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Abstract

Alamethicin has been extensively studied as an antimicrobial peptide and is widely used as a
simple model for ion channel proteins. It has been shown that the antimicrobial activity of
peptides is related to their membrane orientation. In this study, we determined the relationship
between the solution concentration of alamethicin and its membrane orientation in lipid bilayers
using sum frequency generation (SFG) vibrational spectroscopy. Our SFG results indicated that
the alamethicin molecules more or less lay down on the surface of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) lipid bilayers at a low peptide concentration of 0.84 uM; the a-
helix segment tilts at about 88°, and 31g-helix segment tilts at about 58° versus the surface normal.
However, when the peptide concentration was increased to 15.6 uM, we observed that alamethicin
molecules further inserted into the lipid bilayers: the a-helical component changes its orientation
to make a 37° tilt from the lipid bilayer normal, and the 3;¢p-helical component tilts at about 50°
versus the surface normal. This is in agreement with the barrel-stave mode for the alamethicin—cell
membrane interaction as reported previously. Additionally, we have also studied membrane
orientation of alamethicin as a function of peptide concentration with SFG. Our results showed
that the membrane orientation of the alamethicin a.-helical component changed substantially with
the increase of the alamethicin concentration, while the membrane orientation of the 31¢-helical
component remained more or less the same.
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1. Introduction

Antimicrobial peptides have been extensively studied in the recent years, which interact with
the cell membranes to overcome bacteria drug resistance.1* Alamethicin is a 20-residue
hydrophobic antimicrobial peptide extracted from the fungus 7richoderma viride that forms
voltage-gated ion channels in cell membranes.>=9 It has been extensively studied as an
antimicrobial peptide and also used frequently as a model for larger channel proteins and for
studying of ion channel gating mechanisms.19-13 Jon channels represent an important class
of transmembrane proteins that regulate ionic permeability in cell membranes.14-19 They are
key elements in cell signaling, electrical excitability, and fluid transport, and are validated
drug targets for diseases such as heart disease, diabetes and Parkinson's disease.20-26

"To whom correspondence should be addressed. Fax: 734-647-4865. zhanc@umich.edu..



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang etal.

Page 2

The action mechanisms of alamethicin in cell membranes have been widely studied. It is
currently believed that alamethicin interacts with cell membranes through the barrel-stave
mode, in which the molecules form parallel bundles of the helical monomers surrounding
the central, water-filled pore.® Recently, our group applied sum frequency generation
vibrational spectroscopy (SFG) to investigate the molecular interactions between
alamethicin and different lipid bilayers with and without the presence of a membrane
potential.2728 SFG is a nonlinear optical spectroscopic technique that provides vibrational
spectra of surfaces and interfaces with a submonolayer surface specificity.2%-40 It requires
0n|y4all \éiry small amount of samples, and can probe surfaces and interfaces in real-time 7n
Situ.+

An alamethicin molecule contains an a-helical structure (residues 1-13) and a 319-helix
(residues 14-20). It has been shown that these two different secondary structures generate
SFG amide I signals with different peak centers.2” Therefore, we can determine the
membrane orientation for each component in alamethicin using polarized SFG spectra. Our
previous studies indicated that in the absence of a membrane potential, alamethicin
molecules can insert into fluid-phase lipid bilayers, but lie down and/or aggregate on gel-
phase bilayer surfaces.2’ Our results also showed that the change in the pH of the peptide
solution can modulate the membrane potential, inducing a decrease in both the tilt and bend
angles of the two helices in alamethicin.28

Additionally, it is important to study the alamethicin-membrane interactions at different
peptide concentrations. The orientation of alamethicin in different concentrations on lipid
bilayers is related to its gating mechanisms and antimicrobial functions, which have not
been fully understood.13:14 Contradictory orientations of alamethicin in cell membranes in
the absence of membrane potential have been reported. Alamethicin has been suggested to
adopt a transmembrane orientation,19-12. 1519 |je down on the membrane surface,20-22 or
both.23-24 Such different orientations may depend on peptide concentrations.

In this paper, we will report SFG experimental results for alamethicin interacting with model
cell membranes at different peptide concentrations. Alamethicin strongly interacts with
phosphatidylcholine (PC) and phosphatidylglycerol (PG) fluid phase lipids, but not PC and
PG gel phase lipids.2” Therefore this study chooses 1-palmitoyl-2-pleoyl-sn-glycero-3-
phosphocholine (POPC), a lipid in its fluid phase at room temperature, to study the
concentration effect of the peptide. Our results indicate that alamethicin molecules change
membrane orientations as a function of peptide concentrations. They lie down on the model
cell membrane surface at low peptide concentrations and can insert into lipid bilayers at
higher concentrations. The orientation angle of the a-helical segment changed substantially
after increasing the alamethicin concentration, while the orientation angle of the 31g-helical
segment only changed slightly. We also followed the real-time molecular reorientation
process of alamethicin during the initial interaction with the model cell membranes.

2. Materials and Methods
2.1. Materials

Alamethicin from Trichoderma viride was purchased from Sigma-Aldrich (St. Louis, MO)
with a minimum purity of 90%. The POPC lipid was purchased from Avanti Polar Lipids
(Alabaster, AL), and its molecular structure was shown in scheme 1. Right-angle CaF»
prisms were purchased from Altos (Trabuco Canyon, CA). The CaF, prisms were
thoroughly cleaned using a procedure with following steps: They were soaked in toluene for
24 hours and then in Contrex AP solution from Decon Laboratories (King of Prussia, PA)
for 30 minutes. After that, they were cleaned in methanol for 10 minutes and then rinsed
thoroughly with deionized (DI) water. The prisms were treated in a glow discharge plasma
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chamber for 4 minutes immediately before the lipid deposition. Substrates were tested using
SFG, and no signal from contamination was detected. Single lipid bilayers were prepared on
CaF substrates using the Langmuir-Blodgett and Langmuir-Schaefer (LB/LS) method. A
KSV2000 LB system and ultrapure water from Millipore system (Millipore, Bedford, MA)
were used throughout the experiments for bilayer preparation, as described previously.*3 Al
of the experiments were carried out at room temperature (~24°C), at which the POPC/POPC
bilayers are in the fluid phase. For alamethicin-lipid bilayer interaction experiments, an
appropriate amount of alamethicin solution (in methanol with a concentration of 2.5 mg/mL)
was injected into the reservoir filled with 1.6 mL of ultrapure water (in contact with the
supported lipid bilayer) to achieve the desired peptide solution concentration. The SFG
spectra were then collected after the alamethicin—lipid bilayer interaction reached
equilibrium and SFG signal became stable (around 1 hour after the injection of the
alamethicin solution into the subphase of the lipid bilayer). A magnetic micro stirrer was
used to ensure a homogeneous concentration of alamethicin in the subphase below the lipid
bilayer.

SFG is a second-order nonlinear optical spectroscopic technique that has submonolayer
surface sensitivity.2>~70 This surface sensitivity makes SFG an ideal technique to monitor
the reorientation process of submonolayer molecules /n sifu. The details regarding SFG
theories and measurements have been published previously,”-84 and will not be repeated
here. In our experiments, two laser beams (a 532 nm visible and a frequency tunable
infrared) are overlapped in space and time on the sample, generating a signal at the sum
frequency (wyjstwi=wgym). The pulse energies of both input beams are approximately 100
wJ, and the beam sizes are approximately 500 wm. SFG spectra from interfacial alamethicin
in different polarization combinations including ssp (s-polarized output SFG signal, s-
polarized input visible beam, and p-polarized input IR beam) and ppp were collected using
the near total internal reflection geometry. The average orientation of a peptide secondary
structure can be deduced by analyzing the polarized ssp and ppp SFG amide I signal
(between 1600 and 1700 cm™1).

2.3. Orientation Analysis

In our previous studies, we showed that SFG spectra collected from alamethicin at interfaces
contain two peaks.2”:28 The 1671 cm™1 signal is contributed by the alamethicin a-helical
component, and the signal centered at 1638 cm™1 is generated by the 31-helical structure.
The peptide orientation information can be obtained by relating the SFG nonlinear optical
susceptibility tensor element x ji(/, j, kK = x, y, 2) to the SFG molecular hyperpolarizability
tensor element B/, m, n = a, b, ¢). We have developed orientation analysis methods to
determine orientation angles of a-helical and 31g-helical structures by using SFG amide |
spectra collected with ssp and ppp polarization combinations. Such details have been
introduced in our previous papers and will not be repeated here.#>46 The orientation analysis
method has been successfully applied to examine the membrane orientation of peptides and
proteins such as alamethicin,27-28 magainin 2,%6 cecropin P1,42 MSI-78,%3 pPep-1,47
melittin,#® cytochrome b5,4% and G-proteins.4450

3. Results and Discussion
3.1 Orientation of Alamethicin in a POPC/POPC Bilayer

After the alamethicin stock solution was injected into the subphase of a POPC/POPC
bilayer, the SFG signal at 1671 cm~1 was detected and then monitored as a function of time.
The SFG signal intensity at 1671 cm™ increased gradually and became stable at about one
hour after the introduction of alamethicin solution to the subphase. The ppp and ssp
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polarized SFG spectra of alamethicin in a POPC/POPC bilayer were collected. Figure 1
shows the SFG spectra collected at about one hour after a 0.84 wM (top) or 15.6 uM
(bottom) alamethicin solution was injected into the subphase in contact with the POPC/
POPC bilayer.

At a lower alamethicin concentration of 0.3 M, no discernible SFG amide | signal from
alamethicin in the lipid bilayer could be detected (data not shown). This can be explained by
the fact that the interaction between alamethicin molecules and POPC/POPC bilayer could
be very weak at this low peptide concentration. Not enough alamethicin molecules segregate
to the lipid bilayer surface and thus no SFG signal can be detected. At the peptide
concentration of 0.84 M, we observed three peaks in the SFG spectra: a dominant peak
centered at 1671 cm™1, originated from the alamethicin a-helical structure, a 1638 cm™1
peak contributed by the 31o-helix, and a 1705 cm™1 signal generated by the carbonyl group
of the lipid bilayer.28 The solid lines in Figure 1 are the fitting results, and the corresponding
fitting parameters are listed in Table 1. The details of the SFG peak fitting methods have
been described in previous publications and will not be reiterated here.*® According to the
fitting results, we obtained the measured SFG ppp and ssp signal strength ratio (or x ppp/
Xssp) Of 2.29 for 0.84 pM and 1.80 for 15.6 pM at 1671 cm™1, and 2.04 for 0.84 uM and
1.77 for 15.6 uM at 1638 cm™L. By using these ratios, we can determine the orientation
angles of different secondary structures of alamethicin in the POPC/POPC bilayers at
different peptide concentrations.

Alamethicin consists of two helical segments due to the presence of the helix-breaking Pro
14 residue. According to the previous publications,2”-28 the a-helical structure which
contains residues 1-13 contributes to the signal at 1671 cm™1; the 31¢-helical structure
formed by residues 14-20 contributes to the signal at 1638 cm™. Here, we define that the
orientation angle ©1 represents the tilt angle between the principal axis of the a-helical
structure (with residues 1-13) and the POPC/POPC bilayer surface normal, while angle 62
represents the tilt angle between the principal axis of the 31¢-helix (with residues 14-20) and
the POPC/POPC bhilayer surface normal. The definition of the tilt angles of alamethicin in
POPC/POPC hilayer is shown in Figure 2.

Using the relation between the measured x ypp/x ssp ratio for the peak at 1671 cm~1 and the
a-helical orientation angle 61 for a-helix with thirteen amino acids, the orientation angle
can be deduced assuming a &-orientation distribution (Figure 3). The experimentally
measured x ppp/xssp ratio for the peak at 1671 cm™Lis 2.29 for 0.84 M and 1.80 for 15.6
KM, yielding an orientation angle (61) of 88° for 0.84 uM and 37° for 15.6 M.

The relation between the measured x ppp/xssp ratio at 1638 cm™1 and the 31g-helix
orientation angle 6, for a 3;p-helix with seven amino acids can be deduced using the
developed method assuming a &-orientation distribution (Figure 4).4% The orientation angle
(62) was deduced to be 58° for 0.84 .M and 50° for 15.6 pM.

Experiments with 3.6 LM and 10.8 LM alamethicin were also performed. SFG amide |
spectra were collected as described above (not shown). The spectra were fitted and peptide
orientations were deduced.

Table 2 shows the orientation angles of alamethicin a-helical (81) and 31¢-helical (6,)
segments associated with the POPC/POPC bilayer at four different peptide concentrations.
As shown in Table 2, after the peptide concentration was increased, the tilt angle 6,
decreased substantially, indicating that the orientation of the a-helical segment in
alamethicin changed from “surface lying down orientation” to “transmembrane orientation”
in the POPC/POPC bhilayer. At a concentration of 0.84 LM, the a-helical segment (6,)
adopts a tilt angle of 88° from the bilayer normal; almost completely lying down on the lipid
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bilayer. At a peptide concentration of 3.6 LM, the orientation angle decreased from 88° to
59°. When the peptide concentration further increased to 10.8 1M, the orientation angle
decreased to 46°. As the concentration increased to 15.6 pM, the orientation angle of a.-
helical segment in alamethicin was determined to be approximately 37° relative to the
bilayer normal, similar to a transmembrane orientation. This shows that the increase in
peptide concentration induces the a-helical segment in alamethicin to change orientation
from the “perpendicular to the POPC/POPC bilayer normal or lying down orientation” to the
“parallel to the bilayer normal or standing up orientation”. However, the tilt angle of 34¢-
helix (6,) only decreased slightly, from 58° to 50° when the peptide concentration increased
from 0.84 .M to 15.6 .M. This indicates that the orientation angle of 31g-helix remains
almost the same at different peptide concentrations.

Figure 5 shows schematics of membrane orientations of alamethicin at the solution
concentrations of 0.84 uM (top) and 15.6 .M (bottom). At the low concentration of 0.84
KM, the a-helical segment is oriented on the bilayer surface with a tilt angle of 88°, while
the 31p-helix is oriented on the bilayer surface with an angle of 58°. In this situation, the
alamethicin molecule lies down on the POPC/POPC bilayer. Because the 31g-helix is
hydrophilic,22 we believe that it oriented outside of the hydrophobic core of the lipid bilayer
at a low peptide concentration. At the high alamethicin concentration of 15.6 uM, the a.-
helical segment inserts into the lipid bilayer at an angle of 37°, the 31¢-helix is oriented at an
angle of 50°. The entire alamethicin molecule inserts into the lipid bilayer.

Our results showed that the alamethicin molecules lie down on the lipid bilayer surface at
low peptide concentrations, while they stand up on the bilayer surface at high peptide
concentrations. The oriented circular dichroism (OCD) experimental results indicated that
the axes of the helical peptides are oriented parallel to the plane of the membrane at low
peptide concentrations and are perpendicular to the plane of the bilayer at high peptide
concentrations,2%26 which agree with our SFG results. It was believed that while at low
peptide concentrations the energy level of the peptide surface adsorption state is lower than
that of the peptide pore forming state. At high peptide concentrations, the former eventually
exceeds the latter and, hence, the transition from peptide lying down to membrane insertion
at a high peptide concentration occurs.?® That is to say, at different peptide concentrations,
the membrane—peptide interactions are different. The molecular details should be further
investigated in the future. It was also concluded that the alamethicin a-helix segment is
more hydrophobic and 3;g-helix segment is more hydrophilic,22 so the a.-helical segment
prefers to insert into the lipid bilayer while the hydrophilic 31g-helix should be oriented
outside of the hydrophobic core of the lipid bilayer at high peptide concentrations (Figure 5).

Our previous studies on interactions between helical peptides and lipid bilayers including
MSI-78,%3 cecropin P1,%2 and melittin®® indicated that at high peptide concentrations, the
SFG data cannot be interpreted using a single orientation distribution. It was believed that
multiple orientations of peptides associated with lipid bilayers exist, which is due to the
toroidal mode of action. In the toroidal mode, the peptides can have varied orientations
while forming transmembrane pores. Here, a single orientation angle distribution can satisfy
the observed SFG data for the entire peptide concentration range investigated. Therefore, we
believe that this is due to the barrel-stave mode of action, in which all the peptides more or
less stand up in the membrane.

It was shown that the orientation of the alamethicin (which dependent on the peptide/lipid
ratio) is related to its activity.2326 However, in those studies, samples were prepared
differently and peptides were mixed with lipids directly. While in this work, we use planar
supported lipid bilayer system and injected peptide solutions with different concentrations
into subphase. Therefore it is difficult to correlate our results to those data. Our experiments
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are more closely related to the physiologically relevant conditions. To summarize, we reveal
the relationship between alamethicin concentration and the alamethicin orientation, and
point out the concentration-dependent change of the peptide from its inactive state of lying
down on lipid bilayer to the active state of forming transmembrane pores.

3.2. Binding process of alamethicin with the POPC/POPC lipid bilayer

We also followed the kinetics of the alamethicin-POPC/POPC bilayer association at
different peptide concentrations. Such kinetics can be monitored by detecting the SFG amide
I signal intensity change as a function of time.

Figure 6 shows the time-dependent SFG ssp spectral intensity changes at 1671 cm™1 (from
the a-helix structure) at 0.84 M (top) and 15.6 LM (bottom) peptide solution
concentrations. The alamethicin stock solution was injected at 200 s into the lipid subphase.
For both of low and high concentrations, the SFG intensity at 1671 cm™1 increased sharply
at first, followed by a decrease and another increase. It is well known that the SFG signal
depends on both the number density of signal-generating functional groups and the
orientation of such functional groups.

When the peptide molecules were injected into the subphase at 200 s, the alamethicin
solution concentration in the subphase is much higher than the peptide concentration
associated with the lipid bilayer. Due to diffusion, the number of alamethicin molecules
bound to the POPC/POPC bilayer should increase until equilibrium is reached. The increase
should be monotonic as a function of time. The final alamethicin surface coverage on the
lipid bilayer is related to the peptide concentration in subphase. If the alamethicin molecules
always adopt a similar orientation on the lipid bilayer during the whole binding process, the
SFG intensity should increase monotonically as a function of time, and finally become
stable. But we observed that the SFG intensity dropped around 350 s in our experiment. As
mentioned previously, SFG intensity changes can be a result of either the change of number
density of the peptide on the membrane, or the reorientation of the peptide secondary
structures, or a combination of both. We believe that the SFG intensity decrease at 350 s
may be due to the reorientation of the lipid bilayer associated alamethicin molecules. Based
on our calculation, the helical peptides have the maximum ssp SFG amide I signal intensity
when they stand up at the interface and have the minimum ssp SFG amide | signal intensity
when they lie down on the surface. Perhaps, the lipid bilayer associated alamethicin
molecules initially stand up, then some of these peptide molecules changed orientation and
tilted more towards the surface. Therefore, the SFG intensity decreased even when more
peptide molecules were associated with the lipid bilayer. This orientation change process is
fast, and takes about ~100 s. The SFG amide | signal intensity increased again at ~500 s
because more alamethicin molecules became associated with the POPC/POPC bilayer and
no further orientation change occurred.

At the low peptide concentration of 0.84 M, the ssp SFG amide | signal intensity from
alamethicin in the lipid bilayer no longer increased after 4000 s. However, at a high peptide
concentration of 15.6 pM, the SFG amide I signal intensity reached a plateau at 2000 s. This
indicates that alamethicin needs less time to reach equilibrium to associate with the POPC/
POPC bilayer when the peptide concentration is higher.

4. Conclusion

It was found that the alamethicin molecules adopt varied orientations in model cell
membranes (POPC/POPC bilayers) at different peptide concentrations. They lie down on the
lipid bilayer surface at a low peptide concentration of 0.84 wM: The a-helical segment
orients at about 88° versus the surface normal, while the 31g-helical segment tilts at about
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58° versus the surface normal. When the peptide concentration increases, the alamethicin
molecules can insert into the lipid bilayer and change the membrane orientation. When the
peptide concentration reaches 15.6 M, alamethicin molecules insert into the lipid bilayers:
The a-helix tilts at about 37° versus the surface normal, and the 3;p-helix tilts at about 50°
versus the surface normal. It is interesting to observe that over this entire peptide
concentration range, the orientation angle of the a-helical segment changed substantially,
while the orientation of the 319-helical structure only changed slightly. Also, the observed
SFG data can be interpreted by a single orientation distribution over the peptide
concentration range investigated, indicating the barrel-stave mode of action.
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Scheme 1.
Molecular structure of the lipid POPC:
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Figurel.
SFG ppp and ssp amide | spectra collected from a POPC/POPC bilayers in contact with a
0.84 1M (top) or 15.6 M (bottom) alamethicin solution.

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2014 February 21.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Yang etal.

Page 14

Figure2.
The definition of the two tilt angles of alamethicin associated with a POPC/POPC bilayer.
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Figure 3.
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Relation between the x ppp/x ssp ratio and the a-helical segment orientation angle in a POPC/
POPC bilayer (assuming a delta angle distribution). The dotted lines are experimental data.
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Figure4.

Relation between the x pnp/x ssp ratio and the 3;q-helical structure orientation angle in a

POPC/POPC bilayer (assuming a delta angle distribution). The dotted lines are experimental
data.
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Figurebs.
Schematics showing the orientation of alamethicin in a POPC/POPC bilayer at 0.84 M

(top) or 15.6 M (bottom) peptide solution concentration.
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Fitting parameters and fitting errors for SFG spectra shown in Figure 1. The fitting errors are included in
parentheses. x NR IS the nonresonant background, A is signal strength, w is resonant frequency and I' is

damping coefficient. More details about the SFG peak fitting method can be found in reference 46.

Table 1

0.84 pM alamethicin solution

15.6 .M alamethicin solution

sp ppp sp ppp
(A/D)ppp (A/D)ppp
(A/D)sgp (A/T)ggp
X NR -0.80 -0.43 -0.65 1.47
Peak1l A 11.4(17)  233(2.3) 262(L7)  46.3(3.1)
olm) 1638 1638 2.04 1638 1638 1.77
rem) 9.0 9.0 9.0 9.0
Peak2 A 69.0(1.8) 158.0(1.8) 169.3(17) 304.8(2.7)
wlm) 1671 1671 2.29 1671 1671 1.80
I(cm™) 18.0 18.0 18.0 18.0
Peak3 A 17.8(2.3)  23.1(3.3) () ()
wlem) 1705 1705 1.30 1705 1705 /
I(cm™) 12.0 12.0 12.0 12.0
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Table 2

Orientation angles deduced from SFG data for a.-helical segment (61) and 31g-helical segment (6,) in
alamethicin associated with the POPC/POPC bilayer with different peptide solution concentrations.

Solution concentrations | 61, a-helix | 8,, 3;o-helix
0.84 uM 88° 58°
3.6 M 59° 56°
10.8 pM 46° 53°
15.6 pM 37° 50°
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