clavulanate combina-

tion was observed against susceptible and extensively drug-

resistant strains (MIC <1 mg/mL) also in anaerobically grown

culture (Hugonnet et al., 2009; De Lorenzo et al., 2013; Payen

et al., 2012). The MIC values for meropenem and meropenem-

clavulanate for the three stains used in this study were deter-

mined. The MIC for meropenem in the presence of clavulanate

resulted in 32 mg/mL for H37Rv, 8 mg/mL for the drug-susceptible

isolate, and 8 mg/mL for the two MDR isolates MDR-1 and MDR-

2 (Table 2). These data are in agreement with literature data

(Forsman et al., 2015; van Rijn et al., 2019).

The in vitro activity of meropenem-clavulanate is well estab-

lished and indicates that the susceptibility of M. tuberculosis to

this combination (MIC range 0.125–32 mg/mL) did not correlate

with the resistance level to first-line or second-line antitubercu-

losis drugs (Forsman et al., 2015; van Rijn et al., 2019). However,

the difficulty of administering meropenem-clavulanate is a major

obstacle to its adoption as an alternative therapy for TB. Instead

faropenem, a stable and orally bioavailable b-lactam, has been

shown to efficiently kill M. tuberculosis even in the absence

of clavulanate, presenting an MIC value of 1.3 mg/mL (Dhar

et al., 2015).

The N-thio-b-lactam compounds characterized here have an

established mechanism of action on the validated b-lactam

target LdtMt2. One of the most effective compounds, 1e, ex-

hibited activity against drug-susceptible and also against



Table 2. Minimal inhibitory concentration values obtained against four M. tuberculosis strains: H37Rv (ATCC 25618), drug-

susceptible, and two multidrug-resistant clinical isolates MDR-1 and MDR-2

Compound [Comp] range (mg/mL)

MIC (mg/mL)

H37Rv Drug-susceptible MDR-1 MDR-2

Clavb Clavb Clavb Clavb

1ba 1.25–40 10 10 20 20 R40 R40 R40 R40

1ea 1.25–40 10 10 20 20 20 20 20 20

1ga 1.25–40 10 10 20 20 20 20 40 40

Rifampicinc 0.12–16 %0.12 NA %0.12 NA R16 NA R16 NA

Isoniazidc 0.03–4 %0.03 NA 0.12 NA R4 NA R4 NA

Ethambutolc 0.5–32 4 NA 1 NA 32 NA R32 NA

Amikacinc 0.12–16 0.5 NA 0.25 NA 0.25 NA R16 NA

Meropenema 0.12–64 R64 32 R64 8 R64 8 R64 8

MIC, minimal inhibitory concentration; NA, not available.
aMIC obtained in triplicate, resulting in the same value in each experiment.
bMIC values in the presence of 5 mg/mL clavulanic acid.
cMIC values obtained by MYCOTBI plate.
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MDR isolates of M. tuberculosis with an MIC of 20 mg/mL

(Table 2), suggesting that N-thio-b-lactams potentially repre-

sent candidates with established target-specific effect and

mechanism of action for future antibiotic development against

MDR TB.

SIGNIFICANCE

ThemonocyclicN-thio-b-lactamcompounds developed and

evaluated in this work target L,D-transpeptidase-2 (LdtMt2),

a validated target for antibiotic development fromMycobac-

terium tuberculosis. Single-turnover enzyme kinetic data

showed that the best candidates are comparable or faster

than meropenem and other carbapenems with regards to

their binding kinetics when evaluated on the samemolecular

target LdtMt2. Meropenem is the carbapenem currently

in clinical trials assessing its potential for the treatment

of pulmonary tuberculosis (https://clinicaltrials.gov/ct2/show/

NCT02349841). The kinetic and mass spectrometric analysis

indicated covalent binding of a smaller fragment of the com-

pounds at the active-site cysteine, Cys354 of the target pro-

tein. The adduct-mass values pointed at attachment of the

alkylthio or aryl-thio moieties from the various N-thio-b-lac-

tams. Five X-ray structures of the protein with the respective

adducts bound revealed the nature of these covalent modi-

fications. These N-thio-b-lactam compounds transferred

their respective alkylthio or arylthio moieties onto Cys354,

resulting in mixed disulfide adducts, thus not forming the

conventional acylated derivatives as observed for traditional

bicyclic b-lactam compounds studied earlier. The kinetic

andmass spectrometric data consistently show that the ad-

ducts exhibit a long lifetime and suggest a long-term stable

inactivation of the target protein. The five high-resolution

X-ray structures revealed that these small fragments induce

the closure of the active-site lid module, thus protecting the

covalent modification and blocking the binding site of the

substrate, further mitigating the stability of the dead-end

complex. Two of the most active compounds showed
growth inhibition in the mg/mL concentration range against

M. tuberculosis strains in culture, including multidrug-resis-

tant clinical isolates. Therefore, N-thio-b-lactams with es-

tablished target-specific effect and mechanism of action

potentially represent candidates for future antibiotic deve-

lopment against tuberculosis.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial Strains

Mycobacterium tuberculosis / strain H37Rv ATCC ATCC 25618

Mycobacterium tuberculosis (Susceptible) Isolated from patient (this paper) N/A

Mycobacterium tuberculosis Multidrug resistant MDR-1 Isolated from patient (this paper) N/A

Mycobacterium tuberculosis Multidrug resistant MDR-2 Isolated from patient (this paper) N/A

Escherichia coli / strain BL21(DE3), expression host Merck D48758

Recombinant Protein

LdtMt2 BC-module, (including residues 149-408) Own development,

Böth et al., 2013.

n.a.

Deposited Data

LdtMt2 BC-module / 1a-adduct structure at 1.77 Å This paper 7A1C (wwPDB)

LdtMt2 BC-module / 1b-adduct structure at 1.45 Å This paper 7A0Z (wwPDB)

LdtMt2 BC-module / 1c-adduct structure at 1.77 Å This paper 7A1E (wwPDB)

LdtMt2 BC-module / 1e-adduct structure at 1.65 Å This paper 7A11 (wwPDB)

LdtMt2 BC-module / 1g-adduct structure at 1.85 Å This paper 7A10 (wwPDB)

LdtMt2 BC-module / Faropenem-derived adduct Steiner et al., 2017 5LBG (wwPDB)

LdtMt2 BC-module / TNB-adduct Steiner et al., 2017 5LB1 (wwPDB)

LdtMt2 BC-module / Meropenem-derived adduct Kim et al., 2013 4GSU (wwPDB)

LdtMt2 BC-module Böth et al., 2013 4HUC (wwPDB)

LdtMt2 3-domain structure (ABC) Li et al., 2013 3VYN (wwPDB)

Recombinant DNA

pNIC-LppS09 Böth et al., 2013. n.a.

Software and Algorithms

Origin / OriginLab (Northampton, Massachusetts, USA) OriginLab www.originlab.com

XDS Kabsch 2010 http://xds.mpimf-heidelberg.mpg.de/

AIMLESS / CCP4i Winn et al., 2011. http://www.ccp4.ac.uk/download/

MOLREP / CCP4i Vagin and Teplyakov 2010. http://www.ccp4.ac.uk/download/

PRODRG Sch€uttelkopf and van Aalten 2004 http://www.ccp4.ac.uk/download/

REFMAC / CCP4i Murshudov et al., 2011 http://www.ccp4.ac.uk/download/

COOT Emsley et al., 2010. https://bernhardcl.github.io/coot/

PISA / CCP4i Krissinel and Henrick 2007. http://www.ccp4.ac.uk/download/

AREAIMOL / CCP4i Winn et al., 2011 http://www.ccp4.ac.uk/download/

BAVERAGE / CCP4i Winn et al., 2011 http://www.ccp4.ac.uk/download/

PyMOL www.pymol.org https://pymol.org/2/

LigPlot+ Laskowski and Swindells 2011 https://www.ebi.ac.uk/thornton-srv/

software/LigPlus/download.html

MassLynx 4.1 www.waters.com https://www.waters.com/waters/en_

US/MassLynx-Mass-Spectrometry-

Software-/nav.htm?cid=513164&

locale=en_US

MolProbity Williams et al., 2018 http://molprobity.biochem.duke.edu/

Epicenter Becton Dickinson https://www.bd.com/en-us/offerings/

capabilities/microbiology-solutions/

blood-culture/blood-culture-reporting-

and-analytics/epicenter-microbiology-

data-management-system
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RESOURCE AVAILABILITY

Lead contact
Robert Schnell. E-mail: Robert.Schnell@ki.se.

Materials availability
The expression construct for the recombinant LdtMT2 construct used in this study will be made available on request, but we may

require a completed Materials Transfer Agreement if there is potential for commercial application.

Data and code availability
The structure factors from the X-ray diffraction datastes and the refined models and are deposited with the Protein Data Bank

(wwPDB at www.wwpdb.org) under Acc. Nr.: 7A1C, 7A0Z, 7A1E, 7A11, 7A10.

Materials availability
The clinical isolates of Mycobacterium tuberculosis will be made available for other scientists, upon request to the lead contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mycobacterium tuberculosis strains used in this study

Mycobacterium tuberculosis H37Rv (ATCC 25618).

Mycobacterium tuberculosis clinical isolates used in this study were:

1) Drug-susceptible strain: It was susceptible to the following critical concentrations: 0.1mg/mL INH, 1 mg/mL RIF, 5 mg/mL EMB

and 100 mg/mL PZA (obtained by the ‘‘gold standard’’ automatic Bactec MGIT 960 (MGIT, Becton Dickinson); No mutations

were detected in the following genes: rpoB, katG inhA (obtained by GenoType MTBDRplus 2.0, Bruker, Germany)

2) MDR-1strain: It was resistant to the following critical concentrations: 0.4 mg/mL INH, 1 mg/mL RIF, 7.5 mg/mL EMB and

100 mg/mL PZA (obtained by the ‘‘gold standard’’ automatic Bactec MGIT 960 (MGIT, Becton Dickinson);

Mutations were detected in the following genes: rpoB (mut 3), katG (mut 1) (obtained by GenoType MTBDRplus 2.0, Bruker,

Germany) and in gyr A (mut1) (obtained by GenoType MTBDRsl 2.0, Bruker, Germany)

3) MDR-2 strain: It was resistant to the following critical concentrations: 0.4 mg/mL INH, 1 mg/mL RIF, 7.5 mg/mL EMB and

100 mg/mL PZA (obtained by the ‘‘gold standard’’ automatic Bactec MGIT 960 (MGIT, Becton Dickinson);

Mutations were detected in the following genes: rpoB (mut 3), katG (mut 1) (obtained by GenoType MTBDRplus 2.0, Bruker, Ger-

many) and in rrs (mut1) (obtained by GenoType MTBDRsl 2.0, Bruker, Germany)

The bacterial sample collection and documentation for this study was conducted in accordance with the Declaration of Helsinki.

For recombinant protein production Escherichia coli strain BL21(DE3) was utilized, available fromMerck (Merck KGaA, Darmstadt,

Germany) with genotype: F – ompT hsdSB (rB-mB-) gal dcm (DE3). The bacterial cultures were grown in Luria-Bertani media with the

appropriate antibiotics (Kanamycine, 30 mg/ml) added, at 37�C or at 21�C as described in the method details section.

METHOD DETAILS

Organic synthesis
General procedures

Commercial reagents (reagent grade, >99%) and the commercially available azetidinones 1 and 2 were used as received (Sigma-

Aldrich) without additional purification. Anhydrous solvents were obtained commercially from Sigma-Aldrich. All reactions were per-

formed under an inert atmosphere (N2). TLC: Merck 60 F254 plates. Column chromatography: Merck silica gel 200-300 mesh. 1H and
13C NMR spectra were recorded with an INOVA 400 instrument with a 5 mm probe. 2D NOESY experiments were run using 200 ms

mixing time. All chemical shifts are quoted relative to deuterated solvent signals (d in ppm and J in Hz). Polarimetric Analyses were

conducted on Unipol L 1000 ‘‘Schmidt-Haensch’’ Polarimeter at 598 nm. FTIR spectra: Brucker instrument, measured as films be-

tween NaCl plates or CH2Cl2 solutions for solid compounds; wave numbers are reported in cm-1. ATR-FTIR spectra: Alpha FT IR

Bruker spectrometer with platinum ATR single reflection diamond module. As reference, the background spectrum of air was

collected before the acquisition of each sample spectrum. Spectra were recorded with a resolution of 4 cm-1, and 32 scans were

averaged for each spectrum (scan range 4000–450 cm-1). The purities of the target compounds were assessed as being >95% using

HPLC-MS. HPLC-MS: Agilent Technologies HP1100 instrument, equipped with a ZOBRAX-Eclipse XDB-C8 Agilent Technologies

column; mobile phase: H2O/CH3CN, 0.4 mL/min, gradient from 30 to 80% of CH3CN in 8 min, 80% of CH3CN until 25 min, coupled

with an Agilent Technologies MSD1100 single-quadrupole mass spectrometer, full scan mode from m/z = 50 to 2600, in positive ion

mode, ESI spray voltage 4500 V, nitrogen gas 35psi, drying gas flow 11.5mL/min, fragmentor voltage 20 V. High resolution mass:

Waters Xevo G2-XS QTof , analyzer mode sensitivity, capillary voltage 3.00 kV, sample cone, 40 V, source temperature, 120�C, des-
olvation temperature: 600�C, Cone gas flow: 50 L h.
e2 Cell Chemical Biology 28, 1321–1332.e1–e5, September 16, 2021
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Synthesis of N-thio-substituted-azetidinones
Synthesis of azetidinones 1a, 1b, 2a and 2b were described and obtained with methods already reported (Galletti et al., 2011; Bhat-

tacharya and Turos, 2012). 1H and 13C NMR spectra are presented in the supplemental information.

General procedure for the synthesis of thio-alkyl and thio-aryl b-lactams (GP1)

To a solution of the desired disulfide (1-1.25 equiv) in CH2Cl2 (2 mL) under inert atmosphere, a solution of SO2Cl2 (122 mL, 1.5 mmol,

1.5 equiv) in CH2Cl2 (2 mL) was added dropwise at 0�C. After 10 minutes, the desired azetidinone (1 mmol, 1 equiv) was introduced

followed by the dropwise addition of TEA (277 mL, 2 mmol, 2 equiv). The mixture was stirred at reflux for 4 h, then cooled to room

temperature, quenched with a saturated aqueous solution of NH4Cl (5 mL) and extracted with CH2Cl2 (3 3 15 mL). The combined

organic extracts were dried over Na2SO4, filtered and concentrated in vacuum. The crude was purified by flash-chromatography

to yield the desired thio-alkylated or arylated b-lactam.

1-(benzylthio)-4-oxoazetidin-2-yl acetate (1c)

Following GP1, dibenzyldisulfide (246 mg, 1 mmol) was reacted with starting material 1 (129 mg, 1 mmol) yielding compound 1c as a

yellow oil (100 mg, 40%) after purification by flash-chromatography (cyclohexane/EtOAc 75:25). IR (film, cm-1) 3085, 3061, 2960,

2923, 1779, 1751, 1429, 1225; 1H NMR (400 MHz, CDCl3) d (ppm) 7.40 – 7.27 (m, 5H), 5.62 – 5.57 (m, 1H), 4.13 (d, J = 12.7 Hz,

1H), 3.93 (d, J = 12.7 Hz, 1H), 3.23 (dd, J = 15.3, 4.1, Hz, 1H), 2.92 (d, J = 15.3 Hz, 1H), 2.04 (s, 3H); 13C NMR (100 MHz, CDCl3)

d (ppm) 169.8, 167.8, 135.2, 129.3, 128.6, 127.7, 78.9, 46.1, 42.9, 20.7; ESI-MS (Rt = 7.7 min)m/z 252 [M+H]+, 269 [M+H2O]+. Exact

mass: calculated for C12H13NO3S as 251.0616, observed 274.0509 [M+Na]+.

1-(isopropylthio)-4-oxoazetidin-2-yl acetate (1d)

Following GP1, diisopropyldisulfide (125 mL, 1 mmol) was reacted with starting material 1 (129 mg, 1 mmol) yielding compound 1d as

a yellow oil (57 mg, 28%) after purification by flash-chromatography (cyclohexane/EtOAc 75:25). IR (film, cm-1) 2965, 2927, 1783,

1753, 1373, 1227; 1H NMR (400 MHz, CDCl3) d (ppm) 6.06 (dd, J = 4.2, 1.6 Hz, 1H), 3.39 (dd, J = 15.4, 4.2 Hz, 1H), 3.23 (sept, J =

6.7 Hz, 1H), 3.01 (dd, J = 15.4, 1.6 Hz, 1H), 2.12 (s, 3H), 1.26 (d, J = 6.7 Hz, 3H), 1.23 (d, J = 6.7 Hz, 3H); 13C NMR (100 MHz,

CDCl3) d (ppm) 170.0, 168.8, 79.4, 46.1, 41.6, 21.5, 21.1, 20.8; ESI-MS (Rt = 6.0 min) m/z 204 [M+H]+, 226 [M+Na]+. Exact mass:

calculated for C8H13NO3S, 203.0616, observed 226.0509 [M+Na]+.

4-oxo-1-(propylthio)azetidin-2-yl acetate (1e)

Following GP1, propyldisulfide (141 mL, 1 mmol) was reacted with starting material 1 (129 mg, 1 mmol) yielding compound 1e as a

yellow oil (134 mg, 66%) after purification by flash-chromatography (cyclohexane/EtOAc 75:25). IR (film, cm-1) 2965, 2934, 1785,

1755, 1375, 1290; 1H NMR (400 MHz, CDCl3) d (ppm) 6.04 (dd, J = 4.1, 1.5 Hz, 1H), 3.36 (dd, J = 15.3, 4.1 Hz, 1H), 2.99 (dd, J =

15.3, 1.5 Hz, 1H), 2.78 – 2.64 (m, 2H), 2.11 (s, 3H), 1.70 – 1.59 (m, 2H), 0.99 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3)

d (ppm) 170.0, 168.4, 79.1, 46.2, 41.0, 21.9, 20.8, 12.9; ESI-MS (Rt = 6.3 min) m/z 204 [M+H]+, 226 [M+Na]+. Exact mass calculated

for C8H13NO3S 203.0616, observed = 226.0510 [M+Na]+.

1-(benzo[d]thiazol-2-ylthio)-4-oxoazetidin-2-yl acetate (1f)

Following GP1, 2,2’-dithiobis(benzothiazole) (333 mg, 1 mmol) was reacted with 4-acetoxy-azetidin-2-one 1 (129 mg, 1 mmol)

yielding compound 1f as a yellow oil (243 mg, 83%) after purification by flash-chromatography (cyclohexane/EtOAc 75:25). IR

(film, cm-1) 2925, 2853, 1798, 1755, 1467, 1428, 1279; 1H NMR (400 MHz, CDCl3) d (ppm) 7.87 (d, J = 8.1 Hz, 1H), 7.78 (d, J =

8.1 Hz, 1H), 7.43 (dd, J = 8.1, 1.2 Hz, 1H), 7.32 (dd, J = 1.2, 8.1Hz, 1H), 6.39 (dd, J = 4.4, 1.8 Hz, 1H), 3.64 (dd, J = 15.6, 4.4 Hz,

1H), 3.26 (dd, J = 15.6, 1.8 Hz, 1H), 2.10 (s, 3H); 13C NMR (100 MHz, CDCl3) d (ppm) 20.6, 46.8, 79.0, 121.1, 122.4, 124.9, 126.4,

135.2, 153.5, 166.8, 166.9, 169.8; ESI-MS (Rt = 8.2 min) m/z = 295 [M+H]+. Exact mass calculated for C12H10N2O3S2 294.0133,

observed = 317.0026 [M+Na]+.

1-((4-methoxyphenyl)thio)-4-oxoazetidin-2-yl acetate (1g)

Following GP1, p-methoxyphenyldisulfide (278 mg, 1 mmol) was reacted with 4-acetoxy-azetidin-2-one 1 (129 mg, 1 mmol) yielding

compound 1g as a yellow oil (174 mg, 65%) after purification by flash-chromatography (cyclohexane/EtOAc 75:25). IR (film, cm-1)

3065, 3008, 2963, 2942, 1780, 1754, 1591, 1493, 1288; 1H NMR (400 MHz, CDCl3) d (ppm) 7.58 – 7.53 (m, 2H), 6.89 – 6.84 (m,

2H), 6.11 (dd, J = 4.2, 1.6 Hz, 1H), 3.80 (s, 3H), 3.30 (dd, J = 15.2, 4.2 Hz, 1H), 3.00 (dd, J = 15.2, 1.6 Hz, 1H), 2.03 (s, 3H); 13C

NMR (100 MHz, CDCl3) d (ppm) 170.1, 167.4, 160.9, 134.8, 126.2, 114.7, 78.1, 55.4, 45.9, 20.7; ESI-MS (Rt = 7.8 min) m/z 268

[M+H]+. Exact mass calculated for C12H13NO4S 267.0565, observed = 290.0460 [M+Na]+.

(2R,3R)-1-(benzylthio)-3-((R)-1-((tert-butyldimethylsilyl)oxy) ethyl)-4-oxoazetidin-2-yl acetate (2c)

Following GP1, dibenzyldisulfide (246 mg, 1 mmol) was reacted with (2R,3R)-3-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)-4-oxoazeti-

din-2-yl acetate 2, (287 mg, 1 mmol) yielding compound 2c as a yellow oil (74 mg, 18%) after purification by flash-chromatography

(cyclohexane/EtOAc 80:20). IR (film, cm-1) 2955, 2929, 2886, 2856, 1790, 1754, 1471, 1375, 1222; [a]D
20 = – 10 (c = 1.0, CH2Cl2);

1H

NMR (400MHz, CDCl3) d (ppm) 7.35 – 7.29 (m, 5H), 6.09 (d, J = 1.4 Hz, 1H), 4.15 – 4.10 (m, 1H), 4.04 (q, JAB = 12.4Hz, 2H), 3.14 (dd, J=

3.8, 1.4 Hz, 1H), 2.03 (s, 3H), 1.22 (d, J = 6.3 Hz, 3H), 0.84 (s, 9H), 0.05 (s, 3H), 0.02(s,3H); 13C NMR (100 MHz, CDCl3) d (ppm) 169.8,

169.2, 134.9, 129.4, 128.6, 127.7, 81.1, 66.3, 64.3, 43.5, 25.6, 22.1, 20.8, 17.8, -4.4, -5.1; ESI-MS (Rt = 14.4 min) m/z 432 [M+Na]+.

(2R,3R)-3-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)-1-(isopropylthio)-4-oxoazetidin-2-yl acetate (2d)

Following GP1, isopropyldisulfide (125 mL, 1 mmol) was reacted with starting material 2 (287 mg, 1 mmol) yielding compound 2d as a

yellow oil (96mg, 27%) after purification by flash-chromatography (cyclohexane/EtOAc 40:60). IR (film, cm-1) 2958, 2929, 2857, 1791,

1754, 1461, 1375, 1222; [a]D
20 = – 18 (c = 1.0, CH2Cl2);

1H NMR (400 MHz, CDCl3) d (ppm) 6.21 (d, J = 1.4 Hz, 1H), 4.22 (qd, J = 6.3,

3.2 Hz, 2H), 3.23 (sept, J = 6.7 Hz, 1H), 3.19 (dd, J = 3.2, 1.4 Hz, 1H), 2.13 (s, 3H), 1.28 (d, J = 6.7 Hz, 3H), 1.24 (d, J = 6.3, 3H), 1.23
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(d, J = 6.7 Hz, 3H), 0.85 (s, 9H), 0.06 (s, 3H), 0.04 (s, 3H); 13C NMR (100MHz, CDCl3) d (ppm) 170.2, 169.8, 81.3, 66.4, 64.1, 41.6, 29.7,

25.7, 22.2, 21.8, 21.01, 20.99, 17.9, -4.5, -5.0; ESI-MS (Rt = 13.6 min) m/z 384 [M+Na]+.

(2R,3R)-3-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)-4-oxo-1-(propylthio)azetidin-2-yl acetate (2e)

Following GP1, propyldisulfide (141 mL, 1 mmol) was reacted with starting material 2 (287 mg, 1 mmol) yielding compound 2e as a

yellow oil (133 mg, 37%) after purification by flash-chromatography (cyclohexane/EtOAc 90:10). IR (film, cm-1) 2958, 2931, 2884,

2857, 1790, 1753, 1462, 1362, 1224; [a]D
20 = – 14 (c = 1, CH2Cl2);

1H NMR (400 MHz, CDCl3) d (ppm) 6.17 (d, J = 1.2 Hz, 1H),

4.19 (qd, J = 6.3, 3.2 Hz, 1H), 3.17 – 3.13 (m, 1H), 2.77 – 2.62 (m, 2H), 2.11 (s, 3H), 1.71 – 1.58 (m, 2H), 1.21 (d, J = 6.3 Hz, 3H),

0.98 (t, J = 7.3 Hz, 3H), 0.83 (s, 9H), 0.04 (s, 3H), 0.01 (s, 3H); 13C NMR (100 MHz, CDCl3) d (ppm): 169.7, 80.9, 66.3, 64.0, 41.1,

25.6, 22.2, 22.0, 20.9, 17.8, 12.9, -4.6, -5.1; ESI-MS (Rt =13.7 min) m/z = 384 [M+Na]+.

Protein production and purification
The recombinant production and the purification of the LdtMt2 (UniProt code O53223; Rv2518c) construct comprising the B (immu-

noglobulin-like) and C (catalytic, transpeptidase) domains (the BC module) including residues 149 – 408 has been carried out as

described previously (Böth et al., 2013). The protein preparations were concentrated to 28.8 mg/mL in the buffer 25 mM Tris-HCl,

150 mM NaCl, pH 8.0, flash-frozen in liquid nitrogen in 55 ml aliquots and stored at -80�C until further use.

Adduct formation at the active site cysteine
The sole sulfhydryl group at the active site Cysteine-354 is detected using 5,5’-dithio-bis-(2-nitrobenzoic acid) (DTNB, Sigma-Aldrich)

that derivatizes the free thiol group and releases a stoichiometric amount of thio-nitrobenzoate that can bemonitored by absorbance

at 412 nm. The stock solution of 100 mM DTNB is prepared in 95% ethanol, kept at -20�C and diluted freshly in the reaction buffer

(0.1M potassium phosphate pH 8.0 and 1mMEDTA) to 10mMworking solution prior to themeasurements. The sample of the LdtMt2

BC-module at 50 mM concentration and the tested compounds at 1.0 mM concentration were incubated in 50 ml total volume for

7 minutes and mixed with 12 ml of DTNB working solution in CORNING 96-well half area assay plates (No. 3994, Sigma-Aldrich).

The absorption is monitored at 412 nm using a Bio-tek Synergy HT plate reader. A cysteine standard curve was generated using

250, 125, 62.5, 31.3, 15.6, 7.8, 3.9 mM L-cysteine while protein standard curve is generated using protein samples at 300, 150,

75, 37.5, 18.8, 9.4, 4.7, 2.35 mM concentration, validating the assay and ensuring the reactivity of the single cysteine sidechain. Re-

actions were carried out in triplicates, mean A412 values and standard deviation are plotted.

The kinetics of the adduct formation was investigated using the DTNB-based assay as above. The LdtMt2 BC-module at 50 mM

concentration and the tested compounds at 50mM concentration were mixed a 50 ml total volume, and mixed with 12 ml of DTNB re-

agent at various time-points. The time ranges were 0-4500 seconds for 1a, 0-550 seconds for 1b and 1c, and 0-1100 seconds for 1e

and 1g. The absorbance at 412 nmwasmonitored in CORNING 96-well half area assay plates (No. 3994, Sigma-Aldrich) using a Bio-

tek Synergy HT plate reader. The absorbance values were evaluated using single turnover kinetic model fitting an exponential curve

to derive the rate constant (kobs) of the reaction as previously (Steiner et al., 2017). All reactions were carried out as triplicates.

Adduct stability was monitored in the presence of the potential acceptor substrate meso-Dap. The pre-formed protein-adducts

were prepared by mixing the protein at 58 mMprotein to 58 mMof the tested N-thio-b-lactam compounds (1a, 1b, 1c, 1e, 1g) or mer-

openem and confirming the successful block on the active site Cys354 by testing a sample in the DTNB-assay and recording the

absorbance at 412 nm. Subsequently meso-Dap (Sigma-Aldrich) were added at 4 mM concentration to these reactions resulting

in protein-adduct concentrations at 50 mM. 50 ml samples were withdrawn at various time points (0-12 minutes), developed in the

DTNB-assay by mixing these to 12 ml DTNB-reagent and the A412 values were recorded. The reactions were performed in triplicates,

mean A412 values and standard deviation are plotted.

Mass spectrometric analysis of covalent adduct formation
The reagents used to prepare mass spectrometry samples were acetonitrile (VWR), formic acid (Merck) and TCEP (Tris(2-carbox-

yethyl)phosphine, Sigma-Aldrich). Samples of LdtMt2, 30 mg amounts were dispensed in 20 mL water (corresponding to a concentra-

tion of 52 mM) with the b-lactam compounds tested at 1 mM concentrations (similar results obtained with 60 mM compound to 2 mM

and 4 mM compound used) and incubated for 30 min at 22 �C. Subsequently, the samples were diluted in 0.5 mL denaturing buffer

(5%(v/v) acetonitrile, 0.1%(v/v) formic acid, 0.5 mM TCEP). Mass spectra were acquired on a Micromass LCT ToF modified for anal-

ysis of intact protein complexes (MS Vision, The Netherlands) equipped with an offline nanospray source. Samples were injected

directly using gold-plated borosilicate capillaries (ThermoScientific). The capillary voltage was 1.5 kV and the RF lens 1.5 kV. The

cone voltage was 100 V and the pressure in the ion source was maintained at 4.0 mbar. Spectra were combined and deconvoluted

with the Maximum Entropy 1 algorithm from the MassLynx 4.1 software suite (Waters Corp.) to obtain the molecular weights of the

protein molecules and the protein–antibiotic adducts.

Adduct stability was monitored in time resolved studies by exposing the protein at 40 mM and the compounds at 50 mM in a total

volume of 30 ml and retrieving 2-2 ml samples at various time points (0 sec, 60sec, 1800 sec and 360 minutes). The 2 ml samples were

mixed with 48 ml denaturing buffer (5% (v/v) acetonitrile, 0.1% (v/v) formic acid, 0.5 mM TCEP) and analyzed as above.

Protein crystallization and structure determination
Crystals of the LdtMt2 BC-module were produced by the vapor diffusion method in hanging drop format at 20 �C using the crystal-

lization buffer consisting of 0.1 M Na-citrate, 17.5% PEG 6000. The protein-adduct formed with 1g and 1b was produced by adding
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the compounds at 4 mM concentration to the protein solution (1.0 mM) and incubating this mixture at 20 ºC for 1 to 10 minutes. The

preformed protein-adducts (1 ml volumes) were than mixed with the crystallization buffer (1 ml volumes) and incubated over 1.0 mL of

the crystallization buffer. The crystals were cryo-protected by dipping them in 0.1MNa-Citrate pH 4.25, 25%PEG 6000. The protein-

adducts with 1a, 1c, and 1e, and were formed by soaking native crystals of the LdtMt2 BC-module in a drop containing 0.1 M Bis-Tris

pH 6.2, 150 mM NaCl, 0.3 M Na-acetate pH 5.2, 25% PEG 6000, and the compound at 4.0 mM concentration for 60-120 minutes.

Several crystals were evaluated, typically the adduct formation was completed within 60minutes soaking time, however the datasets

with the best adduct occupancy and resolution were used to determine the structure.

X-ray diffraction data sets were collected at the Biomax beamline of the MAX-IV synchrotron (Lund, Sweden, EU). The diffraction

datasets were indexed and integrated using XDS (Kabsch, 2010) scaled by AIMLESS from the CCP4i suite (Winn et al., 2011). The

structures were solved by molecular replacement using MOLREP (Vagin and Teplyakov, 2010) and the ligand free structure derived

from the structure of the same module (PDB: 5LBG) (Steiner et al., 2017) as search model. The adduct restrains were prepared by

PRODRG (Sch€uttelkopf and van Aalten, 2004) and the models were completed by manual model building in COOT (Emsley et al.,

2010) interspersed with refinement by REFMAC-5 (Murshudov et al., 2011) runs. The crystallographic models were validated using

COOT andMOLPROBITY (Williams et al., 2018). Macromolecular interfaces and solvent accessible surface areas were calculated by

PISA (Krissinel and Henrick, 2007) and AREAIMOL, B-factors are analyzed by BAVERAGE (Winn et al., 2011). The structure figures

were prepared using PyMOL (http://www.pymol.org) and LigPlot+ (Laskowski and Swindells, 2011). The refined models and the

structure factors are deposited with the Protein Data Bank (wwPDB Acc. Nr.: 7A1C, 7A0Z, 7A1E, 7A11, 7A10).

Determination of antimycobacterial activity
Mycobacterium tuberculosis strain identification, isolation, and drugs susceptibility test (DST) were performed at S. Orsola-Malpighi

University Hospital, Microbiology Unit, Bologna, Italy. The reference strain H37Rv (ATCC 25618) and four clinical isolates, selected on

the basis of DST results to first-line drugs obtained by the ‘‘gold standard’’ automatic Bactec MGIT 960 (MGIT, Becton Dickinson),

were used in this study. The critical concentrations (CC) tested byMGIT in the selected isolates were: 0.1 and 0.4 mg/mL for isoniazid

(INH), 1.0 mg/mL for rifampicin (RIF); 5.0 and 7.5 mg/mL for ethambutol (EMB), and 100 mg/mL for pyrazinamide (PZA), according to the

Clinical and Laboratory Standard Institute procedures (Wayne, 2018). Drug-susceptible isolates were sensitive to first-line drugs,

while MDR-1 and MDR-2 were Multi Drugs Resistant (MDR) strains because of resistance to INH and RIF. In addition, the critical

concentrations of b-lactam compounds in the range of 5, 10, 20, 30, 40, 50 and 100 mg/mL of were tested by MGIT on the drug-sus-

ceptible strain. The results are shown in the supplemental information in Table S3.

Theminimal inhibitory concentration (MIC) values were determined using a brothmicrodilution method performed in 96-well U bot-

tom plates by Sensititre Mycobacterium tuberculosis MYCOTBI Plate (Thermo Scientific� USA) for the reference strain H37Rv, the

drug susceptible, and the MDR-1 and MDR-2 isolates (Hall et al., 2012). MIC values were read using the mirrored Sensititre Manual

Viewbox (Thermo Scientific�USA) after approximately 4 weeks of incubation when the growth was detected in the drug-free control

(GC) wells. The results are shown in the supplemental information in Table S4. Molecular tests in the used MDR isolates were per-

formed to detect mutations in the rpoB, katG or inhA (GenoTypeMTBDRplus 2.0, Bruker, Germany) and gyrA, gyrB, rrs and eis genes

(MTBDRsl 2.0, Bruker, Germany) in order to confirm phenotypic results.

The tested b-lactam compounds were dissolved in 1 mL of DMSO, then diluted with sterile water to obtain 0.5 mg/mL stock so-

lutions. Five 2-fold serial dilutions were prepared starting from stock solutions resulting the final concentrations of 2.5, 5, 10, 20, and

40 mg/mL. Clavulanic acid was added at a final concentration of 5 mg/mL (Li et al., 2018; Diacon et al., 2016). Colonies (3 to 5) of the

tested strains were picked from LJ slants and adjusted in a Saline Tween with Glass Beads solution (Thermo Scientific�USA) to 1.5 x

108 CFU/mL (0.5 Mc Farland). The suspension was diluted 100-fold in Middlebrook 7H9 with OADC Broth (Thermo Scientific�) and

100 mL ofM. tuberculosis suspension was inoculated in each well. The effect of DMSOwas evaluated adding the highest DMSO con-

centration (4%) used to dissolve the molecules into GCwells. The b-lactam compounds were tested in triplicate against each isolate,

with and without 5 mg/mL clavulanic acid (Merck KGaA, Germany). Meropenem was tested (0.125-64 mg/mL), with and without 5mg/

mL of clavulanic acid, as control compounds in the same setup. The plates were sealed and incubated at 37�C for approximately

3 weeks in a non-CO2 incubator. MIC values, defined as the lowest concentration of the tested compound able to inhibit detectable

growth of the microorganism, were expressed in mg/mL.

QUANTIFICATION AND STATISTICAL ANALYSIS

The spectrophotometric absorbance data for enzyme kinetics was recorded in triplicate measurement, mean values and standard

deviation indicated by the error bars was plotted on Figure 2 panels B, C and E. The time dependent change in absorbance were

plotted against time and the kinetic constants kobs of covalent adduct formation were derived from the exponential fits using the

single turnover kinetic model A = A0 + A1 e
-kt in the OriginLab software (OriginLab, Northampton, Massachusetts, USA). The kinetic

constant is reported with the standard error derived from the fit.

The quantitative data obtained from the mycobacterial cultures were reported as Minimum Inhibitory Concentrations (MIC) values

expressed in mg/mL.
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