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Mechanisms of b-lactam killing and resistance
in the context of Mycobacterium tuberculosis

Carl N Wivagg1,2, Roby P Bhattacharyya2,3 and Deborah T Hung1,2,4

b-Lactams are one of the most useful classes of antibiotics against many common bacterial pathogens. One exception is

Mycobacterium tuberculosis. However, with increasing incidence of multidrug-resistant tuberculosis and a need for new

agents to treat it, the use of b-lactams, specifically the combination of carbapenem and clavulanate, is now being revisited.

With this attention, comes the need to better understand both the mechanisms of action of b-lactams against M. tuberculosis

as well as possible mechanisms of resistance, within the context of what is known about the b-lactam action in other bacteria.

M. tuberculosis has two major mechanisms of intrinsic resistance: a highly active b-lactamase and a poorly permeable outer

membrane. Within the cell wall, b-lactams bind several enzymes with differing peptidoglycan-synthetic and -lytic functions.

The inhibition of these enzymes may lead to cell death through several mechanisms, involving disruption of the balance of

synthetic and lethal activities. Currently, all known means of resistance to the b-lactams rely on diminishing the proportion of

peptidoglycan-synthetic proteins bound and inhibited by b-lactams, through either exclusion or destruction of the antibiotic,

or through replacement or supplementation of target enzymes. In this review, we discuss possible mechanisms for b-lactam
activity in M. tuberculosis and the means by which it may acquire resistance, within the context of what is known in other

bacterial species.
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THE NEED FOR b-LACTAMS IN TUBERCULOSIS TREATMENT

Tuberculosis causes more than a million human deaths and US$50
billion of economic damage each year.1 The disease poses a
continuing threat to public health because of the emergence of
multidrug-resistant, extensively drug-resistant and, recently, totally
drug-resistant strains of the causative organism, Mycobacterium
tuberculosis (MTB).2

Standard tuberculosis treatment for drug-sensitive disease requires
the simultaneous use of four drugs: rifampin, an RNA transcription
inhibitor; isoniazid, a mycolic acid biosynthesis inhibitor; ethambutol,
an arabinogalactan biosynthesis inhibitor; and pyrazinamide, which
inhibits the recycling of stalled ribosomes.3 The side effects of the
tuberculosis treatment regimen can be severe and may discourage
many patients suffering tuberculosis from completing the course of
treatment. Furthermore, the 6-month duration of the treatment
makes ensuring its completion difficult in impoverished areas with
poor public health systems. Yet this is necessary even in the best-case
scenario of a fully drug-susceptible isolate; treating drug-resistant
MTB requires even more complex and toxic therapies for longer
durations.
Conspicuously absent from this list of drugs are many members

of the antibiotic classes commonly used to treat respiratory
tract infections: b-lactams, fluoroquinolones and macrolides.4

Fluoroquinolones are used in second-line therapy and are currently
in phase III clinical trials as first-line agents.5 Macrolides have efficacy
against other mycobacteria, but MTB has intrinsic resistance to this
class of antibiotics. Other commonly used drug classes such as
aminoglycosides (for example, streptomycin6) and more recently,
oxazolidinones (linezolid7) may be used for resistant MTB as well.
However, b-lactams have not been clinically exploited for therapy of
MTB to date.
This absence is notable, because b-lactams are among the oldest

and best-validated antibiotics in medical practice, a bactericidal class
of antibiotics with well-characterized pharmacokinetic and pharma-
codynamic properties. They are the preferred agents in a multitude of
infections, both common and serious, caused by a diverse group of
bacterial pathogens, including community-acquired pneumonia,8

health-care-associated pneumonia,9 endocarditis,10 bacteremia and
sepsis,11 cellulitis and other skin/soft-tissue infections including
necrotizing fasciitis,12 meningitis,13 prosthetic joint infections,14

intra-abdominal infections,15 otitis media,16 Lyme disease with
neurologic or cardiac involvement,17 and sexually transmitted
infections such as gonorrhea and syphilis.18 Microbes have acquired
resistance in nearly all of these settings through diverse mechanisms
that will be explored in this review, including inactivation through
b-lactamases, mutation of the target protein in the cell wall, and
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expulsion from the periplasmic space. However, in part because of
their tremendous efficacy against susceptible organisms, strategies
have been developed to overcome some of these resistance
mechanisms in other clinical settings. Modification of b-lactams to
evade b-lactamase activity, concurrent therapy with b-lactamase
inhibitors and optimization of b-lactams to target the penicillin-
binding proteins (PBPs) of specific pathogens have all increased their
antimicrobial breadth, allowing their use against certain organisms
possessing b-lactamases or refractory PBPs.
MTB possesses a strong, constitutive b-lactamase activity19 that

renders it highly resistant to b-lactams,20 and this is thought to be one
important reason why this class was not initially successful in treating
MTB.21 However, b-lactamase inhibitors that have been developed for
other applications have activity against the MTB b-lactamase,22 and
degradation-resistant b-lactam agents such as carbapenems have some
efficacy as well.23 Recently, the rise of multidrug-resistant tuberculosis
has encouraged renewed interest in b-lactam/b-lactamase inhibitor
combination therapy. Despite the fact that amoxicillin/clavulanate,
one such combination, saw only limited success in several trials,24,25 a
recent study has shown that meropenem/clavulanate has potent
activity against drug-resistant MTB. This study also showed strong
activity against anaerobic models of persistent MTB infection, which
are hypothesized to bear similarity to non-replicating or dormant
bacteria in persistent clinical conditions. Activity in these anaerobic
models may indicate a potential to shorten MTB’s unusually long
duration of therapy.26 Although meropenem must be administered
i.v., this finding has led to a successful animal trial27 and preliminary
clinical trials of meropenem/clavulanate against MDR/XDR-TB,
resulting in significant improvements in outcomes for treated
patients versus controls.28,29 Such developments are especially
encouraging because the b-lactams represent a path to cell death
not targeted by existing therapies, and resistance to those therapies
should minimally impact b-lactam treatment. These developments
offer the promise of bringing one of our most historically successful
drug classes to bear on one of the world’s most prolific pathogens.
The potential clinical use of meropenem/clavulanate and the search

for new antitubercular compounds in general raise two questions.
First, what existing defenses does MTB have against small molecules?
Second, what are the means by which it may acquire further
resistance? This review shall consider each of these questions in turn,
primarily from the perspective of the b-lactams, of which meropenem
and other carbapenems are a subclass, drawing from possible
mechanisms described in other bacterial species. We shall consider
existing defenses including the complex architecture of the cell wall,
with special emphasis on the lytic transglycosylases of MTB, and
review existing mechanisms of b-lactam resistance across bacteria,
with an emphasis on the diversity of possible mechanisms applicable
to MTB.

THE MYCOBACTERIAL CELL ENVELOPE

The outer membrane
Two obstacles impede b-lactams in their passage through the cell wall
to their transpeptidase targets in the MTB peptidoglycan. First, they
must traverse the hydrophobic, poorly permeable mycolic acid layer
that constitutes a major part of the cell wall.30 Then, they must escape
the hydrolytic activity of MTB’s promiscuous, highly active
b-lactamase.31 The latter obstacle need not cripple the possibility of
b-lactam therapy, however, because some b-lactams like meropenem
are inherently poor substrates for the MTB b-lactamase. Furthermore,
the b-lactamase is efficiently inhibited by clavulanate in combination
therapy.31 The b-lactamase on one side of the membrane combines

with membrane permeability, an additional important parameter, to
determine the concentration of b-lactam within the periplasmic space
and accessibility to b-lactam targets in a non-equilibrium state.32

The MTB cell wall contains an outer layer of unique mycolic acids
that are C60–C90 long chain carboxylic acids covalently linked to
arabinogalactan, an underlying polymer of repeating sugars.33 This
arabinogalactan layer is itself covalently bound to the peptidoglycan
sacculus.34 Together, then, the mycolic acids, arabinogalactan and
peptidoglycan compose one giant macromolecule encasing the cell
proper (Figure 1).34

Several properties of the mycolic acids make them formidable
obstacles to the passage of b-lactams and other small molecules. These
include their size or length, their structure and their unusual
modifications or unsaturations. The mycolic acids extend around
53–64 carbons from a primary carboxylic acid head group, with the
remaining carbons forming a branch extending from the carboxylic
acid a-carbon.35 This carbon length is substantially longer than the
average fatty acid in MTB’s inner cell membrane (Figure 1). However,
recent electron microscopy studies indicate that the hydrophobic
region of the outer mycolic acid layer is not substantially thicker than
the cell membrane, leaving some question as to the exact conforma-
tion of mycolic acids in their cellular context.36,37 What is certain is
that they are generally perpendicular to the surface of the cell, and
their boundary with the hydrophilic extracellular milieu or capsular
area is mediated by a variety of accessory lipids, such as phthiocerol
dimycocerosate and the sulfolipids, and glycolipids, including
lipomannan and lipoarabinomannan.38,39 Together, the mycolic
acids on the inner leaflet and the free glycolipids on the outer
leaflet effectively form a mycobacterial outer membrane bilayer
(Figure 1).36,37

This outer membrane forms a substantial permeability barrier
to both nutrients and antibiotics. For the cephalosporin class of
b-lactams, by one estimate, the dual limitations of the permeability
barrier and b-lactamase activity create a 500–5000-fold concentration
differential between the extracellular milieu and the periplasm,

Figure 1 The mycobacterial cell envelope consists of the cell membrane

(CM), a periplasmic space (PS) and several layers of peptidoglycan (PG),

which is covalently bound to branching chains of furans in arabinogalactan

(AG), themselves covalently bound to long-chain mycolic acids (MA). The

outer layer of the cell envelope is a heterogeneous mixture of glycolipids

(GL). The bars to the left of the labels indicate degree of hydrophilicity, with

dark representing hydrophobicity and light representing hydrophilicity.
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compared to a 1.5–15-fold differential across the outer membrane of
Escherichia coli.40 This is true regardless of the hydrophobicity of the
cephalosporin.
Beyond the hydrophobicity of the mycolic acids, their unusual

length and characteristic unsaturations of the alkyl chain also
contribute to the permeability barrier. The different types of
unsaturation, which may vary across species, likely contribute to the
higher or lower permeability of the cell walls of different mycobac-
teria. For instance, MTB and Mycobacterium avium-intracellulare
possess a combination of cis-cyclopropanations or cis-olefins that
other mycobacterial species lack; in direct biophysical comparisons,
this modification raised the melting temperature of tubercular
mycolic acids by 3 1C relative to the mycolic acids of an isogenic
strain lacking the ability to incorporate this unsaturation.41 In a
survey across mycobacterial species, the melting temperature of
mycolic acid membranes also rose in proportion to the average
mycolic acid length for a given species.42 The increases in mycolic acid
melting temperature from cyclopropanation and elongation reflect a
decrease in fluidity, which is directly related to the ability of molecules
to diffuse through the membrane.42 These measurements, then,
provide a biophysical basis to understand the importance of MTB’s
outer membrane as a permeability barrier.

The peptidoglycan
Beyond the outer membrane, b-lactams enjoy unhindered passage
through the hydrophilic arabinogalactan to the peptidoglycan target
area. The properties of the peptidoglycan, such as glycan chain length
and the type and density of cross-linking, do not directly affect
b-lactam susceptibility, though they are the product of the peptido-
glycan-synthetic machinery that is the b-lactam target. Glycan chain
length and the type and density of cross-linking may reflect the
relative importance of individual components of the peptidoglycan-
synthetic machinery and thus determine which ones are viable
antibiotic targets.
Like E. coli and Bacillus subtilis, MTB peptidoglycan is of type A1g,

which consists of long glycan chains cross-linked by interlinked
peptide stems of the sequence L-Ala-g-D-Glu-meso-Dap-D-Ala-D-Ala.
(Meso-Dap is meso-diaminopimelic acid and g-D-Glu is glutamate
polymerised from its g-carboxylic acid group; Figure 243,44). In MTB,
the glutamate often forms isoglutamine through amidation of the free
a-carboxylic acid. The most common variation on this scheme in
MTB is the addition of a single glycine to the e-amino group on
meso-Dap,44 similar to the interpeptide bridges in many Gram-
positive firmicutes.45

The combinatorial diversity formed by the cross-linking of these
side chains greatly exceeds the variations in the side chains themselves,
mediated by a collection of transpeptidases. Previously, models
assumed that these penicillin-binding transpeptidases carried out
most or all of this cross-linking,46 and that these transpeptidases were
the high MW (HMW) PBPs. Each HMW PBP contains a
transpeptidase domain, which catalyzes the displacement of the
peptide bond to the terminal D-Ala of a receiving pentapeptide side
chain with the amino group from an invading peptide side chain
(Figure 2). This amino group is always contributed by the amino acid
at the Position 3 (Figure 2); in MTB, this is the e-amino group of
meso-Dap, but in other species, it may be the side chain amino group
of lysine or ornithine instead.47

As with glycan chain length, the degree of peptide cross-linking
modulates the properties of the peptidoglycan macromolecule. More
cross-linking results in a finer mesh encircling the cell. The
greater number of cross-links per unit area also means that individual

cross-links may be less stressed, because each cross-link bears less of
the turgor pressure of the cell contents. The diversity of PBP paralogs
in most bacterial species suggests transcriptional or translational
mechanisms may play a role in controlling the amount of cross-
linking that occurs, but other mechanisms exist as well. For example,
carboxypeptidases can remove the terminal D-Ala from a side chain,
preventing it from accepting a cross-link from a neighboring peptide
strand. Endopeptidases also can hydrolyze existing peptide cross-links,
most often at Position 4 (Figure 2), but endopeptidases have been
described that cleave at nearly every position.48 In contrast to Position
4 endopeptidases, which are generally non-essential, the
endopeptidase cleaving at Position 2 in MTB is essential.49

Beyond the degree of cross-linking, the nature of the cross-link also
appears to have a major impact on bacterial physiology. Although the
invading amine group is always a side chain from Position 3, the
receiving carboxylic acid can be at Position 4 or Position 3 (Figure 2).
The former cross-link, termed a 4-3 cross-link, predominates in
E. coli.43 The D,D stereochemistry of the invading and receiving amino
acid chiral centers matches the stereochemistry of the D-Ala-D-Ala
bond they replace; these bonds are the natural substrates of PBPs.50 In
contrast, the 3-3 cross-link, which is formed by an invading amine
group from Position 3 forming a covalent bond with the a-carboxylic
acid of Position 3 meso-Dap, predominates in Mycobacterium
abscessus51 and stationary phase MTB.44 The L,D stereochemistry of
the disrupted link between meso-Dap and D-Ala has given the
enzymes catalyzing the formation of 3-3 cross-links the name of
L,D-transpeptidases. The investigation of 3-3 cross-links is relatively
new, but it is clear that they play a major role in determining b-lactam
susceptibility.52

This unusual cross-linking is just one of several properties,
then, that contribute to the complexity of the mycobacterial cell
envelope as a b-lactam obstacle. It combines with the low perme-
ability of the mycolic acid layer and the mycobacterial b-lactamase
to present an array of difficulties that b-lactam chemotherapy must
overcome.

Figure 2 Peptidoglycan side chains in MTB contain L-alanine,

D-isoglutamate, meso-diaminopimelic acid, D-alanine and D-alanine. The

chirality of each stereocenter is indicated in bold. The possible reactive

carbons to an invading nucleophile are indicated with electron-pushing

arrows at Positions 3 and 4. D-isoglutamate in MTB is often amidated, as

depicted.
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THE b-LACTAM MECHANISM OF ACTION

The molecular targets of the b-lactams
The b-lactams were the first antibiotics discovered, and have to date
been among the most successful, both in use and diversity, having
spawned hundreds of semi-synthetic derivatives.53 Exposure to b-
lactams may induce several different effects. The observable outcomes
range from bacteriostasis and morphological alterations to rapid
bacteriolysis.54 Although effects vary for particular species,55

antibiotics54 and exposure conditions,56 all known effects result
from the inhibition of peptidoglycan-modifying peptidases outside
of the cell membrane. These peptidases are the (D,D-) PBPs and the
L,D-transpeptidases.57

The most important effects of exposure to b-lactams are cell death
and bacteriolysis. Current models hold that cell death arises only from
the inhibition of peptidoglycan-synthesizing HMW PBPs and L,D-
transpeptidases,58 and not the low MW endo- and carboxypeptidase
PBPs, which hydrolyze peptidoglycan (Table 1). Although the
phenotypic alterations arising from deletion of the low MW PBPs
indicate that they may be responsible for some of the morphological
effects of b-lactam treatment, they are not usually essential for
viability.59

For the two most diverse classes of b-lactams, the penicillins and
cephalosporins, bacteriolysis and cell death probably occur through
inhibition of the HMW PBPs alone and not the L,D-transpepti-
dases.54,57 Although cephalosporin binding to the L,D-transpeptidases
can occur,60 the failure to identify these proteins in most early assays
for b-lactam binding proteins suggests the phenomenon is not
common.
The third major class of b-lactams, the carbapenems, also display

high affinity for certain Class A HMW PBPs,61 and so it had been
assumed that the carbapenems target these PBPs too.62 Recently,
however, the finding that carbapenems form adducts with the
L,D-transpeptidases that form 3-3 cross-links in MTB,63 and that
they potently kill organisms rich in these cross-links,26 has raised the
possibility that these enzymes may in fact be an additional or alternate
molecular target for the carbapenems.58

Whatever the relevant protein targets are in the cell, the b-lactams
mimic the natural D-Ala-D-Ala substrate of the PBPs and inhibit
them by forming a slowly hydrolyzing adduct at the active site. The
hypothesis that carbapenems may target the L,D-transpeptidases
has force because a distinctive feature of the carbapenems versus
other b-lactams is the opposite chirality of the a-carbon, which
mirrors the fourth position of the peptide substrate (Figure 3).62,64

The chirality difference between other b-lactams and carbapenems
thus corresponds to the difference between D,D- and L,D-
transpeptidation.

Molecular pathways to cell death
Although a range of HMW PBPs and L,D-transpeptidases have been
identified as binding targets, the means by which the inhibition of
these targets leads to the observed effects of b-lactam exposure is less
clear. In fact, the precise mechanism by which b-lactams kill bacteria
is an enduring mystery.57,65–67 The functional diversification of PBPs
complicates efforts to solve the mystery, as has the multiplicity of PBP
paralogs in the typical bacterial genome and the variable death
mechanisms, requirements and phenotypes observed in different
bacterial species. Although all of these paralogs can be easily
identified in MTB bioinformatically, their genetic study is only just
beginning, and so we shall draw upon the body of work on more
tractable organisms to describe how the inhibition of the molecular
targets of b-lactams may lead to killing.
In E. coli, the phenotypic effects of exposure to several b-lactams

have received the most comprehensive study. Some b-lactams, such as
cephalexin, specifically inhibit PBP3 leading to filamentation. Others,
such as mecillinam, specifically inhibit PBP2, the function of which is
less clear, inducing the formation of ovoid cells. b-Lactams such as
benzylpenicillin specifically inhibit the collective PBP1, leading to
rapid lysis.54 The collective PBP1 comprises all of the E. coli Class A
PBPs, including PBP1a, PBP1b and PBP1c, which were not separable
in initial observations of the E. coli PBP complement.
The bacteriolytic effect of PBP1 inhibition is consistent with a

number of data indicating that the Class A HMW PBPs are
collectively essential in many species. This has been genetically
demonstrated in E. coli68 and B. subtilis.69 In Corynebacterium
glutamicum, a close relative of MTB with a one-to-one
corresponding set of PBPs, the deletion of the full complement of
Class A HMW PBPs leads to severe morphological defects.70 Why
precisely these phenotypes should arise is not clear; both the
glycosyltransferase and transpeptidase activities of the Class A
HMW PBPs are biochemically redundant with monofunctional
glycosyltransferases and Class B PBPs that are expressed in the
bacterium, respectively. One hypothesis is that some Class A HMW
PBPs may serve an essential scaffolding function, which cannot be
fulfilled by alternative peptidoglycan-synthesizing enzymes,71 though
whether b-lactam binding would disrupt such a function bears further
investigation.

Table 1 Transpeptidases and other penicillin-binding proteins in

Mycobacterium tuberculosis

Gene name Common name Function

Rv0050 ponA1 Class A HMW PBP

Rv3682 ponA2 Class A HMW PBP

Rv0016c pbpA Class B HMW PBP

Rv2163c pbpB Class B HMW PBP, ftsI orthologue

Rv2864c — Class B HMW PBP

Rv3330 dacB1 Class C LMW PBP, carboxypeptidase

Rv2911 dacB2 Class C LMW PBP, carboxypeptidase

Rv0116c Ldt L,D-transpeptidase

Abbreviations: HMW, high MW; LMW, low MW; PBP, penicillin-binding protein.

Figure 3 The cephalosporin and carbapenem cores have opposite chirality

at the carbon a to the electrophilic carbonyl carbon (*). In peptidoglycan,

the corresponding a-carbon (a) has opposite chirality at Positions 4 and 3,

where cross-links are formed for D,D- and L,D-transpeptidases, respectively.
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The effects of PBP3 inhibition are also consistent across species.
PBP3, also called FtsI, has a more distinct and well-defined
spatiotemporal role than other PBPs, as a catalyst of cross-linking
during septal peptidoglycan synthesis. It is recognizable across species
and essential for septation and viability in E. coli, B. subtilis and
C. glutamicum.72–75 The filamentation phenotype upon exposure to
cephalexin is therefore consistent with this known function.
The most extreme of these effects of PBP inhibition, cell death, is

perforce the one of most interest, but it is also the most complicated.
Several models have been proposed over the years, most of them
following directly from effects on the cell wall, but others including
transcriptional effects and wholesale macromolecular damage.
Although little is known about how these models apply to MTB, it
is likely b-lactams use some subset of the death pathways present
in other bacteria.

Killing by autolysis
When b-lactams were first discovered, the simplest model for killing
was that cell death at bactericidal concentrations ultimately arises from
the inhibition of the well-conserved and essential functions of either
FtsI or the collective Class A HMW PBPs.54 The inhibition of either of
these cross-linking functions could result in a cell wall with weakened
mechanical stability, which would ultimately succumb to the turgor
pressure within the cell, rupturing violently.76,77 Although inhibition
of cross-linking and concomitant loss of mechanical stability certainly
occur upon b-lactam exposure, findings from many laboratories have
since shown that the links between these effects and ultimate cell death
are potentially much more complicated than initially thought.
One of the first observations to hint at the underlying complexity

of the effects of b-lactams on viability occurred in Streptococcus
pneumoniae. S. pneumoniae has an autolytic system that causes it to
undergo massive loss of viability upon reaching stationary phase.78

Inhibition of LytA, a peptidoglycan amidase that functions as an
autolysin in stationary phase, by the substitution of ethanolamine for
choline in the cell wall conferred tolerance to penicillin.79 Genetic
inactivation of amidases in E. coli80 and endopeptidases in B. subtilis81

confirmed that such autolysins are widely required for b-lactam-
mediated bacteriolysis. All of these proposed autolysins are in fact
peptidoglycan-modifying enzymes with functions presumed to be
related to the reshaping and division of the peptidoglycan sacculus
during growth.48 Notably, in all of these species, b-lactam tolerance is
not complete; bacteriostatic, but not bacteriolytic, effects still occur,
and in some cases there is still a gradual loss of viability in the
presence of b-lactams.78,81,82 These observations imply that either
additional autolysins or another pathway of cell death must exist.
The requirement for autolysins has led to the balanced growth

model of killing by b-lactams.83 In this model, the proper
maintenance of peptidoglycan requires a balance of synthetic
activities, primarily from PBPs, and lytic activities from autolytic
peptidoglycan hydrolases, such as the amidase LytA. Inhibition of
synthetic HMW PBPs by b-lactams tips the balance in favor of the
lytic activities, and the cell wall gradually degrades until it is too weak
to withstand the turgor pressure of the cell, resulting in release of
cytoplasmic contents and death.83 MTB has many peptidoglycan
hydrolytic activities that have not yet been fully characterized but that
could be involved in balanced growth; further, only a few have been
evaluated for their roles in antibiotic resistance.84,85

Killing by induced autolysis
This model of death by autolysis has endured to the present as a
partial explanation of b-lactam killing.86 The most significant

refinement to this model has been the realization that autolysins are
tightly regulated and dependent on cellular signals to enact b-lactam-
mediated bacteriolysis.83 This refinement arose from the observation
that in E. coli, B. subtilis, S. pneumoniae, S. aureus and Enterococcus
faecium, manipulation of culture conditions could uncouple PBP
inhibition and bacteriolysis in time: incubation of bacteria with
b-lactams at acidic pH did not lead to lysis, but subsequent transfer of
the same bacteria to neutral pH without b-lactams did lead to
lysis.87,88 This experiment demonstrates that neutral pH conditions
either themselves activate autolysins or stimulate some signal that
does so.
For firmicutes, an elegant model exists wherein the local acidity of

cell wall regions controls hydrolase activity.89 Several factors in turn
modulate this local acidity, including the buffering capacity and pH
of the extracellular milieu, the proton motive force, and the
D-alanylation of cell wall teichoic acids. The balance of these forces
can cause fine-tuned local variations across the cell wall.89 This model
is more problematic for proteobacteria such as E. coli, which lack
teichoic acids and the thick peptidoglycan of firmicutes, which are
critical features of the model.89 MTB lacks teichoic acids but possesses
other negatively charged peptidoglycan-associated sugar polymers
that could play a similar role.

Killing by holins
The balanced growth model does not explain cell death that occurs
without bacteriolysis, which occurs in some streptococci.90,91 In these
systems, loss of colony-forming ability and protein and RNA synthesis
occur without any detectable change in OD. In the initial report of
this phenomenon, an uncharacterized mutation reduced this cell
death by four orders of magnitude.91

The identity of this mutation did not become clear until years later,
when other researchers found a mutation in the cidAB operon
of S. aureus, which corresponds to the mutant streptococcus allele,
that confers a similar amount of b-lactam resistance. It is also
homologous to some holin proteins, which are small, amphiphilic
helical proteins that tend to disrupt the membrane. Its deletion
lowered the extracellular peptidoglycan hydrolase activity of Staphy-
lococcus aureus mutants.92

Holins were first described in phage biology. During phage
infection, peptidoglycan hydrolases remain intracellular, where they
cannot act, until the appropriate point in the infection cycle. At the
appropriate point, the balance of holins and antiholins changes to
permeabilize the cell membrane; the released hydrolases digest the
peptidoglycan, and the packaged phage can diffuse freely through the
permeabilized membrane and digested peptidoglycan to infect other
cells.93

Notably, although endogenous holins are hypothesized to perform
the same biophysical function in S. aureus—permeabilization of the
cell membrane—during b-lactam-induced death as phage-encoded
holins do during phage escape, the method of killing to which
endogenous holins contribute is non-lytic, indicating that it does not
require the release of peptidoglycan hydrolases. Instead, cell death
may occur simply as a result of the collapse of the cell membrane
permeability barrier, followed by loss of the proton motive force and
dissipation of the cellular machinery.89,92 Consistent with this model,
the antiholin regulator of cidAB, lrgAB, is activated in response to
decreases in the proton motive force, allowing it to prevent
inappropriate killing by cidAB-mediated permeabilization.94

Homologs of cidAB occur in E. coli and many Gram-positive
bacteria, but there are no obvious homologs in MTB or other
actinomycetes. This is not surprising, because the prevailing
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explanation for the existence of cidAB is that it has a role in biofilm
development;89 the holins facilitate the release of DNA from dying
staphylococci, which increases biofilm integrity.95 The exploration of
biofilm roles in MTB pathogenesis is debated, but biofilms do not
play a role in the classical model of granulomatous infection.96

Although MTB lacks obvious cidAB homologs, the possibility that
some holin may contribute to b-lactam-mediated cell death cannot be
excluded, because the holins are merely small, amphiphilic helical
proteins, and proteins meeting this description are abundant in
MTB’s genome.84

Killing by oxidative damage
Another proposal that is currently being debated is that killing by
b-lactams (and other bactericidal antibiotics) may occur through the
disregulation of the tricarboxylic acid cycle and the Fenton reaction,
leading to an increase in cellular hydroxyl radicals.97 Although recent
work has begun to elucidate the pathways by which hydroxyl radicals
may lead to cell death,98 other work has shown that bactericidal
antibiotics retain potency under conditions where hydroxyl radicals
cannot be efficiently generated, indicating that the hydroxyl radical
pathway may not be the only or even the major pathway to cell death
for some antibiotic classes.99,100 In MTB, hydroxyl radicals do seem to
play a role in cellular death, at least under conditions of bacterial
persistence.101

The very existence of tricarboxylic acid cycle disregulation under
exposure to b-lactams reinforces a crucial point: the existence of
pathways to cell death requires the sensing of either the b-lactams or
the effect they have on their molecular targets.

CELLULAR SENSING OF b-LACTAMS

The induced autolysis pathway, the holin:antiholin pathway and the
oxidative damage pathway to bacterial cell death all require some
means by which the cell can sense the state of its peptidoglycan, or
sense the presence of b-lactams directly. Without signal transduction,
the active processes in these pathways would never be initiated.
There are several possible mechanisms the MTB cell could use to

monitor the state of its peptidoglycan-synthetic machinery. One
mechanism is through a sensor protein. Methicillin-resistant S. aureus
uses such a mechanism, via the BlaR1 protein, to monitor b-lactam
concentrations so that it can avoid unnecessary expression of its
supplementary, highly b-lactam-resistant PBP, PBP2a. PBP2a is the
principal effector of methicillin resistance in methicillin-resistant
S. aureus infection. BlaR1 consists of an extracellular sensor domain,
resembling a transpeptidase domain, connected by a transmembrane
helix to an internal peptidase response domain. In response to
treatment with methicillin, BlaR1 upregulates the expression of
PBP2a.102 MTB has a close homolog of BlaR1. This gene, Rv1845c,
is thought to respond to b-lactams; however, it has only a BlaR1-like
response domain, with no sensor domain.103 MTB nonetheless
possesses many candidate domains that may bind to b-lactams that
could serve as the sensor domain, including a number of b-lactamases
and uncharacterized transpeptidases not thought to contribute
directly to b-lactamase activity. It also possesses two genes that
encode the PBP-associated serine and threonine kinase-associated
domain, a specialized domain that may bind peptidoglycan-like
substrates and play a role in sensing.104 It is possible that any of
these proteins may interact with Rv1845c or another transmembrane
regulator to convey direct information about the presence of
b-lactams.
Another mechanism through which MTB may sense the presence

of b-lactams is indirectly, by monitoring the state of its peptidoglycan.

One way to do this would be through a peptidoglycan recycling
pathway, by which various peptidoglycan fragments are transported
directly to the cytosol. In E. coli, this pathway provides information
through the proportion of tri-, tetra- and pentapeptides imported by
AmpD, a disaccharide-peptide transporter. An increased ratio of
pentapeptides to tripeptides indicates a lack of PBP activity, implying
the presence of b-lactams and leading to expression of the AmpC
b-lactamase.105 Although MTB does not possess clear homologs to
the proteins of the Amp pathway, it and other Gram-positive bacteria
have evidence of a peptidoglycan recycling system. Investigation of the
Gram-positive system has elucidated several components that could
be involved in peptidoglycan digestion, recovery and sensing,
including the b-N-acetylglucosaminidase NagZ in B. subtilis,106 with
MTB possessing a NagZ ortholog.84

Finally, bacteria may possess additional ways of sensing b-lactams
by somehow directly monitoring the activity or inhibition of their
b-lactam-sensitive transpeptidases. In C. glutamicum, which is closely
related to MTB, depletion of FtsI (a Class B HMW PBP), but not its
inhibition by cephalexin, results in overexpression of the structural
protein DivIVA.75 The overexpression of this protein implies that
cephalexin-bound FtsI activates some signaling pathway distinct from
the one activated by absence of FtsI activity, which does not lead to
DivIVA overexpression. As FtsI activity is absent in both cases, there
should be no difference that can be detected from the state of the
peptidoglycan itself. C. glutamicum, which falls in the same
actinomycete family as MTB, may possess a sensor molecule like
BlaR1 or may have some entirely novel way of monitoring FtsI
activity.105

POTENTIAL DEFENSES: b-LACTAM RESISTANCE ACROSS

BACTERIA AND ITS IMPLICATIONS FOR MYCOBACTERIA

Given the uncertainty surrounding the precise series of steps by which
exposure to b-lactams leads to bacterial cell death, it would be
remarkable if there existed a complete catalog of the mechanisms by
which bacteria might acquire resistance to the b-lactams. Nonetheless,
two broad classes of resistance mechanisms have occurred over and
over again. The first broad class contains those mechanisms that
decrease the effective concentration of b-lactams at the general site of
action, the periplasm or cell wall zone. This class comprises changes in
outer membrane permeability, changes in b-lactamase activity and
changes in efflux pump activity. The second broad class of b-lactam
resistance mechanisms is the modification of the PBP profile of the
cell in such a way that sufficient transpeptidase activity remains to
permit survival even in the presence of the b-lactam. This may occur
through target site modification in which an individual PBP
acquires a mutation altering its affinity for the b-lactams, or
through acquisition or activation of previously unused PBPs with
low b-lactam affinity (Figure 4).

Permeability
Changes in b-lactam cell entry could occur through alteration in their
ability to diffuse through the hydrophobic bilayer itself or through
alterations in the population of porins within the outer membrane.107

In Pseudomonas aeruginosa, which like MTB has a combination of
permeability and efflux defenses,108 b-lactam diffusion through
porins is a much more important means of access to the periplasm
than direct diffusion across the lipid bilayer. This was inferred from
the fact that increasing b-lactam hydrophobicity leads to decreasing
b-lactam effectiveness, implying that the increased bilayer diffusion
gained through increased hydrophobicity does not compensate for
loss of mobility through porins. Supporting this line of argument,
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although both alterations in porin content109 and outer membrane
composition110 correlate with acquisition of b-lactam resistance, the
main explanation for differences in intrinsic resistance across genetic
variants of P. aeruginosa is through the populations of porins that are
permitted in the outer membrane.107,110 Clinically significant drug
resistance may arise from the accumulation of mutations modulating
intrinsic resistance.111

Although the MTB cell wall is in some ways more similar to that of
Gram-positive bacteria, MTB is similar to Gram-negative organisms
in that it possesses a well-defined outer membrane with porins for
nutrient diffusion. Also like Gram-negative bacteria, diffusion of
b-lactams into MTB probably occurs through hydrophilic pathways
rather than across its lipid bilayer.40 As few model Gram-positive
organisms possess similar outer membranes to MTB, and against
these few, b-lactams are generally ineffective, little literature exists on
the possibility of MTB modifying its porin or outer membrane
characteristics to resist b-lactam diffusion through its hydrophilic
entry points. Nevertheless, expression of a porin from a closely related
organism, Mycobacterium smegmatis, in the MTB model
Mycobacterium bovis BCG, increased growth rate and sensitivity to
several antibiotics, implying that low hydrophilic diffusion is a
limiting factor in growth.112,113 Thus, alterations in porins that
result in increased b-lactam resistance are likely to also deleteriously
affect growth.
Some research has identified loss of function mutations in

sulfolipid biogenesis genes that appear to confer b-lactam resistance
in MTB. Sulfolipids are components of the outer membrane. This
work, however, only showed genetic association, and did not identify
changes in the sulfolipid population or show a causal link between
gene loss and resistance;114 nonetheless, the possibility exists that
diffusion across the lipidic components of the outer membrane does
play an unappreciated role in b-lactam access to the periplasm. The
great complexity of the MTB outer membrane, discussed above,
implies considerable evolutionary flexibility in the precise degree of
membrane permeability possessed by the organism.

b-lactamase activity
The second method of altering effective b-lactam concentration is
through enhancement or alteration of the b-lactamase profile. The
development of b-lactamase inhibitors such as clavulanate or
sulbactam that are co-administered with b-lactams, or the develop-
ment b-lactams such as the carbapenems, which are resistant to most
conventional b-lactamases, has largely, though not wholly, served to
circumvent this resistance mechanism. However, MTB possesses a
strong, promiscuous b-lactamase, BlaC,115 which is unusual in its

ability to hydrolyze the carbapenem family, thus necessitating
carbapenem administration with b-lactamase inhibitors.31 Beyond
BlaC, MTB also possesses numerous apparent b-lactamase paralogs84

with undefined activity or regulation; not all are necessarily
b-lactamases. The blaC gene itself is under control of at least two
stress-responsive transcription factors.103 Together, these factors
suggest a broad potential for MTB to alter its existing b-lactamase
transcription levels and substrate specificities through spontaneous
mutation. MTB has not yet realized this potential in the clinic; a
broad survey of clinical strains found little variation in the
b-lactamase activities present.116 This is perhaps unsurprising,
because MTB has not experienced direct selective pressure from
b-lactams during the chemotherapeutic era. Indeed, the presence of
these b-lactamase paralogs present a possible reservoir from which
resistance may emerge if b-lactam therapy is used against MTB in the
future. It is an open question whether these additional b-lactamases
too are inhibited by co-administration of b-lactamase inhibitors like
clavulanate.117 Only BlaC has been extensively characterized.31

Current b-lactamase inhibitors are poorly effective against the
metallo-b-lactamases, one of the most important resistance determi-
nants for the carbapenems.118 However, MTB does not have nor is
MTB likely to acquire one of these genes, because it has very low
potential for horizontal gene transfer.119,120

Multidrug efflux pumps
The third method of altering effective b-lactam concentration is
through multidrug efflux pumps. Multidrug efflux pumps are a
widespread mechanism of antibiotic resistance. In the case of MTB
and other organisms possessing an outer membrane, all of the
multidrug efflux pump families require adaptor proteins to facilitate
transport from the cytoplasm or periplasm across the outer mem-
brane. Although MTB does not possess homologs to the known
adaptor proteins, it does possess numerous multidrug efflux
pumps.114 One of these, Rv0194, exports b-lactams, and its loss
confers b-lactam sensitivity.114 Therefore, it seems probable that
adaptor proteins compatible with the unique mycobacterial cell
envelope exist in the genome, but have not been discovered by
standard bioinformatic approaches.

Target site modification
The second broad class of mechanisms of b-lactam resistance
is modifications of the transpeptidase activity that allow it to evade
b-lactam binding. The most prominent method for doing this is
through target site modification, which can make a PBP more
refractory to a given b-lactam. Target site modification may work

Figure 4 Overview of b-lactam resistance mechanisms. A simplified mycobacterial cell wall is depicted from the outer membrane (OM) through the
peptidoglycan (PG) to the cell membrane (CM). In the bottom panel, the same cell wall is depicted after having utilized the full complement of resistance

mechanisms discussed here: [1] alterations in permeability of the outer membrane; [2] increase in efflux pump expression; [3] increase in b-lactamase

expression; [4] target site modification of the constitutive PBP [5] and expression of a new, b-lactam-refractory PBP.
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through two methods. First, point mutations in the target site may
alter the deacylation rate, allowing the PBP to eject the suicide
substrate and regain its functionality on a shorter timescale. Such
mutations confer modest resistance in S. pneumoniae.121 Second,
point mutations can alter the affinity of the b-lactam for the
particular PBP, thus favoring peptidoglycan substrate over b-lactam
binding.57 Although target site modification often occurs through
genetic exchange and the formation of mosaic alleles differing by as
much as 15% from the original parent alleles,122 target site
modification in MTB would occur through individual point
mutations rather than genetic exchange, because of its low potential
for horizontal gene transfer. Such mutations have been identified and
described, conferring modest resistance to b-lactams in a
phenotypically dominant manner.57,123

Alteration of the penicillin-binding protein profile
Instead of altering an existing transpeptidase through target site
modification, the cell can alternatively acquire or express a new PBP
with low b-lactam affinity. The most prominent example of this sort
of resistance is PBP2a in S. aureus. PBP2a has very low affinity for
many b-lactams,124 but is sufficient to carry on transpeptidation when
all other PBP transpeptidase functions are inhibited.125 PBP2a is
induced by a b-lactam-sensing system,102 and its expression does not
alter the remainder of the PBP profile of the cell,126 which is
intuitively consistent with its dominant mode of action.123

S. aureus acquired PBP2a from a mobile genetic element;127 the
possibilities for MTB acquiring PBP2a or a similar resistance
mechanism are therefore limited by MTB’s low potential for
horizontal gene transfer. Nonetheless, the fact that PBP2a is
repressed under normal conditions illustrates an important point:
MTB may not express its entire complement of PBPs under normal
conditions, but upon the introduction of stress such as b-lactam
exposure, it may upregulate expression of alternative PBPs with lower
affinity for b-lactams. Some have hypothesized that ponA2, a Class A
HMW PBP, may have special sterically obstructive elements that
render it refractory to b-lactam binding and thus inhibition.50

Experimentally, the PBP PonA2 appears to have low affinity for
some b-lactams,128 and our laboratory has noted that PonA2 seems to
be poorly expressed at the protein level under standard growth
conditions (unpublished data). Perhaps this is because it is not part of
the housekeeping peptidoglycan biosynthesis machinery under such
conditions. PonA2 is therefore a speculative example of the potential
for a PBP2a-like resistance mechanism in MTB.
A relatively unexplored mechanism of resistance that fits broadly

into alteration of the PBP profile is the replacement of normal cross-
linking functions with L,D-transpeptidation in E. faecium. Inhibited by
b-lactams, PBP cross-linking stops, whereas L,D-transpeptidation
continues, resulting in a viable bacterium, albeit with an altered cell
wall. In order for this alternative transpeptidation to occur in E.
faecium, a b-lactam-insensitive D,D-carboxypeptidase is required to
convert the usual pentapeptide substrate to a tetrapeptide, which is
the substrate preference of the E. faecium transpeptidase.52,129

Although MTB does not possess any orthologs of the E. faecium
carboxypeptidase that prepares the substrate,84 it does possess several
L,D-transpeptidases that could theoretically accept the usual
pentapeptide substrates; thus, it is conceivable that MTB could
acquire b-lactam resistance (with the exception of carbapenems that
also inhibit L,D-transpeptidases) by using an alternative L,D-
transpeptidation strategy to cross-link its cell wall. Crucially,
evidence that L,D-transpeptidase activity may contribute to intrinsic
resistance has been provided by a recent study showing that MTB

lacking an L,D-transpeptidase is hypersensitized to amoxicillin.130

Nonetheless, it seems unlikely that any resistance provided by L,D-
transpeptidase could be effective against carbapenems, because these
bind both the L,D-transpeptidases and the D,D-carboxypeptidases
in MTB that may hydrolyze pentapeptides prior to L,D-
transpeptidation.131

Notably, this b-lactam resistance mechanism in E. faecium is
distinctive from all other proposed resistance mechanisms in that it
relies on loss of PBP function, and loss of dependence on this
function, rather than gain or preservation of function in the face of
increasingly harsh exposures to b-lactams.129 As there are many more
ways for mutation to cause loss of function than gain of function, this
mechanism of b-lactam resistance may be a long-term possibility for
MTB.

CONCLUSION

MTB presents many challenges to b-lactam treatment. Some, like the
degree of outer membrane impermeability it possesses, are less
common among bacterial species, whereas others, like its strong
b-lactamase, are familiar. The depth of the clinical problem posed by
MTB, particularly strains that have acquired resistance to most or all
first-line clinical agents, and the power of b-lactams against other
infectious diseases urges a reconsideration by the preclinical commu-
nity of the problem of how to potentiate this class of antibiotics in
treatment. Unlike most common bacterial pathogens, as MTB has
little chance of acquisition of foreign resistance elements as a means to
dramatically increase its resistance to b-lactams, understanding the
mechanisms of resistance that are accessible through mutation of its
own genome will be paramount to any successful deployment and
subsequent preservation of b-lactams against tuberculosis. Much has
been learned about the mechanisms of b-lactam-mediated killing and
b-lactam resistance over the years in many different bacterial species.
Future investigations specifically focused on understanding these
mechanisms in MTB will clarify and assist the effort to revisit their
application to tuberculosis.
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