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Abstract
Increasing antibiotic resistance in Gram-negative bacteria, particularly in Pseudomonas
aeruginosa, Acinetobacter baumannii and Klebsiella pneumoniae, presents a global medical
challenge. No new antibiotics will be available for these ‘superbugs’ in the near future due to the
dry antibiotic discovery pipeline. Colistin and polymyxin B are increasingly used as the last-line
therapeutic options for treatment of infections caused by multidrug-resistant Gram-negative
bacteria. This article surveys the significant progress over the last decade in understanding
polymyxin chemistry, mechanisms of antibacterial activity and resistance, structure–activity
relationships and pharmacokinetics/pharmacodynamics. In the ‘Bad Bugs, No Drugs’ era, we must
pursue structure–activity relationship-based approaches to develop novel polymyxin-like
lipopeptides targeting polymyxin-resistant Gram-negative ‘superbugs’. Before new antibiotics
become available, we must optimize the clinical use of polymyxins through the application of
pharmacokinetic/pharmacodynamic principles, thereby minimizing the development of resistance.
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The WHO has identified antibiotic resistance as one of the three greatest threats to human
health [1]. Since the 1990s, there has been a marked decline in discovery of novel antibiotics
and, unfortunately, a remarkable increase in bacterial resistance to current antibiotics. The
world is now facing an enormous and growing threat from the emergence of bacteria that are
resistant to almost all available antibiotics [1,2]. As highlighted by the Infectious Diseases
Society of America in the ‘Bad Bugs, No Drugs’ paper, “as antibiotic discovery stagnates, a
public health crisis brews” [1,2]. The situation is especially worrying with multidrug-
resistant (MDR) Gram-negative bacteria (notably Pseudomonas aeruginosa, Acinetobacter
baumannii and Klebsiella pneumoniae), against which no new antibiotics will be available
for many years to come [3]. It is precisely this scenario, highlighted in the ‘Bad Bugs Need
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Drugs’ campaign, which led the Infectious Diseases Society of America to place these three
pathogens on a ‘hit list’ of the top-priority, dangerous, MDR microorganisms [2].

Polymyxins: last-line therapy against Gram-negative ‘superbugs’
Increasingly, clinicians worldwide are confronted by the reality of infections with Gram-
negative pathogens that are resistant to all antibiotics except polymyxins [4]. As a poignant
example, since the first report of NDM-1-producing K. pneumoniae in the Indian
subcontinent in December 2009 [5], a major international problem has arisen owing to the
rapid spread of NDM-producing Enterobacteriaceae (mainly K. pneumoniae and
Escherichia coli) to many countries [4,6]. Now NDM-producing MDR clinical isolates have
been reported in more than 20 countries in all continents [4,6]. Many of these NDM-
producing MDR isolates are only susceptible to polymyxins. The incidence of resistance to
polymyxins is currently relatively low [7]; however, resistance in Gram-negative pathogens
can emerge in vitro [8–10] and also in patients, owing to suboptimal use [2,11]. According
to the results from a recent global antimicrobial surveillance program (SENTRY, 2006–
2009), even though a trend towards greater resistance was observed in the Asia Pacific and
Latin American regions, the polymyxins showed excellent in vitro activity against the vast
majority of Gram-negative bacilli pathogens [7]. Without new antibiotics, polymyxins are
increasingly used as the last-line therapy.

There are two polymyxins available for clinical use, colistin (i.e., polymyxin E) and
polymyxin B (Table 1), and cross-resistance exists [12]. They were discovered in the 1940s
and were never subjected to contemporary drug-development procedures. They have a
narrow antibacterial spectrum, mainly against Gram-negatives [12,13]. Clinical use of
colistin and polymyxin B waned in the 1970s due to the early experience of nephrotoxicity
and neurotoxicity after intravenous administration; however, the rapid increase in resistance
to all other antibiotics has necessitated their resurgence in the clinic [12]. Parenteral colistin
is much more commonly used internationally, although injectable polymyxin B is available
in a number of countries, such as Brazil, Singapore and the USA; in these three countries,
both antibiotics are available [13].

Chemical structure of the polymyxins
To understand the mechanisms of antibacterial activity of the polymyxins and their
resistance, it is crucial to have knowledge of their chemical structures. Polymyxins are
nonribosomal cyclic lipopeptides that can be characterized by the general structure
illustrated in Table 1. Their decapeptide sequence contains an intramolecular cyclic
heptapeptide loop between the amino group of the side chain of the diaminobutyric acid
(Dab) residue at position 4 and the carboxyl group of the C-terminal threonine residue at
position 10. Polymyxins also have several other distinguishing structural features, including:
five nonproteogenic Dab residues, which makes them polycationic at pH 7.4; hydrophobic
residues at positions 6 and 7; and an N-terminal fatty acyl group. Like many other
antimicrobial peptides, this mixture of lipophilic and hydrophilic groups makes polymyxins
amphipathic, a chemophysical property that is essential for their antibacterial activity, as
discussed below.

To date, several distinct groups of polymyxins have been isolated and structurally identified
from Paenibacillus polymyxa, with each group being structurally defined by the unique
amino acid residues present in their sequences. Each of these distinct groups of polymyxins
have been labeled with a letter, and each group can contain several individual lipopeptide
components that differ from one another in the chemical structure of the fatty acyl group
they present at their N-terminus. The individual lipopeptide components of each polymyxin
group are labeled with a number. This nomenclature is illustrated in Table 1 with the
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polymyxin B and E groups. Of the different ‘polymyxin’ groups identified to date, only the
components of the polymyxin B and E (i.e., colistin) groups have undergone extensive
structural analysis, very likely due to the fact that both polymyxins are used in the clinic.
The commercial products of polymyxin B and E (used as an inactive prodrug colistin
methanesulfonate) for parenteral use in patients usually contain several different
components, with polymyxin B1 and B2, and polymyxin E1 and E2 (Table 1) as the two
major components (usually accounting for >80%) [12,14–18]. Therefore, the remaining
discussion will focus only on the chemical structures of the lipopeptide components of these
two groups of polymyxin.

Structurally, the lipopeptides of the polymyxin B group are generally defined by the
presence of a D-phenylalanine residue at position 6 and a leucine residue at position 7. All
amino acid residues are of the L-configuration, except for the D-phenylalanine at position 6.
To date, seven individual polymyxin B components have been identified (Table 1). Of these
seven lipopeptides, six contain structurally different branched and non-branched N-terminal
fatty acyl groups varying in length from 7 to 9 carbons, which have been labeled polymyxin
B1–B6. The 6-methyloctanoyl fatty acyl group of polymyxin B1 and B1-Ile (i.e., polymyxin
B7) has a stereocenter at C6, which has been identified as being the (S)-configuration.
Polymyxin B6 is unique in that its fatty acyl chain contains a 3-hydroxy group, which is not
present in the fatty acyl chains of the other polymyxin B peptides. This unique fatty acyl
group also has two stereocenters at C3 and C6; however, the absolute stereochemistry of
these two stereocenters is yet to be reported. Interestingly, polymyxin B1-Ile contains the
same N-terminal 6-methyloctanoyl fatty acyl group as polymyxin B1 but has an isoleucine
residue at position 7.

The polymyxin E group of lipopeptides is generally defined by the presence of a D-leucine
residue at position 6 and a leucine residue at position 7 (Table 1). Similarly to the polymyxin
B structural series, all of the amino acid residues in the polymyxin E series are of the L-
configuration except for the D-leucine at position 6. Like the polymyxin B lipopeptides, the
individual components of the polymyxin E group (polymyxin E1, E2, E3, E4, E7 and E8-Ile)
contain structurally distinct branched and nonbranched N-terminal fatty acyl groups, varying
in length from seven to nine carbons. The 6-methyloctanoyl fatty acyl group of polymyxin
E1, E1-Val, E1-Ile and E1-Nva contains a stereocenter at C6, which has been identified as
being the (S)-configuration. Several polymyxin E lipopeptides (polymyxin E1-Val, E1-Ile,
E1-Nva, E2-Val, E2-Ile and E8-Ile) have the same N-terminal 6-methyloctanoyl fatty acyl
group, but contain structurally different branched-chain amino acid residues (valine,
norvaline and isoleucine) at position 7 (Table 1). To date, polymyxin E5 and E6 have not
been reported in the literature.

Mechanism of antibacterial activity of polymyxins
Understanding the mechanism of polymyxin antibacterial activity also requires knowledge
of the outer membrane architecture of Gram-negative bacteria. The outer membrane
constitutes a permeability barrier to various noxious substances, including numerous
antimicrobials [19]. Polymyxins exert their antimicrobial action via direct interaction with
the lipid A component of the lipopolysaccharide (LPS) (Figure 1).

The complex asymmetrical structure of the outer membrane comprises an inner
phospholipid leaflet, as well as an outer leaflet that predominantly contains LPS, proteins
and phospholipids. Structurally, LPS is composed of three domains: the variable O-antigen
chain (encompassing repeated saccharide units); a coreoligosaccharide region; and the
conserved lipid A moiety (Figure 1). Lipid A is intercalated within the outer leaflet,
functioning as a hydrophobic anchor [20]. The consensus structure of lipid A is represented
by a β-1′-6-linked D-glucosamine disaccharide that is phosphorylated at the 1′- and 4′-
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positions [19]. The saturated lipid A hydrocarbon chains are tightly packed together within
the membrane through van der Waals forces, while divalent cations (Mg2+ and Ca2+)
associated with lipid A phosphoresters function to bridge adjacent LPS molecules [20,21].
The barrier function of the outer membrane is further accentuated by a highly repulsive
anionic charge conveyed by lipid A phosphorester moieties, as well as phosphate and
carboxylate functionalities within the core and O-antigen sugars [20,21].

The precise mode of action of polymyxins remains contentious and, based upon biophysical
studies, a number of models have been proposed [22]. The consensus view is that
polymyxins are membrane surface active and that lipid A is an important polymyxin-binding
target in the outer membrane of Gram-negative species [22]. A long-accepted model, termed
the ‘self-promoted uptake’ pathway, purports that the amphipathic nature of polymyxins is
crucial to enable uptake of the polymyxin molecule across the outer membrane barrier [23].
In this model, protonation of free Ψ-amines present on the Dab residues of polymyxins
(Table 1) at physiological pH provides a means of electrostatic attraction to anionic lipid A
phosphates. The resultant displacement of divalent cations (Ca2+ and Mg2+) that stabilize
the LPS leaflet allows the hydrophobic N-terminal fatty acyl tail, and D-Phe-L-Leu or D-Leu-
L-Leu motifs (of polymyxin B and colistin, respectively; Table 1) to be inserted into the
outer membrane (Figure 1). Insertion of the fatty acyl chain and the position 6–7
hydrophobic motif acts to weaken the packing of adjacent lipid A fatty acyl chains, causing
expansion of the outer membrane. Subsequent events are not completely understood;
however, polymyxin-mediated fusion of the inner leaflets of the outer membrane and the
outer leaflet of the cytoplasmic membrane surrounding the periplasmic space is believed to
induce phospholipid exchange, resulting in an osmotic imbalance that culminates in cell
death [23]. The elucidation of the 3D nuclear magnetic resonance solution state structure of
polymyxin B in complex with LPS revealed that the polymyxin B molecule is folded such
that the polar and hydrophobic domains form two distinct faces, thereby conferring
structural amphipathicity (Figure 1) [24]. This amphipathicity, and possibly their ability to
form pore-like aggregates, may be responsible for their outer membrane-permeabilizing
action. In vitro evidence suggests that the two processes of permeabilizing the outer
membrane and bacterial killing activity may be entirely uncoupled [25].

In addition, polymyxins have been shown to inhibit alternative nicotinamide adenine
dinucleotide dehydrogenase and malate:quinone oxidoreductase in Mycobacterium
smegmatis [26]; no such enzymatic study has been reported in Gram-negatives. A recent
preliminary biochemical study reported that rapid killing of A. baumannii by polymyxins is
mediated by a hydroxyl radical death pathway [27].

Mechanisms of polymyxin resistance in Gram-negative bacteria
It is becoming increasingly apparent that polymyxin resistance in Gram-negative bacteria
involves the multitier upregulation of a number of regulatory systems (Figure 2) [28,29].
LPS remodeling is an important survival strategy for Gram-negative bacteria [20].
Accordingly, the most common polymyxin resistance mechanism in P. aeruginosa,
Salmonella enterica serovar Typhimurium, E. coli, A. baumannii and K. pneumoniae is due
to modifications of lipid A phosphates with positively charged groups, such as 4-amino-4-
deoxy-L-arabinose and/or phosphoethanolamine [30,31]. The first step in the action of
polymyxins on the Gram-negative bacterial outer membrane involves an electrostatic
interaction between the positive charge of the five Dab residues of the polymyxin molecule
and the negatively charged phosphate groups on lipid A [32]. Therefore, by reducing the net
negative charge of the outer membrane via the aforementioned lipid A modifications, the
bacterial cell is able to avoid the initial electrostatic attraction of the polymyxin molecule to
its surface (Figure 1) [33–36]. In many Gram-negative bacterial species, resistance to
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cationic antimicrobial peptides is mediated by two-component regulatory systems, such as
PhoP–PhoQ [35,36]. Such a system is also employed by the bacterial cell in survival
situations under growth conditions of low Mg2+, which can potentially destabilize the outer
membrane due to the decrease in the bridging action of divalent cations between LPS
molecules. Normally, under optimal growth conditions, the PhoP–PhoQ remains repressed
in high (mM) Mg2+ environments and can be activated under conditions of low (μM) Mg2+

[34]. In S. enterica, PhoP–PhoQ acts as a master regulator of virulence and evasion of
killing by many cationic antimicrobial peptides [35,37]. In response to low Mg2+ or
sublethal concentrations of cationic antimicrobial peptides, PhoQ, an inner membrane sensor
kinase, phosphorylates the cognate response regulator PhoP, leading to activation of PmrA–
PmrB. Subsequently, PmrA–PmrB activates the expression of genes that encode the
enzymes that are required for the above-mentioned modifications of lipid A [35,37]. Of
note, it has been reported that cationic antimicrobial peptides can directly activate the
PmrA–PmrB system [38]. In P. aeruginosa, the regulation of these LPS modifications in
response to polymyxins involves at least two additional two-component systems. This would
suggest that homologous, as yet undiscovered, systems may also exist in other Gram-
negative species [39]. Another lipid A modification that has been associated with increased
polymyxin resistance of Gram-negative bacteria is the decoration of the lipid A with
additional fatty acyl chains [40]. This mechanism appears to render the outer membrane less
penetrable for the N-terminal fatty acyl chains and position 6–7 hydro phobic motifs of the
polymyxin molecule (Table 1). In terms of higher-order structures on the LPS molecule, the
core and O-antigen polysaccharide appear to contribute to polymyxin resistance, as rough
mutants that express truncated versions of these structures display an increased susceptibility
to polymyxins [28,41]. Given the important role of LPS for polymyxin activity, it is not
surprising that a novel polymyxin resistance mechanism reported in A. baumannii involves
complete loss of LPS production [42]. In order to compensate for the decreased outer
membrane integrity due to the LPS loss, polymyxin-resistant A. baumannii strains
upregulate the expression of genes of biosynthetic systems responsible for phospholipid,
lipoprotein and poly-β-1,6-N-acetylglucosamine, thereby consolidating the cell envelope
structure [43].

It is noteworthy that a number of unique and often species-specific polymyxin resistance
mechanisms do not involve the LPS-binding pathway. The capsular polysaccharide levels on
K. pneumoniae have been shown to coincide with polymyxin resistance [44]. Polymyxin
resistance in a number of Gram-negative bacterial species has been associated with
alterations in the expression of outer membrane proteins, including efflux pumps. In P.
aeruginosa biofilms, colistin resistance in a metabolically active subpopulation was found to
coincide with the overexpression of the mexAB–oprM efflux pump system [45]. Polymyxin
resistance in P. aeruginosa has also been associated with changes in the expression of the
outer membrane protein OprH, which is purported to perform a membrane stabilization role
under conditions of Mg2+ starvation [36]. In K. pneumoniae, a deficiency in the outer
membrane protein OmpA, which mediates adhesion to eukaryotic cells, has been associated
with an increased susceptibility to polymyxin B [46]. Moreover, the AcrAB–TolC energy-
driven efflux pump has been linked to polymyxin resistance and efflux from K. pneumoniae
and E. coli cells [47,48]. In Burkholderia vietnamien, a multidrug efflux pump NorM has
been shown to contribute to polymyxin resistance [49].

In addition, hopanoids are sterol-like compounds that are believed to perform a barrier
function in the outer membrane of certain bacterial species [50]. In a recent study, it was
shown that hopanoid deficiency in Burkholderia multivorans was coincident with increased
polymyxin susceptibility, suggesting hopanoids contribute to the intrinsic resistance of
Burkholderia bacteria to polymyxins [51]. Increased polymyxin susceptibility in two
intrinsically resistant species, Burkholderia cepacia and Proteus mirabilis, has been
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associated with defects in UDP-glucose dehydrogenase and UDP-glucose phosphorylase,
enzymes involved in the biosynthesis of the LPS precursor, UDP-glucose [52,53]. In
addition, the expression of periplasmic proteases has been shown to be a component of the
intrinsic polymyxin phenotype of B. cenocepacia [29,54].

Structure–activity relationships of polymyxins
From the foregoing appreciation of the mechanisms of polymyxin activity and resistance, it
is evident that discussions of polymyxin structure–activity relationship (SAR) require
structural knowledge of the polymyxin–lipid A complex. Such knowledge is also critical for
efforts to develop novel polymyxin analogs with activity against polymyxin-resistant
isolates. Structural information for the interaction between polymyxins and lipid A at the
molecular level has been well characterized by nuclear magnetic resonance techniques
[24,55]. The nuclear magnetic resonance model of the polymyxin B–lipid A complex shows
that, in general, the complex is stabilized by a combination of electrostatic and hydrophobic
interactions (Figure 1). The positively charged side chains of Dab1 and Dab5 bond with the
negative charge on the 4′-phosphate head group of lipid A, while those of Dab8 and Dab9

bond with the 1-phosphate head. The buckled configuration of the cyclic peptide portion
forces the lipid A-binding surface of the polymyxin molecule to one face of the molecule.
The polymyxin B–lipid A model suggests that the loss of a secondary 3′-myristate fatty acyl
chain leads to a reduced hydrophobic surface area for interaction with the D-Phe6-L-Leu7, and
the N-terminal fatty acyl chain of polymyxin B (Figure 3). More specifically, the 3′-
secondary myristate fatty acyl chain forms hydrophobic contacts with the octanoic acyl
chain of polymyxins. The model of the polymyxin B–lipid A complex implies the
modifications on the lipid A phosphates (e.g., addition of 4-amino-4-deoxy-L-arabinose)
commonly observed in polymyxin-resistant strains block the electrostatic interaction
between the lipid A phosphates and the positively charged Dab residues, thereby
destabilizing the complex (Figure 3). The polymyxin molecule can essentially be divided
into hydrophobic and polar domains, namely the N-terminal fatty acyl chain and position 6–
7 motif (hydrophobic), and the Dab and Thr residue segments (polar). The cyclic
heptapeptide and linear tripeptide provide an integral scaffolding function that involves
maintaining the optimal distances between each domain, thereby giving the structure its
amphipathicity, a property that is indispensible for polymyxin antibacterial activity [24,55].

The intent of this section is to provide an overview that highlights the key aspects of the
polymyxin SAR; for a comprehensive treatise on the current state of development of
polymyxin analogs, please refer to [22]. The current understanding of the polymyxin SAR is
that both electrostatic and hydrophobic interactions with the lipid A are critical for
antimicrobial activity. The polymyxin molecule consists of five key domains: the
hydrophobic N-terminal fatty acyl chain; the positive charge of the Dab side chains; the
linear tripeptide segment; the hydrophobic motif at positions 6 and 7 in the cyclic
heptapeptide ring; and the heptapeptide backbone (Table 1). Most medicinal chemistry
strategies for improving the antibacterial activity and toxicity of polymyxins have included
modifications to the above-mentioned domains.

The hydrophobic N-terminal fatty acyl chain
The availability of large quantities of polymyxin B/colistin and ease of semisynthesis has
meant that most medicinal chemistry programs have focused on generating N-terminal
analogs of the polymyxin molecule [56–62]. The available SAR data indicate that a
hydrophobic substituent at the N-terminus of the polymyxin molecule is indispensable for
antimicrobial activity. A comparison across all N-terminal analogs documented to date
reveals that the degree of antibacterial activity observed for these analogs appears to
coincide with the length and bulkiness of the N-terminal substituent. As per the naturally
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occurring polymyxins, the ideal fatty acyl chain length correlating with superior
antimicrobial activity appears to be C7–C9. The introduction of longer- or shorter-chain N-
terminal fatty acyl chains has been shown to negatively impact on the antimicrobial activity.
However, the LPS-binding affinity of the polymyxin molecule appears to correlate with the
hydrophobicity of the N-terminal substituent [58,63]. Interestingly, the Cubist
Pharmaceuticals polymyxin clinical candidate CB-182,804 contained a shorter N-terminal 2-
chlorophenyl carbamate group, yet had comparable in vitro and in vivo antibacterial activity
with polymyxin B and colistin [62]. Furthermore, there has been a recent report describing
des-fatty acyl polymyxin analogs that display selective antimicrobial activity against P.
aeruginosa [64].

The positive charge of the Dab side chains
The importance of the cationic character of the five Dab residues (at physiological pH) for
conferring the antimicrobial activity of polymyxins has been well documented [65]. Based
upon the SAR literature, it can be discerned that key features of the Dab residues that are
important for LPS-binding affinity and antibacterial activity include: the cationic charge and
two-carbon length of the Dab side chain; and the specific sequence of the Dabs, which
presents the correct spatial distribution and orientation of the positive charges for
electrostatic interactions with the phosphates of lipid A. Attempts to derivatize or substitute
the Dab residues and/or reduce the overall positive charge of the polymyxin molecule have
been met with variable success [66]. In general, apart from Dab1, the other Dab positions –
particularly those within the cyclic heptapeptide – are essential for polymyxin antibacterial
activity.

The linear tripeptide segment
The linear tripeptide segment (Dab1-Thr2-Dab3) serves to bridge the heptapeptide cyclic
core of the polymyxin molecule to the N-terminal fatty acyl chain (Table 1). In terms of its
functional role, the linear tripeptide segment appears to contribute two positive charges
towards the binding interaction with lipid A. The molecular model of the polymyxin B–LPS
complex indicates that hydrogen bonding between the side chain of Thr2 and the side chain
of Dab3, and the amide nitrogen of Thr2 and the main chain carbonyl of Dab4, reorientates
the tripeptide segment towards the heptapeptide (Figure 1). Notably, a number of medicinal
chemistry strategies have involved exploring the SAR of the linear tripeptide segment by
examining the impact of amino acid substitutions or deletions [58,66,67]. From the SAR
data in the literature, two main conclusions can be drawn: the tripeptide segment can only be
truncated by deletion of Dab1 with a negligible loss of antibacterial activity; and only
conservative amino acid substitutions are tolerated.

The hydrophobic motif at positions 6 & 7 in the cyclic heptapeptide ring
The D-Phe6-L-Leu7 segment in the polymyxin heptapeptide ring forms a hydrophobic domain
and β-turn-forming element that is highly conserved across the naturally occurring
polymyxins (Table 1), and appears to be important for antibacterial activity and plasma
protein binding. The introduction of fatty acyl amino acid derivatives at these positions
appears to improve antimicrobial activity and LPS binding; albeit, this is accompanied by a
concomitant increase in plasma protein binding. By comparison, the introduction of
hydrophilic groups or β-turn mimetics appears to negatively impact antimicrobial activity
[56,68].

The heptapeptide backbone
The Nγ-amino side chain of Dab4 is deacylated by the C-terminal Thr10 to form a 23-
membered lactam ring. The molecular model of the polymyxin B–LPS complex shows how
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the precise 23-atom size of the heptapeptide ring acts as a scaffold for electrostatic and
hydrophobic LPS contact points. The available SAR data demonstrate that the 23-atom size
of the native polymyxin ring provides the most ideal structural configuration for potent
antimicrobial activity, and that deletions or expansion of the ring size impact negatively on
antimicrobial activity [69].

Pharmacokinetics/pharmacodynamics of polymyxins
Probably because colistin is used much more widely than polymyxin B, most modern
pharmacology information on polymyxins is for colistin. Over the last decade, the
pharmacokinetics/pharmacodynamics (PK/PD) of colistin has been examined using in vitro
and mouse infection models, and such pharmacological information is employed for
optimizing its clinical use [13,70–73]. Colistin exhibits rapid, concentration-dependent
bacterial killing with negligible post-antibiotic effects [10,74]. Colistin heteroresistance, the
presence of resistant subpopulations within a strain that is considered susceptible based upon
its MIC, has been reported in clinical isolates of A. baumannii [75,76], K. pneumoniae [10]
and P. aeruginosa [77]. The potential for resistant subpopulations to rapidly amplify upon
exposure to polymyxins has been demonstrated in an in vitro PK/PD model that mimics
clinical dosing regimens in humans [8,9]. Our recent preclinical studies conducted in both in
vitro PK/PD and animal thigh and lung infection models have, for the first time, elucidated
that the area under free plasma concentration–time curve to MIC ratio is the PK/PD index
that best correlates with colistin antibacterial activity against P. aeruginosa and A.
baumannii [78,79]. This has allowed the identification of area under free plasma
concentration–time curve to MIC ratio targets to achieve various magnitudes of bacterial
killing.

In the NIH-funded, multicenter, multinational project the current authors are undertaking on
the PK/PD/toxicodynamics of colistin in critically ill patients, it is evident that the currently
recommended intravenous dosage regimens of the prodrug colistin methanesulfonate
(sodium) are suboptimal in many patients [71]. The average steady-state plasma
concentrations of formed colistin (the antibacterial entity) with intravenous colistin
methanesulphonate dosage regimens (75–410 mg colistin base activity per day) specified in
the product information were in the range of 0.48–9.38 mg/l (median: 2.36 mg/l) (Figure 4);
other groups reported similar findings in a much smaller number of patients [72,80]. For
information on the suggested loading dose and daily maintenance doses of colistin
methanesulfonate in patients with various renal functions, please see [71]. It should be noted
that conversion of the prodrug colistin methanesulfonate (CMS) to the antibacterial entity
colistin is very slow, therefore plasma concentrations of formed colistin are well below the
MIC breakpoint (2 mg/l) after the first dose [72]. This results in an unintended delay in
achieving adequate exposure for treatment. Based upon the recent PK data on colistin in
critically ill patients [71,72,80–82] and PK/PD relationships in animal models [78,79], it is
evident that colistin monotherapy is not likely to be reliably efficacious with currently
recommended daily doses of CMS, especially for patients with moderate-to-good renal
function and/or for causative pathogens with MICs of ≥1.0 mg/l [71]. In marked contrast to
colistin, there is very limited information on PK of polymyxin B in patients [15,83–85].
Intravenous polymyxin B is mainly used in the USA, Brazil, Singapore and Malaysia [15].
Even though polymyxin B and colistin look alike, it is extremely important to note that they
differ in the method of administration to patients. Unlike colistin, which is available for
clinical use as an inactive prodrug CMS [86], polymyxin B is directly administered as its
active form (i.e., sulfate). This almost certainly affects their clinical effectiveness, as
polymyxin B is able to provide more rapid and higher concentration–time exposure after
initiating an intravenous regimen [84]. It seems clear that large clinical PK/PD/
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toxicodynamic investigations on polymyxin B and its comparison with colistin/CMS are
urgently required.

Unfortunately, adequate exposure to formed colistin in patients cannot be achieved by
simply increasing the daily dose of colistin methanesulfonate. Even with the currently
recommended dosage regimens, approximately 50% of critically ill patients in our NIH
project developed nephrotoxicity while receiving colistin methanesulfonate; similar
nephrotoxicity rates have been reported recently by others for CMS/colistin [72,80] and
polymyxin B (~60%) [87]. The fact that approximately one in two patients experience this
major dose-limiting adverse effect highlights the urgency to discover novel polymyxin-like
lipopeptides with significantly less nephrotoxicity. Research on the relationship between
polymyxin structure and apoptotic effect on kidney tubular cells is being conducted in our
group.

Future perspective
Significant progress in understanding the mechanisms of antibacterial activity and resistance
of polymyxins and their PK/PD has been recently made and provided important
pharmacological information to clinicians for optimizing their clinical use. Considering that
no new antibiotics will be available against MDR Gram-negative ‘superbugs’ for many
years to come, polymyxin B and colistin will continue to be used as a last-line therapeutic
option. However, reports of resistance to polymyxins are becoming more commonplace in
the clinical setting. Inevitably, resistance to the current polymyxins will present a significant
global health challenge, as resistance to polymyxins means that virtually no antibiotics will
be available for treatment of life-threatening infections caused by polymyxin-resistant
‘superbugs’. Therefore, development of a new generation of polymyxins is urgently
required, along with a better understanding of the mechanisms of polymyxin antibacterial
activity and resistance. In contrast to the majority of current empirical drug discovery
programs for new polymyxins, designing novel polymyxin-like lipopeptides using SAR
models to target polymyxin resistance holds the key to success. Modern peptide chemistry
has made the synthesis of virtually any polymyxin analog possible, and integration of
molecular microbiology and antimicrobial PK/PD within drug discovery and development
procedures will significantly facilitate such drug-development programs. It is expected that,
similarly to other major classes of antibiotics, new-generation polymyxins will be available
for the treatment of infections caused by Gram-negative ‘superbugs’, which are resistant to
all current antibiotics.
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Executive summary

Chemical structure of the polymyxins

▪ Polymyxins are nonribosomal polycationic cyclic lipopeptides of which several
different groups have been identified based on their unique amino acid sequences.

▪ The chemical structures of the polymyxin B and polymyxin E groups of
lipopeptides and their commercial preparations for clinical use have been the most
extensively studied polymyxins to date.

Mechanisms of polymyxin activity against Gram-negative bacteria & resistance

▪ Even though the detailed mechanisms of polymyxin antibacterial activity are
unknown, their initial interaction with the lipid A of lipopolysaccharide is essential.

▪ Polymyxin resistance in Gram-negative bacteria involves the multitier upregulation
of a number of two-component regulatory systems.

▪ Lipopolysaccharide remodeling represents by far the most common mechanism of
polymyxin resistance.

Structure–activity relationships of polymyxins

▪ Empirical medicinal chemistry strategies for improving the antibacterial activity
and toxicity profile of polymyxins have focused on the five key domains of the
polymyxin molecule, and a number of such programs have been met with variable
success.

▪ Recent structure–activity relationship knowledge holds the promise of the
development of a new generation of polymyxins with superior activity against strains
already resistant to current polymyxins.

Pharmacokinetics/pharmacodynamics of polymyxins

▪ Area under free plasma concentration–time curve to MIC ratio is the most
predictive pharmacokinetics/pharmacodynamics index for the in vivo efficacy of
polymyxins, and the currently recommended dosage regimens of colistin are
suboptimal.
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Figure 1. Molecular models of the complex between polymyxin B1 and the lipid A structure from
Klebsiella pneumoniae
(A) The lipid A molecule is shown in space-filling representation and polymyxin B1 is
shown in stick representation. (B) The chemical structure of the lipid A molecule. (C) The
key electrostatic interactions between positively charged Dab residues on polymyxin and the
negatively charged lipid A phosphoresters.
Dab: Diaminobutyric acid.
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Figure 2. Key mechanisms of polymyxin resistance in Gram-negative bacteria
The pink shading indicates molecular determinants of polymyxin resistance.
LPS: Lipopolysaccharide; NAG: N-acetylglucosamine; NAM: N-acetylmuramic acid; OMP:
Outer membrane protein.
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Figure 3. A selection of the reported medicinal chemistry modifications that have been made to
the polymyxin core structural domains
The hydrophobic N-terminal fatty acyl chain (red), the linear tripeptide segment (green), the
hydrophobic motif at positions 6 and 7 (blue) and the heptapeptide backbone (pink) are
shown. Modifications to the diaminobutyric acid residue positions are not depicted.
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Figure 4. Steady-state plasma concentration–time profiles of formed colistin in 105 critically ill
patients (89 not on renal replacement, 12 on intermittent hemodialysis and four on continuous
renal replacement therapy)
Physician-selected colistin methanesulfonate dosage intervals ranged from 8 to 24 h and
hence the interdosing blood sampling interval spanned the same range.
Reproduced with permission from [71].
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Table 1

Structures of known polymyxin B and polymyxin E.

Polymyxin Fatty acyl group Pos. 6 Pos. 7

B1 (S)-6-methyloctanoyl D-Phe Leu

B1-Ile (S)-6-methyloctanoyl D-Phe Ile

B2 6-methylheptanoyl D-Phe Leu

B3 Octanoyl D-Phe Leu

B4 Heptanoyl D-Phe Leu

B5 Nonanoyl D-Phe Leu

B6 3-hydroxy-6-methyloctanoyl D-Phe Leu

E1 (S)-6-methyloctanoyl D-Leu Leu

E2 6-methylheptanoyl D-Leu Leu

E3 Octanoyl D-Leu Leu

E4 Heptanoyl D-Leu Leu

E7 7-methyloctanoyl D-Leu Leu

E1-Ile (S)-6-methyloctanoyl D-Leu Ile

E1-Val (S)-6-methyloctanoyl D-Leu Val

E1-Nva (S)-6-methyloctanoyl D-Leu Nva

E2-Ile 6-methylheptanoyl D-Leu Ile

E2-Val 6-methylheptanoyl D-Leu Val

E8-Ile 7-methylnonanoyl D-Leu Ile

Pos.: Amino acid position.
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