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ABSTRACT

Daptomycin is the only lipopeptide antibiotic that is widely used in clinical practice. It was discovered by Eli Lilly and then studied
and commercialized by Cubist Pharmaceuticals in 2003. Although this antibiotic has been used for 17 years, the debate over its
mechanism of action is ongoing. In this paper, we discuss the different hypotheses on the mode of action of this antibiotic with
a primary focus on the bacterial membrane permeabilization as the main mechanism of action. By comparing the experimental
data on the oligomerization of daptomycin in membranes with properties of self-assembling cyclic peptides, we conclude that the
structure of daptomycin oligomer should resemble the structures of peptide nanotubes that serve as ion channels in membranes.

INTRODUCTION

Bacterial resistance to antibiotics has become one of the
major threats to human health worldwide. According to
the report released by the UN Interagency Coordination
Group (IACG) on Antimicrobial Resistance on 29 April
2019 [1], at least 700,000 people die every year from ill-
nesses caused by drug-resistant bacteria. Immediate
action is needed in order to combat the spread of bac-
terial resistance. Along with the development of new ap-
proaches to fighting pathogenic bacteria, the discovery
of new potent antimicrobials remains a key path toward
this goal.

Antimicrobial peptides represent a diverse class of
natural antimicrobial compounds that are produced by
invertebrates, plants, and animals in order to protect the
host organism from bacteria [2, 3]. These compounds
are considered to have potential as new antimicrobial
drugs [4, 5]. A number of natural polypeptides that are
produced by plants has recently become the subject of
intensive research [6-8] marking the beginning of an in-
vestigation into this large group of prospective antimi-
crobial compounds.

According to the structure of these polypeptides,
these potential antimicrobial compounds can be di-
vided into cationic, anionic, linear, and cyclic polypep-
tide groups. Cyclic polypeptides and lipopeptides (cyclic
polypeptides with a lipophilic tail) form a special group
of compounds that have a number of diverse functions
that protect their host organisms in various ways [9]. For
example, it is believed that the lipopeptides produced by
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Pseudomonas and Bacillus act as antiprotozoal, antifun-
gal, antibacterial, and antiviral agents [10]. In the present
paper, we will only consider the antimicrobial properties
of cyclic polypeptides.

There have been reports that suggest several modes
of action of polypeptides as antimicrobial agents: dis-
ruption of the bacterial cellular membrane and inhibit-
ing the important live cycle processes in bacteria like the
cell wall synthesis, nucleic acid synthesis, and synthesis
of proteins [11-13]. The most studied mechanism of ac-
tion of these antimicrobial compounds is the disruption
of the bacterial cell membrane that leads to the efflux
of metal cations and/or molecules from the bacterial cell
and eventually cause the death of bacteria [12, 14]. This
unique mode of action gives these compounds a number
of advantages compared to the antibiotics of the other
classes:

1. They are active against a wide variety of Gram-posi-
tive and Gram-negative bacteria.

2. They do not need to be transported inside the cell of
Gram-positive bacteria because they interact with
the bacterial membrane from the outside. In case of
Gram-negative bacteria, the interaction with antimi-
crobial peptides is more complex since these bacteria
have both inner and outer membranes.

3. They have a synergistic effect when administered
with other antibiotics [15, 16].

4. Some of the most abundant mechanisms of bacterial
resistance (e.g. multidrug efflux pumps) do not affect
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polypeptides since they act from outside of the bac-

terial membrane.

Over the course of studies of the antimicrobial ac-
tion of linear polypeptides, four general mechanisms
of bacterial membrane disruption by these compounds
have been suggested: the formation of ‘barrel-stave’-like
pore, of a toroidal pore, the ‘carpet’ mechanism, and a
‘detergent-like’ mechanism [12, 14, 17, 18]. The mecha-
nism of interaction of antimicrobial polypeptides with
the bacterial membrane could change depending on a
number of conditions, e.g. on the local concentration
of the corresponding polypeptide at the bacterial mem-
brane surface.

HYPOTHESIS

Cyclic polypeptides and lipopeptides

Cyclic polypeptides (as well as lipopeptides) have par-
ticular physico-chemical properties that determine the
unique mode of their interaction with the bacterial cell
membrane.

There are several examples of lipopeptides — dapto-
mycin [19] (Fig. 1), colistin (polymyxin E) [20], and poly-
myxin B [21] (Fig. 2) — and cyclic polypeptides — tyroci-
dine and gramicidin S (Fig. 3) [22] — that are used or were
used as antibiotics in clinical practice.
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Tyrocidine and gramicidin S have strong hemolytic
potential and, therefore, their use is limited to topical ap-
plication. Both colistin (polymyxin E) and polymyxin B
(Poly-Rx) are active against Gram-negative bacteria. The
use of colistin was practically discontinued in the 1980s
due to the side effects but since the 1990s, it is back in use
in clinical practice. Daptomycin is effective against Gram-
positive pathogens, including a number of otherwise re-
sistant bacterial strains, such as methicillin-resistant
Staphylococcus aureus (MRSA), vancomycin-intermediate
Staphylococcus aureus (VISA), and vancomycin-resistant
Staphylococcus aureus (VRSA) as well as several Strep-
tococcus and Enterococcus species, including vancomy-
cin-resistant Enterococcus bacteria (VRE) [19, 23]. Dap-
tomycin is used in clinical practice for the treatment of
complicated skin infections, bacteremia, and right-sided
endocarditis caused by Gram-positive bacteria.

Daptomycin mechanism of action

Since daptomycin is the only lipopeptide antibiotic that
is widely used in clinical practice and considered as the

drug of choice against methicillin-resistant Gram-posi-
tive pathogens (along with vancomycin and linezolid),
there have been a number of studies focused on the
mechanism of action of this antibiotic [23-28].
Daptomycin is a cyclic lipopeptide produced by Strep-
tomyces roseosporus using non-ribosomal peptide syn-
thetases. It was discovered by Eli Lilly and then studied
and commercialized by Cubist Pharmaceuticals in 2003
[28]. Daptomycin consists of 13 amino acids: 10 amino
acids (L-Gly, L-Orn, L-Asp, D-Ala, L-Asp, L-Gly, D-Ser, L-
threo-MeGlu, L-Kyn, L-Thr) form a ring that is closed by
an ester bond and the other 3 amino-acids (L-Asp, D-Asn
and L-Trp) are in the side chain with a terminal decanoic
acid residue (Fig. 1) [28, 29]. Since daptomycin contains
four carboxylic groups that are dissociated at the physi-
ological pH and one primary amino group that is proton-
ated at physiological pH, the total charge of this molecule
is -3 (Fig. 1). It was shown in a number of studies that
the mode of daptomycin action involves the disruption
of the bacterial cell membrane [24, 26, 28-30]. However,
other possible mechanisms of action of this antibiotic
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Fig. 3. The structures of tyrocidine (mixture of tyrocidine A (A) and tyrocidine C (B)) and gramicidin S (C) [22].
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have been discussed in the literature, including lipid ex-
traction [31], disruption of bacterial cell wall synthesis,
and interaction with membrane-bound proteins [23, 32,
33]. Since the permeabilization and depolarization of
the bacterial cell membranes containing a high content
of negatively charged molecules of phosphatidylglycerol
(PG) and cardiolipin (CD) by daptomycin is well docu-
mented [24, 26, 28-30], it should be considered as the
main mechanism of action (or possibly a necessary step
in the multistep mechanism of action) of this antibiotic
against the corresponding bacteria. The fact that bacte-
rial strains containing much less or no anionic phospha-
tidylglycerol in their membranes are resistant to dapto-
mycin [25, 28, 34, 35] serves as additional evidence that
the main mechanism of action of daptomycin is bacterial
membrane disruption. However, it does not mean that
this is the only mode of action of this antibiotic against
bacteria. Since a number of different methods (recently
review by Raheem and Straus [17]) are used to study the
interaction of antimicrobial peptides (AMP) with biolog-
ical and model membranes (including the formation and
function of ion channels), there are very different opin-
ions in the literature about the mechanism of action of
the same AMPs including ionophores.

Thus, there is an opinion that daptomycin does not
form ion channels in bacterial (or model) membranes
[32, 33, 36]. However, this opinion was challenged in the
recent excellent paper by Seydlova et al. [37]. Along with
important experimental evidence of the pore-forming
ability of daptomycin in model and bacterial membranes,
the authors of this publication discuss the possible rea-
sons for several negative results of analogous experi-
ments published elsewhere. One of the main arguments
supporting the statement that daptomycin does not
form pores (or ion channels) in bacterial membranes is
the observation that this antibiotic is significantly less
effective in causing the leakage of K* or other cations
from the bacterial cell or model membranes than known

Fig. 4. Mechanism of action of valinomycin.
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ionophores like valinomycin and gramicidin [32, 35, 36].
That argument should be considered with caution be-
cause membrane permeabilization by daptomycin sig-
nificantly depends on the membrane potential [37] and
also because ionophores like valinomycin and gramicidin
have different mechanisms of action (Fig. 4, Fig. 6B).

Valinomycin is known to efficiently transport potas-
sium ions across membranes, including bacterial cell
membranes, and is considered as a highly toxic com-
pound. Valinomycin is a 12-unit depsipeptide that con-
tains alternating D- and L-valine, D-hydroxyisovaleric
acid, and L- lactic acid residues that are connected by
amide and ester bonds (Fig. 5). Since valinomycin has a
hydrophilic cavity made by 12 carbonyl groups, it read-
ily forms a complex with potassium ion. This complex is
efficiently transported through the lipophilic membrane
because the iso-propyl residues pointing outside the cav-
ity smoothly interact with the membrane components.
The ionophore molecule travels back and forth through
the membrane repeatedly, each time transporting a sin-
gle K* ion from the cytoplasm of bacterial cell to the ex-
tracellular space [38-40] (Fig. 4).

Gramicidin is a mixture of 3 linear 15 amino acid non-
ribosomal polypeptides that have different amino acids
in position 11 and can have a different amino acid at po-
sition 1 (Fig. 6A). In membranes, it can adopt the beta-
helical conformation or double helical structures [41].

When two beta-helical conformations in both mem-
brane leaflets form a dimer, the transmembrane ion
channel is open and monovalent ions (e.g. Na* or K*) can
freely travel through the ion channel [41] (Fig. 6B).

Gramicidin (Fig. 6) forms very efficient ion channels.
According to Gumila et al. [42], gramicidin channels are
much more effective in ion transport through the phos-
pholipid membrane of erythrocytes than the well-known
ionophores valinomycin (~150 times) and nonactin

(Fig. 7) (~12,000 times).
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It is also approx. 19,000 times more effective than
gramicidin S, which is a cyclic polypeptide and contains
10 amino acids in its cycle (Fig. 3), although there is no
direct evidence that gramicidin S forms ion pores in the
bacterial membrane. However, its structure is very similar
to that of tyrocidine A (Fig. 3) that is known to form ion
channels in membranes, and both gramicidin S and tyro-
cidine A have similar activity against pathogenic bacte-
ria [22]. The interaction of gramicidin S with the bacte-
rial membrane leads to membrane depolarization, and it
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has recently been proposed to form ‘transient pore-like
zones’ in membranes [43]. It should be mentioned that
both gramicidin S and tyrocidine A have other modes
of action, e.g. delocalization of membrane proteins in-
volved in cell division [22], but it could be one of the con-
sequences of membrane depolarization. It should also be
mentioned that 8-10 molecules of daptomycin (as will
be discussed further) as well as the presence of Ca*" are
necessary for the formation of oligomer that causes po-
tassium ions efflux. This could be one of the reasons for
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Fig. 5. The structures of valinomycin (A) and daptomycin (B) (one of the possible conformations)
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Fig. 6. Chemical structure of gramicidin A (A) and mechanism of action (B) [41].
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the significantly lower activity of daptomycin in experi-
ments involving ion transport through the membrane
compared to active ionophores.

The determination of the exact structure of daptomy-
cin oligomer is extremely important because it will lead
to a much better understanding of the interaction of dap-
tomycin molecules with the bacterial cell membranes.
This, in turn, will help to design new effective antibiotics
based on the daptomycin structure.

The efforts of several research groups were concen-
trated on a detailed study of the mechanism of bacterial
cell membrane disruption by daptomycin [24, 26-30, 44].
These studies proved that the interaction of daptomy-
cin with the bacterial cell membrane causes potassium
efflux and membrane depolarization, which eventually
leads to bacterial death, probably as a result of mem-
brane disruption or more complex processes involv-
ing the membrane restructuring and/or dislocating of
membrane-bound proteins. Daptomycin does not form
large pores in the bacterial membrane [37, 45, 46]. Pores
that are formed by daptomycin oligomers in the bacte-
rial membrane are specific for the efflux of sodium and
potassium cations [45, 46], but other small cations (e.g.
Mg?") are also transported. In studying the daptomycin
mechanism of action, it was shown that the presence of
Ca? is necessary for the interaction of daptomycin with
bacterial cell membranes as well as with model mem-
branes containing negatively charged phosphatidylg-
lycerol (PG) and/or cardiolipin (CD) [24, 27, 47, 48]. As a
result of these studies, scientists suggested two slightly
different mechanisms of membrane permeabilization by
daptomycin that include a three step scheme (Fig. 8) [24]
or a four step scheme, where steps 1-2 are binding and
the insertion of daptomycin in the membrane and steps
3-4 are oligomerization and pore formation [27]. On the
other hand, Ming-Tao Lee et al. [49] suggested that there
are only two steps: step 1 — interaction of daptomycin
with the bacterial membrane — and step 2 - its oligomer-
ization in the membrane. However, all of the scientists
who have studied the mechanism of action of this an-
tibiotic agree that the oligomerization of daptomycin
in the bacterial membrane is essential for killing bacte-
ria [24, 27, 29]. According to the most accepted mecha-
nism of bacterial membrane disruption, the first step is
the initial interaction of daptomycin with the bacterial
cell membrane (Fig. 8). Since both daptomycin and the
bacterial membrane, which contain phosphatidylglyc-
erol (PG), are negatively charged, it is believed that the

initial interaction of the lipopeptide molecule with the
membrane is accomplished through coordination with
calcium ions [24].

Recent studies showed that daptomycin forms a com-
plex with Ca?" cation and phosphatidylglycerol on the
surface of membrane before insertion into the mem-
brane [35]. That can serve as evidence of the impor-
tant role of Ca% in the interaction of daptomycin with
the bacterial membrane. The next step is the insertion
of daptomycin (deeper) into the membrane followed in
the last step by the oligomerization of lipopeptide in
the bacterial membrane [26, 29, 44, 50]. It is noteworthy
that oligomerization in membranes was also observed
for daptomycin analogue lipopeptide antibiotic A54145
[51]. It is believed that the oligomers of daptomycin
make pores in the bacterial membrane that thereby
causes the efflux of potassium ions from the bacterial
cell and membrane depolarization leading to bacterial
death [24, 28, 37]. The exact structure of the daptomycin
oligomers in the membrane is still unknown and remains
an objective of experimental studies as well as a subject
of ongoing discussion in the scientific literature. Several
studies have been focused on the detailed evaluation of
daptomycin oligomerization in the bacterial membrane.
In one study by Muraih and Palmer [30], the number of
daptomycin molecules in the oligomer was determined
using fluorescence resonance energy transfer (FRET).
According to their results, the membrane-bound oligo-
mer contains 6-7 molecules or possibly twice as many if
the oligomer extends through both membrane leaflets.
More recent studies showed that four molecules of lipo-
peptide are located in the cytoplasmic membrane leaf-
let while the other four molecules are in the exoplasmic
leaflet (Fig. 9) and, therefore, a total 8 molecules of dap-
tomycin are needed for the formation of the pore (or ion
channel) in the membrane [28, 52, 53]. Seydlova et al.
[37] observed variations in conductivity consistent with
a variable number of channel subunits with the most
abundant channels formed by 4 or 5 subunits. These
scientists then sought to reconcile their findings with
those of Zhang et al. [52], who conducted experiments
in the absence of a membrane potential, by postulating
that a second oligomer of the same size could be pres-
ent in the opposite membrane leaflet. While this may be
so, we should also consider the possibility that, in the
presence of a high membrane potential, a single tetra-
mer or pentamer may be sufficient to permeabilize the
membrane.

Fig. 7. The structure of nonactin.
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It should be mentioned that the same number of
oligomer subunits was proposed for the daptomycin ana-
logue lipopeptide antibiotic A54145 [29].

Self-assembling cyclic peptides

On the other hand, self-assembling cyclic peptide nano-
tubes (or nanowires) that can function as ion channels
in membranes has been well documented. In the last
10 years, there has been a number of research papers and
reviews that describe and discuss this phenomenon, e.g.
[54-59]. According to these data, over the course of the
interaction with biological and model membranes, cyclic
peptides spontaneously form nanotubes or nanowires —
structured aggregates or oligomers. These nanotubes
are formed by self-assembling of cyclic peptides and can
serve as efficient ion channels in phospholipid mem-
branes. A number of publications, for example [60-63],
describe the spontaneous formation of dimers and nano-
tubes (or nanowires) by cyclic polypeptides in organic
and aqueous solutions with a different pH. A review by
Rodriguez-Vazquez [64] describes the recent advances
in studies of the self-assembling of cyclic peptides in
membranes. This paper covers a number of experimental
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results that showed that the interaction of cyclic peptides
with membranes leads to the spontaneous formation of
nanotubes that function as ion channels. The cyclic part
of the molecule in these polypeptides is usually formed
by 8-12 alternating D- and L-amino acids, although cy-
clic peptides with a different structure and cyclic urea
derivatives also form nanotubes [64, 65]. Some of these
molecules have ‘tails’ containing hydrophilic and/or li-
pophilic fragments. Tryptophan residues are considered
ideal for the integration of the nanotube into the bilayer
membrane [64, 66] (Fig. 10).

[t was proved that the nanotube formed by self-assem-
bling of 8 molecules of cyclic polypeptide is long enough
to span a lipid bilayer and function as a transmembrane
channel [57, 66, 67] (Fig. 11).

According to Rho et al., cyclic peptides with longer
side chains form even more stable aggregates (nanowires)
in aqueous solutions [59]. Based on the extensive study
of self-assembling cyclic peptides, Rodriguez-Vazquez et
al. concluded that cyclic polypeptides with hydrophobic
side chains form nanotubes oriented perpendicular to the
membrane [64]. On the other hand, Motiei et al. [68] de-
scribed the synthesis and antibacterial activity of novel
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Fig. 8. The proposed mechanism of interaction of daptomycin with the bacterial cell membrane.
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Fig. 9. Proposed structure of a daptomycin oligomer in the bacterial membrane (side chain of daptomycin is not

shown) [28, 52].

Volume 7 Number1 2020

65

mir-journal.org



Hypothesis: daptomycin forms nanotubes

self-assembling cyclic D,L,- a-glycopeptides (e.g. Fig. 12)
and proved the membrane permeabilization mode of ac-
tion of these compounds.

Since the formation of these nanotubes in phos-
pholipid membranes is a spontaneous process and the
change in Gibbs free energy in the system is negative,
this process is exergonic [69]. This means that nanotubes
are that particular structure of the cyclic polypeptide
oligomers that brings the interaction energy of these
oligomers with the membrane to a minimum and, there-
fore, is the most stable conformation for the membrane —
polypeptide oligomers system. Accordingly, and also tak-
ing into account the large amount of experimental data
on cyclic peptide nanotubes and the close structure of
the cyclic daptomycin fragment to the structure of effi-
cient ionophores like valinomycin (Fig. 5) as well as the
experimentally determined number of the daptomycin
molecules in oligomer — 8, we come to conclusion that
the probable structure of daptomycin oligomer in the
bacterial membrane is the nanotube that functions as an
ion channel (Fig. 13).

It should be mentioned that, based on an excimer
fluorescence study of perylene substituted daptomycin,
Muraih et al. suggested that ‘neighboring oligomer sub-
units are aligned in parallel fashion or form an acute an-
gle with one another’ [50]. Although the self-assembling
of cyclic polypeptides into nanotubes is spontaneous, the
polypeptide molecules in solution are always in dynamic
equilibrium with the nanotube structures in the mem-
brane. This leads to the formation of nanotubes contain-
ing fewer molecules than is required to span a lipid bilay-
er. These nanotubes will function as much less effective
ion channels [64, 66].

Considering the interaction between daptomycin
molecules over the course of stacking into the nanotube
could also help explain the change of the antibiotic activ-
ity as a result of the certain modification of its structure.

Attempts to modify the structure of daptomycin
showed that changing one (or even two) particular ami-
no acids in the cyclic fragment of the molecule does not
cause significant changes in activity [70] and that, occa-
sionally, small changes — like the methylation of amino
group in kynurenine - can lead to the formation of more
active compounds [71, 72]. On the other hand, activity
was lost as a result of the modification of different amino
acids [72, 73]. Moreira et al. showed that the chirality of
the molecule is extremely important for antimicrobial
activity [74].

It is possible that these results could be better ex-
plained by taking into account the interaction of dap-
tomycin molecules with each other over the course of
stacking into the nanotube where, depending on the spe-
cific interaction between the molecules, some functional
groups are much more important than others. Chirality
is also very important since it determines the interaction
of cyclic polypeptides over the course of self-assembling
into a nanotube [57, 58, 64]. On the other hand, the in-
troduction of different bulky lipophilic substituents in
ornithine residue by reductive alkylation did not signifi-
cantly change the activity of daptomycin [75]. Since the
ornithine amino group is pointing away from the cyclic
fragment of the molecule, substituents at this position
will not intervene in the stacking process. On the con-
trary, these substituents will interact with the lipophilic
part of membrane, which should increase the stability of
the nanotube in the membrane. In fact, daptomycin, with
highly lipophilic 4-(phenyl)benzyl fragment in ornithine
fragment, showed enhanced activity against S. aureas in
the absence of serum [75].

It is possible that the interaction of daptomycin mol-
ecules with Ca?* ions is one of the driving forces for the
self-assembling process [29] as it is described for other
divalent cations for the self-assembling of helical pep-
tides into nanostructures [55].
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Fig. 10. Structure of an example of self-assembling cyclic polypeptide.
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FUTURE WORK

The hypothesis that daptomycin forms self-assembled

nanotubes in membranes needs experimental validation.

We suggest here the possible directions for the experi-

mental and modeling studies that could help prove or

disprove this hypothesis:

1. Determine if daptomycin oligomer (or nanotube) in
the membrane contains calcium ions.

2. Conduct a molecular modeling study on the interac-
tion of daptomycin molecules within the nanotube
based on the results of the previous experiment.
Determine which daptomycin functional groups are
critical for the formation of the nanotube.

3. Synthesize daptomycin analogs with one or several
changed critical functional groups and study the
oligomerization of these analogs in membranes and/
or their antimicrobial activity.

CONCLUSION

If we consider the formation of nanotubes that function
as ion channels in the bacterial membrane as the major
mechanism of action of the cyclic polypeptides and li-
popeptides, we will have to consider the interaction of
these molecules with each other and with the cell mem-
brane over the course of the nanotube formation. This
will lead to a better understanding of the structure - ac-
tivity relationship of cyclic polypeptide and lipopeptide

REFERENCES

1. Available at https://www.who.int/antimicrobial-re-
sistance/interagency-coordination-group/final-re-
port/en/. Accessed on 07/29/2020.

2. Dutton CJ, Haxell MA, McArthur HAI, Wax RG. Pep-
tide antibiotics. Discovery, modes of action and ap-
plication. Marcel Dekker, Inc., 2002. ISBN: 0-8247-
0245-X.

3. Boto A, Pérez de la Lastra JM, Gonzalez CC. The Road
from Host-Defense Peptides to a New Generation of
Antimicrobial Drugs. Molecules 2018; 23, 311-36.
doi: 10.3390/molecules23020311.

4. MwangiJ, Hao X, Lai R, Zhang ZY. Antimicrobial pep-
tides: new hope in the war against multidrug resis-
tance. Zool Res 2019; 40(6), 488-505. doi: 10.24272/j.
issn.2095-8137.2019.062.

5. Browne K, Chakraborty S, Chen R, Willcox MD,
Black DS, Walsh WR, et al. A New Era of Antibiot-
ics: The Clinical Potential of Antimicrobial Pep-
tides. Int ] Mol Sci 2020; 21(19), 7047. doi: 10.3390/
ijms21197047.

6. Okwu MU, Olley M, Akpoka AO, Izevbuwa OE. Meth-
icillin-resistant Staphylococcus aureus (MRSA) and
anti-MRSA activities of extracts of some medicinal
plants: A brief review. AIMS Microbiol 2019; 5(2),
117-37. doi: 10.3934/microbiol.2019.2.117.

mir-journal.org

antibiotics — and will help better explain the published
experimental data on the in vivo activity of the differ-
ent compounds of this class. On the other hand, a bet-
ter understanding of the nanotube structure, formed by
daptomycin, that functions as an ion channel in bacterial
membranes, will also lead to the successful design and
synthesis of new active lipopeptide antibiotics.

CONFLICT OF INTEREST

The author does not pursue commercial or financial in-
terests.

CITATION

Zhivich A. Hypothesis: daptomycin permeabilizes mem-
branes by forming self-assembled nanotubes. MIR ]J.
2020; 7 (1), 59-71. doi: 10.18527/2500-2236-2020-7-1-
59-71.

COPYRIGHT

© 2020 Zhivich. This is an open access article distributed
under the terms of the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 International Public Li-
cense (CC BY-NC-SA), which permits unrestricted use,
distribution, and reproduction in any medium, as long as
the material is not used for commercial purposes, pro-
vided that the original author and source are cited.

7. Simoes M, Lemos M, Simoes LC. Phytochemicals
Against Drug-Resistant Microbes. In Dietary Phy-
tochemicals and Microbes, Patra AK (ed.). Springer
Science+Business Media Dordrecht, 2012. Chapter 6,
185. doi: 10.1007/978-94-007-3926-0 6.

8. Kali A. Antibiotics and bioactive natural products in
treatment of methicillin resistant Staphylococcus
aureus: A brief review. Pharmacogn Rev 2015; 9(17),
29-34. doi: 10.4103/0973-7847.156329.

9. Patel S, Ahmed S, Eswari JS. Therapeutic cyclic lipo-

peptides mining from microbes: latest strides and

hurdles. World ] Microbiol Biotechnol 2015; 31(8),

1177-93. doi: 10.1007/s11274-015-1880-8.

Raaijmakers JM, De Bruijn I, Nybroe O, Ongena M.

Natural functions of lipopeptides from Bacillus and

Pseudomonas: more than surfactants and antibiot-

ics. FEMS Microbiol Rev 2010; 34(6), 1037-62. doi:

10.1111/j.1574-6976.2010.00221.x.

O’Connell KM, Hodgkinson JT, Sore HF, Welch M, Sal-

mond GP, Spring DR. Combating multidrug-resistant

bacteria: current strategies for the discovery of novel

antibacterials. Angew Chem Int Ed Engl 2013; 52(41),

10706-33. doi: 10.1002/anie.201209979.

Brogden KA. Antimicrobial peptides: pore formers or

metabolic inhibitors in bacteria? Nat Rev Microbiol

2005; 3(3), 238-50. doi: 10.1038/nrmicro1098.

10.

11.

12.

68 Volume 7 Number 1 2020


https://www.who.int/antimicrobial-resistance/interagency-coordination-group/final-report/en/
https://www.who.int/antimicrobial-resistance/interagency-coordination-group/final-report/en/
https://www.who.int/antimicrobial-resistance/interagency-coordination-group/final-report/en/

Hypothesis: daptomycin forms nanotubes

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Volume 7 Number 1

Omardien S, Brul S, Zaat SA. Antimicrobial Activity
of Cationic Antimicrobial Peptides against Gram-
Positives: Current Progress Made in Understand-
ing the Mode of Action and the Response of Bacte-
ria. Front Cell Dev Biol 2016; 4, 111. doi: 10.3389/
fcell.2016.00111.

Li J, Koh JJ, Liu S, Lakshminarayanan R, Verma CS,
Beuerman RW. Membrane Active Antimicrobial
Peptides: Translating Mechanistic Insights to De-
sign. Front Neurosci 2017; 11, 73. doi: 10.3389/
fnins.2017.00073.

Pollini S, Brunetti ], Sennati S, Rossolini GM, Bracci L,
Pini A, et al. Synergistic activity profile of an anti-
microbial peptide against multidrug-resistant and
extensively drug-resistant strains of Gram-negative
bacterial pathogens. ] Pept Sci 2017; 23(4), 329-33.
doi: 10.1002/psc.2978.

Wu X, Li Z, Li X, Tian Y, Fan Y, Yu C, et al. Syner-
gistic effects of antimicrobial peptide DP7 combined
with antibiotics against multidrug-resistant bacteria.
Drug Des Devel Ther 2017; 11, 939-46. doi: 10.2147/
DDDT.S107195.

Raheem N, Straus SK. Mechanisms of Action for An-
timicrobial Peptides With Antibacterial and Antibio-
film Functions. Front Microbiol 2019; 10, 2866. doi:
10.3389/fmicb.2019.02866.

Kumar P, Kizhakkedathu JN, Straus SK. Antimicrobial
Peptides: Diversity, Mechanism of Action and Strat-
egies to Improve the Activity and Biocompatibility
In Vivo. Biomolecules 2018; 8(1), 4. doi: 10.3390/
biom8010004.

Chan Tompkins NH, Harnicar SJ. Prescribing trends
with daptomycin (cubicin) for the treatment of gram-
positive infections. P T. 2008; 33(5), 282-8. PubMed
PMID: 19561791.

Lim LM, Ly N, Anderson D, Yang JC, Macander L, Jar-
kowski A, 3rd, et al. Resurgence of colistin: a review
of resistance, toxicity, pharmacodynamics, and dos-
ing. Pharmacotherapy 2010; 30(12), 1279-91. doi:
10.1592/phco.30.12.1279.

Kwa A, Kasiakou SK, Tam VH, Falagas ME. Polymyxin
B: similarities to and differences from colistin (poly-
myxin E). Expert Rev Anti Infect Ther 2007; 5(5), 811-
21.doi: 10.1586/14787210.5.5.811.

Wenzel M, Rautenbach M, Vosloo JA, Siersma T,
Aisenbrey CHM, Zaitseva E, et al. The Multifaceted
Antibacterial Mechanisms of the Pioneering Peptide
Antibiotics Tyrocidine and Gramicidin S. mBio 2018;
9(5), e00802-18. doi: 10.1128/mBio.00802-18.

Gray DA, Wenzel M. More Than a Pore: A Current
Perspective on the In Vivo Mode of Action of the Li-
popeptide Antibiotic Daptomycin. Antibiotics (Basel)
2020; 9(1), 17. doi: 10.3390/antibiotics9010017.
Silverman JA, Perlmutter NG, Shapiro HM. Correla-
tion of daptomycin bactericidal activity and mem-
brane depolarization in Staphylococcus aureus. Anti-
microb Agents Chemother 2003; 47(8), 2538-44. doi:
10.1128/aac.47.8.2538-2544.2003.

2020

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Humphries RM, Pollett S, Sakoulas G. A current
perspective on daptomycin for the clinical microbi-
ologist. Clin Microbiol Rev 2013; 26(4), 759-80. doi:
10.1128/CMR.00030-13.

Muraih JK, Pearson A, Silverman], Palmer M. Oligo-
merization of daptomycin on membranes. Biochim
Biophys Acta 2011; 1808(4), 1154-60. doi: 10.1016/j.
bbamem.2011.01.001.

Zhang ], Scott WRP, Gabel F, Wu M, Desmond R,
Bae J, et al. On the quest for the elusive mechanism
of action of daptomycin: Binding, fusion, and oligo-
merization. Biochim Biophys Acta Proteins Proteom
2017; 1865(11 Pt B), 1490-9. doi: 10.1016/j.bba-
pap.2017.07.020.

Taylor SD, Palmer M. The action mechanism of dap-
tomycin. Bioorg Med Chem 2016; 24(24), 6253-68.
doi: 10.1016/j.bmc.2016.05.052.

Taylor R, Butt K, Scott B, Zhang T, Muraih JK, Mint-
zer E, et al. Two successive calcium-dependent tran-
sitions mediate membrane binding and oligomeriza-
tion of daptomycin and the related antibiotic A54145.
Biochim Biophys Acta 2016; 1858(9), 1999-2005. doi:
10.1016/j.bbamem.2016.05.020.

Muraih JK, Palmer M. Estimation of the subunit stoi-
chiometry of the membrane-associated daptomy-
cin oligomer by FRET. Biochim Biophys Acta 2012;
1818(7), 1642-7. doi: 10.1016/j.bbamem.2012.02.019.
Chen YF, Sun TL, Sun Y, Huang HW. Interaction
of daptomycin with lipid bilayers: a lipid extract-
ing effect. Biochemistry 2014; 53(33), 5384-92. doi:
10.1021/bi500779g.

Muller A, Wenzel M, Strahl H, Grein F, Saaki TNV,
Kohl B, et al. Daptomycin inhibits cell envelope syn-
thesis by interfering with fluid membrane microdo-
mains. Proc Natl Acad Sci U S A 2016; 113(45), E7077-
86.doi: 10.1073/pnas.1611173113.

Grein F, Muller A, Scherer KM, Liu X, Ludwig KC,
Klockner A, et al. Ca(2+)-Daptomycin targets cell wall
biosynthesis by forming a tripartite complex with
undecaprenyl-coupled intermediates and membrane
lipids. Nat Commun 2020; 11(1), 1455. doi: 10.1038/
$41467-020-15257-1.

Hines KM, Waalkes A, Penewit K, Holmes EA, Sali-
pante SJ, Werth BJ, Xu L. Characterization of the
mechanisms of daptomycin resistance among
Gram-positive bacterial pathogens by multidimen-
sional lipidomics. mSphere 2017; 2, e00492-17. doi:
10.1128/mSphere.00492-17.

Huang HW. DAPTOMYCIN, its membrane-active
mechanism vs. that of other antimicrobial peptides.
Biochim Biophys Acta Biomembr 2020; 1862(10),
183395. doi: 10.1016/j.bbamem.2020.183395.

Lee MT, Yang PY, Charron NE, Hsieh MH, Chang YY,
Huang HW. Comparison of the Effects of Dapto-
mycin on Bacterial and Model Membranes. Bio-
chemistry 2018; 57(38), 5629-39. doi: 10.1021/acs.
biochem.8b00818.

mir-journal.org



Hypothesis: daptomycin forms nanotubes

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

Seydlova G, Sokol A, Liskova P, Konopasek I, Fiser R.
Daptomycin Pore Formation and Stoichiometry De-
pend on Membrane Potential of Target Membrane.
Antimicrob Agents Chemother 2019; 63(1), e01589-
18. doi: 10.1128/AAC.01589-18.

Su Z, Mrdenovic D, Sek S, Lipkowski J. Ionophore
properties of valinomycin in the model bilayer lipid
membrane 1. Selectivity toward a cation. ] Solid State
Electrochem 2020; 24, 3125-34. doi: 10.1007/s10008-
020-04777-x.

Ross EE, Hoag B, Joslin I, Johnston T. Measurements
of Ion Binding to Lipid-Hosted Ionophores by Affini-
ty Chromatography. Langmuir 2019; 35(29), 9410-21.
doi: 10.1021/acs.langmuir.9b01301.

Naumowicz M, Kotynska ], Petelska A, Figaszewski Z.
Impedance analysis of phosphatidylcholine mem-
branes modified with valinomycin. Eur Biophys ]
2006; 35(3), 239-46. doi: 10.1007/s00249-005-0030-x.
Kelkar DA, Chattopadhyay A. The gramicidin ion
channel: a model membrane protein. Biochim Bio-
phys Acta 2007; 1768(9), 2011-25. doi: 10.1016/j.
bbamem.2007.05.011.

Gumila C, Ancelin ML, Jeminet G, Delort AM,
Miquel G, Vial H]. Differential in vitro activities of ion-
ophore compounds against Plasmodium falciparum
and mammalian cells. Antimicrob Agents Chemother
1996; 40(3), 602-8. doi: 10.1128/AAC.40.3.602.
Jelokhani-Niaraki M, Hodges RS, Meissner JE, Has-
senstein UE, Wheaton L. Interaction of gramicidin S
and its aromatic amino-acid analog with phospholip-
id membranes. Biophys J 2008; 95(7), 3306-21. doi:
10.1529/biophysj.108.137471.

. Zhang TH, Muraih JK, Mintzer E, Tishbi N, Desert C,

Silverman J, et al. Mutual inhibition through hybrid
oligomer formation of daptomycin and the semisyn-
thetic lipopeptide antibiotic CB-182,462. Biochimica
et Biophysica Acta (BBA) — Biomembranes 2013;
1828 (2), 302-8. doi: 10.1016/j.bbamem.2012.10.008.
Zhang T, Muraih JK, MacCormick B, Silverman ],
Palmer M. Daptomycin forms cation- and size-se-
lective pores in model membranes. Biochim Bio-
phys Acta 2014; 1838(10), 2425-30. doi: 10.1016/j.
bbamem.2014.05.014.

Xing YH, Wang W, Dai SQ, Liu TY, Tan JJ, Qu GL, et al.
Daptomycin exerts rapid bactericidal activity against
Bacillus anthracis without disrupting membrane in-
tegrity. Acta Pharmacol Sin 2014; 35(2), 211-8. doi:
10.1038/aps.2013.159.

Zhang ], Scoten K, Straus SK. Daptomycin Leakage
Is Selective. ACS Infect Dis 2016; 2(10), 682-7. doi:
10.1021/acsinfecdis.6b00152.

Straus SK, Hancock RE. Mode of action of the new
antibiotic for Gram-positive pathogens daptomycin:
comparison with cationic antimicrobial peptides and
lipopeptides. Biochim Biophys Acta 2006; 1758(9),
1215-23. doi: 10.1016/j.bbamem.2006.02.009.

Lee MT, Hung WC, Hsieh MH, Chen H, Chang YY,
Huang HW. Molecular State of the Membrane-Active

mir-journal.org

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

70

Antibiotic Daptomycin. Biophys | 2017; 113(1), 82-
90. doi: 10.1016/j.bpj.2017.05.025.

Muraih JK, Harris J, Taylor SD, Palmer M. Charac-
terization of daptomycin oligomerization with per-
ylene excimer fluorescence: stoichiometric binding
of phosphatidylglycerol triggers oligomer forma-
tion. Biochim Biophys Acta 2012; 1818(3), 673-8. doi:
10.1016/j.bbamem.2011.10.027.

Zhang T, Taylor SD, Palmer M, Duhamel J. Membrane
Binding and Oligomerization of the Lipopeptide
A54145 Studied by Pyrene Fluorescence. Biophys ]
2016; 111(6), 1267-77.doi: 10.1016/j.bpj.2016.07.018.
Zhang T, Muraih JK, Tishbi N, Herskowitz J, Victor RL,
Silverman J, et al. Cardiolipin prevents membrane
translocation and permeabilization by daptomycin. ]
Biol Chem 2014; 289(17), 11584-91. doi: 10.1074/jbc.
M114.554444.

Beriashvili D, Taylor R, Kralt B, Abu Mazen N, Tay-
lor SD, Palmer M. Mechanistic studies on the effect
of membrane lipid acyl chain composition on dapto-
mycin pore formation. Chem Phys Lipids 2018; 216,
73-9. doi: 10.1016/j.chemphyslip.2018.09.015.

Gao X, Matsui H. Peptide-Based Nanotubes and Their
Applications in Bionanotechnology. Adv Mater 2005;
17(17), 2037-50. doi: 10.1002/adma.200401849.

Lou S, Wang X, Yu Z, Shi L. Peptide Tectonics: Encod-
ed Structural Complementarity Dictates Program-
mable Self-Assembly. Adv Sci (Weinh) 2019; 6(13),
1802043. doi: 10.1002/advs.201802043.

Ashkenasy N, Horne WS, Ghadiri MR. Design of self-
assembling peptide nanotubes with delocalized elec-
tronic states. Small 2006; 2(1), 99-102. doi: 10.1002/
smll.200500252.

Kim HS, Hartgerink JD, and Ghadiri MR. Oriented
Self-Assembly of Cyclic Peptide Nanotubes in Lipid
Membranes. ] Am Chem Soc 1998; 120, 4417-24. doi:
10.1021/ja9735315.

Insua I, Montenegro J. 1D to 2D Self Assembly of Cy-
clic Peptides.] Am Chem Soc 2020; 142(1), 300-7. doi:
10.1021/jacs.9b10582.

Rho JY, Cox H, Mansfield EDH, Ellacott SH, Peltier R,
Brendel JC, et al. Dual self-assembly of supramo-
lecular peptide nanotubes to provide stabilisation in
water. Nat Commun 2019; 10(1), 4708. doi: 10.1038/
s41467-019-12586-8.

Ghadiri MR, Kobayashi K, Granja JR, Chadha RK,
McRee DE. The Structural and Thermodynamic Basis
for the Formation of Self-Assembled Peptide Nano-
tubes. Angewandte Chemie 1995; 34 (1), 93-5. doi:
10.1002/anie.199500931.

Shaikh H, Rho JY, Macdougall L], Gurnani P, Lunn AM,
Yang J, et al. Hydrogel and Organogel Formation
by Hierarchical Self-Assembly of Cyclic Peptides
Nanotubes. Chemistry 2018; 24(71), 19066-74. doi:
10.1002/chem.201804576.

Mendez-Ardoy A, Granja JR, Montenegro J. pH-Trig-
gered self-assembly and hydrogelation of cyclic pep-
tide nanotubes confined in water micro-droplets.

Volume 7 Number1 2020



Hypothesis: daptomycin forms nanotubes

63.

64.

65.

66.

67.

68.

Volume 7 Number 1

Nanoscale Horiz 2018; 3(4), 391-6. doi: 10.1039/
¢8nh00009c.

Khurana E, Nielsen SO, Ensing B, Klein ML. Self-
assembling cyclic peptides: molecular dynamics
studies of dimers in polar and nonpolar solvents. |
Phys Chem B 2006; 110(38), 18965-72. doi: 10.1021/
jp057471y.

Rodriguez-Vazquez N, Ozores HL, Guerra A, Gonza-
lez-Freire E, Fuertes A, Panciera M, et al. Membrane-
targeted self-assembling cyclic peptide nanotubes.
Curr Top Med Chem 2014; 14(23), 2647-61. doi: 10.21
74/1568026614666141215143431.

Fischer L, Decossas M, Briand JP, Didierjean C, Guich-
ard G. Control of duplex formation and columnar
self-assembly with heterogeneous amide/urea mac-
rocycles. Angew Chem Int Ed Engl 2009; 48(9), 1625-
8. doi: 10.1002/anie.200804019.

Montenegro J, Ghadiri MR, Granja JR. Ion chan-
nel models based on self-assembling cyclic peptide
nanotubes. Acc Chem Res 2013; 46(12), 2955-65. doi:
10.1021/ar400061d.

Tarek M, Maigret B, Chipot C. Molecular dynamics in-
vestigation of an oriented cyclic peptide nanotube in
DMPC bilayers. Biophys ] 2003; 85(4), 2287-98. doi:
10.1016/S0006-3495(03)74653-0.

Motiei L, Rahimipour S, Thayer DA, Wong CH, Ghad-
iri MR. Antibacterial cyclic D,L-alpha-glycopep-
tides. Chem Commun (Camb) 2009; 25, 3693-5. doi:
10.1039/b902455g.

2020

71

69.

70.

71.

72.

73.

74.

75.

Grzybowski BA, Wilmer CE, Kim ], Browne KP, Bish-
op KJM. Self-assembly: from crystals to cells. Soft
Matter 2009; 5, 1110-28. doi: 10.1039/b819321p.
Nguyen KT, He X, Alexander DC, Li C, Gu JQ, Mas-
cio C, et al. Genetically engineered lipopeptide an-
tibiotics related to A54145 and daptomycin with
improved properties. Antimicrob Agents Chemother
2010; 54(4), 1404-13. doi: 10.1128/AAC.01307-09.
Chow HY, Po KHL, Gao P, Blasco P, Wang X, Li C, et
al. Methylation of Daptomycin Leading to the Dis-
covery of Kynomycin, a Cyclic Lipodepsipeptide Ac-
tive against Resistant Pathogens. ] Med Chem 2020;
63(6),3161-71. doi: 10.1021/acs.jmedchem.9b01957.
Chow HY, Po KHL, Jin K, Qiao G, Sun Z, Ma W, et al.
Establishing the Structure-Activity Relationship of
Daptomycin. ACS Med Chem Lett 2020; 11(7), 1442-
9. doi: 10.1021/acsmedchemlett.0c00175.

Lin D, Lam HY, Han W, Cotroneo N, Pandya BA, Li X.
Structure-activity relationship of daptomycin ana-
logues with substitution at (2S, 3R) 3-methyl glutam-
ic acid position. Bioorg Med Chem Lett 2017; 27(3),
456-9. doi: 10.1016/j.bmcl.2016.12.046.

Moreira R, Barnawi G, Beriashvili D, Palmer M, Tay-
lor SD. The effect of replacing the ester bond with an
amide bond and of overall stereochemistry on the ac-
tivity of daptomycin. Bioorg Med Chem 2019; 27(1),
240-6. doi: 10.1016/j.bmc.2018.12.004.

Siedlecki J, Hill J, Parr I, Yu X, Morytko M, Zhang Y, et
al. Array synthesis of novel lipodepsipeptide. Bioorg
Med Chem Lett 2003; 13(23), 4245-9. doi: 10.1016/j.
bmcl.2003.07.025.

mir-journal.org



