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Mechanisms of Resistance to Membrane-Disrupting Antibiotics in
Gram-Positive and Gram-Negative Bacteria
Kfir B. Steinbuch® and Micha Fridman*®

School of Chemistry, Beverly and Raymond Sackler Faculty of Exact Sciences, Tel Aviv University, Tel
Aviv, 6997801, Israel.

ABSTRACT:

Small-molecule-mediated disruption of bacterial membranes is an important component of the innate immune
response in numerous organisms including humans. Although still under-represented in the clinically used
repertoire of antibiotics, several antimicrobial agents that act by disrupting the structures and functions of
bacterial membranes are used for treatment of topical and internal infections. Due to the relatively conserved
structures and compositions of bacterial membranes, antibiotics that disrupt bacterial membranes should be
less likely to induce drug resistance than antibiotics that target other bacterial systems. However, drug
resistance mechanisms that reduce the efficacy of membrane-disrupting antibiotics have evolved in a variety
of bacterial pathogens. Similar to mechanisms that thwart antimicrobial agents that target intracellular
bacterial elements, resistance to membrane-disrupting agents results from modifications to the target (in this
case lipids), the action of efflux pumps, expression of various drug deactivating agents, and proteolytic
degradation. In this review we describe recent progress in elucidating the various mechanisms of resistance to
membrane-disrupting antibiotics.

The continuous rise in the number of infections caused by bacteria that are resistant to at
least one of the clinically used antibiotics and the drop in the number of novel antibiotics in drug
development pipelines have contributed to the revived interest in antimicrobial agents such as those
that disrupt bacterial membranes. Three major benefits make bacterial membranes appealing targets
for the development of antibiotics: First, targeting bacterial membranes is an effective strategy for
combating infections caused by either slow-growing or dormant bacteria that are extremely
challenging to treat using the current repertoire of antibiotics.® Second, since bacterial membranes
are composed of relatively conserved structures and since membrane-disrupting antibiotics are likely
to exert a rapid bactericidal activity,? it should be more difficult to select for resistance to these
antibacterial agents than to agents that target intracellular systems. Hence, membrane targeting
antibiotics are likely to maintain prolonged clinical efficacy. Third, the development of antibiotics
that target bacterial membranes does not require cell permeability considerations that often pose a
major obstacle to the development of antimicrobial agents.® To be effective for internal use,
however, membrane-disrupting antibiotics must selectively target bacterial, and not mammalian, cell
membranes. Since membranes composed of lipid bilayers are essential to cells of all organisms,
avoiding cytotoxicity to eukaryotic cells is a major challenge in designing membrane-disrupting
antibiotics and is probably the reason that few membrane-disrupting antibiotics are currently in
clinical use.

Although the concept of membrane disruption has relatively been poorly exploited as an
antibiotic development strategy, it is a prevalent strategy for combating bacterial infections in
nature. Cationic antimicrobial peptides (CAMPs) that are produced by the immune systems of

mammals and by many other organisms act by permeabilizing bacterial membranes and are the best
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characterized family of membrane disruptors.*® These natural antimicrobial agents usually consist of
12 to 50 amino acids and, due to the presence of basic amino acids, have net positive charge ranging
between +2 to +7 under physiological conditions.”> CAMPs are amphiphilic; in most of these
peptides, over 50% of their amino acids contain hydrophobic side chains. The amphiphilic nature of
CAMPs is the key to the interactions with bacterial membranes.® In mammals, these peptides are
produced at sites of infection and usually possess broad-spectrum antimicrobial activity.®

Of the numerous CAMPs discovered to date, gramicidin S (Figure 1) is an example for one
of the very few that have been approved for clinical use. Isolated from Bacillus brevis, this cyclic
peptide effectively combats Gram-positive and Gram-negative infections.” A major obstacle that
prevents the systemic clinical use of gramicidin S and other members of this family of antimicrobial
agents is the fact that their therapeutic window is extremely narrow; these peptides cause red blood
cell hemolysis at concentrations roughly equivalent to their minimal inhibitory concentrations
(MICs) against many strains of pathogenic bacteria.

The cationic lipopeptide antibiotics are another example of molecules that evolved in nature
and effectively disrupt the structure of bacterial membranes by highly selective binding to
lipopolysaccharides (LPS). LPS is a major lipid component of the outer membrane of all Gram-
negative bacteria. The lipopeptides polymyxin B and polymyxin E (also called colistin) are
lipopeptide antibiotics isolated from the Gram-positive bacteria Bacillus polymyxa. Polymyxins
consist of a hepta-peptide ring and a tripeptide side chain with a fatty acid tail (Figure 1). They
differ from one another only in one amino acid on the cyclic hepta-peptide.®° These antibiotics also
share the same mechanism of action:** Polymyxins bind to the lipid A core of LPS at least three
orders of magnitude more tightly than do the natural calcium and magnesium cations that hold the
LPS molecules together in the membrane. By displacing the natural calcium and magnesium ions
these antibiotics disrupt LPS assembly in the Gram-negative bacteria outer membrane.'? The short
fatty acid side chain of lipopeptides interacts with the lipid region of the LPS and assists in
anchoring these antibiotics to the outer membrane lipid bilayer. Their positively charged
diaminobutiric acid side chains interact with the two phosphate groups of lipid A through ionic
interactions.****

Another example of a clinically used membrane-disrupting antibiotic is the negatively
charged antimicrobial lipopeptide daptomycin (Figure 1). Daptomycin, produced by Streptomyces
roseosporus, is a cyclic molecule with a decanoyl fatty acid side chain attached to an exocyclic N-
terminal single tryptophan residue. It contains 13 amino acid residues, including several unique ones
such as kynurenine, ornithine, and 3-methylglutamine acid, and it has a net negative charge under
physiological conditions and is effective against Gram-negative bacteria.>'® Although daptomycin's
mechanism of action is not completely understood, it has been established that this anionic
lipopeptide targets the membrane of the bacteria and that its activity is strictly dependent on the

presence of physiological levels of Ca*®. The calcium ions are presumed to decrease or neutralize the
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overall negative charge of the lipopeptide to facilitate its insertion into the negatively charged
membrane.'**® Interestingly, although daptomycin is negatively charged and CAMPs are positively
charged, certain mechanisms of resistance to CAMPs are also effective against daptomycin.

The increase in the number of bacterial pathogens that have acquired resistance to
membrane-disrupting antibiotics urged us and other groups to pursue the development of non-
peptide-derived cationic amphiphiles that cause membrane disruption and potentially evade
resistance mechanisms.'*?® It was recently reported that a screen of “uncultivable" microorganisms
for novel antimicrobials®*® led to the identification of the CAMP teixobactin, which targets a
membrane-bound precursor of the peptidoglycan.®* Teixobactin is highly effective against several
Gram-positive pathogens and no resistance to this CAMP was detected so far, thus introducing novel
cationic amphiphiles that will not be affected by some or all of the known resistance mechanisms.

In this review, we summarize recent progress in the elucidation and unravelling of resistance
mechanisms that have evolved against membrane-disrupting antimicrobial agents. A better
understanding of these mechanisms will hopefully guide design of new membrane-disrupting

antibacterial agents.
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Figure 1. Clinically used antimicrobial peptides and lipopeptides. (left) Polymyxins B and E are mixtures of
structurally related compounds that differ from one another in the chemical structure of their fatty acid. The best
characterized of these are polymyxin B; and B, and polymyxin E; and E,. (top right) Gramicidin S. (bottom right)
Daptomycin.
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Glycosylation of membrane lipids by amino-sugars.

Attachment of cationic sugar units to the lipid A core of LPS neutralizes the negative charge that
results from the phosphate units of lipid A and thus lowers the affinity of the cationic polymyxins for LPS and
prevents their antimicrobial action. The monosaccharide 4-amino-4-deoxy-L-arabinose (Ara4N, Scheme 1),
which is positively charged at the C-4 amine under physiological conditions and is attached to the 4'-
phosphate of lipid A has been identified in lipopeptide-resistant Gram-negative bacterial strains including
Salmonella typhimurium, Escherichia coli, and Pseudomonas aeruginosa. Minor species in which the Ara4N
is attached at the 1-phosphate or on both phosphates of the lipid A have also been isolated.****

One of the virulence strategies of Salmonella involves a two-component regulatory system termed
PhoP-PhoQ. This regulatory system is activated following phagocytosis in response to the phagosome
environment and induces expression of genes necessary for LPS modification and antimicrobial peptide
resistance. PhoP-PhoQ also activates the transcription of the pmrCAB locus (pmr for polymyxin resistance),
which encodes the PmrA-PmrB two-component regulatory system. This regulatory system is also induced in
host cells (not necessarily by PhoP-PhoQ), activating genes necessary for resistance to polymyxins that

modify the lipid A with Ara4N. Mutations in pmrA observed in S. typhimurium and in E. coli %3

cause a
constitutively active expression of pmrA, and thus these species have high degrees of LPS modified with
AradN, resulting in inherent resistance to polymyxin.

Recently a PmrAB system was identified in P. aeruginosa that mediates the modification of Ara4N
on lipid A.* Additionally, strains of P. aeruginosa isolated from infants with cystic fibrosis, who develop
chronic airway P. aeruginosa infections, have AradN modified lipid A, implying early adaptation to selective
pressure from CAMPs.*® Furthermore, as inhaled polymyxin E (colistin) is commonly used to treat airway
infections in cystic fibrosis patients, colistin-resistant strains of P. aeruginosa have been isolated from patients
receiving this treatment, and these strains have alterations in the lipid A structure, among them, the addition of
Ara4N. ¥

PmrA-PmrB regulates the transcription of the pmrE gene (also termed ugd) and the pmrHFIJKLM
operon (also called pbgPE or arnBCADTEF). All of the product proteins of these loci are involved in the
biochemical pathway necessary for Ara4N biosynthesis, its attachment to LPS and in polymyxin resistance
(Scheme 1).***** The biochemical pathway commences from UDP-a-D-glucose. PmrE (Ugd), a UDP-
glucose dehydrogenase, oxidizes UDP-a-D-glucose to yield UDP-a-D-glucuronic acid. The C-terminal
domain of Pmrl (ArnA) then catalyzes an oxidative decarboxylation reaction of the UDP-a-D-glucuronic acid,
first to form the intermediate UDP-a-4-keto-D-glucuronic acid (oxidation step), and then to form the novel
UDP-a-4-ketopentose (decarboxylation step).”® The latter undergoes a transamination reaction catalyzed by
the aminotransferase PmrH (ArnB), which uses glutamic acid as the amine donor to form UDP-f-4-amino-L-
arabinose and releases a-ketoglutarate.***>** The N-terminal domain of Pmrl (ArnA) catalyzes N-formylation
of the aminated arabinose using N-10-formyltetrahydrofolate (N-10-THF) as a donor to form UDP-$-4-
formamido-L-arabinose,* which is then transferred to undecaprenyl phosphate (also known as bactoprenol

phosphate) by PmrF (ArnC), an undecaprenyl transferase that replaces the UDP group with undecaprenyl. The
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resulting product is then rapidly deformylated by PmrJ (ArnD) and transferred to the 4'-phosphate of lipid A
by the lipid A transferase PmrK (ArnT) releasing the undecaprenyl phosphate.***** Two lines of evidence
suggest that the transfer of the Ara4N from undecaprenyl phosphate-a-L-Ara4N to the lipid A occurs on the
periplasmic surface of the inner membrane. First, many enzymatic systems that utilize undecaprenyl
phosphate derivatives function in the periplasm. The second reason relates to the substrate specificity of the 3-
deoxy-d-manno-oct-2-ulosonic acid (Kdo) transferase (KdtA), which requires the presence of an unsubstituted
4'-monophosphate moiety for catalysis. Premature transfer of Ara4N to the 4'-phosphate on the cytoplasmic
surface of the inner membrane would prevent Kdo addition, which occurs in the periplasm.***** Recently
the products of pmrL and pmrM (recently renamed arnkE and arnF) were suggested to be subunits of a putative
undecaprenyl phospho-L-4-aminoarabinose flippase that transfer the undecaprenyl phospho-L-4-
aminoarabinose from the cytoplasmic surface of the inner membrane to the periplasmic surface of the inner
membrane.*
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Scheme 1. The biosynthesis pathway of Ara4N-lipid A. In the cytoplasm UDP-glucose is oxidized by PmrE to UDP-glucuronic
acid, which then undergoes oxidative decarboxylation by a two-step reaction catalyzed by Pmrl. UDP-4-ketopentose undergoes
transamination catalyzed by PmrH to form the UDP-B-4-amino-L-arabinose (green), which is formylated by Pmrl. The UDP-B-4-
formamido-L-arabinose is then transferred to an undecaprenyl phosphate unit on the inner leaflet of the inner membrane by PmrF. The
resultant undecaprenyl phosphate-a-4-formamido-L-arabinose is then deformylated by PmrJ and is transferred through the inner
membrane presumably by the flippase complex containing PmrL and PmrM. In the outer leaflet of the inner membrane, the Ara4N is
transferred by PmrK (ArnT) to the lipid A core of LPS. *
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Modification of lipid A through glycosylation with galactosamine is also associated with resistance to
lipopeptide antibiotics. For example, colistin-resistant strains of Acinetobacter baumannii have a D-
galactosamine unit attached to the 1- phosphate group of lipid A (Figure 2A).* This modification is similar to
the AradN modification observed in S. typhimurium and E. coli as both are amino-sugars carrying a positively
charged group under physiological conditions attached to the lipid A phosphate. This modification was also
observed in Francisella tularensis (Figure 2B), and several studies have suggested a homologous biosynthesis
pathway.“®* It is important to note that unlike E. coli and S. typhimurium, in which only some of LPS
molecules carry modified lipid A, in F. tularensis subsp. novicida almost all of the lipid A are found as "free"
lipid A rather than in LPS, and most of the "free" lipid A is modified with a galactosamine residue on the 1-
phosphate.”® The galactosamine addition was first described in F. tularensis subsp. holarctica, and the same
report suggested that this modification might confer resistance to CAMPs.*® It was presumed that a
homologue of the enzyme ArnT, which transfers the Ara4N to the lipid A in S. typhimurium and E. coli,
transfers the galactosamine to the lipid A in F. tularensis.***’ Indeed it was found in F. tularensis subsp.
novicida that deletion of the single arnT orthologue present in its genome (later termed fImK) causes the
synthesis of lipid A molecules lacking the galactosamine moiety.*’

Undecaprenyl phosphate-s-D-galactosamine was subsequently isolated from F. tularensis subsp.
novicida; this enzyme is the homologue of undecaprenyl phosphate-a-L-AradN from the Ara4N-modified
LPS synthetic pathway. This finding suggests that the addition of galactosamine to the lipid A occurs on the
periplasmic surface of the inner membrane.*® It was also demonstrated that FImK, the orthologue of ArnT,
transfers the galactosamine unit from the undecaprenyl phosphate-g-D-galactosamine to lipid A.* In this
biosynthetic pathway, FImF2 (the homologue of ArnC) selectively catalyzes the condensation of undecaprenyl
phosphate and UDP-N-acetylgalactosamine to generate undecaprenyl phosphate-N-acetylgalactosamine,
which is de-acetylated by a deacetylase present in membranes of F. tularensis subsp. novicida. The reaction
resembles the de-formylation in the Arad4N-LPS biosynthesis.* It is likely that this modification confers at
least some resistance to antimicrobial peptides, since it also decreases the net negative charge of the

membrane, but this has not yet been demonstrated.
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Figure 2. Proposed structures of lipid A modified with galactosamine (blue). A. The proposed structure of lipid A isolated from
colistin-resistant strains of A. baumannii. This lipid A was also found to be hepta-acylated and modified with phosphoethanolamine as
well. B. The lipid A structure of F. tularensis subsp. novicida.

Incorporation of amino acids into bacterial membrane lipids.

Most major human bacterial pathogens achieve CAMP resistance by expression of the multiple
peptide resistance factor (MprF).>! MprFs are integral membrane proteins consisting of two domains that are
responsible for two specific functions. First, these enzymes catalyze incorporation of lysine or alanine onto the
anionic phospholipid phosphatidyl glycerol (PG), one of the most common bacterial phospholipids. This
converts the charge on this lipid to positive in the case of lysine or neutralizes it in the case of alanine (Figure
3). Second, a flippase domain translocates the lysine-attached PG (Lys-PG) or alanine-attached PG (Ala-PG)
to the outer leaflet of the membrane.®*® Incorporation of these positively charged or neutral lipids lead to a
reduction in the overall negative charge of the membrane reducing the affinity of the membrane for positively

charged membrane-disrupting antibiotics.
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Figure 3. Chemical structures of phosphatidyl glycerol (PG) and the aminoacylated phosphatidyl glycerol (aa-PG). (left)
Unmodified PG, mono anionic. (middle) L-Lys-PG, positively charged. (right) L-Ala-PG, neutral. Both modified PGs are the products
of a reaction catalyzed by MprF.
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The substrates for the acylation reaction catalyzed by MprF is either lysyl- or alanyl-tRNA and the
negatively charged phospholipid (Figure 4).°**® The aminoacyl tRNA used by the MprF varies with bacteria
strain.® Staphylococcus aureus MprF only synthesizes Lys-PG, and P. aeruginosa MprFs only synthesize
Ala-PG,**** whereas Enterococcus faecalis has both of these lipids.> In Enterococcus faecium, Ala-PG, Lys-
PG, and slight amounts of arginyl PG are produced, implying that this MprF has a rather relaxed specificity
for the donor substrate.”® The phospholipid substrate also varies. In most strains the aminoacylation occurs on
PG, but in Listeria monocytogenes, MprF activity results in cardiolipin linked to Lys as well as Lys-PG.”’ The
molecular basis for the substrate specificities of MprF proteins is still not fully understood. Recently a point
mutation in S. aureus MprF that led to a gain of function was found to grant resistance to daptomycin.*®**% |t
is still unclear whether the mutation leads to increased Lys-PG synthesis, causes Lys-PG to flip to the outer

leaflet of the membrane, or results in another change in the membrane properties.™

Cytoplasm

aa aa - lysine or alanine

————0 - Phosphatidyl glycerol
aa-tRNA tRNA

Figure 4. Incorporation of amino acids lysine or alanine onto PG catalyzed by the transmembrane, two domain, protein MprF.
The synthase domain of MprF catalyzes the reaction between the lysyl- or alanyl-tRNA and PG (magenta), neutralizing the negative
charge of PG. The flippase domain translocates the synthesized lipid to the outer leaflet of the membrane, reducing the overall
negative charge of the membrane and thus decreasing the affinity to positively charged membrane disruptors.

A reduction in affinity of the membrane for positively charged membrane disruptors, similar to the
effect of alteration of negatively charged bacterial membrane lipids, results from D-alanylation of teichoic
acids found in the cell walls of many Gram-positive strains (Figure 5). This D-alanylation is typically
mediated by the proteins encoded by the dlt operon.®*® Over-expression of this operon induced by the
regulatory gene system aps (also called graRS) is also associated with the resistance found in S. aureus to the

65,66

antimicrobial anionic amphiphile daptomycin.” D-Alanylation of teichoic acids neutralizes and reduces the
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overall negative charge of the cell wall and thus lowers the affinity for positively charged membrane
disruptors (Figure 6).
Lipoteicohic acid (LTA)
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Figure 5. Structures of teichoic acids. These acids are composed of a long linear chain of monomers attached through anionic
phosphodiester bonds. (top) The prevalent lipoteichoic acid presented is composed of 1,3-glycerol-phosphate (Gro-P) monomers that
are attached to the membrane by a glycolipid anchor. (bottom) In wall teicohic acid the poly-(alditol P) units are either 1,5-D-ribitol-
phosphate (Rbo-P) or Gro-P and are linked via a sugar to the peptidoglycan. In both WTA and LTA structures, X indicates sites at
which D-alanylation may occur.®” High levels of D-alanylations are correlated with CAMP resistance. The other variations shown are
not related to CAMP resistance.

The dIt operon encodes four proteins: Dcl (encoded by dItA), a D-alanine-D-alanyl carrier protein
ligase; DItB (encoded by dltb), a D-alanyl transfer protein; Dcp (encoded by dItC), a D-alanyl carrier protein;
and DItD (encoded by dItD), a membrane protein that ensures the ligation of D-alanine to Dcp. All four
proteins are required for successful addition of D-alanine to cell wall components (Figure 6).**®” Dcl activates
D-alanine and transfers it to Dcp in an ATP-consuming reaction that yields AMP and pyrophosphate (PPi).%®
The reaction between Dcl and Dcp occurs on DItD, a membrane protein anchored to the inner leaflet of the
membrane by a hydrophobic tail. DItD selects the correct carrier protein, Dcp, for ligation with D-alanine and
hydrolyses mischarged D-alanyl-acyl carrier proteins. Dcl can transfer D-alanine to acyl carrier proteins other

than Dcp that are unable to transfer the D-alanyl to lipoteichoic acid (LTA), hence the importance of DItD.%
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D-alanyl-Dcp is then transferred out of the membrane by the transmembrane transfer protein DItB. In the
periplasm Dcp transfers the D-alanyl to the membrane-associated LTA (Figure 5). An enzyme that catalyzes
the transfer of D-alanyl from Dcp to LTA has not been identified. The transfer does require that the acceptor
LTA is bound to the membrane. D-alanyl wall teichoic acids (WTAS) are formed by trans-acylation between
D-alanyl-LTA and a WTA (Figure 5).%

Extra Cellular

FOr Pl Pl gl gl gl gl T gl el gt GV GV o PSP ST SV P ol oV oV P a PP gV GV eV,

Cytoplasm

<"

LTA - Lipoteichoic acid

Figure 6. Mechanism of the D-alanylation of lipoteichoic acids. Dcl (orange) activates D-alanine (red) using ATP and transfers it to
Dcp (light blue) in a reaction that occurs on the membrane-anchored DItD (green). The D-alanyl-Dcp is then transferred through the
transmembrane transfer protein DItB (dark blue) to the extracellular environment where it delivers the D-alanine to a membrane-bound
lipoteichoic acid (magenta).

D-Alanine

ATP PPi

It was recently revealed that Vibrio cholerae O1 El Tor, a Gram-negative bacterium that is resistant to
the antimicrobial peptide polymyxin B, modifies the lipid A anchor of its LPS with glycine and diglycine
residues on the 3-linked secondary acyl chain of the glucosamine disaccharide (Scheme 2).°™ This acyl
chain is a unique hydroxylauryl chain that possess an hydroxyl group on its 3' carbon and is found specifically
in Vibrio cholerae O1 EI Tor.”” Biosynthesis of the glycine-modified lipid A involves enzymes similar to
those in Gram-positive bacteria that modify teichoic acids. Three enzymes are involved in glycine
incorporation: AImG, a membrane-associated protein that contains a domain similar to that of late acetyl
transferases; AImE, which contains an amino acid adenylation domain and shares homology with S. aureus
Dcl; and AlmF, which has structural similarity to Dcp. The model suggests that apo-AlmF undergoes post-
translational modification on a conserved serine residue by a 4'-phosphopantetheine (Ppant) transferase to
form the holo-AlmF. The reaction occurs between the conserved serine residue and coenzyme A and releases
adenosine 3',5' bisphosphate. The holo-AlmF then activates a glycine on AImE; this results in formation of a
glycine thioester on holo-AlmF and release of AMP and PPi. AImG transfers the glycine from AImF-S-Gly to

10
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the secondary hydroxylauryl acyl chain of hexa-acylated lipid A. The reaction occurs in the inner membrane.

The glycine-modified lipid A units are then transported to the bacterial surface (Scheme 2). The diglycine
G.70’71

modification is suggested to occur by two glycylation reactions catalyzed by Alm
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Scheme 2. Proposed model for the glycine modification of lipid A from V. cholerae O1 El Tor. Ppant (green) is transferred by
Ppant transferase (green) from coenzyme A to a conserved serine residue of apo-AlmF (orange) forming the holo-AlmF. AImE (red)
activates glycine (blue) using ATP and transfers it to the holo-AlmF (orange). The membrane-associated AImG (dark blue) then
transfers the glycine from the holo-AlmF to the 3’ alcohol of the secondary acyl chain of lipid A. The modified lipid A is transferred
(in several steps) to the outer leaflet of the outer membrane where it decreases the overall negative charge of the membrane and
promotes resistance to polymyxins.”
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Incorporation of phosphoethanolamine residues.

Another lipid A modification, found in Gram-negative bacteria, that is related to the resistance toward
polymyxins and CAMPs is the addition of phosphoethanolamine (pEtN) to the 1-phosphate of lipid A (Figure
7A). This modification introduces a positive charge at the lipid A reducing the overall negative charge of the
membrane and the affinity for cationic membrane disruptors. Additionally, the positively charged amine group
can reduce the electrostatic repulsion between neighboring lipid A molecules and thus can lower the
dependency of membrane stability on divalent cations such as Mg** and Ca*?, which are known to be released
from the membrane in the presence of membrane disruptors.” Finally, the positive charge masks the
phosphate groups on lipid A further lowering affinity for membrane disruptors.”™

The enzyme that attaches the phosphoethanolamine to the 1-phosphate of the lipid A is called PmrC
or EptA. This enzyme is regulated by the PmrAB two-component regulatory system. The PmrAB two-
component system consists of the PmrA response regulator and the PmrB sensor, which is activated by high
concentrations of Fe**. In addition, this regulatory system can also be activated by low Mg*? through the
PhoP-PhoQ two-component system.” The phosphoethanolamine donor is phosphatidylethanolamine, an
abundant lipid of the inner membrane, and the reaction occurs in the periplasmic surface of the inner
membrane releasing diacylglycerol (Figure 7B).*>™® This modification usually occurs coincidentally with the
addition of the Ara4N at the 4'-phosphate of the lipid A since expression of the proteins responsible for these
processes is regulated by the same system. Uncommon species are present in which the locations of the
Ara4N and pEtN groups are reversed or in which both phosphates are modified with the same substituent.®*
Furthermore, when the function of a gene necessary for the synthesis of one of these modifications is
disrupted, the amount of the other modification is increased relative to levels in the wild-type strain.”

It was recently shown that the lipid A of colistin-resistant A. baumannii is modified with
phosphoethanolamine at the 4'-phosphate group and a galactosamine (discussed in glycosylation section
above) at the 1-phosphate group (Figure 7A).*> A. baumannii is a nosocomial opportunistic pathogen that can
cause severe infections including hospital-acquired pneumonia, wound infections, and sepsis. Multidrug-
resistant (MDR) strains are prevalent, and colistin serves as a last resort treatment for some A. baumannii
infections. Hence, resistance to the action of this lipopetide is particularly alarming.*

Addition of phosphoethanolamine can also take place on a Kdo sugar unit of LPS as is observed in
certain strains of E. coli and S. typhimurium (Figure 7A).**”" The incorporation of this modification is
catalyzed by the enzyme EptB, which is homologous to EptA, and yet this phosphoethanolamine transferase is
not regulated by PmrA. Instead, EptB is induced by Ca*? and is under the control of the transcription factor
oF.""™® EptB transfers the phosphoethanolamine to the outer Kdo residue. The phosphoethanolamine donor is
again phosphatidylethanolamine, and diacylglycerol is released as a byproduct (Figure 7B). It has been
suggested that this modification functions in the maintenance of the outer membrane stability.”® The
phosphoethanolamine modification on the distal Kdo unit might also promote resistance to membrane

disruptors; however, there is no experimental evidence for this.
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Figure 7. Phosphoethanolamine modification. A. (left) Phosphoethanolamine (red) attached to the 1-phosphate of lipid A. This
modification usually occurs coincidentally with the Ara4N modification on the 4'-phosphate since enzymes involved in biosynthesis of
both modifications are under the same regulatory system. (middle) Phosphoethanolamine (red) modification on the distal Kdo unit;
attachment is mediated by EptB. (right) Phosphoethanolamine modification on the 4'-phosphate observed in colistin-resistance A.
baumannii. B. The proposed reaction for the attachment of phosphoethanolamine to the 1-phosphate of lipid A (red) by EptA (red) and
to the distal Kdo (blue) by EptB (blue). The phosphoethanolamine donor is phosphatidylethanolamine. Diacylglycerol is the proposed
byproduct.

Efflux pumps.
ATP binding cassette transporter (ABC transporter) superfamily.

Various types of efflux pumps capable of expelling small molecules, including many drugs and
antibiotics that act on intracellular targets, may also promote resistance toward cell membrane disruptors. The
ABC transporters couple the hydrolysis of ATP to substrate transport across the cell membrane. ABC
transporters belong to one of the largest superfamilies of proteins that import or export (efflux pumps) a broad
range of substrates such as amino acids, ions, sugars, lipids, and drugs across membranes.”®? Bacterial
genomes encode for both export and import classes of ABC transporters, whereas eukaryotes have only

exporters.” In humans, ABC transporters have an important role in resistance to antitumor drugs.*® Some

13



MedChemComm Page 14 of 28

species of bacteria express many different ABC transporters; for instance, E. coli has 69 different ABC
transporters that account for almost 5% of its genomic coding capacity.®® ABC transporters most frequently
result in resistance to antibiotics that target elements inside the cell, but some transporters are reported to
promote resistance to cell-envelope-targeting antibiotics.

VraFG is an ABC transporter that has been shown to induce resistance to CAMPs in S. aureus and
Staphylococcus epidermidis (Figure 8A).°® The VraFG transporter system is one of the three main CAMP
resistance mechanisms in Gram-positive bacteria, although there are interspecies differences in the induction
and the regulations of these mechanisms. In S. epidermidis, expression of the VraFG homologues are up-
regulated by the aps system (along with the dIt operon and the mprF system) in the presence of the human
CAMP hBD3.% In S. aureus only the vraFG gene system is up-regulated and only at high concentrations of
hBD3. In the presence of a different CAMP, indolicidin, the three resistance mechanisms are all up-regulated
in S. aureus, with the vraFG gene system the most up-regulated of the three.®® It is important to note that
VraFG only confers resistance to CAMPs, not to uncharged or negatively charged antimicrobial peptides.®®

ABC transporters can also induce drug resistance by importing the membrane-targeting antimicrobial
peptides into the cell where they are degraded by proteases.?® This mechanism was demonstrated in S.
typhimurium toward the CAMPs melittin and protamine (Figure 8B). An operon of five genes encodes the
ABC transporter and periplasmic binding proteins. The co-expression of the periplasmic binding proteins
suggests that this system is likely to mediate resistance to antimicrobial peptides by transporting them into the
cytoplasm, and away from their putative membrane targets, where they could either be degraded by peptidases

or initiate a regulatory cascade resulting in the activation of the resistance determinants.®*

Resistance-nodulation-cell division (RND) efflux pump superfamily.

RND transporters, like transporters from other superfamilies, are secondary transporters that utilize
electrochemical potential differences created by pumping hydrogen or sodium ions from or to the outside of
the cell as an energy source. In contrast ABC transporters are primary transporters that utilize ATP as the
energy source for the transfer.*® The RosA/RosB system includes an RND-type efflux pump coupled to a
potassium antiporter. The system is regulated by temperature and responds to the presence of CAMPs. This
system in Yersinia strains confers resistance to polymyxin B (Figure 8C). RosA serves as the efflux pump
protein and RosB the potassium antiporter that removes potassium ions from the cell and imports hydrogen
ions. RosA uses the proton-motive force created by RosB as an energy supply in order to force polymyxin B
outside the cytoplasmic membrane. The ros locus is up-regulated by the presence of polymyxin B. Both RosA
and RosB are essential for the resistance to polymyxin B.*

The MtrCDE (for multiple transferrable resistance) efflux pump of the RND family is expressed in
Neisseria gonorrhoeae, a Gram-negative bacteria responsible for a sexually transmitted infection, and
promotes resistance toward the CAMPs protegrin-1 (PG-1) and LL-37. Protegrins are found in porcine
leukocytes; these cationic, cysteine-rich peptides assume B-sheet structures in solution. LL-37 is an a-helical

human antimicrobial peptide expressed constitutively by granulocytes and testis that is induced by
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keratinocytes. Loss of the gene encoding the Mtr efflux pump results in increased susceptibility of gonococci
to these CAMPs.*® MtrCDE also promotes resistance to polymyxin B in Neisseria meningitidis, the pathogen
that causes meningitis and other forms of meningococcal disease. Mutants with increased sensitivity to
polymyxin B were identified from a library of mariner transposon mutants generated in a meningococcal
strain N. meningitidis serogroup B. More than half of the initial polymyxin B-sensitive mutants had insertions
within the mtrCDE operon. Additionally mutations within the mtrD also result in susceptibility to the two
structurally unrelated CAMPs human LL-37 and PG-1.*

AcrAB, another RND-type efflux pump, is found in Klebsiella pneumoniae. This Gram-negative
pathogen causes respiratory infections characterized by high rates of mortality and morbidity. Expression of
AcrAB is associated with resistance to polymyxin B and several human CAMPs. Notably, although RND
efflux pumps are capable of recognizing structurally diverse o helical, B sheet, or cyclic peptides, it has been
reported that resistance to polymyxin B, LL-37, and various other antimicrobial peptides is not mediated by
the AcrAB of E. coli or the MexAB of P. aeruginosa.”

Finally, it is well established that efflux pumps play a role in the resistance to CAMPSs; however, the
mechanism by which the efflux pumps transport substrates from within the bacterial membrane is under-
explored.®* % Since the transporters promote resistance to membrane disruptors and since they are known to
have other roles in bacterial cell maintenance, these systems could be targets for the development of new
antibiotics or of new additives for administration with an existing drug to prevent transporter-induced

resistance.

A B C
ABC Exporter ABC Importer RND Transporter

Peptidase
P Membrane disruptor - @ERERED

Figure 8. Schematic representation of transporters. A. ABC exporters (purple), such as the one found in S. aureus, utilize ATP to
drive export of positively charged membrane disruptors (blue). B. ABC importers (purple), such as the one found in Salmonella, work
in conjunction with solute binding proteins that bind membrane disruptors in the periplasm and transfer them through an ABC
importer, which also utilizes ATP for energy, into the cytoplasm, where they are degraded by peptidases. C. RND transporters
(yellow), such as the one found in Yersinia, utilize proton pumps to provide the energy necessary to extrude membrane disruptors from
the membrane.
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Proteolytic degradation.

Proteolytic degradation of CAMPs results in resistance in both Gram-positive and Gram-negative
bacteria. There are two general types of proteases in bacteria that interfere with CAMPSs; secreted and
membrane bound. The secreted proteases degrade CAMPs even before they reach the bacterial membrane,
and membrane-bound proteases degrade CAMPs on the cell surface.

The Omptin family proteases are membrane-bound proteases found in Gram-negative bacteria
including Shigella flexneri, Yersinia pestis, E. coli, and Salmonella enterica. Despite high sequence identity
and a conserved B-barrel fold in the outer membrane, individual Omptins exhibit different substrate
specificities. Only OmpT of E. coli and PgtE of S. enterica degrade CAMPs. The differences in Omptin
family protease substrate specificities are suggested to be due to minor sequence variations in the surface-
exposed regions of these proteins.”® OmpT and PgtE, as well other members of this protease family, contain
aspartate in their catalytic sites, which is negatively charged under physiological conditions and, hence, bind
positively charged substrates. The cleavage of peptide bonds by OmpT and PgtE is also dependent on the
presence of bound LPS, which is speculated to induce adoption of the correct active-site geometry. OmpT
from E. coli hydrolyses protamine, a DNA-binding CAMP from salmon sperm.”” PgtE expressed by S.
typhimurium cleaves the human a-helical CAMP LL-37 and C18G, a synthetic 18-residue a-CAMP.% CroP is
another member of the Omptin family that was recently identified in Citrobacter rodentium.” This protein is
responsible for the resistance of C. rodentium to a-helical CAMPs. CroP is so effective that the peptides do
not reach the periplasm to induce the PhoP-PhoQ system. In a strain that expresses a mutant CroP, the PhoP-
PhoQ was activated but the strain was more susceptible to antimicrobial peptides than the wild-type strain.

P. aeruginosa expresses a secreted zinc-dependent metalloproteinase called elastase. This protease is
associated with the degradation of LL-37.°*°* The metalloproteinases of E. faecalis (called gelatinase) and of
Proteus mirabilis degrade the human CAMP LL-37. The cysteine protease of Streptococcus pyogenes also
degrades LL-37. It is important to mention that LL-37 does effectively kill each of these strains of bacteria
when the peptide is present at concentrations between 2 and 10 pg/ml.'® Isolated aureolysin, the
metalloproteinase of S. aureus, cleaves LL-37; an S. aureus mutant that secretes high levels of aureolysin is
less susceptible to LL-37 than the wild-type strain, implying that this protease confers resistance to CAMPs.'*
Bacillus anthracis secretes a metalloprotease that cleaves LL-37; however, susceptibility levels vary among
species of Bacillus and even between different strains of B. anthracis.'®

The clinically used anionic lipopeptide antibiotic daptomycin that is synthesized by the actinomycete
Streptomyces roseosporus undergoes proteolytic degradation in the presence of proteins isolated from the
environmental bacteria actinomycetes. Several sites in daptomycin are prone to hydrolysis, and the
development of future generations of this drug may be guided by analysis of its degradation pattern.* Not all
of the CAMPs are prone to protease degradation. The lipopetide polymyxin B is resistant to proteolytic
cleavage due to its cyclic structure, which protects it from degradation by exopeptidases and other

peptidases.**'%
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Systems that prevent CAMPs from reaching the cell membrane.

An evasive strategy used by several bacterial species prevents membrane disruptors from reaching
their target thus promoting resistance and virulence. In this mode of action, the bacteria release factors that
interact directly or indirectly with the membrane disruptors. E. coli and V. cholerae secrete vesicles in
response to stress signals such as the presence of membrane disruptors. In both these species and in other
Gram-negative bacteria, vesicle release occurs during normal growth. Vesicles are composed of the outer
membrane and periplasm contents only. In E. coli an independent stress response system is activated by a
variety of conditions, among them the presence of membrane disruptors, that increases the production of these
vesicles. Increased vesiculation correlates with enhanced resistance to polymyxin B, and these vesicles may
both remove toxic components from the membrane and also act as decoys that bind to the membrane
disruptors.® A hyper-vesiculating mutant of E. coli is more resistant to both polymyxins B and E than is the
wild-type strain (Figure 9A)."%’

Growth of V. cholerae O1 El Tor strain A1552 in sub-lethal concentrations of polymyxin B induces
production of larger vesicles with modified protein content than does growth in the absence of the membrane
disruptor; in the absence and presence of the CAMP the same number of vesicles are produced. These vesicles
contain an extracellular biofilm associated protein (Bapl) that is bound to the vesicle through the porins of
OmpT. When wild-type V. cholerae O1 El Tor strain A1552 was incubated with isolated polymyxin-enhanced
modified vesicles it was more resistant to the CAMP LL-37 than when the modified vesicles were not present.
Bapl binds the LL-37, but does not degrade it, although its presence is necessary for the resistance. It appears
that growth in sub-lethal concentrations of polymyxin B enhance resistance to LL-37 as the polymyxin-
modified vesicles bind to LL-37 and prevent it from reaching the membrane.'%

Shigella species dysenteriae type | and flexneri down-regulate transcription of the host antimicrobial
peptides LL-37 and B defensin both in cell lines and in vivo as shown in gut biopsies of patients infected with
Shigella. A DNA plasmid carried by the bacteria appears to interfere with the signaling pathway involved in
the expression of LL-37. It is hypothesized that the plasmid is released upon lysis of first intruders (caused by
antimicrobial compounds including LL-37), and then the plasmid is responsible for interference with
inhibitory signals from epithelial cells, thereby down-regulating the expression of the antimicrobial peptides
(Figure 9B).'%

P. aeruginosa, E. faecalis, and S. pyogenes all propagate and multiply in connective tissues and are
wound-infection promoters. Proteoglycans, among them decorin, are abundant in this type of environment.
The proteases of these species, in addition to targeting CAMPs directly, also cleave decorin, releasing
negatively charged dermatan sulfate. Dermatan sulfates bind to the highly cationic antimicrobial a-defensins

neutralizing their bactericidal activity (Figure 9C).*"°
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Figure 9. Schematic representation of agents that block CAMP activity secreted by different bacterial species. A. Vesicle
formation can either remove segments of membrane disturbed by CAMPs or serve as decoys that sequester CAMPs present in the
environment. B. A plasmid released upon lysis of bacterial cells is associated with resistance in Shigella species toward LL-37. The
plasmids penetrate host cells and inhibit production of LL-37. C. Proteases secreted by bacteria that are propagating in connective
tissues or wounds, such as P. aeruginosa, cleave host decorin releasing negatively charged dermatan sulfate units, which bind the
CAMPs through electrostatic interactions and prevent them from reaching the bacterial cell membrane.

[

Systems that sense cationic membrane disruptors.

Since constant expression of genes responsible for the resistance to CAMPs would consume a great
amount of energy and is not necessary under many conditions, regulatory systems have evolved to ensure that
the bacteria express these genes only in the presence of CAMPs.®® Both Gram-positive and Gram-negative
bacteria have such regulatory systems. These systems regulate expression of numerous genes that encode
proteins that are responsible for various modifications on the cell envelope and that promote resistance to
CAMPs by other mechanisms. The Gram-positive bacteria CAMP-induced regulatory system is called either
GraRS (glycopeptide resistance associated™") or Aps (for antimicrobial peptide sensor®). The Gram-negative
CAMP-induced regulatory system is PhoP-PhoQ. The Pho designation typically denotes loci involved in
phosphate metabolism.®

The Aps regulatory system is highly conserved in staphylococci. It was first characterized in S.
epidermidis,®® and was later identified and studied in strains of S. aureus.®'? It is composed of three
components, ApsS, ApsR, and ApsX; however, it resembles a classical two-component histidine kinase
response regulator.* ApsS is the membrane-inserted sensor histidine kinase, and ApsR is the transcriptional
response regulator that becomes activated upon phosphorylation by ApsS. The function of the third protein,
ApsX, is unknown. ApsS has a single nine-amino-acid extracellular loop with a high density of negative
charges through which it interacts with various CAMPs (Figure 10A).®® The amino acid composition varies
among Staphylococcus strains, and, therefore, the CAMPs sensed by the system are strain dependent.”® The
system up-regulates expression of genes involved in CAMP resistance including the ditABCD and the MprF
systems that neutralize negatively charged lipids by the addition of positively charged groups and the ABC
transporters such as VraFG. Interestingly, the Aps system also up-regulates genes involved in lysine

biosynthesis. This finding supports the hypothesis that these regulatory systems give an evolutionary
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advantage: There is a need for high levels of lysine in the presence of CAMPs for its incorporation on
phosphatidyl glycerol, a reaction that is catalyzed by MprF; in normal conditions this over expression would
be an energetic burden.

The PhoP-PhoQ system is a two-component regulatory system found in Gram-negative species
including P. aeruginosa, E coli K12, S. flexneri, Y. pestis, and S. typhimurium.****** Many of the features of
the well-characterized Salmonella PhoP-PhoQ system apply to the PhoP-PhoQ homologues in other Gram-
negative species."® In this two-component system, PhoQ is the membrane-bound kinase that senses
environmental signals, and PhoP is the cytoplasmic transcriptional response regulator (Figure 10B). This
system up- and down-regulates expression of more than 40 different genes, termed PhoP-activated (pag) and
PhoP-repressed (prg) genes, respectively.'**® PhoP-PhoQ is activated by low concentrations of Mg*? and
repressed by high concentrations of Mg*%. The PhoQ protein of Salmonella has a periplasmic domain
containing several acidic residues that could be involved in sensing divalent cations. Furthermore in vivo
experiments have established that PhoQ has binding sites for Mg*? and Ca*? and that the PhoP-PhoQ system
responds to the periplasmic concentrations of these ions.**® Various publications have shown that growth of
Salmonella and other Gram-negative species under low concentrations of Mg*? induces resistance to CAMPs
including polymyxin.">™*" Other studies have shown that modifications in lipid A associated with resistance
to CAMPs and polymyxin are induced by Mg*-deficient conditions such as those inside phagosomes. Since
microorganisms such as Salmonella, Shigella, and Yersinia are capable of surviving and proliferating inside
host phagsomes,**® sensing this environment and activating the resistance mechanisms accordingly would
contribute to bacterial cell survival. Until recently it was unclear why low concentrations of Mg** correlate
with the presence of CAMPs and why microorganisms that do not have an intracellular lifecycle would have
this system. Recent studies of the PhoQ structure suggest that the Mg ions bound to the acidic residues of
PhoQ in its un-activated form bridge between the acidic residues and the negatively charged lipids of the
membrane. When CAMPs replace some of these ions, it interferes with both the PhoQ protein, by binding to
its acidic domains, and the membrane beneath it, causing structural changes that together initiate signal
transduction (Figure 10B)."& 2

Amongst the genes regulated by PhoP-PhoQ there are genes responsible for another two-component
system, PmrAB. This system is responsible for the additions of Ara4N and phosphoethanolamine to LPS. In
some bacteria, such as in E. coli, the PmrAB system is not regulated by PhoP-PhoQ, but rather through
sensing of Fe™, which at high concentrations binds to the sensor PmrB in the periplasm, or by acidic

conditions sensed through an unknown mechanism.
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Figure 10. Schematic representation of the Aps and PhoP-PhoQ two-component systems of Gram-positive and Gram-negative
bacteria, respectively. A. ApsS (green) contains a single nine-amino-acid extracellular loop with a high density of negative charges.
ApsR (orange) is the cytoplasmic transcription regulator. When CAMPs are present (magenta), they bind the negatively charged
extracellular loop, enhancing auto-phosphorylation and phosphorylation of ApsR, which in turn up-regulates resistance-related gene
expression. B. PhoQ (blue) is inserted through the membrane as a dimer; each monomer has an extracellular loop containing acidic
residues that are held next to the membrane by divalent cations such as Mg*? and Ca*? (pink). PhoP (brown) is the cytoplasmic
transcription regulator. CAMPs, when present, release the divalent cations bridging between PhoQ and the membrane resulting in a
conformational change that induces autophosphorylation and phosphorylation of PhoP, which in turn up-regulates gene expression
related to CAMP resistance.

Conclusions

Both Gram-positive and Gram-negative bacterial species have evolved various mechanisms that limit
the efficacy of several families of membrane disruptors including the clinically used lipopeptides polymyxins
and daptomycin. Although the basic structure and composition of bacterial membranes are relatively
conserved, several chemical modifications on bacterial membrane lipids and cell wall components result in
resistance to membrane-disrupting antibiotics. Moreover, bacteria have evolved a diverse array of resistance
pathways involving efflux pumps, proteolytic degradation, and secretion of factors that capture membrane-
disrupting antibiotics to prevent damage to the bacterial cell membrane. The multiple proteins that are
involved in conferring resistance to membrane-disrupting antibiotics should be considered as drug targets as
the inhibition of activities of these proteins will maintain efficacy of important last-resort antimicrobials such
as polymyxins. Finally, understanding the resistance to membrane-disrupting antibiotics at the molecular level
offers opportunities to develop next generation antibiotics capable of evading these mechanisms. Membrane-

disrupting agents offer a solution to treatment of infections caused by pathogens that grow slowly and those
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that are resistant to first-line antibiotics; therefore, the fact that resistance has developed to certain membrane-

disrupting agents should not quell enthusiasm for this type of antibiotic.
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