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Antimicrobial peptides (AMPs) are naturally occurring antibiotics found in essentially all
living organisms [1]. In the past two decades, AMPs have attracted considerable interest
because of their potential therapeutic use as anti-infective agents [1-2]. There exists,
however, a number of serious challenges preventing AMP from reaching a pharmaceutical
market including their rapid in vivo degradation, high production costs, and reduced activity
in physiological conditions [2]. Efforts to overcome these problems while retaining the
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peptides’ natural anti-infective properties resulted in the emergence of a rapidly expanding
field of non-natural mimics of antimicrobial peptides.

Good understanding of the structure-activity relationships in AMPs is essential in the effort
to create a successful peptidomimetic compound. It has been proposed that AMPs kill
pathogens by disrupting the cell membrane, or by invading the cytoplasm and inhibiting
core metabolic functions [1a, 3]. In both cases the pathogen’s membrane plays a crucial role
either as an immediate target or as a barrier that must be traversed. Despite the immense
diversity of AMPs discovered, they commonly have a net cationic charge and tend to adopt
highly amphiphilic topologies in which the hydrophilic and hydrophobic side chains
segregate into opposing regions of the molecule [1b]. The overall positive charge ensures
the initial attraction of AMPs to anionic bacterial membranes and imparts some measure of
selectivity, since mammalian cell membranes are largely zwitterionic. An amphipathic
organization is supposedly essential at latter stages of membrane permeabilization [1].
Although the antimicrobial activity of AMPs is often attributed to their ability to fold upon
contact with microbial surfaces [1b], it has been recently shown that conformational
preorganization is not obligatory [4]. The question remains, then: what is the effect of
structural flexibility on the antimicrobials mode of action? Herein, we show that the
flexibility of antimicrobial compounds may aid in the penetration of bacterial cell wall
barrier which poses a serious challenge for conformationally rigid antimicrobials. As a
result, the mode of interaction of conformationally flexible and restrained antimicrobials
with bacterial membrane lipids is different. In addition, it is demonstrated that
conformational rigidity is not required for the membrane disruptive activity of compounds
tested.

In order to understand the role of this design variable better, we have undertaken a detailed
structural study of the interactions of two non-natural antimicrobials, acyl-lysyl octamer
C1oK-7ag [4b] and arylamide foldamer [5] (hereafter termed OAK-1 and AA-1
respectively) with model bacterial membranes. We used lipid A and 1,2-dipalmitoyl-sn-
glycero-3-phosphoglycerol (DPPG) (Scheme 1) monolayers (LMs) at the air-liquid interface
while utilizing highly sensitive synchrotron X-ray scattering methods. OAK-1 has been
previously shown to remain unstructured both in buffer and in the presence of charged
liposomes [4b]. In contrast, the structure of AA-1 contains two 1,3-phenylene diamine units
connected by a 4,6-dialkoxy-substituted isophthalic acid that ensures the formation of a
hydrogen bond network and consequently compact, rigid molecular geometry [5].

In this approach, LMs represent the external leaflet of the bacterial membranes, while
OAK-1 or AA-1 are introduced into the subphase of a Langmuir trough to comprise the
extracellular fluid and thus mimic the approach of the antimicrobials toward the bacterial
surface. The rationale behind this choice of lipids is following: lipid A is the hydrophobic
anchor of lipopolysaccharide (LPS) that makes up the external leaflet of the outer membrane
of most Gram-negative bacteria, while PG is the dominant anionic phospholipid of the
bacterial cytoplasmic membranes.

Results for OAK-1 and AA-1 were compared with previous X-ray studies of the interactions
of natural AMPs LL-37 [6] and Protegrin-1 (PG-1) [7] with DPPG and lipid A monolayers.
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These peptides are conformationally rigid and adopt a-helical and -sheet conformations
respectively. It should be emphasized here that we did not compare activities of these
antimicrobials against either DPPG or lipid A directly, since the concentrations of the
antimicrobials used were different. Instead, we aimed to establish whether diverse
antimicrobials exert similar membrane disruptive and penetration activities against diffferent
anionic bacterial lipids.

Membrane penetration activities of OAK-1 (1.3 pM) and AA-1 (9 uM) were probed by
measuring the relative change in area per lipid molecule, AA/A, at a constant surface
pressure of 30 mN/m (see Supporting Information). Figure 1a shows that OAK-1 and AA-1
readily incorporate into the anionic lipid monolayers inducing AA/A increase of 38+2% and
60+4% in both films, respectively. These insertion trends of OAK-1 and AA-1 are in line
with membrane penetration activities of LL-37 and PG-1 [6a, 6b, 7a].

The impact of OAK-1 and AA-1 on the molecular structure of the LMs was assessed with
grazing incidence X-ray diffraction (GIXD) [8]. GIXD measurements provide a direct
structural information on the lateral molecular organization in the LMs at the sub-nanometer
scale. Our diffraction data reveal that both OAK-1 and AA-1 exert strong membrane
disruptive activity, albeit in a different manner. The diffraction pattern of the DPPG
monolayer yields two first-order Bragg peaks (Figure 2a), indicative of the centered
rectangular unit cell with dimensions a=5.53 A, b=8.57 A, y=90° and area A = 47.4
A2, which is in good agreement with previous reports [6a, 7a]. The GIXD diffraction pattern
of the lipid A monolayer at 30 mN/m yields a single Bragg peak (Figure 2b), indicative of
the hexagonal lattice with parameters a=b=5.06 A, y=120° and area A = 22.2 A2, A
hexagonal packing mode was observed, as anticipated for a molecule with a truncated cone
shape like lipid A [9] (Scheme 1), and agrees well with previously published data [6b].

The introduction of AA-1 into the subphase underneath either anionic lipid monolayer leads
to complete disappearance of the diffraction peaks, thus inducing a disordered phase (Figure
2a,b). When OAK-1 is introduced underneath the lipid A monolayer, the diffraction peak
also dissapears (Figure 2b), implying a complete disruption of the molecular order within
the film. However, the X-ray diffraction pattern of DPPG after the injection of OAK-1 still
indicates presence of the ordered lipid structure yielding a single weak Bragg peak with
intensity 5 to 10 fold lower than that obtained prior to peptide injection (Figure 2a). Such
decrease in intensity of the scattered X-rays could be observed when liquid-ordered domains
occupy notably smaller portion of the DPPG monolayer surface area. In addition, a
significant Bragg peak widening, indicative of the coherence length decrease from 298 A to
less than 100 A, implies that the size of the liquid-ordered domains decrease considerably.

Interestingly, neither LL-37 nor PG-1 natural AMPs can disrupt the molecular order of lipid
A [6a, 6b, 7a]. Nevertheless, all structured antimicrobials tested induced complete
deterioration of the ordered structure in DPPG monolayer [6a, 6b, 7a]. Thus, GIXD results
provide evidence that at least two out of three conformationally rigid antimicrobials exert
stronger membrane disruptive activity against DPPG as compared to lipid A. Remarkably,
OAK-1 exhibits the opposite trend disintegrating the structure of lipid A more efficiently.
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X-ray reflectivity (XR) was used to determine the ability of peptide mimics to penetrate into
the hydrophobic core of the lipid film. [8]. Analysis of the XR data yields the electron
density profile p(z) across the film perpendicular to the interface. The measurements were
conducted before and after introduction of antimicrobial into the system. Pure lipids
measurements showed the acyl chains region of 16.9 A and 15.2 A thick for the DPPG and
lipid A, respectively, while the corresponding average electron densities p were 0.318 e /A3
and 0.317 e /A3,

Figures 1b and 1c reveal that introduction of either OAK-1 or AA-1 into the system leads to
profound changes in the reflectivity profiles of the anionic lipids. Results of lipid/
antimicrobial systems XR analysis are summarized in Table 1 and detailed in Supporting
Information. After injection of AA-1, the electron density of the acyl chain region (pgc) of
DPPG is considerably higher than that of lipid A (Figure 1e). Our XR results allow us to
estimate a contribution from AA-1 to p,c, which comprise 2.95 /A2 for DPPG and no
contribution for lipid A. Thus, AA-1 can efficiently penetrate into the hydrocarbon region of
DPPG, but resides in the headgroup region of lipid A. Neville et al have previously shown
using XR that neither LL-37 nor PG-1 can penetrate into the hydrophobic core of the lipid
A, but both AMPs span the DPPG monolayer completely [6a, 6b, 7a].

Strikingly, unstructured OAK-1 inserts into the hydrocarbon region of lipid A with similar
propensity as into that of DPPG (Figure 1d), contributing to corresponding p,c 0.96 e /A2
and 0.78 e/AZ. This unique membrane penetration behavior of OAK-1 cannot be simply
explained by its high positive charge or hydrophobicity, because LL-37 is more hydrophobic
and carries 3 additional positively charged residues [4b]. Instead, we propose that OAK-1’s
structural flexibility plays the decisive role in its membrane insertion propensity.

In order to understand this phenomenon let’s try to fill up 2D space with balls of a particular
diameter and then introduce a rod into this pattern. A larger diameter of the balls results in a
higher volume of unoccupied space. Applying this logic to lipids and antimicrobials,
incorporation of conformationally rigid antimicrobials into lipids with larger cross-sectional
diameter (CSD) should lead to more profound packing perturbations and loss of
hydrophobic contacts between the lipid acyl chains. This explains why none of the
structured antimicrobials inserted into the hydrophobic core of lipid A with CSD of 13 A,
but penetrated into the hydrocarbon chains of DPPG with CSD of 8 A (Scheme 1).

Unstructured antimicrobials can adopt their conformation in such a way as to minimize
induced perturbations and to fill up the space between lipids. Therefore, the CSD of lipids is
a somewhat less crucial parameter in activity of flexible antimicrobials. This notion is
corroborated by a similar propensity of OAK-1 to insert into lipid A and DPPG.

Based on the limited data presented here and in previous reports, we suggest that the mode
of interaction of conformationally flexible and restrained antimicrobials with bacterial
membrane lipids is different. The flexible OAK-1 penetrates deep into the DPPG and lipid A
monolayers effectively disrupting and hence presumably increasing permeability or
enhancing breakdown of the bacterial cytoplasmic and outer membranes. The AA-1 and
natural structural AMPs employ similar mechanism of disruption of the bacterial
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cytoplasmic membrane, but, strikingly, bind with high affinity and mask lipid A of the
bacterial outer membrane projecting from the outside. In addition, these two binding modes
of structured antimicrobials could coexist in the membrane regions containing lipids of
similar negative surface charge density, but sufficiently different CSD.

In conclusion, we report results of the first X-ray study of interactions between non-natural
AMP mimics and model bacterial membranes aimed at understanding the role of structural
flexibility on the activity of antimicrobials. Our results show that conformational flexibility
does not prevent antimicrobials from exerting a strong membrane disruptive activity. In
addition, we demonstrate that while penetration of lipid A represents a serious challenge for
the conformationally rigid antimicrobials, the flexible OAK-1 incorporates into lipid A with
the same propensity as into DPPG. This implies that the structured and flexible
antimicrobials act on the bacterial outer membrane differently. Over the last years, a number
of novel synthetic oligomers [10] and linear polymers [11] with favorable antimicrobial
efficacy, yet no specific or regular conformation, have been identified. Our results will aid in
the rational design and optimization of emerging and future non-natural antimicrobial
agents.

Experimental Section

A detailed explanation of the XR data analysis and additional experimental details can be
found in Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Membrane-penetration activity of OAK-1 and AA-1. a) Relative change in area per
molecule of DPPG or lipid A after injection of OAK-1 (1.3 uM) and AA-1 (9uM). b) and c)
X-ray reflectivity data (symbols) and corresponding fits (lines) normalized by Fresnel
reflectivity plotted against scattering vector gz. b) DPPG monolayer before (squares) and
after OAK-1 (inverted triangles) or AA-1 (rhombs) injection; c) lipid A monolayer before
(squares) and after OAK-1 (inverted triangles) or AA-1 (rhombs) injection. d) and e) the
electron density distribution in the anionic lipid monolayers perpendicular to the aqueous
interface following OAK-1 or AA-1 injection. For clarity b) and c) data are shifted

vertically.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2014 July 28.



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Ivankin et al. Page 8

jov]
N~

10500 T ' j‘f\(ll)h(l-])

(11),(1-1)

Scattering Intensity (arb. units) —

3000
1500
04
-1500- Bt L ¥
1500 ,wvvww:’WV . . ! | erVVvav'vvv vvvlvavV vvv'vvvvvvvv
125 130 135 140 145 150 155 135 1.40 145 1.50 1.55
-1
A -
q,, (A)
Figure 2.

Membrane disruptive activity of OAK-1 and AA-1. Grazing incidence X-ray diffraction data
(symbols) and corresponding fits (lines):scattering intensity, integrated over gz range,
against scattering vector gxy of a) DPPG monolayer before (squares) and after OAK-1
(rhombs) or AA-1 (inverted triangles) injection; insert) 2D contour map of Bragg peaks
(axy) against Bragg rods (qz) of DPPG; b) lipid A monolayer before (squares) and after
OAK-1 (rhombs) or AA-1 (inverted triangles) injection.
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Scheme 1.
Structures of the bacterial membrane components DPPG and lipid A, antimicrobials OAK-1

and AA-1 (dotted lines denote hydrogen bonds).
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X-ray reflectivity data fitting parameters for the hydrocarbon region of DPPG and lipid A monolayers after
injection of the antimicrobials.

Experiment Lao Al po e/ASlA L AIBL p, e /ASID]
DPPG/OAK-1 6.3 0.272 8.4 0.352
lipid A/OAK-1 8.1 0.254 6.7 0.357
DPPG/AA-1 8.9 0.217 9.3 0.471
lipid A/AA-1 9.9 0.268 NA NA

[a]

(0]

Lac and pac are thickness and electron density of the box containing lipid acyl chains only;

Laa and pagq are thickness and electron density of the box composed of both lipid acyl chains and antimicrobials.
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