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Abstract

Antimicrobial peptides (AMPs) selectively kill bacteria by disrupting their cell membranes, and are promising
compounds to fight drug-resistant microbes. Biophysical studies on model membranes have characterized
AMP/membrane interactions and the mechanism of bilayer perturbation, showing that accumulation of
cationic peptide molecules in the external leaflet leads to the formation of pores (“carpet” mechanism).
However, similar quantitative studies on real cells are extremely limited. Here, we investigated the
interaction of the dansylated PMAP23 peptide (DNS-PMAP23) with a Gram-positive bacterium, showing that
107 bound peptide molecules per cell are needed to kill it. This result is consistent with our previous finding
for Gram-negative strains, where a similar high threshold for killing was determined, demonstrating the
general relevance of the carpet model for real bacteria. However, in the case of the Gram-positive strain, this
number of molecules even exceeds the total surface available on the bacterial membrane. The high affinity
of DNS-PMAP23 for the anionic teichoic acids of the Gram-positive cell wall, but not for the
lipopolysaccharides of Gram-negative bacteria, provides a rationale for this finding. To better define the role
of anionic lipids in peptide/cell association, we studied DNS-PMAP23 interaction with E. coli mutant strains
lacking phosphatidylglycerol and/or cardiolipin. Surprisingly, these strains showed a peptide affinity similar
to that of the wild type. This finding was rationalized by observing that these bacteria have an increased
content of other anionic lipids, thus maintaining the total membrane charge essentially constant. Finally,
studies of DNS-PMAP23 association to dead bacteria showed an affinity an order of magnitude higher
compared to that of live cells, suggesting strong peptide binding to intracellular components that become
accessible after membrane perturbation. This effect could play a role in population resistance to AMP action,
since dead bacteria could protect the surviving cells by sequestering significant amounts of peptide
molecules. Overall, our data indicate that quantitative studies of peptide association to bacteria can lead to
a better understanding of the mechanism of action of AMPs.
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Introduction

The emergence and diffusion of drug resistant bacteria (germs that are not susceptible to several or even all
the currently available antibiotics) is one of the greatest health challenges of our time. We are currently at
risk of losing the transformative medical progress made possible by antibiotic drugs, such as the easy
treatment of deadly infectious diseases, surgery, transplants or anticancer chemotherapy. The latest report
on antibiotic resistance by the US Centers for Disease Control and Prevention [CDC 2019] warns us that we
are already living in a post-antibiotic era: in the US alone, one person is killed by drug resistant microbes
every 15 minutes. Global deaths by “superbugs”, as these bacteria are called, are currently estimated at more
than 700,000 per year, but this figure could increase to 10 millions by 2050 if no action is taken [UN-IACG
2019]. New drugs against resistant bacteria are severely needed.

Antimicrobial peptides (AMPs, often also called host defense peptides, or HDPs) are an important component
of our innate defense system [Zasloff 2019]. These molecules have multiple functions, including
immunomodulatory roles [van der Does 2019], but they are mainly bactericidal. Thousands of different
natural AMPs are currently known: their sequences do not show any conserved motif, but they all share some
properties. They are usually short, cationic and amphipathic [Bobone 2019]. Most AMPs act by binding to
bacterial membranes and making them permeable, through the formation of pores [Matsuzaki 2019]. Since
this mechanism of action does not involve any specific protein target, development of bacterial resistance is
difficult and AMPs have a wide spectrum of activity and are effective also against resistant strains [Zasloff
2019].

AMPs have the additional desirable property of being moderately selective, i.e. they are active against
bacteria at concentrations where their toxicity to the host cells is negligible. This property is attributed mostly
to the fact that microbial membranes display lipids with negatively charged phospholipid headgroups
(phosphatidylglycerol or PG, cardiolipin or CL) on their surface, while in the membranes of eukaryotic cells
anionic lipids are segregated to the inner leaflet [Bobone 2019]. Consistently, AMPs interact more strongly
with anionic than with neutral artificial membranes, due to their cationic nature [Bobone 2019].

Studies on model membranes led to the proposal of several mechanisms of pore formation by AMPs
[Matsuzaki 2019], but the most widely applicable model is based on accumulation of peptides on the outer
leaflet of the bilayer, perturbation of its surface tension and formation of pores or defects. In artificial
vesicles, the bound peptide to lipid ratios necessary for perturbation of membrane permeability are typically
of the order of 1/10, which corresponds to complete coverage of the bilayer [Melo 2009]. For this reason,
this mechanism has been termed the “carpet” model [Gazit 1996].

Based on the above discussion, it is clear that peptide binding to bacterial membranes is a major determinant
of AMP activity and selectivity. However, while peptide/membrane association is easily determined in
biophysical studies on model bilayers, quantification of this phenomenon in real cells has received very
limited attention. Recently, several groups, including ours, have tried to bridge the gap between
microbiological studies (where peptide activity is determined, but the amount of peptide associated to the
cells is unknown) and biophysical studies on extremely simplified model systems [Roversi 2014, Starr 2016,
Savini 2017, Savini 2018, Snoussi 2018, Zhu 2019, Wu 2019]. In particular, we developed experimental
conditions suitable for the determination of both the bactericidal activity and peptide/cell association, in a
minimal medium where the bacteria are vital but do not multiply and thus the cell density is well-defined
[Roversi 2014]. These studies focused on Gram-negative E. coli cells and on DNS-PMAP23, a fluorescently
labeled analogue of PMAP-23, a typical cationic AMP belonging to the cathelicidin family and acting according
to the carpet mechanism in model membranes [Bocchinfuso 2009, Orioni 2009]. Thanks to these data, we
determined that at the minimum bactericidal concentration (MBC) 10 DNS-PMAP23 molecules are bound
to each cell. This number showed for the first time that the high membrane coverage necessary for pore
formation in liposomes is reached at the MBC in real bacteria, and provided a strong support to the carpet
model of membrane perturbation as the mechanism of action in real cells, at least for our peptide.
Interestingly, the few other available studies of peptide binding to E. coli cells indicate that this order of
magnitude is common to other AMPs [Savini 2018, Starr 2016, Tran 2002, Steiner 1988]. However, this
interesting finding opened more questions than it answered [Savini 2018].



One crucial issue is whether the behavior, now observed only for a very limited number of AMPs and bacterial
strains, is relevant also for other systems. In particular, to the best of our knowledge, only one experiment
on Gram-positive bacteria has been reported, on the association of Cecropin A to B. megaterium [Steiner
1988]. However, this bacterium is rather atypical due to its unusual size, as it can reach up to 4 um of length.
Considering the great differences in the cellular envelops between Gram-negative and Gram-positive
bacteria, further studies focusing on Gram-positives are warranted.

The very high accumulation of peptides needed for killing begs the question of where all these molecules are
located in a bacterial cell. A related ongoing debate also regards the role of the saccharidic portion of
lipopolysaccharide (LPS) and of cell wall components (particularly of Gram-positive bacterial strains) in the
mechanism of action of AMPs. Do these components facilitate the activity of AMPs, by guiding their access
to the plasma membrane, or do they rather inhibit their action by sequestering peptide molecules and
reducing their effective concentration? Reviews on this topic by Prof. Karl Lohner outlined this issue and
urged for further affinity studies of AMPs towards LPS and cell wall components, inspiring us to pursue our
investigations further [Malanovic 2016, Brandenburg 2016].

Finally, three microscopy studies, published in the last year, reported an accumulation of AMPs inside the
bacterial cells, after membrane permeabilization [Snoussi 2018, Zhu 2019, Wu 2019]. This phenomenon
might be just the consequence of the accessibility of internal molecules and components as additional
binding partners [Snoussi 2018, Wu 2019], or it could contribute to bacterial killing [Zhu 2019]. In any case,
peptide sequestration by dead cells might help other bacteria to survive to AMP action, by reducing the
available peptide concentration [Snoussi 2018, Zhu 2019, Wu 2019].

With the goal of addressing these questions, we have investigated the interaction of DNS-PMAP23 with a
Gram-positive bacterium, with lipoteichoic acids, with bacterial cells in which specific mutations caused
variations in the LPS structure or in the lipid composition of the cytoplasmic membrane, and with live and
dead bacterial cells.



Materials and Methods

Materials

DNS—-PMAP23 (Dansyl-RIIDLLWRVRRPQKPKFVTVWVR-NH,) was purchased from AnyGen Co. (Gwangju,
South Korea). Bacterial culture media were purchased from Oxoid (Basingstoke, UK), 96—well plates were
from Falcon (Franklin Lakes, NJ, USA). Lipoteichoic acid (LTA) was purchased from Sigma Aldrich (ST Louis,
Missouri, USA).

Microorganisms

The following strains were used for the antimicrobial assays: the Gram-negative bacteria Escherichia coli
ATCC 25922, D21 and E. coli D21f2, a D21 mutant in genes rfa-1 and rfa-31 (formerly called IpsA1 and IpsD31)
lacking of the O-antigen and oligosaccharide core [Mangoni 2009, Farnaud 2004, Boman 1975], E. coli
MG1655 (K-12), and its mutant strains BKT12 (lacking the c/sABC genes required for cardiolipin (CL)
biosynthesis) and BKT29 (lacking the pgsA gene, in addition to the c/sABC and ymdB genes; pgsA encodes a
phosphatidylglycerol phosphate synthase, which catalyzes PG synthesis, from phosphatidic acid (PA) [Tan
2012, Oliver 2014, Agrawal 2019]; the Gram-positive bacterium Staphylococcus epidermidis ATCC 12228.
Strains BKT12 and BKT29 were a kind gift by Prof. J. C. Weisshaar (University of Wisconsin-Madison).

Antimicrobial assays

-Bactericidal activity

With the goal of determining the bactericidal activity of DNS-PMAP23, in the presence of a well-defined
number of S. epidermidis cells, the following assay was developed, similarly to our previous studies on E. coli
[Roversi 2014]. S. epidermidis was grown in Luria Bertani (LB) medium at 37 °C under mild agitation (200
rpm), to a mid-logarithmic phase. After centrifugation at 1,400 x g for 10 min and washing for three times,
the bacterial culture was resuspended in buffer A (5 mM HEPES, 110 mM KCl, 15 mM glucose, pH 7.3), a
minimal culture medium where bacteria are vital, but do not multiply, thus maintaining a constant number
of live cells in the time-frame of the experiments (Figure S1).

(4.5 + 0.5) x 102 colony forming units (CFU)/mL were mixed with different concentrations of DNS-PMAP23
(final volume of 100 pL). The content of peptide solvent (methanol) was 5% in all final samples, and was
included also in controls, run without peptide. Similarly to our previous studies, the relatively high cell density
employed in this assay ensured that bactericidal peptide concentrations were in the micromolar range,
suitable for the cell binding experiments (see below). After 120 min incubation with the peptide at 37 °C,
under moderate agitation (800 rpm, to avoid the formation of bacterial clumps and/or their precipitation at
the bottom of the test tube), aliquots (5 uL) were appropriately diluted in buffer A and spread onto LB-agar
plates for counting. After overnight incubation at 37 °C, the number of CFU was determined [Luca 2013; Di
Grazia 2015; Marcellini 2009]. The number of surviving bacterial cells was reported as percentage compared
to the control.

-Determination of minimum inhibitory concentration (MIC)

In addition to the bactericidal activity, MIC (the most commonly used measure of antimicrobial peptide
activity) was determined, too, for comparison, by adapting the microbroth dilution method, using sterile 96-
wells plates. Aliquots (50 uL) of bacteria in mid-logarithmic phase at a concentration of 2 x 106 CFU/mL
in culture medium (Mueller-Hinton, MH) were added to 50 uL of MH broth containing the peptide in serial 2-
fold dilutions in methanol (at a 5% final solvent concentration). The MIC was expressed as the minimum
concentration of peptide at which 100% inhibition of microbial growth is visually observed after 16-18 h of
incubation at 37 °C [Merlino 2017, Grieco 2013, Casciaro 2019].

Preparation of dead bacteria

To measure peptide association to dead bacterial cells, bacteria grown to the mid-logarithmic phase were
centrifuged at 1,400 x g for 10 min and washed eight times; afterwards, they were resuspended in buffer A
at a final cell density of 6 x 10° CFU/mL. Two mL were then sonicated with Sonic Vibra Cell (80 % amplitude
10 sec on and 10 sec off pulses for 10 min, under ice) to kill bacteria (as demonstrated by CFU counting).



Peptide association to bacteria and LTA.

Bacterial cells were grown, collected and washed as described above and resuspended in buffer A (S.
epidermidis and E. coli ATCC 25922) or buffer B (phosphate buffered saline (PBS) supplemented with 15 mM
glucose, for E. coli D21, D21f2, BKT12, BKT29, and K-12 MG1655) at a final cell density of 6 x10° CFU/ml.
Measurement samples were maintained at 37 °C, while stock cell suspensions at 25 °C. As indicated by colony
counts at different times, these conditions ensured a stable number of vital cells for at least 6 hours at 25 °C
or 2 hours at 37 °C (i.e. more than the time required for our experiments).

A fixed peptide concentration (in buffer A or B) was titrated with increasing concentrations of bacterial cells.
After each addition, the fluorescence spectra were recorded repeatedly until no further changes were
observed (about 5-10 minutes).

Experiments were performed with a HORIBA (Edison, NJ) FluoroMax—4 fluorimeter, with Aexc=340 nm,
integration time 0.4 s, bandwidths of 1.5-2 nm in excitation and emission, respectively, when a peptide
concentration of 10 uM or 50 uM was used, or 3—-5 nm for a peptide concentration of 2 uM. The temperature
was controlled with a thermostatted cuvette holder set at 37 °C for all experiments.

Control experiments to check for possible effects of S. epidermidis sample turbidity on the fluorescence signal
were performed by repeating the same titration (using the same conditions of the 50 uM DNS-PMAP23
experiments) with dansylamide.

The fraction of peptide associated to membranes was calculated from the fluorescence intensity at 515 nm
(F), according to the following equation [Bocchinfuso 2011]:

F—Fy

Ul

where Fw and Fy represent the fluorescence intensities of the peptide in water and in the membrane,
respectively. The latter was determined by fitting directly the F vs [Cells] titration with the following
phenomenological Hill equation:

([Cells]/Cso)™
1+ ([Cells]/Cso)™

F = Fw+ (Fy —F,)

where Cs, represents an apparent dissociation constant, or the cell concentration causing half maximal
binding, [Cells] is the concentration of bacterial cells and n is a parameter to take into account the sigmoidal
shape of the curve [Roversi 2014].

LTA was dissolved in ultrapure water at the concentration of 5 mg/ml. The stock solution or a tenfold dilution
was used for the binding experiment. DNS-PMAP23 (10 uM in buffer A) was titrated with increasing amounts
of LTA, in the same conditions used for bacterial association experiments. In this case, too, the fraction of
bound peptide was calculated from the intensity of the dansyl moiety at 515 nm.

Zeta-potential measurements

Peptide/cell association was characterized also by measurements of zeta potential [Freire 2011]. Mid-
logarithmic growing cells were diluted to 1 x 10’ CFU/mL in Hepes buffer (10 mM Hepes, 140 mM NaCl, pH
7.4) and exposed to different peptide concentrations. After 5 min incubation at room temperature (RT), they
were measured on a Zetasizer (Zetasizer NANO, Malvern Instruments, Herrenberg, Germany) according to
previously published methods [Pérez-Peinado 2018, Huber 2019].



Lipid analysis

The membrane lipid composition of mutant E. coli strains BKT12 and BKT29, and of the parent strain MG1655
(K-12), was characterized by lipid analysis. Bacteria were grown overnight at 37 °C in MH broth and then
inoculated at 0.05 optical density (OD) to a fresh MH broth. The growth was stopped after 4 h, corresponding
to the mid-logarithmic growth phase, and cells were collected by centrifugation. Approximately 10 mLof a 1
OD cell suspension were washed twice with phosphate buffered saline, pH=7 and kept at-80 °C, until further
preparation steps.

Bacterial pellets were extracted according to Matyash et al. [Matyash 2008] in 700 uL methyl-tert-butyl ether
(MTBE)/methanol (3/1, v/v), containing 500 pmol butylated hydroxytoluene, 1% acetic acid, and internal
standards (IS; 50 pmol of 1,2-diheptadecanoyl-sn-glycero-3-phosphocholine; Larodan, Solna, Sweden). Total
lipid extraction was performed under constant shaking for 30 min at room temperature (RT). After addition
of 40 uL dH,0 (140 pL total agueous phase) and further incubation for 30 min at RT, samples were centrifuged
at 1,000 x g for 15 min. Afterwards, 500 pL of the upper, organic phase were collected and dried under a
stream of nitrogen. Lipids were re-dissolved in 500 uL MTBE/methanol (3/1, v/v) and diluted in 2-
propanol/methanol/dH,0 (7/2.5/1, v/v/v) for UHPLC-qTOF analysis. Chromatographic separation was
performed on a 1290 Infinity Il LC system (Agilent, Santa Clara, CA, USA) equipped with a Luna omega C18
column (2.1x50 mm, 1.6 um; Phenomenex, Torrance, CA, USA), running a 20 min linear gradient from 55%
solvent A (H,0; 10 mM ammonium acetate, 0.1% formic acid, 8 uM phosphoric acid) to 100% solvent B (2-
propanol; 10 mM ammonium acetate, 0.1% formic acid, 8 uM phosphoric acid). The column compartment
was kept at 50 °C. A 6560 lon Mobility Q-TOF mass spectrometer (Agilent, Santa Clara, CA, USA), equipped
with Dual AJS ESI source, was used for detection of lipids in positive Q-TOF mode. The MassHunter data
acquisition software (B.09, Agilent, Santa Clara, CA, USA) was used for data acquisition. Lipids were manually
identified and lipid feature extraction was performed using MassHunter Profinder (V.10, Agilent, Santa Clara,
CA, USA). Data were normalized for recovery and extraction efficacy by calculating analyte/IS ratios (arbitrary
units, A.U.) and expressed as A.U./ug protein. They are reported after normalization to the lipid content of
the wild type (WT) strain.



Results and Discussion
Peptide association to Gram-positive and Gram-negative bacteria: general validity of the carpet model

Extending our previous studies on E. coli [Roversi 2014, Savini 2017], we investigated the interaction of DNS-
PMAP23 with the Gram-positive bacterium S. epidermidis.

MIC of DNS-PMAP23 against the Gram-negative E. coli (ATCC 25922) and the Gram-positive S. epidermidis
(ATCC 12228) were comparable (32 uM and 16 uM, respectively), in agreement with previous reports on the
activity of the unlabeled peptide against the two bacterial classes [Zanetti 1994, Kang 1999, Veldhuizen
2017]. However, the MIC assay was not suitable for our goal of determining the number of cell-bound peptide
molecules needed for bacterial killing. By definition, the MIC assay requires a medium in which bacteria grow,
while we needed a well-defined and stable cell density. In addition, the culture broth used in the MIC assay
(Mueller-Hinton broth, MH) can sequester a significant amount of peptide and interfere with spectroscopic
measurements [Roversi 2014].

Similarly to our previous studies [Roversi 2014, Savini 2017], we used a minimal culture medium (5 mM
Hepes, 110 mM KCI, 15 mM glucose, pH 7.3) to obtain that S. epidermidis cells remained vital, but at a
constant cell density, for the time needed for our experiments. As shown in Figure S1, the cell density stayed
constant for at least 6 h for the 6 x 10° CFU/mL stock solution at room temperature (where it was stored)
and for at least 2 hours at 37 °C for a cell density of 4.5 x 108, i.e. under conditions typically used in our
binding and bacterial killing experiments. All our experiments were performed in these time-frames;
therefore, we had a well-defined cell density in all our studies. Furthermore, this medium did not interfere
with the spectroscopic measurements.

To measure the antimicrobial activity of DNS-PAMP23 in the minimal medium, a bacterial killing assay was
performed. These experiments were carried out in the presence of (4.5 + 0.5) x 108 cells/mL at 37 °C (Figure
1), as this density ensured that the MBC fell in the micromolar range needed for the spectroscopic binding
measurements. Indeed, under these conditions, the bactericidal activity of DNS-PMAP23 started at [P]iot =
2.0 uM (killing 9£2%), while >99.9% bacterial killing was attained at [P]iot =50 UM (Figure 2). Therefore, we
selected these two peptide concentration values, and 10 uM (killing 91+1 %) for evaluating DNS-PMAP23
association to the bacterial cells.
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Figure 1. Microbicidal activity of DNS-PMAP23 on S. epidermidis cells.
Survival of S. epidermidis cells (starting cell density, 4.5 x 108 CFU/mL) after 2h of incubation at 37° C with
different concentrations of DNS-PMAP23.



We performed experiments of peptide binding to bacterial membranes by fluorescence spectroscopy. PMAP-
23 is intrinsically fluorescent [Orioni 2009], but the introduction of an extrinsic dansyl fluorophore at the N-
terminus of DNS-PMAP23 was necessary to obtain a signal not overlapping to the intrinsic fluorescence of
bacterial proteins [Bobone 2014; Bortolotti 2016]. Although a slight perturbation of the peptide behavior by
the fluorophore is possible [Roversi 2014, Savini 2017], by performing binding and killing experiments under
the same conditions (temperature and medium) of the MBC assays, we ensured that the probe affected both
datasets in the same way, so that it could be factored out.

Titration of DNS-PMAP23 with increasing densities of S. epidermidis cells caused an increase in the
fluorescence intensity and a blue shift of the maximum of the emission spectrum, as previously observed
with E. coli [Roversi 2014]. These are distinctive features of dansyl insertion in an apolar, relatively rigid
environment and thus indicate association to bacterial membranes. By contrast, performing a similar titration
with the dansyl analogue dansylamide (which does not bind to membranes [Roversi 2014]) did not cause
significant variations in the fluorescence signal, ruling out possible artifacts due to sample turbidity, caused
by the bacterial cells in suspension (Figure 2).

We calculated the fraction of peptide bound to bacterial cells from the variation of fluorescence intensity at
a fixed wavelength (515 nm) (Figure 3). Apparent dissociation constants determined from these curves (i.e.
the concentration of half maximal binding, Cso) are reported in Table 1. Their order of magnitude is
comparable to the values previously determined for E. coli [Roversi 2014, Savini 2017]. The dependence of
the curves on peptide concentration is significantly more marked than in the case of E. coli cells [Roversi
2014, Savini 2017]. This finding is compatible with an association process where electrostatic interactions
play a significant role, rather than with an ideal water/membrane partition equilibrium [Seelig 2004], and is
consistent with the fact that the content of anionic lipids in Gram-positive bacterial membranes is
significantly higher than in Gram-negatives [Bobone 2019].
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Figure 2. Effect of peptide/cell association on fluorescence spectra

A) Spectra of DNS-PMAP23 (50 uM) in the presence of increasing S. epidermidis cell concentrations (0, 1 x
107, 2x107,3.5x10°,5.5x 107, 8.5 x 107, 1 x 105, 2 x 108, 4 x 108, 6 x 105, 1.5 x 10°, 2 x 10° cells/mL).

B) Spectra of dansylamide (50 uM) in the presence of increasing S. epidermidis cell concentrations (0, 2 x
107;5.5x107; 8.5x 107; 3 x 10%; 6 x 105; 8.2 x 10% cells/mL).

Spectra are colored from red to violet with increasing cell concentration.
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Figure 3. Binding of DNS-PMAP23 to S. epidermidis cells.
Cyan symbols: [DNS-PMAP23]= 2 uM. Light blue symbols: [DNS-PMAP23]= 10 uM. Blue symbols: [DNS-
PMAP23]= 50uM. Independent duplicate experiments are shown with different symbols.

In addition to providing a comparison of the affinities for Gram-positive and Gram-negative bacteria, the
present data allow the calculation of the threshold of cell-bound peptide molecules needed for bacterial
killing. Specifically, 3 x 10° molecules per cell are needed to start killing some bacteria, and 50 x 10°® molecules
are necessary for near-sterilization, as reported in Table 1. Again, the order of magnitude is similar to what
has been observed previously with E. coli cells [Roversi 2014, Savini 2017].

S. epidermidis cells have a diameter between 0.5 and 1.5 um, and thus a cell surface of 0.8-7 um?, or 1.6-
14 um? if both leaflets of the membrane are taken into account [Zhou 2015]. Considering an area of 5 nm?
per DNS-PMAP23 molecule [Roversi 2014], the number of peptide molecules would largely exceed the total
available membrane area (Table 1), more than previously observed for E. coli. In any case, the present
findings generalize our previous results and the few literature data on peptide/cell association (reviewed in
[Savini 2018]), demonstrating that a very high coverage of the cell surface by bound peptide molecules is
necessary to cause bacterial killing in both Gram-negative and Gram-positive bacteria, and further support
the relevance of the carpet model for pore formation in bacterial membranes.

Of course, our considerations leading to the conclusion that the threshold for bacterial killing is reached with
a number of molecules corresponding to complete coverage of the cell surface, or even exceeding it, are
based on strongly simplifying assumptions. The geometrical calculation of the membrane surface might
provide an underestimation, due to the fact that local corrugations were not considered. More importantly,
the peptides could bind to other cellular components, in addition to membrane lipids. Finally, we have
considered peptide/cell association as an equilibrium process, but once pores are formed, the peptide can
access intracellular molecules, to which it could bind as well.

The following sections address the question of where the high number of AMP molecules necessary for killing
are located in the bacterial cell.



Table 1. Membrane coverage by DNS-PMAP-23 under the conditions of the bactericidal assay

Bacterium [DNS-PMAP23] | Fraction of Cso Bound Bound Ac/Am
(uM) surviving (cells/mL) fraction molecules/cell
bacteria
(a) (b) (c) (d) (e)
S. epidermidis 2.0 0.91+0.02 (1.05+0.004)x107 | 1 (2.740.3)x10° | 1-8
ATCC 12228 10 0.091£0.01 (1.09+0.02)x108 | 0.98+0.03 (13+1)x10° | 5-40
(Gram-positive) 50 (4+1)x10° (2.740.1)x10% | 0.8+0.1 (50+10)x10°6 | 20-150
E. coli 1.0 0.94+0.03 (9.0£0.9)x107 | 0.89+0.08 (1.2 £0.2)x10° | 0.2
ATCC 25922 10 (5+7) x10* (1.840.2)x10% | 0.829+0.003 (11+1)x10° | 2
(Gram-negative)
(f)

“Determined as the fraction of colony forming units (CFU) in a sample incubated for 2 h with DNS-PMAP23,
as compared with the CFU of the control, i.e., (4.5 + 0.5) x 10% cells/mL.

bConcentration corresponding to half maximal binding (interpolated from the fitting curves).

‘Determined at a cell density of (4.5 + 0.5) x 108 CFU/mL, from the binding data.

dCalculated from the peptide and cell concentration and the fraction of bound peptide.

€Ratio between the area covered by the bound peptides and the total area of the bacterial membrane. The
reported values were calculated from the number of bound peptides per cell, assuming an area per DNS-
PMAP23 molecule of 5 nm? [Roversi 2014], that each S. epidermidis cell corresponds to a sphere of 0.5-1.5
um diameter [Zhou 2015], with two membrane leaflets, and that each E. coli cell corresponds to a cylinder
of 1 um diameter and 2 um height [Schulz 2001], with four membrane leaflets.

’Data from [Roversi 2014] and [Savini 2017].

Where do the peptides bind? Role of lipoteichoic acid (LTA) in Gram-positive bacteria

The cell wall of most Gram-positive bacteria comprises teichoic acids (TA), highly charged anionic polymers
[Malanovic 2016]. Several studies indicate that AMP bind strongly to lipoteichoic acid (LTA) [Malanovic 2015],
and that this association may in fact reduce the total concentration of the peptide on the membrane interface
[Malanovic 2016]. It should also be considered that LTA is released spontaneously into the culture medium
during growth of Gram-positive bacteria [Soto 1996]. By contrast, peptidoglycan (the main component of the
cell wall) is not negatively charged and therefore it is not considered to compete significantly with the
membrane for interaction with AMPs [Malanovic 2016].

To verify the hypothesis of a relevant role of LTA in the association of DNS-PMAP23 with Gram-positive
bacteria, peptide association to purified LTA was determined (Figure 4). Binding was observed, with a Cs; of
8.0£0.3 uM. To put this value in context, the content of LTA is 0.4-1.6% of the total cell dry weight [Huff
1982], which is 2-6 x 10? g for Staphylococci [Cooper 1955]. Therefore, each cell contains ~8-100 x 10> g,
or 101%-10Y7 mol of LTA, and the Cso of 7 uM reported above corresponds roughly to the LTA concentration
of a cell suspension with 108-10° cells/ml. Considering that, under the same conditions, we determined a Cso
of (1.09+0.02) x 10% cells/mL for the whole cells, the fraction of peptide molecules bound to LTA is likely
significant.
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Figure 4. Binding of DNS-PMAP23 to LTA.
[DNS-PMAP23]= 10 uM. Independent duplicate experiments are shown with different symbols.

Where do the peptides bind? Role of LPS in Gram-negative bacteria

In the case of Gram-negative bacteria, an important component of the cell envelope is the LPS of the outer
membrane. To investigate its role in peptide association to Gram-negative bacteria, we exploited E. coli
strains with altered LPS structure.

D21 and D21f2 are two isogenic strains, except for the fact that D212 has a truncated LPS structure [Mangoni
2009]: as shown in Scheme 1, in D21f2 LPS comprises lipid A and Kdo (3-deoxy-D-manno-oct-2-ulsonic acid)
only. The MIC values of DNS-PMAP23 against these bacterial strains are reported in Table 2, and show a
fourfold increase in activity against the mutated D21f2 strain.



O Antigen Outer core Inner core Lipid A
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D21f2
Negatively charged moieties:
Glucose Glucosamine . Kdo (3-Deoxy-D-manno-oct-2-ulosonic acid)
Galactose . phosphoethanolamine . Phosphate

Other sugars

Scheme 1. Representation of lipopolysaccharide structure in E. coli bacterial strains.
Adapted from [Ebbensgaard 2018] and [Gronow 2001].

Table 2. MIC and Cso values of DNS-PMAP23 against different E. coli strains.

E. coli strain MIC (uM) Cso (cells/mL)
LPS D21 32 (3.2+0.1)x108
D21f2 8 (3.6+0.1)x108
Anionic lipids | WT (K-12 MG1655) 32 (4.0+0.1)x108
BKT12 8 (3.0£0.1)x10°
BKT29 8 (2.4+0.1)x10°

[DNS-PMAP23] = 10 uM (in the binding experiments).
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Figure 5. Binding of DNS-PMAP23 to E. coli strains with different LPS structures.
D21: purple; D21f2: orange. [DNS-PMAP23] = 10 uM.

A higher activity against bacterial strains with a reduced LPS structure appears to be a rather general property
of AMPs. Hansen and coworkers [Ebbensgard 2015, 2018] analyzed the activity of a collection of several
AMPs (including cecropin B1, cecropin P1, melittin, indolicidin) on different E. coli mutant strains with a
truncated LPS structure, observing that removal of the core region enhanced the activity of most peptides.
In principle, these findings might have two possible explanations: the core region could bind strongly to the
AMPs, reducing their effective concentration and precluding their association to and perturbation of the
plasma membrane; alternatively, it might simply increase the stability of the outer membrane [Heinrichs
1998, Frirdich 2005, Saar-Dover 2012] or the fitness of the bacteria might be reduced by the mutations
leading to a truncated LPS [Yethon 2000].

The interpretation based on strong peptide/LPS binding is supported by the antiendotoxin properties of many
AMPs. The LPS released by Gram-negative bacteria in a severe infection can generate inflammation, leading
to sepsis, and thus it is also called an endotoxin. AMP association to LPS can neutralize the inflammatory
effects of these molecules [Brandenburg 2016], and a significant affinity of several AMPs for LPS has been
reported [Larrick 1995, Nagaoka 2001, Bhunia 2007]. However, this property is not shared by all peptides,
and several investigations indicate that the antimicrobial action of AMPs does not necessarily correspond to
their anti-endotoxin activity [Brandenburg 2016]. In particular, PMAP-23 does not have an antiendotoxin
activity [Veldhuizen 2017]. Indeed, experiments with purified LPS seem to rule out a significant interaction in
the case of PMAP23. This peptide is unable to directly bind to purified LPS [Veldhuizen 2017] and
preincubation with LPS does not inhibit its antimicrobial activity [Kim 2011]. However, the structure of
aggregates of LPS, used in the biophysical studies or released by the bacteria and leading to activation of
immune responses, is obviously extremely different from the way these molecules are presented on the
surface of a cell [Brandebudg 2016; Richter 2011].

To verify peptide association to LPS in cells, we compared association of DNS-PMAP23 to D21 and D21f2
bacteria (Figure 5). No significant differences were observed, indicating that the O-antigen and the outer core
of LPS do not play a significant role in the interaction of DNS-PMAP23 with bacterial cells. Our results confirm
that the peptides mostly bind to the lipid component of the cellular envelope, as indicated by the shift of the
emission spectrum to shorter wavelengths, caused by a decrease in the polarity of the fluorophore’s
environment. Therefore, the difference in peptide activity observed for the two strains supports the idea that
LPS contributes to the structure and stability of the outer membrane.



Where do the peptides bind? Role anionic lipids

Based on studies on model membranes, the content in anionic lipids is generally considered a pivotal
determinant of AMP activity and selectivity [Bobone 2019]. To verify this hypothesis in real cells, we exploited
the BKT12 and BKT29 strains. As shown in Scheme 2, BKT12 lacks clsA, B, C, which are required for the
synthesis of CL from PG. BKT29, in addition, lacks pgsA, which is essential for the synthesis of PG from its
precursor (CDP-DAG, generated from PA).

Unexpectedly, peptide/cell binding was not significantly affected by the mutations; if anything, it was slightly
enhanced (Figure 6). Z-potential measurements, performed in the presence of increasing concentration of
the peptide, confirmed a very similar DNS-PMAP23/cell interaction for the two mutants BKT12 and BKT29
strains and the WT MG1655 (Figure 6). Finally, the mutant strains were even more susceptible to DNS-
PMAP23 than the WT, as reported in Table 2. All these findings are very surprising, considering the well-
known relevance of electrostatic interactions for the association of AMPs with bacterial membranes.
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Scheme 2. PG and CL biosynthesis

Enzymatic steps in the bacterial synthesis of cardiolipin. The acronyms indicated on top correspond to the
genes coding for the following proteins:

cdsA: cytidine diphosphate (CDP) diacylglycerol synthase A; pgsA: phosphatidylglycerophosphate synthase
A; pgpA, B, C: phosphatidylglycerol synthases; clsA, B, C: cardiolipin synthases; ymdB: O-acetyl-ADP-ribose
deacetylase.

PA= phosphatidic acid; CDP-DAG=cytidine-diphosphate-diacylglycerol; PGP= phosphatidy!
glycerophosphate; PG= phosphatidyl glycerol; CL=cardiolipin.

Dotted and dashed lines indicate the enzymes missing in the BKT29 and BKT12 mutant strains.
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Figure 6. Binding of DNS-PMAP23 with E. coli strains lacking CL or PG and CL, compared to the WT strain.
A) Fraction of DNS-PMAP-23 bound to different E. coli strains. [DNS-PMAP23] = 10uM.

B) Zeta-potential measurements of different E. coli strains (1x10” CFU/mL) in the presence of increasing
peptide concentrations.

WT (K-12 MG1655): blue; BKT12: green; BKT29: red.

Lipidomic studies provided an explanation for our unexpected findings. The content of PG, CL and of their
anionic precursor phosphatidic acid (PA) were analyzed. As shown in Figure 7, BKT12 bacteria have a higher
content of CL precursor PG, while in the BKT29 strain the content of PG precursor PA is enhanced. As a
consequence of these modifications in lipid content, the overall charge of the membrane in the three strains
might be very similar, as indicated by our binding and Z-potential measurements. These findings are
consistent with results reported on similar mutated strains. For instance, strain UE54, which lacks CL and PG
like our BKT29, was demonstrated to have an enhanced PA content [Mileykovskaya 2009, Oliver 2014].
Similarly, in a BKT12 strain derived from a different WT than ours [Tan 2012], depletion of CL in BKT12 was
compensated by PG, so that the total % of anionic lipids stayed essentially constant.

The higher susceptibility of the mutant strains to DNS-PMAP23 (which is not due to a significant difference
in bindi