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Abstract

Host-defense peptides (HDPs) are promising compounds against multidrug-resistant microbes. In vitro,
their bactericidal and toxic concentrations are significantly different, but this might be due to the use of
separate assays, with different cell-densities. For experiments with a single cell-type, the cell-density
dependence of the active concentration of the DNS-PMAP23 HDP could be predicted based on the
water/cell-membrane partition equilibrium, and exhibited a ~uM lower bound at low cell-counts. Based on
these data, in the simultaneous presence of both bacteria and an excess of human cells one would expect
no significant toxicity, but also inhibition of the bactericidal activity due to peptide sequestration by host
cells. However, this inhibition did not take place in assays with mixed cell populations, showing that for the
HDP esculentinl-a(1-21)NH, a range of bactericidal, non-toxic concentrations exists, and confirming the

effective selectivity of HDPs. Mixed-cells assays might be necessary to effectively asses HDP selectivity.

ACS Paragon Plus Environment

Page 2 of 17



Page 3 of 17 ACS Chemical Biology

©CoO~NOUTA,WNPE

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Chemical Biology

Host-defense peptides (HDPs) are produced by all living organisms as a first defense against pathogens.
Multiple immunomodulatory functions of these peptides have been described in the last years (1), but one
of their major activities is bactericidal, through the perturbation of the membrane permeability of microbial
targets. This mechanism of action makes the development of bacterial resistance particularly unlikely (2,3),
and for this reason these peptides are investigated as lead compounds to fight multidrug-resistant bacteria,
a dramatic and increasing worldwide threat (4). However, several questions still limit their clinical
applicability.

A major problem is related to HDP selectivity. /n vitro, the majority of HDPs are toxic to mammalian cells
only at concentrations higher than those needed for bactericidal activity (5). This behavior is presumably
determined by the difference in lipid composition of membranes of the two cell-types, as studies on
liposomes show a higher affinity for bilayers mimicking bacterial membranes (6). However, selectivity might
be just an experimental artifact resulting from the very different conditions used in assays employed to
determine antimicrobial and hemolytic activities, in particular the cell-density (5). Typically, minimal
inhibitory concentrations (MICs) are determined with 5x10°~1x10° colony-forming units (CFUs) per ml,
while minimum hemolytic concentrations (MHCs) are measured in the presence of 5x10°® cells/ml (5), and
red blood cells (RBCs) have a membrane area approximately 10 times bigger than E. coli cells (7,8). In
addition, the use of separate assays is based on the rather drastic assumption that the activity of HDPs
against a given cell type is not influenced by the contemporary presence of different cells. However, in
principle, when bacteria are in the presence of an excess of human cells, the peptide could be inactivated
due to sequestration by host cells. Other important problems relate to the physiological function of HDPs,
i.e. whether the relatively high peptide concentration needed to kill bacteria can be reached in vivo and
whether their prevalent activity is bactericidal or immunomodulatory (9). Clarifying all these issues is

essential, since they bear directly on how HDPs are currently screened and optimized.

A recently blooming approach to tackle these questions extends to real cells the quantitative physico-
chemical experiments normally performed on model membranes (10-14). Recently, we measured the

association to the membranes of E. coli cells of a fluorescently-labeled analogue of the cathelicidin HDP
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PMAP-23 (15) (DNS-PMAP23, sequence in Scheme 1), and determined the threshold value of peptide
molecules that must bind to the membranes of a single cell to kill it (11). Based on these results, in the
present work we theoretically predicted an unexpected behavior of peptide activity as a function of the
density of cells. We also optimized three assay protocols that allowed us to test experimentally this
prediction by studying the bactericidal and hemolytic activities in a wide range of cell-density values, and to

determine both activities under more realistic conditions, i.e. with both cell types present at the same time.

The so-called “inoculum effect” is a well-known dependence of the MIC of traditional antibiotics on the
size of the bacterial inoculum in the growth medium, with the first studies dating back to the 1940s (16). By
contrast, to the best of our knowledge, the cell-density dependence of HDP activity has not been
investigated before. In a previous study (11), we showed that association of at least Tz=1.1x10" DNS-
PMAP23 molecules to the membranes of each cell is needed to cause the death of 99.9% bacteria, i.e. the
% reduction in viable cells normally used to define the minimum bactericidal concentration (MBC) (17). In
addition, the measured peptide/cell-membranes association curves (see Supporting Information [SI],
Supplementary Figure 1) exhibited a behavior that deviated only slightly from an ideal partition (11,18,19),
where the fraction of membrane-associated peptide fz dependence on bacterial cell-density ([Bacteria])

can be described according to the following equation, derived in SI:

f [Bacteria]/Kgpp.
B~ 1+[Bacterial /Ky,

(1
By fitting the partition curve measured for 10 uM peptide concentration (11) with Equation 1, we obtained
a value of the apparent partition constant of K,§L37[,7[,.=1.8x108 bacterial cells/ml (Supplementary Figure 1).
These data allow a calculation of the fraction of membrane-bound peptide, and thus of the number of
membrane-associated peptides per cell, at any value of peptide concentration and cell density. Based on
these data, we now derived an equation (see Sl) to predict the minimum total peptide concentration in the

sample able to reach the T threshold, and thus able to kill 99.9% of the bacteria (i.e. the MBC)

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Chemical Biology

MBC = (1 + [Bacteria] /KE,, YMBCppn, (2

with
MBC,;,, = KB, 2T 3
min. — app. Na B (

Here N, is Avogadro’s constant, MBC and MBC,,, are expressed in moles/I, K,fpp. and the bacterial cell
density ([Bacteria]) are reported in cells/ml and T is in molecules per cell.

The MBC values calculated for DNS-PMAP23, according to Equation 2 are reported as a continuous line
in Figure 1b, on a logarithmic scale. This Equation predicts a linear decrease in the MBC with decreasing cell
density. However, it also makes a rather surprising prediction, i.e. that even when the cell-density becomes
extremely low, the MBC does not decrease below a limiting value, equal to MBCpn. (3.3 UM, in our case).
This behavior might seem counterintuitive, because when the cell-density decreases, the total amount of
cell-bound peptide necessary to cause bacterial death diminishes proportionally, simply because less cells
need to be killed. Naively, this consideration would lead to the conclusion that, in the limit of [Bacteria] >0,
also MBC—0. However, in the low cell-density regime, most of the peptide will stay free in solution. When
[Bacteria]<<Kfpp,, Eqg. 1, like any hyperbolic equation (such as a Langmuir binding isotherm or a Michaelis-
Menten enzyme kinetics), can be approximated by a linear behavior, and therefore f; decreases
proportionally to [Bacteria]. As a consequence, the total peptide concentration needed in the sample to kill
the bacteria remains constant (Equation 3).

A similar theoretical prediction (i.e. a linear dependence of MBC, with a nonzero intercept) has been
recently reported for the trend of peptide membrane-perturbing activity with the concentration of
liposomes (20). Those calculations were based on a complex model considering several aspects of the
peptide and lipid bilayer behavior at the molecular level. By contrast, the present treatment shows that the
predicted trend simply arises from a close to ideal partition equilibrium, without the need of any
assumptions on molecular level events. In addition, our previous data on the partition equilibrium and on

the value of the threshold T; (11) allowed us to perform quantitative predictions in cells.
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The behavior predicted by Equation 2 was verified by experimental measurements of MBCs. Figure 1 a
reports the killing curves measured in the presence of different cell-densities, under the conditions
determined previously (11), where the number of live bacteria in a control sample remains constant during
the time of the experiment. The interval of cell-densities studied was chosen to cover a realistic range,
considering as an upper limit the number of bacteria in an abscess, which may reach up to 10° bacterial
cells per ml of pus (21). The behavior predicted above was actually observed, with the MBC never
decreasing below 3 uM (Figure 1b). The agreement between the experimental data and the predicted curve

(which is not a fit) was acceptable even quantitatively.

The simple experiment reported here shows that it is possible to predict the MBC at all cell-densities, by
determining the threshold of cell-bound peptides necessary to kill a bacterium, and the equilibrium of
peptide association to bacterial cells. This possibility was first proposed by Melo et al. in relation to binding
studies on model membranes (22), and it is now demonstrated with studies on real bacteria. In addition,
our data show that micromolar total peptide concentrations are necessary to kill the bacteria, even when
they are present at low cell counts. Attaining such concentration values in the body by systemic
administration of HDPs as drugs might prove problematic. On the other hand, some HDPs can naturally
reach concentrations that are even significantly higher, for instance in the granules of leukocytes, in the
immediate vicinity of degranulating phagocytes, at the bottom of intestinal crypts (1), in the hemolymph of
insects after a bacterial infection (23), or on the skin of some frogs (24). In addition, often multiple HDPs act
at the same time and can exhibit synergism (25). However, for peptides whose physiological concentrations
are lower than micromolar, other functions, such as immunomodulation, might be more important than

direct bacterial killing (1).

The considerations that led to the prediction of a lower bound for the active concentration, irrespective
of the target cell-density, are very general, and therefore a similar behavior could be conceived also for the
toxic peptide activity against host cells. To test this hypothesis, we extended our study to erythrocytes, as a
convenient model to investigate peptide toxicity. Unfortunately, the high absorbance of the heme group

prevented us from determining peptide binding to RBCs with the same spectroscopic approach used for
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bacteria (11). However, we developed a protocol to measure hemolysis in the presence of erythrocyte cell-
densities varying in a range of 4 orders of magnitudes. We observed a cell-density dependence of peptide
hemolytic activity similar to our findings for bacteria, with a limiting value at low cell counts (Figure 2).
From these data, through a fitting with Equation 2, an order of magnitude estimate can be obtained for the
partition constant and for the threshold of bound peptides relative to the lysis of erythrocytes: KaEpp."107
RBCs/ml and T.~10" molecules/RBC (the E super/subscript indicate that these values refer to erythrocytes,
rather than to bacteria). Even if this determination of the parameters is rather indirect, the estimate for the
order of magnitude of KaEpp, can be considered reliable, as it corresponds to the cell density for which the
minimum active concentration doubles with respect to the limiting value at low cell counts (Equation 2),
and the data of Figure 2 definitely indicate that this happens between 4.5x10° and 4.5x10’ cells/ml. In
discussing these findings, in comparison with the corresponding values for bacteria, it should be considered
that the membrane area of RBCs is about ten times of E. coli cells, but also that different criteria were used
to determine the bactericidal and hemolytic concentrations (99.9% killing for MBC and 50% hemolysis for
HCso%). In addition, DNS-PMAP23 is a particularly challenging system for testing HDP selectivity, since this
property was reduced with respect to the parent peptide by the introduction of the fluorescent label (11,
26). From the standard activity assays commonly performed to determine peptide activity and selectivity
(see Sl) we obtained for DNS-PMAP23 a MIC of 16 uM and a concentration causing 50% hemolysis (HCsos)
of 29 uM, with a therapeutic index (i.e. the ratio between the two values) of only 1.8. The K,,, values
obtained for the two cell types are compatible with this limited selectivity. However, selectivity under
realistic conditions would depend on the cell-densities of both cell types. To place these data in context, it
should be considered that the RBC density in whole blood is of the order of 5x10° cells/ml (27). Therefore,
by comparing the data reported in Figures 1 and 2, and extrapolating to the RBC density in blood, it would
appear that peptide concentration values might exist for which even the marginally selective DNS-PMAP23

could be active, without being toxic.

This conclusion, however, rests on the assumption that separate assays with one cell-type only allow the

prediction of the behavior in a mixture of bacteria and host cells. However, the bactericidal activity of the
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peptide might be inhibited due to sequestration by the predominant host cells. A quantitative discussion of
this hypothesis, based on equilibrium equations similar to Equation 2 is reported in the SI. Indeed, the
partition constants reported above lead to the prediction that, when the RBC density exceeds Kfppl,
significant inhibition of the bactericidal activity should be observed. To test for this possibility, we
developed a novel assay to measure bacterial killing and RBC lysis in the presence of both cell types (Figure
3). The conditions used were of 4.5x10’ E. coli cells/ml and 4.5x10® RBCs/ml. Considering also the different
size of the two cell types, these values represent a large excess of eukaryotic versus bacterial cell
membranes. Rather surprisingly, we observed that the antimicrobial activity was not affected by the
presence of RBCs (Figure 3a). Peptide toxicity, too, was the same in the absence or in the presence of the
bacteria.

The lack of alteration of the hemolytic activity in the presence of bacteria is compatible with an
equilibrium partition treatment: due to the excess of RBCs, the fraction of peptide bound to bacteria is
negligible (see Sl). By contrast, the peptide capability to maintain its bactericidal activity also in the
presence of a large excess of erythrocytes contrasts with the prediction based on partition equilibria
between water and the two cell types, since a large fraction of peptide molecules should be sequestered by
RBCs. Therefore, our finding indicates that an equilibrium treatment is inadequate in the presence of both
host and bacterial cells, and that other effects (such as a faster peptide binding to bacteria than to RBCs)
might be important. Of course, further experiments are needed to clarify this point.

It is reasonable to assume that if the bactericidal activity of a peptide with low selectivity like DNS-
PMAP23 was unaffected by the presence of erythrocytes, a more selective HDP would also be insensitive to
the simultaneous presence of both cell types. To test this hypothesis, and to verify if our findings can be
generalized to other peptides, the killing and hemolysis curves were measured for separated and mixed cell
populations also for esculentinl-a(1-21)NH, [Esc(1-21)]. This peptide (sequence in Scheme 1) is a
derivative of esculentin-1a, a HDP isolated from the skin of the Pelophylax lessonae/ridibundus frog, which
has been demonstrated to be highly selective, with a therapeutic index of 77 for E. coli (28, 29). Also in this
case, only a minor inhibition of the antibacterial activity was caused by the presence of a large excess of

RBCs (Figure 3b). In addition, in contrast to what has been observed for DNS-PMAP23, Esc(1-21) was highly
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active against bacteria, without being significantly toxic in a large range of concentrations. These results
provide support for a possible direct bactericidal function of HDPs under realistic conditions. They also
bode well for the possible therapeutic application of HDPs, at least for topical treatments, while systemic
administration might be faced with other hurdles (sequestration by serum components, proteolytic
degradation, rapid clearance, etc.). However, it should be noted that several reports exist regarding the

efficacy of HDPs in vivo (30) and their ability to concentrate at sites of infection (31).

In conclusion, our findings can be summarized as follows: i) In the presence of one cell type only, the
cell-density dependence of the active peptide concentration is determined by the peptide/cell binding
equilibrium and can be predicted, based on the determination of the apparent water/cell-membrane
partition constant and of the threshold of membrane-bound peptides per cell needed to cause death; ii) at
low cell-densities, the MBC does not decrease below a minimum limit, which in our case was in the
micromolar range. This finding begs the question whether these relatively high concentrations can be
reached in vivo; iii) since both the peptide activity and toxicity depend on cell-density, the effective
selectivity of HDPs depends on the amounts of host and target cells present; iv) at the same time, the
antibacterial activity was not affected by the contemporary presence of a large excess of host cells, as could
have been expected based on water/cell-membrane partition equilibria. This finding indicates that a
reconsiderations of the protocols and assays currently used in the evaluation of HDP selectivity might be
necessary. Extension of the present results to other peptides and cell types is essential, but due to the

similarity of the properties of many HDPs, our conclusions might apply also to other systems.

NOTE ADDED IN PROOF

While the present work was under revision, an article by Wimley and coworkers was published online (32),
reporting the inhibition of the bactericidal activity of some HDPs by an excess of RBCs. However, this effect
was observed only when the peptide was preincubated with RBCs before adding the peptide/erythrocyte

solution to bacteria. In agreement with our findings, no significant inhibition took place when the peptide
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was added directly to a bacteria/RBCs mixture. The fact that bacterial killing depends on the order of
addition of the various components in the assay strongly supports the hypothesis that kinetic effects might

be important when different cell populations are present at the same time.

ASSOCIATED CONTENT
Supporting Information Available
Model for the interaction of HDPs with different cell populations and for the prediction of peptide activity,

with derivation of Equations 1 and 2. Methods. This material is available free of charge via the Internet.
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FIGURES

Scheme 1 Sequences of the peptides investigated.

DNS-PMAP23

Dansyl-RIIDLLWRVRRPQKPKFVTVWVR-NH,

Esc(1-21)
GIFSKLAGKKIKNLLISGLKG-NH,

Color code: acid, basic and hydrophobic residues;

a): Bactericidal activity in the presence of different E. coli cell densities.

concentration that causes the death of 99.9% of bacteria).

Dansyl (DNS) = 5-(dimethylamino)naphthalene-1-sulfonyl.

Figure 1 Cell-density dependence of DNS-PMAP23 bactericidal activity.

b) Predicted (Equation 2) and experimental cell-density dependence of the MBC (defined as the
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Figure 2 Cell-density dependence of DNS-PMAP23 hemolytic activity
a) curves of hemolytic activity determined in the presence of different RBC densities.

b) cell-density dependence of the peptide concentration needed to cause 50% hemolysis (HCspy). The

©CoO~NOUTA,WNPE

continuous line is a fit with Equation 2.
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Figure 3 Bactericidal and hemolytic activities of DNS-PMAP23 (a) and Esc(1-21) (b) in the presence of
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both bacteria and erythrocytes or of one cell type only.

4.5x107 E. coli cells/ml, 4.5x10% RBCs/ml.
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A SIMPLE MODEL PREDICTING PEPTIDE ACTIVITY AND SELECTIVITY BASED ON PEPTIDE-CELL
ASSOCIATION DATA

This section describes a very simple model to predict peptide activity and selectivity. It is based on the idea
that peptide activity is determined by how much peptide associates to the cell membranes, and by the
amount of bound peptide needed to cause cell death/lysis of a single cell. In this view, selectivity is

determined by the differences in these two factors for different cells and by cell concentrations.

Peptide partition between the aqueous phase and the cell membranes.
The association of a peptide to cell membranes can be treated as a partition between two immiscible
phases (18, 19; reference numbers refer to the main text), defined by the following partition constant

(assuming an ideal solution behavior):

nm
_ Xm _ nptny
K="= s1
a ng+ny

where x,, and x, represent the molar fractions of the peptide in the membrane and aqueous phase,
respectively. Similarly, n,,, and n, are the number of moles of peptide in the two phases, while n; and n,,
are the number of moles of membrane lipids and of water in the sample. Generally, it can be assumed that

n,, » n, and n; > n,,. Under this approximation,

nm
n n n
K5%=_m._w S2
— Ng N
nw

By dividing both n,, and n; by the total sample volume, the total molar concentrations of water and lipids

in the sample ([W] and [L]) are obtained in Equation S2.

=

ng  [L]
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Since the concentration of peptide and lipids can usually be neglected with respect to the water
concentration, [W] is essentially given by the number of moles of H,0 in a liter of pure water
(approximately 55.5 M), and therefore it is a constant value. An apparent constant, with dimensions of

molar concentration, can thus be defined as

Kopp. = = S4



In this way, equation S3 becomes

Kapp. = == [L] S5

m

Finally, it is possible to take into account the fact that each cell contains on average a given number of
lipids. Therefore,

[L] x [cells] S6
and it is possible to define a new apparent constant, with dimensions of cells/mL:

Kgf,;,lf = :—; [cells] S7

The fraction of membrane-bound peptides is defined as

N — Nm/Ng s8
Ng+ny, 1+ny,/ng

fpouna =

Using Equation S7, this fraction can be expressed as:

il
[cells]/Kgf,p_S

foouna = T+lcelis]/KEETB

S9

Equation S9 corresponds to Equation 1 in the main article, in the case of bacteria. It indicates a hyperbolic
behavior of the fraction of membrane-bound peptides with the total cell density, and it does not depend on
the total peptide concentration.

Supporting Figure 1 reports the experimental peptide/cell association curves (11). Equation 1 describes
only approximately the experimental peptide/cell association data, which were also somewhat different for
measurements performed with 1 or 10 uM peptide. This finding is not surprising, as the model is extremely
simplified (for instance it does not treat explicitly electrostatic interactions, and it assumes that the number
of bound peptides is always negligible with respect to the number of cell membrane lipids). However,
Equation 1 can be considered as a useful first approximation if one is interested in describing the main

features of the binding curves.
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Supporting Figure 1 Fitting of the data for the association of DNS-PMAP23 to E. coli cells, at a peptide

concentration of 1 or 10 uM (11) with Equation S9 (equivalent to Equation 1 in the main text).

Prediction of the minimum active (bactericidal or hemolytic) concentration.
In our previous study (11) we determined the threshold Tz of DNS-PMAP23 molecules that must bind to a
single bacterial cell to cause its death. With this value, and the partition constant, it is possible to predict
the minimum bactericidal concentration (MBC) at all values of cell densities. A similar treatment is possible
for the hemolytic concentration in the case of erythrocytes. Therefore, in the following we will refer
generally to a minimum active concentration.
The total number of membrane-bound peptide molecules can be expressed as

frounalP1-V - Ny 510
where [P] is the total peptide molar concentration, N, is Avogadro’s constant and V is the sample volume
(in liters).
The total number of cells in the sample is given by

[cells]-V - 103 S11



where [cells] is expressed in cells/mL, and 10° is the conversion factor between milliliters and liters.
Combining these two equations, the average number of peptide molecules bound to each cell (N) can be

calculated as

— N_Afbound
N = 103 [cells] [P] 512

The minimum active concentration (MAC, i.e. the MBC for bacteria and the MHC or the HCsyy, for

erythrocytes) corresponds to the peptide concentration for which N reaches the threshold value T, i.e.

— ﬂfbound
T = 103 [cells] MAC S13

Inverting Equation S13, an expression for predicting the MAC is obtained

[cells] 103

MAC = S14
fbound Na
Finally, if Equation S9 is substituted to the bound fraction, Equation S14 becomes
_ 11s) 10° 1l
MAC = (1 + [cells]/Kggp?) - TKapp: 515

which corresponds to Equation 2 in the main text (in the case of bacteria).

Activity and toxicity in the presence of both bacterial and eukaryotic cells.

The goal of this section is to analyze the possible effects of the concomitant presence of two cell types (e.g.
bacteria and erythrocytes), based on the partition equilibria described above. In this case, it is possible that
both the MBC and the MHC increase (with respect to the values in the absence of the other cell type)
because the two cell populations compete for peptide binding. The following equations will estimate how
mixing the two cell populations reduces the amount of bound peptide to each cell type (under the same
conditions of cell densities and peptide concentration).

In the presence of one cell type only, the fraction of peptide bound to bacteria or erythrocytes is defined by

Equation S9:
_ [Bacteria]/K[fpp
fB - 1+[Bacteria]/K5pp. 516
fE _ [Erythrocytes]/K(fpp, 517

1+ [Erythrocytes]/Kfpp.



By contrast, in the presence of both cell types, both partition equilibria must hold at the same time. From

Equation S7 one obtains:

Koy, = Z—;- [Bacteria)] 518
Ng
Kipp, = o [Erythrocytes] 519

where ng and n; are the moles of peptide bound to the membranes of bacteria and to erythrocytes,

respectively. In this case, the fraction of peptide bound to each cell type is defined as

n
fo' = 520
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Using the partition constants (Equations $18—-S19), Equations $20-521 become:
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By comparing Equations $16—517 and $22-523, the ratios of the bound fractions in the absence and in the

presence of the other cell population are obtained
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These ratios are >1 and represent the predicted increase in MBC or MHC due to the concomitant presence

of the other cell population. In the case of DNS-PMAP23, K2

— 8 E 7
app. = 1.8 x 10 cells/mL, Kgpp. ~ 10 cells/mL

(see main text) and in experiments where both bacteria and RBCs were present we used [RBCs] = 4.5x10°

cells/mL, [bacteria] = 4.5 x 10’ cells/mL. Inserting these data in equations S24 and S25 one obtains % ~ 40
B

and ];L, ~ 1. Therefore, based on the equilibrium model introduced above, one would expect a dramatic
E



reduction of the peptide molecules bound to bacteria, due to peptide sequestration by RBCs. This, in turn,
should cause a drastic inhibition of the antibacterial peptide activity. By contrast, no significant inhibition is
expected for the hemolytic activity. It is important to note that this conclusion is not dependent on the
details of the equilibrium model, but simply on the prediction that a significant fraction of the peptide is
bound to erythrocytes. Although K,fpp_ was estimated rather indirectly (Figure 2), its order of magnitude
(107 cells/mL) should be correct, and therefore in the presence of 4.5 x 10® cells/mL most of the peptide
should be bound to erythrocytes. Experimental data agree quite well with the simple equilibrium treatment
described above when only one cell type is present (see Figure 1 in the main text). However, experiments
were in contradiction with the model predictions when both host and target cells were present at the same
time. This finding indicates that in the latter case other phenomena (e.g. the kinetics of peptide binding to

the two cell types) are at play.

METHODS
Materials

The DNS-PMAP23  analogue  (Dansyl-RIIDLLWRVRRPQKPKFVTVWV-NH,), labeled  with 5-
(dimethylamino)naphthalene-1-sulfonyl (dansyl) at the N-terminus and amidated at the C-terminus, was
purchased from AnyGen Co., while Esc(1-21) (GIFSKLAGKKIKNLLISGLKG-NH,) was obtained from Chematek.
In both cases, analytical RP-HPLC indicated a purity >98%and the molecular mass was verified by using

MALDI-TOF. Bacterial culture media were purchased from Oxoid, and 96-well plates were from Falcon.

Antibacterial activity assay

Escherichia coli ATCC 25922 was grown in Luria-Bertani (LB) medium at 37 °C until a mid-log phase.

Afterward, bacterial cells were centrifuged (1,400 x g for 10 min) and washed three times in buffer A (5 mM



HEPES, 110 mM KCl, 15 mM glucose, pH 7.3). Different concentrations of bacterial cells (as indicated in the
results section) suspended in buffer A were added to different concentrations of DNS-PMAP23 (final
volume of 100 pl) or to an equal volume of water for the negative control. Samples were then incubated at
37 °C and 800 rpm in a thermomixer (Eppendorf). After 120 min, aliquots of 5 ul were withdrawn, diluted in
buffer A, and spread onto LB-agar plates. After overnight incubation at 37 °C, the number of CFUs was
counted (29). Survival of bacterial cells was determined with respect to the negative control (see above).
Bactericidal activity was defined as the peptide concentration necessary to cause a 10° times reduction in
the number of CFUs, and determined by data interpolation. Data are the mean of three independent
experiments * standard deviation. The conditions used in this protocol (incubation in buffer A, 120 minutes
incubation, a 10° times reduction in the number of CFUs for the definition of the MBC) were dictated by the
necessity of comparing theoretical predictions and experimental data. Therefore, we used the same
protocol employed in (11) to determine the minimum number of cell-membrane bound molecules needed
to kill a bacterium and the partition data. In that study, we identified buffer A as a minimal culture medium
where bacteria remain vital but do not multiply, maintaining a constant number of live cells for the 2 hours
of incubation. Since no growth takes place under these conditions, we determined peptide activity by

bacterial killing (MBC) rather than by the more common growth inhibition assays (MIC).

MIC was also determined, using a standard broth microdilution assay. Aliquots of 50 ul of bacteria in
mid-log phase at a concentration of 2x10° CFUs/mL in Mueller-Hinton (MH) broth were added to 50 pl of
water containing the peptide in serial 2-fold dilutions. Antimicrobial activity was expressed as the minimal
peptide concentration necessary to obtain 100% inhibition of microbial growth after 16—18 h of incubation

at 37 °C.

Hemolytic activity assay

The hemolytic activity was measured on human red blood cells (RBCs), according to Mangoni et al. [(2011)

J. Med. Chem. 54, 1298-1307]. Blood samples were obtained from healthy volunteers. Blood was washed



six times with 0.9% (w/v) NaCl, 5mM HEPES, pH 7.3, and resuspended in the same buffer. After this step,
erythrocyte density was measured with an automated hematology analyzer Sysmex XE-2100 (Sysmex).
Aliquots of the erythrocytes suspension, at a final concentration in the sample ranging from 4.5 x 10° to 4.5
x 10°> RBCs/mL were incubated with serial two-fold dilutions of the peptide for 120 min at 37 °C with gentle
mixing at 500 rpm in the thermomixer. The samples were then centrifuged and the absorbance of the
supernatant was measured with different approaches, depending on the cell-density. For 4.5 x 10% and 4.5 x
10’ RBCs/mL absorbance was measured at 540 nm using a sterile 96-well plate and a microplate reader
(Infinite M200; Tecan). In the case of 4.5 x 10® RBCs/mL cell-density samples were diluted 3—10 times when
absorbance of the undiluted samples was above 1.5. For 4.5 x 10°® and 4.5 x 10° RBCs/mL absorbance was
measured on a Jasco V-770 spectrophotometer (Jasco) at 414 nm (i.e. the wavelength of maximum
absorbance of the Soret band) using 1 cm pathlength cuvettes. For the 4.5 x 10° RBCs/mL samples both
methods (microplate reader and spectrophotometer) gave comparable results. The results are expressed as
percentage hemolysis, calculated as follows: % hemolysis = [(AbSampie = ABSpiank)/ (AbStotar iysis = AbSpiank)] %
100, where blank and total lysis consisted of erythrocytes suspended in physiological buffer and distilled
water, respectively. HCsqy, values were determined by data interpolation. Data are the mean of three

independent experiments + standard deviation.

Hemolytic and bactericidal activity assays in the presence of both RBCs and bacteria

The combination of 4.5 x10® RBCs/mL and 4.5 x 10’ CFUs/mL of E. coli ATCC 25922 suspended in buffer A
was used (final volume 110 pl). Control experiments demonstrated that under these conditions bacteria
remain vital but do not multiply, maintaining a constant number of live cells for more than 15 minutes. At
the same time, no significant spontaneous hemolysis was observed. Therefore, in order to have a stable
and well defined number of cells in the sample for the whole duration of the experiment, in this assay cells
were incubated with the peptide for 15 minutes only, by contrast to the MBC and hemolysis experiments of
Figures 1 and 2. Fortunately, control experiments (Supporting Figure 2) showed that bacterial killing and

hemolysis by DNS-PMAP23 are very fast, being essentially completed in the 15 minutes time-frame. Indeed,



data in Figures 1, 2 and 3 for the same cell densities are comparable. The activity of Esc(1-21) has been
demonstrated to be completed within 15 minutes, too (29).

Samples were treated with DNS-PMAP23 at different concentrations, and incubated at 37 °C and 500 rpm
in the thermomixer. After 15 min, 5 pl were withdrawn, diluted in water, and spread onto LB-agar plates for
CFU counting after overnight incubation at 37 °C. The remaining volume was centrifuged and the
absorbance of the supernatant was measured at 540 nm using a sterile 96-well plate, as described above.
For comparison, experiments were performed also with RBCs or E. coli cells only, under the same

conditions. Data are the mean of three independent experiments + standard deviation.
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Supporting Figure 2. Kinetics of bacterial killing (left, 4.5 x 10® cells/mL) and hemolysis (right, 4.5 x 10’

cells/mL) caused by 10 uM DNS-PMAP23. 15 minutes are indicated by a vertical dashed line.



