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Abstract

Supported lipid bilayers are used as a convenient model cell membrane system to study
biologically important molecule-lipid interactions in situ. However, the lipid bilayer models are
often simple and the acquired results with these models may not provide all pertinent information
related to a real cell membrane. In this work, we use sum frequency generation (SFG) vibrational
spectroscopy to study molecular-level interactions between the antimicrobial peptides (AMPSs)
MSI-594, ovispirin-1 G18, magainin 2 and a simple 1,2-dipalmitoyl-d62-sn-glycero-3-
phosphoglycerol (ADPPG)-1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) bilayer.
We compared such interactions to those between the AMPs and a more complex dDPPG/E. coli
polar lipid extract bilayer. We show that to fully understand more complex aspects of peptide-
bilayer interaction, such as interaction kinetics, a heterogeneous lipid composition is required,
such as the E. coli polar lipid extract. The discrepancy in peptide-bilayer interaction is likely due
in part to the difference in bilayer charge between the two systems since highly negative charged
lipids can promote more favorable electrostatic interactions between the peptide and lipid bilayer.
Results presented in this paper indicate that more complex model bilayers are needed to accurately
analyze peptide-cell membrane interactions and demonstrates the importance of using an
appropriate lipid composition to study AMP interaction properties.
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1. Introduction

The emergence of antibiotic resistance is becoming an increasing global concern as
antibiotic use has become more widespread in medical settings. Gaining the ability to expel
drug molecules [1, 2], changing the target cellular molecule rendering it unrecognizable by
drug molecules [3, 4], and altering the drug molecule itself are examples of mechanisms
through which bacteria become resistant [5-9]. As a result, many bacterial infections that
were relatively easy to treat have become difficult and expensive to combat and cure. This
problem can extend beyond the patient and potentially increases the likelihood of further
spreading such an infection. Because of these issues, there has been a concerted effort to
find new and better alternatives to conventional antibiotics, including antimicrobial peptides
[10].

Many antimicrobial peptides (AMPs) have broad spectrum effectiveness, often due to the
fact that the mechanism of bacterial destruction targets the cell membrane rather than
specific receptors or membrane proteins [10, 11]. It is believed that the bacteria cannot alter
their fundamental membrane lipid composition as easily as other targets and thus do not
easily develop a resistance to AMPs [10, 12-14]. Therefore, it is of great interest to study
how AMPs interact with bacterial cell membranes and how they function as antimicrobials
so we can develop therapies based on their natural mode of action and effectiveness.

Ideally, the best situation to study the direct interaction of AMPs with bacterial cell
membranes would be to perform studies on live bacteria. However, working with live
bacteria for the purpose of investigating peptide interactions is complex and time
consuming. As a result, using model bacterial cell membranes composed of mixtures of
lipids and other membrane constituents is considered an easier and viable alternative [15].
The complexity of these model bilayers can be customized based on the experiment. Many
previous studies have used the phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-
rac-glycerol) (POPG) or a mixture of POPG and a zwitterionic lipid, such as 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) or 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE), as a model for the bacterial lipid membrane. These lipids are
used because the bacterial membrane is composed of negatively charged and zwitterionic
lipids, but mammalian cell membranes are generally zwitterionic. Use of such model
membranes enabled our understanding on the role of individual lipid bilayer components on
the function of antimicrobial peptides [16, 17] and amyloid peptides [18, 19]. While such
investigation have tremendously contributed to various areas of membrane biophysics, it is
important to consider a model membrane that would mimic the bacterial cell membrane as
much close as possible.

E. coli has been widely used as a model for bacteria and has a plasma membrane that
contains PE, PG and cardiolipin as the majority of its lipid composition. The removal of any
of these constituents in a model study could impact peptide-bilayer interactions. For
example, one study showed that a peptide, aurein 1.2, could heavily disrupt DMPC/DMPG
bilayers but there was almost no association or disruption on DMPE/DMPG or E. coli lipid
extract bilayers [20]. This difference could be because E. coli lipids contain PE, which has a
small head group that is more rigid, more ordered, and is able to form a hydrogen bond,
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unlike the PC head group [21-24]. Its size and packing geometry causes it to be cone shaped
and it has a tendency to form non-lamellar structures [21, 25]. As a result, some peptides can
experience differences in potency when in an environment with PE lipids [26—28]. Another
study concluded that a particular peptide interacted very similarly with DOPG and DOPE
monolayers even though, when exposed to bacterial strains having different amounts of PG
lipids, it was less effective against the bacteria with more PG lipids [29]. These examples
show that one must use care when choosing the composition of some of the simple models,
as subtle differences can lead to changes in how the peptides interact with a membrane and
may not be the best predictor of how these peptides might interact with an actual bacterial
membrane. To this end, one of the initial NMR studies utilizing the total lipid extracts of
E.coli provided insights into the mechanism of action by LL-37 [30].

We have been using sum frequency generation vibrational spectroscopy (SFG) to study the
in situ interaction of various membrane active peptides with substrate supported model cell
membranes. We have shown that SFG can help deduce cell membrane interaction
mechanisms [31] for peptides such as tachyplesin [32], MSI-78 [33], magainin 2 [34],
alamethicin [35], pep-1 [36], melittin [37, 38], and ovispirin-1.

In this study, we evaluated multiple well-studied peptides at solid supported model cell
membranes, composed of either POPG or E. cali polar lipid extract in the outer leaflet, and
determined whether POPG alone could be considered an accurate model for a bacterial cell
membrane or if more complex model bilayers are required. In theory, the cell membrane
should be better modeled by the E. coli polar lipid extract containing bilayer because it is
closer to an actual E. coli membrane’s charge and lipid content. The peptides investigated in
this study include MSI-594, ovispirin-1, and magainin 2. MSI-594 is a 24 amino acid
peptide with a net charge of +6 and the amino acid sequence is:
LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES. It is a hybrid of MSI-78 and
melittin and disrupts lipid bilayers through the carpet mechanism for both PC and PG lipids
[39]. Ovispirin-1 is another a-helical peptide with a net charge of +7 and the amino acid
sequence is: KNLRRIIRKIIHIIKKYG. It is known to generally oriented parallel to the lipid
bilayer [40, 41]. Magainin 2 is an a-helical peptide with broad spectrum activity, a net
charge of +4 and the amino acid sequence is: GIGKFLHSAKKFGKAFVGEIMNS.
Magainin 2 is well studied and is largely thought to act through the toroidal-pore
mechanism; being significantly more active towards anionic versus zwitterionic lipids [34,
42-44].

2. Experiment Methods

2.1 Materials

All lipids in this study, including 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-
glycerol) (POPG), 1,2-dipalmitoyl-d62-sn-glycero-3-[phospho-rac-(1-glycerol)] (dDPPG),
and E. coli polar lipid extract, were purchased from Avanti Polar Lipids, Inc. (Alabaster,
AL). Ovispirin-1 (with the sequence HoN-KNLRRIIRKIIHIIKKYGCOOH) G18 was
synthesized by Peptide 2.0, Inc. (Chantilly, VA). Magainin 2 was purchased from AnaSpec
(Fremont, CA). MSI-594 was obtained from the Ramamoorthy group. CaF, right angle
prisms were purchased from Altos Photonics (Bozeman, MT).
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2.2 Bilayer Preparation

Bilayers were deposited on CaF, right angle prisms via the Langmuir-Blodgett and
Langmuir-Schaefer (LB/LS) methods for the proximal and distal leaflets, respectively [38].
A KSV2000 LB system from Biolin Scientific (Stockholm, Sweden) was used to construct
the inner leaflet and ultrapure water treated by an EMD Millipore Simplicity Water
Purification system from EMD Millipore (Billerica, MA) was used throughout the
experiments. SFG spectra of the C-H and C-D stretching frequency regions, including the
2880 cm~1 and 2070 cm™1 bands, were taken to ensure bilayer quality.

2.3 SFG Experimental Setup

In depth detail on the theory of SFG, the instrument set up, and data analysis methods have
been covered extensively in previous publications and most of the details will not be
repeated here [34, 45-59]. During the experiment, a 532 nm visible beam and a frequency
tunable (1000-4300 cm™1) IR beam are overlapped spatially and temporally on the bottom
of the right angle CaF, prism which is supporting the lipid bilayer. The experiments were
carried out at room temperature (~ 20 °C). The inner leaflet for all experiments was dDPPG,
which is in the gel phase at room temperature and was used to minimize the lipid bilayer
flip-flop and keep the bilayer asymmetrical. The outer leaflet was either POPG or E. coli
polar extract. The bilayer is formed and constantly submerged in a 1.6 mL reservoir to
which the peptide is added during the experiment. The peptide concentration in the reservoir
was kept constant and homogeneous by using a magnetic micro-stirrer at 100 rpm.

SFG spectra were collected in the C-D stretching frequency range (2000-2300 cm™1) to
assess the deuterated inner leaflet and in the C-H/O-H stretching frequency range (2700-
4000 cm™1) to assess the hydrogenated outer leaflet before and after peptide addition to the
subphase. Additionally, time dependent spectra in this region were taken to monitor the
bilayer integrity during the experiment. SFG spectra were also taken in the amide |
frequency range (1500-1800 cm™1) in the ssp (s-polarized SFG, s-polarized visible, p-
polarized IR) and/or ppp polarizations to help monitor the peptide while interacting with the
bilayer. The optical set up was purged with nitrogen during amide | signal collection to
reduce the dips in the spectrum resulting from a loss in IR intensity due to water vapor
absorbing IR along the optical pathway.

3. Results and Discussion

3.1 MSI-594

3.1.1 SFG Experiments—SFG spectra were obtained in different frequency ranges to
monitor or examine the molecular behaviors of different components of the peptide-lipid
bilayer interaction system. The C-D, C-H, N-H, and O-H stretching regions were utilized in
this study, and the corresponding SFG signals have been assigned previously [60-65]. The
2000-2300 cm™! frequency range contains a peak of interest for the CD3 symmetric stretch
(2070 cm™1) which is used to monitor the deuterated bilayer leaflet containing terminal CD3
groups on the acyl chains. The frequency range from 2700-4000 cm™1 is the C-H/N-H/O-H
stretching frequency region which has peaks of interest for the CHz symmetric stretch (2880
cm™1), the N-H symmetric stretch (3300 cm™1), and water O-H stretches (normally 3200 and
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3400 cm™1). There are also peaks such as those at 2940 cm~1 (CH3 Fermi resonance), 2850
cm~1 (CH, symmetric stretch), and 2920 cm™1 (CH, asymmetric stretch) in this region.

For both bilayers, we can see that there is a significant decrease in signal intensity of the
peaks at ~3200, ~2070 cm~1 and 2880 cm™1 after the addition of MSI-594 to the subphase to
reach a concentration of 4000 nM (Fig. 1). Note that the y-axes in Fig. 1 are not the same for
similar spectral regions and were chosen to allow the easy identification of peaks. The peak
at ~3200 cm~1 is from ordered water O-H stretching at the bilayer surface, the peak at 2070
cm~1 is from the terminal CD3 groups of the acyl chain on the inner leaflet, and the 2880
cm™1 peak is from the terminal CH3 on the acyl chains of the outer leaflet. The decrease of
the ~3200 cm™1 peak can be associated with charge neutralization at the bilayer interface.
Before the addition of the peptides to the subphase, the negatively charged lipid bilayers (for
both dDPPG/POPG and dDPPG/E. coli extract) induced order in the water molecules at the
interface, thus generating strong O-H stretching signals. After the addition of peptides, the
positively charged peptides adsorb to the bilayer and neutralize the charge. As a result, the
interfacial water molecules become disordered and the O-H stretching signal decreases. The
decrease of the lipid signals at 2070 cm~1 and 2880 cm™~1 suggest that there was significant
bilayer disruption after the addition of the peptide. Overall, the spectra in Fig. 1 show that
the MSI-594 associated with both the POPG and E. coli outer leaflets and both bilayers
showed similar disruption after the peptide addition. Both the inner and outer leaflets of the
POPG and E. cali containing bilayers suffered from decreased order and/or lipid number
after the addition of the peptide, indicating that the peptide penetrated the outer leaflet and
was able to interact with the inner leaflet. However, the interaction dynamics are quite
different, as can be evidenced by the difference in curve shapes in Fig. 2.

Fig. 2 shows the time-dependent interactions of MSI-594 with the dDPPG/POPG lipid
bilayer (top) and dDPPG/E. coli polar extract lipid bilayer (bottom). These SFG signals
show that from the time of peptide injection, indicated by an arrow on the spectrum inset,
until both leaflet signals decrease, behavior is significantly different for the two different
model bilayers. For the dDPPG/POPG system, the 2880 cm™1 signal starts to decrease after
about 100 s and then decreases very quickly. After the 2880 cm™~1 signal for the outer leaflet
begins to equilibrate, the 2070 cm™1 signal starts to decrease at a much slower rate. This can
be interpreted as the peptide quickly associating to the bilayer and disrupting the outer
leaflet before moving to the inner leaflet and causing disruption. Since the SFG signals from
the two leaflets exhibit different decreasing kinetics, we believe that the signal decrease is
not due to lipid flip-flop. The final signal is sufficiently low enough that it can be considered
bilayer destruction. We also see bilayer destruction for the dDPPG/E. coli polar lipid
bilayer, but the time dependent interaction is much different. The time from injection to a
noticeable decrease in the 2880 cm~ or 2070 cm™1 signal is in the range of 500-1000 s and
is very gradual, indicating that disruption of both bilayers occurred more slowly.

In addition to the lipid bilayer signals, we are able to detect an amide | signal that
corresponds to the MSI-594 peptide. The intensity of this peak at ~1655 cm™1 is similar for
both bilayers and is further evidence of similar amounts of peptide adsorption on the
dDPPG/POPG bilayer relative to the dDPPG/E. coli polar lipid bilayer (Fig. 3). This amide |
peak is indicative of the ordered peptide on the bilayer surface. The MSI-594 amide | peak
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intensities in the ssp and ppp polarized spectra are similar for both lipid bilayers.
Furthermore, the ppp/ssp intensity ratios for the two cases are similar. SFG signal intensity
is proportional to the square of the number of peptides and is related to the peptide
orientation, while the ppp/ssp signal intensity ratio is primarily related to the peptide
orientation. For this reason, we believe that MSI-594 molecules associated with two types of
lipid bilayers are similar in number and in orientation. Further details about the bilayer
associated MSI-594 orientation will be reported in a future article.

3.1.3 MSI-594-Bilayer Interaction—A possible explanation for the difference in
interaction kinetics can be drawn from the effects from the overall net charge of the bilayer.
POPG is a negatively charged lipid that is frequently used to model bacterial membranes
because the PG head group is very common in bacterial cell membranes. However, the
dDPPG/POPG bilayer is composed only of PG while real cell membranes, like that of E.
coli, are composed of other lipids that can reduce the overall negative charge throughout the
membrane surface. In particular, the E. coli polar lipid mixture is 67.0 wt/wt% PE, 23.2
wt/wt% PG, and 9.8 wt/wt% cardiolipin, which means that the E. coli polar lipid leaflet is
potentially only approximately 1/3 the charge of a POPG leaflet. Due to the discrepancy in
the overall charge of the leaflet between the two models, we could expect to see a stronger
interaction between the positively charged peptide MSI-594 and the POPG leaflet. This
would be evident in a quicker interaction and disruption time, which we observed in our
studies.

This lower bilayer charge is the likely factor which led to slower disruption of the dDPPG/E.
coli polar lipid bilayer, but this did not protect the bilayer from destruction. This is to be
expected, since it has been shown that E. coli is susceptible to MSI-594, as well as other
MSI peptides [39, 66-68]. It was reported by Ramamoorthy and coworkers that the
minimum inhibitory concentration (MIC) for MSI-594 against E. coli was ~2 pug/ml, which
is ~817 nM [39]. Performed leakage assays showed at 1.4 pM, almost 90% of the dye had
leaked out of POPC:POPG (3:1) vesicles within 5 min of AMP addition. The short time
until cell lysis (5 min) is similar in behavior to our case involving the POPG outer leaflet
experiment, but not the E. coli lipid extract one. Our E. coli extract did eventually
experience destruction, but it took closer to 20 min, rather than 5 min. This, however, could
be because complete membrane destruction is not required for leakage which would make it
difficult to compare the two times since it is unknown how much destruction might be
required for leakage.

It is possible that the difference in interaction/disruption times we observed for our two
model systems is related to an interaction mechanism that took place on the POPG bilayer
but not the E. coli bilayer. One possibility is the formation of non-bilayer lipid structures.
According to one study, it was proposed that MSI-594 induced some acyl chain disorder on
POPG lipids at low concentrations and that most of the lipids were aligned, but at high
concentrations non-bilayer lipid structures were formed, such as hexagonal phases [39].
These non-bilayer structures would have occurred quickly after the MSI-594 interacted with
the dDPPG/POPG bilayer. In contrast, the E. coli polar leaflet which is lower in anionic
charge, would likely be treated more like a zwitterionic POPC leaflet than a POPG leaflet. It
was reported from NMR experiments that on POPC lipids, MSI-594 likely acted through the
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“carpet mechanism” [39]. It has been observed before with other peptides that a mixed
bilayer could foster interaction behavior that is essentially in-between, or a mixture, of the
interactions that were observed when the peptide was in a bilayer completely composed of
only one of the two mixture components [69]. This could be further investigated with other
methods such as ATR-FTIR, which is a vibrational spectroscopy that can provide further
insight to peptide-membrane interactions.

Furthermore, it has been shown that other MSI peptides have the ability to induce a “charge
cluster mechanism” which causes the lipids in the membrane to rearrange such that defects
could occur and potentially aid in cell lysis [67]. It is possible that MSI-594 could act
through this mechanism as well, and this interaction could take a different amount of time to
reorganize the bilayer lipids. This interaction could possibly cause the time dependent
spectrum/activity to differ between E. coli polar lipid and pure POPG because of the
difference in the lipid bilayer charge distribution.

In summary, we believe that MSI-594 can disrupt both dDPPG/POPG bilayer and
dDPPG/E. coli polar extract bilayers. Given a long enough interaction time, both lipid
bilayers can likely be completely disrupted or destroyed. The amount of peptide associated
and the peptide orientation are not significantly different between the two bilayer systems.
However, the disruption kinetics for the dDPPG/POPG bilayer are much faster, perhaps due
to the larger negative charge of the bilayer compared to the dDPPG/E. coli polar extract
bilayer. Other possibilities are two different disruption methods: the MSI-594 may lie down
and cause disorder on zwitterionic lipids and the formation of non-bilayer phases when
associated with anionic lipids; or there is a charge cluster mechanism interaction in which
the peptide induces the lipid reorganization. For the charge cluster mechanism case, the E.
coli polar lipid containing system and the observed SFG signals can be explained by the fact
that the peptide does not start causing disorder in the bilayer until the clusters of anionic and
zwitterionic lipids form, resulting in a slower interaction time. Therefore, we can conclude
that in general, a more biologically-accurate lipid mixture such as E.coli lipid extract is
better suited than simpler models to investigate complicated aspects of peptide-membrane
interaction, such as accurate disruption kinetics.

3.2 Ovispirin-1 G18

3.2.1 SFG Experiments—Ovispirin-1 G18 is an alpha helical peptide with an isotope
label 13C=0 at G18. Fig. 4 shows SFG spectra collected from the C-D and C-H stretching
frequency regions of dDPPG/POPG and dDPPG/E. coli polar systems before and after
addition of peptide stock solution to achieve 7.5 pM Ovispirin-1 G18. It can be seen that
after the addition of peptide to the subphase, the inner and outer leaflets of the dDPPG/
POPG system are significantly disrupted as evident from the decrease in the intensity of the
CDj signal at 2070 cm™1 and the CH3 symmetric stretching signal at 2880 cm™L. For the
dDPPG/E. coli polar extract bilayer system, the 2880 cm™1 peak from the outer leaflet in
contact with the peptide solution only slightly decreased and the signal at 2070 cm™ from
the inner leaflet is nearly the same before and after peptide addition, which suggests that the
peptide may only slightly disrupt the outer leaflet and does not interact with the inner leaflet
of the bilayer. However, because of the decrease in the water signal at ~3200 cm™1, we can
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conclude that the peptide is present at the bilayer surface and the lack of change in the CH3
and CDg signals is not due to the absence of peptide at the dDPPG/E. coli polar extract
bilayer.

From Fig. 4 we can see that ovispirin-1 G18 does not have the same interaction with the
dDPPG/POPG bilayer and the dDPPG/E. coli polar extract bilayers. In addition to the before
and after “snapshots” of the lipid bilayers, we also studied the kinetics of the interaction
between the two lipid bilayers and the peptide. Fig. 5 shows the time-dependent SFG signal
for the 2070 cm™1 and 2880 cm™1 wavenumbers which monitor the signal change of the two
lipid bilayers after the addition of ovispirin-1 G18 to the subphase. We can see that the
change in the time-dependent SFG signal is very different for the two bilayer systems. After
the injection of ovispirin-1 to the subphase to reach a concentration of 7.5 uM for the
dDPPG/POPG bilayer, the 2880 cm™~1 signal of the POPG outer leaflet drops sharply after ~
100 s and then decreases more gradually. The 2070 cm™1 signal intensity starts decreasing
after the initial drop of the 2880 cm™1 signal and decreases at a similar rate as the 2880 cm™1
signal. This suggests that the peptide quickly associates with the bilayer (initial intensity
decrease of the 2880 cm™1signal) followed by a gradual disruption of the bilayer. The rate of
C-H and C-D signal decrease is slightly different, which suggests bilayer disruption/
destruction and possibly a degree of bilayer flip-flop activity. If the rate of signal decrease
was the same for both leaflets, flip-flop would be suspected since lipids from both leaflets
moving to the opposing leaflet causes an increase in symmetry for both layers
simultaneously. This mechanism would be evident during the time dependent monitoring as
the signal dropping at the same rate for both leaflets. The possibility of flip-flop can be
further investigated in the future by doing experiments with AFR-FTIR, which is not
sensitive to molecule order and would help discern whether the lipids are still present but
disordered or were removed.

The bilayer interaction of ovispirin-1 with the dDPPG/E. coli lipid system is clearly
different than with the dDPPG/POPG system. Although the peptide concentration is the
same for both systems, there is no sharp drop in the 2880 cm™1 signal intensity after the
addition of the peptide to the subphase of the dDPPG/E. coli system and the signal decreases
very slowly over the course of hundreds of seconds. Both the 2880 cm~ and 2070 cm™!
signals drop in intensity so slowly that after 1.5 h they are still similar to the intensities
before peptide injection. Since the water signal shown in Fig. 4d decreased substantially, we
believe that ovispirin-1 molecules were associated with the dDPPG/E. coli polar extract
bilayer, but they interact much more slowly than on dDPPG/POPG and do not cause bilayer
disruption. Fig. 4b shows the inner leaflet spectra are similar before and after peptide
addition, but the time-dependent C-D stretching signals shown in Fig. 5b decrease. Perhaps
this is because the peak center of the ~2070 cm™1 signal shifted slightly (as shown in Fig.
4b) due to the signal changes from the water combinational modes in the lower frequency
range, therefore the signal intensity observed at this wavenumber exhibits some time-
dependent changes.

We also monitored the ovispirin-1 peptide during the interaction with the bilayers by
observing amide | SFG signals. Fig. 6 shows the amide | peak at ~1655 cm~1 which is
associated with the peptide backbone. The overall intensity of the amide | signals associated
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with the two lipid bilayers and the ppp/ssp intensity ratios are similar. This suggests that the
number of peptides and peptide order are potentially similar in both cases. This could
indicate that while the same number of peptides associated to both bilayers, the more
complex leaflet (E. coli polar extract) might require more ovispirin-1 peptides to disrupt the
bilayer.

3.2.3 Ovispirin-1-Bilayer Interaction—Ovispirin-1 is a known potent antimicrobial
peptide, but it is also hemolytic and cytotoxic to the point that it is not able to be used for
any therapeutics [70, 71]. Even with this being the case, studies have shown the MIC for
several bacteria is much lower than the concentration shown to cause hemolysis [70, 71].
Therefore, it is believed that ovispirin-1 is more toxic to bacteria which contain a higher
fraction of anionic lipids. From this information, it could be reasonable to suggest that we
would expect that ovispirin-1 would associate less with a more neutral lipid bilayer. The
MIC for several bacteria are very low (< 10 pug/ml) and given that our concentration used
was 17 pg/ml, we had hoped to see severe disruption activity at the E. coli polar extract
leaflet. We did not observe complete destruction of the dDPPG/E. coli bilayer as expected.
However, we did find the expected trend of ovispirin-1 interacting more with the dDPPG/
POPG hilayer versus the dDPPG/E. coli bilayer. Additionally, solid state NMR experiments
have elucidated the structure of ovisprin-1 in POPC:POPG (3:1) lipids [41, 71] and 2D IR
was used to characterize the structure and location of ovispirin-1 in a POPC:POPG (3:1)
environment [40]. In lipid environments, it is generally agreed on that the peptide is residing
near the lipid head groups in the bilayer and lying down, parallel to the bilayer and
perpendicular to the surface normal [40, 41]. This orientation in the lipid head group region
of an environment that containing approximately 25% negatively charged lipids could
explain why we see little disruption on the E. coli-containing leaflets. Approximately 33%
of the lipids in the E. coli polar lipid mixture are negatively charged and we can predict that
the peptide would have a similar orientation in this system.

Furthermore, it is possible that the peptide orientation and interaction mechanism is
dependent on the local peptide concentration and could explain the data we observed.
Yamaguchi and coworkers mentioned that solid state NMR studies indicated that ovispirin-1
maintains an orientation parallel to the bilayer surface in a 3:1 POPC:POPG lipid
environment, even at high peptide/lipid ratios. A “two stage orientation” that is sometime
seen in other peptides where they insert into the bilayer at high concentrations was not
observed, but it was noted that this could be environmentally dependent [41, 69, 72]. Their
result suggests that we probably would not see an increased disruption from the peptides
inserting into the bilayer if we increased the peptide concentration, but it is possible that
they require more peptides to quickly disrupt the outer leaflet from a non-pore forming
mechanism, such as the carpet mechanism. Alternatively, it is possible that the peptide could
have two different modes of action depending on the lipid content, like in the case of the a-
helical peptide VP1. VP1 acts via the carpet model on membranes higher in cardiolipin and
PG lipids while entering the membrane at an oblique angle and solubilizing/lysing the
membrane on less negatively charged E. coli lipids [73]. They observed that fewer peptides
associated to an E. coli membrane, but the membrane eventually lysed. However, in our
case, the leaflet was at best slowly affected. If this concentration dependent interaction is
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what is happening in our system, it is possible a higher peptide concentration is required to
see a strong disruption effect.

In summary, ovispirin-1 molecules associate with both dDPPG/POPG and dDPPG/E. coli
polar extract lipid bilayers. The number and orientation of the associated peptides for the
two types of the bilayers appear to be similar, indicating that POPG can model simple
aspects of the interaction. Ovispirin-1 disrupted both leaflets of the dDPPG/POPG bilayer
quickly and only slightly disrupted the outer leaflet of the dDPPG/E. coli polar lipid extract
bilayer. It is possible that the ovispirin-1 could disrupt the latter bilayer, but at a much
slower speed. Based on these results, it is clear that important aspects of the interaction, such
as the interaction kinetics, are more accurately modeled with a more biologically-relevant E.
coli extract lipid model. This is probably at least partly due to the difference in the overall
net charge of the bilayers. Almost all of the peptides might be associated with both bilayers
at this concentration. However, at a bilayer with a lower net charge, a higher number of
peptide molecules would be needed to induce disorder similar to the pure PG system due to
different disruption mechanisms.

3.3 Magainin 2

3.3.1 SFG Experiments (800 nM Magainin 2)—Fig. 7 shows the C-D and C-H
stretching frequency ranges for 800 nM magainin 2 interacting with the two bilayer systems.
A decrease in the water signal at ~3200 cm™1 in both sets of spectra indicates the magainin 2
clearly associates with both systems. As discussed above, the O-H water signal decrease is
due to charge neutralization of the lipid bilayer. The positively charged bilayer associated
peptides neutralize the negative charge on the PG lipids. However, a decrease in the 2880
cm~1 CH3 symmetric peak of the dDPPG/POPG bilayer indicates the outer leaflet is only
disrupted in the POPG case. For the E. coli case, there is no change in the 2880 cm™1 peak
before and after peptide addition to the subphase, so we believe that there is no disruption of
the outer leaflet by magainin 2. Unchanged 2070 cm™! peak intensity indicates the inner
leaflet was unaffected in both systems. Since magainin 2 molecules are antimicrobial, they
should also disrupt the inner leaflet when reaching a certain concentration. It is likely that
the concentration is not high enough to disrupt the inner leaflet.

Fig. 8 shows the time dependent SFG signals of the two lipid bilayer systems interacting
with magainin 2. For the dDPPG/POPG bilayer case, the 2880 cm™1 signal intensity
increases quickly before a more slow decrease and eventual leveling off while the 2880
cm™1 signal for E. coli polar lipid extract seems to increase a small amount and then
stabilizes without a signal decrease. From this time-dependent observation and the data from
the C-D and C-H spectra, it is possible that the initial increase in 2880 cm™1 signal is due to
the peptide association with the bilayer. It is feasible that the peptides induce order in the
outer leaflet before causing disruption.

Fig. 9 shows the amide | signal detected from magainin 2 when the bilayers were in contact
with the 800 nM magainin 2 solution. The overall intensity of the ~1655 cm™ peptide signal
on the dDPPG/POPG bilayer is approximately four times higher than the signal of magainin
2 associated with the dDPPG/E. coli polar bilayer, suggesting that there are more peptides
on the POPG-containing bilayer. This agrees with the observation of the larger decrease of

Chem Phys Lipids. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Soblosky et al.

Page 11

the CHg signal for POPG vs E. cali polar systems (Fig. 7c,d) because in the former case, a
certain surface concentration threshold may have been reached and allowed the peptide to
disrupt the bilayer. However, fewer magainin 2 molecules were adsorbed onto the E. coli
polar lipid extract leaflet and no lipid bilayer disruption was observed.

The fact that we do not see very much acyl chain disruption, as exhibited by very little
change in the 2880 cm~1 and 2070 cm™~1 signals after peptide addition, is not completely
surprising if we consider that the peptide is not entering the bilayer and is laying on the
surface of the bilayer due to the concentration being below the MIC. The MIC for magainin
2 against E. coli seems to vary with different strains; 55.5 uM for ATCC strain 8739, ~3 uM
for ATCC 25922, and 20 pM for ATCC 25922 with F5W-magainin 2, an equipotent
analogue of magainin 2 [42, 74, 75]. A previous study in our lab observed amide I signal on
POPG/POPG bhilayers using 800 nM magainin 2 and on POPC/POPC bilayer with 2 uM
magainin 2 and determined that the peptide was in a transmembrane orientation in POPG
and generally laying down on POPC [34]. Because of this success and observed interaction
between magainin 2 and an anionic POPG bilayer, we started at a concentration of 800 nM
in our study, even though this relatively low concentration compared to what is considered a
toxic concentration to E. coli. We observed minimal disruption of our bilayers and the amide
| Yppp/Xssp ratios, which are orientation and polarization dependent measurements, were
different from a previous study in our lab (indicating a different peptide orientation —
perhaps related to the different inner leaflet — see the discussion below), so we increased the
concentration.

3.3.2 SFG Experiments (2 uM Magainin 2)—\We then increased the magainin 2
concentration in the subphase in anticipation that a higher concentration would enable
magainin 2 to disrupt both leaflets in the lipid bilayer. Fig. 10 shows the SFG signals
detected in the C-D and C-H stretching frequency regions for dDPPG/POPG and dDPPG/E.
coli polar extract bilayers when in contact with 2.0 pM magainin 2. At this higher
concentration, there is a similar amount of disruption for the POPG leaflet as was seen at
800 nM. However, there is some minor disruption in the E. coli extract leaflet as well. The
deuterated leaflet was still unaffected in both high concentration cases. This could be
because the minimum concentration of peptide for total disruption was still not reached.
Since it seems to be more difficult for magainin 2 to associate on dDPPG/E. coli polar
extract bilayers, either due to electrostatic differences or because of a difference in other
bilayer properties, the solution concentration may need to be higher before enough peptide is
present on the surface to cause a disturbance.

In order to determine if the increased peptide concentration affected the interaction
dynamics, time dependent spectra were taken for both lipid bilayer systems. Fig. 11 shows
the time dependent SFG signals before and after the addition of magainin 2 to the subphase
to reach 2.0 pM. The 2880 cm™1 signal associated with the dDPPG/POPG system for the 2.0
UM case looks very similar compared to that of the 800 nM case. However, the delay time
before interaction seems to be much shorter, less than half the time as before, with 2.0 yM
peptide. This shorter time between injection and bilayer interaction is to be expected with a
much higher concentration of peptide since the number of peptides is higher and thus the
time until enough peptides reach the bilayer to cause a visible effect should be shorter. The
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2880 cm™1 signal for the dDPPG/E. coli polar extract system at 2.0 uM did not change in
intensity. This agrees with Figure 10d, even though the other C-h stretching signals
decreased, the 2880 cm™1 peak did not change substantially.

The amide | region signal at ~1655 cm™ for 2 uM on the POPG system was comparable to
that for the 800 nM case (Fig. 12). This similarity is consistent with the C-H, C-D, and time
dependent spectra being comparable between the two concentrations. For the E. coli polar
extract case, the ~1655 cm™1 signal was slightly higher at 2.0 pM than it was at 800 nM.
This apparent slight increase in adsorbed peptide can be the cause of the slightly disrupted
outer leaflet that was observed in Fig. 8. Again, this effect is likely due to the higher charged
density on the POPG leaflet relative to the E. coli polar extract leaflet.

3.3.3 Magainin 2-Bilayer Interaction—We see some disruption on the POPG leaflet
and on the E. coli leaflet at 2.0 uM. We believe that this is reasonable since this peptide is
thought by many to operate via associating with membranes until instability causes toroidal
pores to form resulting in leakage and cell death [43, 76-80]. However, there is some
dispute about the accuracy of this mode of action [44]. In these toroidal pores, there is not a
large amount of acyl chain disruption. This agrees with most of the previous studies, which
cited that they saw very little acyl chain disruption and that the peptide had extensive
interaction with the lipid head groups [74, 81, 82]. However, if there were pores forming we
would expect to see some disturbance to both leaflets. Evidence that lipid flip flop was
taking place and was facilitated by these pores would be observing the 2880 cm~1and 2070
cm~1 signals decreasing at approximately the same rate [77]. However, we do not observe
this for either system at either concentration. This suggests that we might not be seeing
toroidal pores, but just association near the lipid head groups. Again, this is likely due to the
lower concentration of magainin 2 we used in the study.

Also of note is that most of the studies, both in our lab and others, used POPC and POPG
(transition temperature —2 °C) or DMPC and DMPG (transition temperature 24 °C).

Because 24 °C is very close to room temperature, the lipid might be in gel or fluid phase
depending on the experimental conditions. Hirsh, et al. used DPPG and observed that the
peptide did not insert into the bilayer and stayed associated with the head groups [81].
Without more studies in the gel phase, it is not currently known if magainin 2 cannot insert
into gel phase DPPG or if the lack of activity is due to low concentration or
misinterpretation, but this phenomenon has been observed before [83]. However, the
possibility exists that since we employ a gel phase inner leaflet which may stabilize the outer
fluid phase’s leaflet, it may be difficult for the magainin 2 peptide to enter and create a pore.
Additionally, the E. coli lipid extract used for the outer leaflet contains ~60% PE lipids. It
has been shown that the addition of PE lipids decreases the incidence of magainin 2 induced
pores in PG lipids [84]. This is explained by the PE causing negative curvature of the bilayer
which opposes apparent positive curvature strain caused by the magainin 2 and can result in
an unfavorable environment for pore formation [84-86].

The low magainin 2 concentration and the lack of signal change in the 2070 cm™1 time
dependent spectrum make toroidal pore formation a less likely possibility than the case
where the peptide is inserting into the outer leaflet and participating in transient pore
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formation as stated in early papers. Increasing the concentration, however, might result in a
more defined pore and stronger evidence of the toroidal pore mechanism.

In summary, magainin 2 adsorbed to both lipid bilayer systems at both concentrations used
in this study, but there was significantly more association on POPG containing bilayers.
Magainin 2 can disrupt the outer leaflet of the dDPPG/POPG bilayers at both 800 nM and
2.0 uM, and can slightly disrupt the outer leaflet of the dDPPG/E.cali polar extract lipid
bilayer at 2.0 pM. The difference in interaction is likely partially due to the difference in
bilayer surface charge and it has been observed that magainin 2 interacts differently with
anionic and zwitterionic lipid bilayers. The lack of inner leaflet disruption for the POPG
containing system might be due to the inner leaflet being gel phase and the bilayer thus
being more resistant to flip flop and potentially toroidal pore formation. Additionally, the
combination of lower surface charge and the PE lipids’ tendency to oppose positive
curvature induced by magainin 2 could explain why the E. coli lipids were less disrupted
compared to the POPG lipids. Therefore this study again demonstrated that a more
biologically relevant model, such as E. coli extract, is important for studying peptide-
bacteria cell membrane interactions.

4. Conclusions

In this study we investigated the interactions between several membrane active peptides and
bilayers consisting of dDPPG/POPG and dDPPG/E. coli polar lipid extract. Because E. coli
lipids include ~60% PE as well as other components, there can be large differences in
peptide interactions with a membrane of POPG or POPG/POPC vs. E. coli lipids [20, 73,
87].

Our studies indicate that the interactions between various peptides and the two model
bilayer, dDPPG/POPG bilayer and dDPPG/E. coli polar lipid extract bilayer, are different.
However, the degree to which the interactions are different and what aspects are different
depend on the peptide. MSI-594 can disrupt both types of the lipid bilayers, although not at
the same rate, and the bilayer associated MSI-594 molecules have similar number and
orientation. The peptide associated with the POPG containing bilayer much more quickly
than with the E. coli lipid containing bilayer. This difference in interaction rate is important
because one would want to ensure that a drug will be effective as quickly as possible and
that time is influenced by the model system used.

Ovispirin-1 associates with both types of lipid bilayers. The number and orientation of the
bilayer-associated ovispirin-1 molecules on the two bilayer systems are also similar.
However, ovispirin-1 disrupted both leaflets of the dDPPG/POPG system while it barely
disrupted the outer leaflet of the dDPPG/E. coli polar extract system. It too has a much
slower interaction time with the dDPPG/E. coli polar lipid system. Magainin 2 molecules
also associated with both types of the lipid bilayers. At a low concentration of 800 nM,
magainin 2 can disrupt the POPG leaflet, but cannot disrupt the E. coli polar extract leaflet.
At 2.0 uM, magainin 2 can disrupt both outer leaflets of POPG and E. coli polar lipid
extract, but cannot disrupt the inner dDPPG leaflet for either bilayer.
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All of the peptides in this study favored interacting with anionic PG lipids over zwitterionic
ones. However, the spectra and interpreted interactions for the peptides on the two systems
were not always similar. In fact, even the type of spectra that were the same between the two
systems differed depending on the peptide. For example, both MSI-594 and ovispirin-1
exhibited extremely fast interaction and disruption times on dDPPG/POPG but either
interacted very slowly with or did not disrupt dDPPG/E. coli polar extract bilayer. Also, the
inner leaflet was never disrupted for magainin 2 like it was for MSI-594 and ovispirin-1.
Some potential reasons for this were discussed earlier, but a major one is that magainin 2
operates at least part of the time through toroidal pores while MSI-594 and ovispirin-1
operate through the carpet/detergent mode. The formation of toroidal pores does not destroy
a bilayer, but it does induce disruption. The interaction time differences can possibly be
described by a difference in peptide charge density. If one looks at the charge on all of the
peptides, they do not differ substantially (MSI-594 at +6, ovispirin-1 at +7, magainin 2 at
+4). However, if we consider the charge to the number of residues, a larger difference is
seen. The charge/residue for MSI-594 is 0.25/residue, ovispirin 1 is 0.39/residue, magainin 2
is 0.17/residue. It can be seen that the two quick associating carpet/detergent peptides have
relatively high charge/residue values. This is likely the cause of their quick association and it
may also explain why they stay associated with the charged anionic headgroups rather than
forming pores. Magainin 2 seems to generally operate through a pore mechanism. This
lower charge density probably allows the peptide to more easily engage in hydrophobic
interactions that are required for pore formation.

Through these studies, it has been seen that to more accurately examine peptide-bacterial
cell membrane interactions, including the electrostatic interactions and disruption
mechanism, more complicated model lipid bilayers such as bilayers prepared using E. coli
lipid extract are needed. These studies utilized SFG to monitor the bilayer integrity, peptide
association and time dependent interaction of the peptide with the bilayer. This time
dependent monitoring is a unique feature of the SFG method that allows us to study the
kinetics of the interaction and proved to be vital in the determination that a heterogeneous E.
coli extract is preferable to pure POPG to model complex peptide-cell membrane
interactions. This ability is especially valuable because the time to interact with a cell is an
important quality to consider when designing new antibiotic molecules. Thus, in addition to
showing that the proper model system is required to collect accurate interaction information,
we displayed an SFG method that is able to easily show the interaction kinetic differences.
Hopefully, this information can be utilized in order to properly design environments in
which to test future antibacterial therapies.
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SFG spectra collected before (black) and after (red) the addition of MSI-594 to the subphase
of (a) dDPPG/POPG hilayer in the C-D stretching frequency range; (b) dDPPG/E. coli polar
extract bilayer in the C-D stretching frequency range; (c) dDPPG/ POPG bilayer in the C-H

stretching frequency range; (d) dDPPG/E. coli polar extract bilayer in the C-H stretching

frequency range.
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Fig. 2.
Time-dependent SFG signal observed from the dDPPG/POPG bilayer (top) and the

dDPPG/E. coli polar extract bilayer (bottom). The arrow in the insert shows the time when
the MSI-594 was added to the lipid bilayer subphase.
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Fig. 3.
SFG spectra of Amide I signal from the MSI-594 associated with (top) dDPPG/POPG

bilayer and (bottom) dDPPG/E. coli polar extract bilayer.
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Fig. 4.

SFG spectra collected before (black) and after (red) the addition of ovispirin-1 G18 to the
subphase of (a) dDPPG/POPG bilayer in the C-D stretching frequency range; (b) dDPPG/E.
coli polar extract bilayer in the C-D stretching frequency range; (c) dDPPG/ POPG in the C-
H stretching frequency range; (d) dDPPG/E. coli polar extract bilayer in the C-H stretching
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Fig. 5.

SIgG time-dependent signal detected from (a) dDPPG/POPG bilayer, inset is focused on the
time period directly before and after the injection of the peptide to the subphase; (b)
dDPPG/E. coli polar extract bilayer; (c) dDPPG/E. coli polar extract bilayer zoomed in
before and after the injection of ovispirin-1 G18 to the subphase. Peptide injection is
indicated by arrow.
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SFG spectra of Amide I signal from the ovispirin-1 associated with (top) dDPPG/POPG
bilayer and (bottom) dDPPG/E. coli polar extract bilayer.
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subphase of (a) dDPPG/POPG bilayer in the C-D stretching frequency range; (b) dDPPG/E.
coli polar extract bilayer in the C-D stretching frequency range; (c) dDPPG/ POPG in the C-
H stretching frequency range; (d) dDPPG/E. coli polar extract bilayer in the C-H stretching

frequency range. The magainin subphase concentration is 800 nM.
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polar extract bilayer zoomed in the first 1000 seconds, before and after the injection of
magainin 2 to the subphase to reach 800 nM. Peptide injection is indicated by arrow.
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SFG spectra of Amide | signal from the magainin 2 associated with (top) dDPPG/POPG

bilayer and (bottom) dDPPG/E. coli polar extract bilayer. The magainin 2 subphase

concentration is 800 nM.
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SFG spectra collected before (black) and after (red) the addition of magainin 2 to the
subphase of (a) dDPPG/POPG bilayer in the C-D stretching frequency range; (b) dDPPG/E.
coli polar extract bilayer in the C-D stretching frequency range; (c) dDPPG/ POPG in the C-
H stretching frequency range; (d) dDPPG/E. coli polar extract bilayer in the C-H stretching

frequency range. The magainin subphase concentration is 2.0 pM.
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SFG time-dependent signal detected from (a) dDPPG/POPG bilayer, (b) dDPPG/POPG
bilayer in the first 600 seconds, (c) dDPPG/E. coli polar extract bilayer; (c) dDPPG/E. coli
polar extract bilayer zoomed in the first 800 seconds, before and after the injection of
magainin 2 to the subphase to reach 2.0 uM. Peptide injection is indicated by arrow.
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SFG spectra of Amide | signal from the magainin 2 associated with (top) dDPPG/POPG
bilayer and (bottom) dDPPG/E. coli polar extract bilayer. The magainin 2 subphase

concentration is 2.0 uM.
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