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ABSTRACT:. An 18-residue peptide, KWGAKIKIGAKIKIGAKI-NH was designed to form amphiphilic
pB-sheet structures when bound to lipid bilayers. The peptide possesses high antimicrobial activity when
compared to naturally occurring linear antimicrobial peptides, most of which adopt an amphiph#iical
conformation upon binding to the lipids. The perturbation of the bilayer by the peptide was studied by
static3!P and?H solid-state NMR spectroscopy using POPC and POPG/POPC (3/1) bilayer membranes
with sn-1 chain perdeuterated POPC and POPG as the isotopic |&feiMR powder spectra exhibited

two components for POPG/POPC bilayers upon addition of the peptide but only a slight change in the
line shape for POPC bilayers, indicating that the peptide selectively disrupted the membrane structure
consisting of POPG lipidH NMR powder spectra indicated a reduction in the lipid chain order for
POPC bilayers and no significant change in the ordering for POPG/POPC bilayers upon association of
the peptide with the bilayers, suggesting that the peptide acts as a surface peptide in POPG/POPC bilayers.
Relaxation rates are more sensitive to the motions of the membranes over a large range of time scales.
Longer3'P longitudinal relaxation times for both POPG and POPC in the presence of the peptide indicated
a direct interaction between the peptide and the POPG/POPC bilayer mempBiRi@sgitudinal relaxation

studies also suggested that the peptide prefers to interact with the POPG phospholipids. However,
inversion-recovery?H NMR spectroscopic experiments demonstrated a change in the relaxation rate of
the lipid acyl chains for both the POPC membranes and the POPG/POPC membranes upon interaction
with the peptide. Transverse relaxation studies indicated an increase in the spectral density of the collective
membrane motion caused by the interaction between the peptide and the POPG/POPC membrane. The
experimental results demonstrate significant dynamic changes in the membrane in the presence of the
antimicrobial peptide and support a carpet mechanism for the disruption of the membranes by the
antimicrobial peptide.

A large number of antimicrobial peptides have been The absence of cysteine residues precludes the formation of
studied recently because of their potential to serve as medicakither inter- or intramolecular disulfide bonds to stabilize
alternatives to antibiotics1( 2). These defense peptides the secondary structure. In a previous paper, CD and FTIR
usually possess a net positive charge and are able to formspectroscopy results showed that this peptide does indeed
an amphipathic structure when bound to phospholipid adopt §3-sheet conformation when bound to anionic POPG
bilayers. Many of these antimicrobial peptides, such as PGLalipids and forms a random structure in association with pure
(3, 4 and magaininsg, 6), adopt an amphipathie-helical POPC bilayers®). One important factor in determining the
conformation when interacting with the membrane. Con- potential application of these antimicrobial peptides is the
versely, some antimicrobial peptides form an amphipathic ability of the peptides to disrupt prokaryotic membranes at
f-sheet structure because of their intrinsic intramolecular concentrations that are not harmful to host membranes. The
disulfide bonds®). In this paper, a novel linear amphiphilic  antimicrobial and hemolytic activity of KIGAKI showed
[-sheet cationic antimicrobial peptide KIGAKI was used. higher antimicrobial activity than PGLa and magainins and
This peptide was designed to have a high hydrophobic an increased selectivity between bacterial and mammalian
moment value (0.63) for g3-sheet structure and low cells (7, 8).
hydrophobic moment value (0) for arhelical structure?).
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While these functional properties appear promising, no In this study,’H-labeled POPC and POPG acyl chains
studies on KIGAKI have been reported to address the origin were used to localize the influence of the peptide on each
of the selectivity at the molecular level. To obtain a better lipid class in the bilayer. The static powder spectra®ef
understanding of the mechanism of the antimicrobial activity from the lipid headgroups anéH from the acyl chains
and selectivity of this peptide, solid-state NMR longitudinal showed significant difference between POPC bilayers and
(T,) and transverse relaxatiom§ experiments are reported POPG/POPC bilayers, indicating that KIGAKI interacts with
here that examine the effects of KIGAKI on membrane these membrane systems in a selective manner. We propose
structure and lipid mobility. that this short cationic peptide aggregates iftsheet

Recently, solid-state NMR spectroscopy has been widely structures and disrupts the membrane through an electrostatic
applied to studying short membrane active peptides, suchinteraction at the surface of the bilayers when it binds to the
as human LL-37, HIV intracellular domain gp41, magainin, membrane containing anionic lipids, such as POPG. The
protegrin-1, and colicin la3—6, 9-15), using uniformly relaxation studies carried out in this work reveal unique
labeled or site-specifically labeled peptides while details dynamic information over a large time scale range that further
of the dynamic and conformational information were ob- supports this mechanism. A significant change occurs in the
tained. Little useful information about the dynamics of the 3P T, andT; relaxation times at the surface of the bilayers
phospholipid bilayer membranes could be determined from as well as théH relaxation times in the hydrophobic interior
these results. Stati#P and?H solid-state NMR spectros-  of the bilayers upon addition of the KIGAKI peptide. A
copy are the most common techniques used in studyingcomplete picture of the membrane dynamics in the presence
the perturbation of the phospholipid bilayers by peptides. In of the antimicrobial peptide is discussed.
fact, the bilayer membranes possess a variety of motions with
a hierarchy of correlation times, including the fasins- MATERIAL AND METHODS
gauchesomerization of acyl chains (1#—107°s), the long Material. POPC, POPG, POPGs;, and POPG3;; were
axis rotation of the lipids (10—10°8 s), the lipid lateral purchased from Avanti Polar Lipids (Alabaster, AL) and used
diffusion (1081077 s), and the whole membrane slow-order without further purification. All phospholipids were dissolved
director fluctuations whose correlation times depend on in chloroform and stored at20 °C prior to use. Deuterium-
membrane size and thicknes$6). Depending upon the  depleted water was obtained from Isotec (Miamisburg, OH).
nature of the interaction, the peptide can modify these HEPES, TFE, and EDTA were obtained from Sigma/Aldrich
motions in different time scale47). It is very important to (St. Louis, MO). The antimicrobial peptide KIGAKI was
choose the appropriate technique to detect these motionssynthesized using Fmoc chemistry by ResGen (Huntsville,
One type of interaction may appear fast (averaged) andAL). The crude peptides were purified by reverse-phase
featureless when viewed by one technique, but slow (discrete)HPLC. The purity of the peptide>(95%) was checked by
with the other techniques. Solid-state NMR spectroscopy is reverse-phase HPLC and electrospray mass spectrometry.
a powerful method that can determine molecular motions NMR Sample PreparatioMLV samples containing either
over a wide range of time scaled6). The averaging POPC MLV or POPG/POPC (3/1) MLV were prepared
deuterium quadrupolar interaction can detect molecular according to the following procedure (25). The phospholipid
motions of~10—-100 kHz, and the averagirngP chemical mixture (0.1 mmol) was first dried under a steady stream of
shift anisotropy is effective for probing rates e#i—6 kHz N, gas for~30 min to remove the organic solvent. The
(16). Moreover, NMR relaxation time measurements are deuterated lipids represented 15 mol % of the total phos-
more appropriate to probe the dynamics of the phospholipid pholipids. The sample was then left under a high-vacuum
bilayers (8). The longitudinal relaxation timeT() is desiccator overnight. MLVs were formed by resuspension
sensitive to the lipid molecular motions in the nanosecond- of the dry lipids in 19Q:L HEPES buffer (5 mM EDTA, 20
to-microsecond time scale, which includes rapid conforma- mM NaCl, and 30 mM HEPES, pH 7.0) with frequent
tional changes of lipid acyl chains and polar headgroups andvortexing to homogenize the sample. Samples were then
long axis rotations and diffusion of the lipids (fast molecular allowed to sit in a warm water bath (3C) for 20 min. The
motion) (9—21). The transverse relaxation tim&@,) is peptides were dissolved in 100 TFE and sonicated for
sensitive to motions in the millisecond range, which is 10 min. Bilayer samples with peptides were prepared by
effective for measuring collective lipid motions in the bilayer mixing the peptides in TFE solvent with phospholipids in
(slow molecular motion)22—24). chloroform followed with the same drying procedure de-

Two biologically relevant membrane systems were studied scribed above. Next, the samples were hydrated using 190
here. Multilamellar vesicles (MLVs) containing either POPC uL HEPES buffer (5 mM EDTA, 20 mM NaCl, and 30 mM
or a mixture of POPG and POPC at 3/1 molar ratio. POPC HEPES, pH 7.0). After vortexing, the samples were put in a
is a neutral zwitterionic phospholipid that is abundant in water bath (5¢C) for 20 min.
mammalian cell membranes. POPG is an anionic lipid that NMR SpectroscopyAll experiments were recorded on a
is commonly found in bacterial plasma membranes. POPE Bruker Avance 500 MHz WB solid-state NMR spectrometer
is also an important lipid in bacterial plasma membranes thatusing a 4 mmtriple resonance CPMAS probé'P static
regulate the lytic activity of KIGAKI (7). However, in this  NMR spectra were acquired at 202.4 MHz using a spin
paper, only POPC and POPG lipids were studied and echo pulse sequence with proton decouplfibstatic NMR
compared to elucidate the role that anionic lipids play upon experiments were performed at 76.77 MHz using a quadru-
association of KIGAKI with the membrane. The function polar echo pulse sequence. The §dlses used fot'P and
of POPE lipids as well as the interaction between the ?H were 4.0 and 3.@s, respectively.
membranes and similar antimicrobial peptides such as 3P Ty, longitudinal relaxation experiments were conducted
(KIAGKIA) ; will be investigated in the futurery. using an inversiortrecovery pulse sequence 28D-90°-acq.
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The delay time ) was varied from 10.0 ms to 6.0%8P T,

Lu et al.

studies. Three MLV samples consisting of POPC/PQR,(C-

transverse relaxation experiments were studied using aPOPG/POPC/POP@;, and POPG/POPC/POPE3: were

spinecho sequence 99-180°-r-acq. The innerpulse delay
time (r) was varied over a range from 24348 to 99.994
ms. The*'P solid-state NMR relaxation study was conducted

studied with and without peptide. First, the st&fie and®H
NMR powder spectra were compared for the POPC and
POPG/POPC (3/1) MLVs. Then, th&P and?H NMR

when the sample was spun at 4 kHz at the magic angle. Forlongitudinal relaxation times were measuréé? and?H

the 3'P transverse relaxation experiments, rotor synchroniza-

tion was used 26, 27). 2H Ty, longitudinal relaxation
experiments were recorded using the inversigtovery
quadrupolar echo sequence 18090°-7-90°-z-acq. The
delay time ) was varied from 2.0 ms to 1.5 8H T,

NMR transverse relaxation were then performed only for
POPG/POPC (3/1) MLVs.

31p and?H Solid-State NMR Spectroscopy of POPC and
POPG/POPC MLVs Interacting with KIGAKIStatic 3P
solid-state NMR spectra were collected for POPC lipid

transverse relaxation experiments were carried out using adispersions with different peptide concentrations (from 0 to

standard quadrupolar echo pulse sequencé:r30°-z-acq.
The innerpulse delay timer was varied between 105
to 6.0 ms 28). The3'P and?H spin—lattice relaxation rates

8 mol % with respect to the total lipid concentration) as a
function of temperature (spectra not shown). THe NMR
spectra indicate the formation of MLVs in thg phase. The

of membrane bilayers are anisotropic and depend on the3!P NMR spectrum for POPC MLVs at 2% revealed an

angle between the bilayer normal and the magnetic f2® (

In this study, unoriented MLVs were used in combination
with MAS. Thus, the rapid diffusion of the lipid molecules
over the curved surface of the MLVs and MAS will average
out this orientation dependenc2dj.

NMR Data AnalysisPowder-type?H NMR spectra of
multilamellar dispersions of POP@; or POPGel;; were

axial symmetric line shape with a CSA of approximately 50
ppm (Figure 1A). The spectral line shape retained axial
symmetry with no change in the CSA in the presence of 4
and 8 mol % KIGAKI. The*P NMR powder spectra with

4 mol % KIGAKI were easily simulated with one spectral
component. The phosphocholine headgroup has a large dipole
moment and behaves like a sensitive “molecular electrom-

deconvoluted (dePaked) using the algorithm of McCabe andeter” (34). An increase in the surface positive electric charge

Wassall 80). The spectra were deconvoluted such that the
bilayer normal was parallel with respect to the direction of
the static magnetic field. Th# order parameterSp were
calculated according to the equatioBizp = Avi/(3/2(€qQ/

h)), where Av; is the quadrupolar splitting for a deuteron
attached to théh carbon of the POPC or POPG acyl chain,
and éqQ/h is the quadrupole coupling constant (168 kHz
for deuteron in G-D bonds) 81, 32). The order parameters
of the methyl groups at the end of the acyl chain were 3
times of the calculatedp (31). Powder-type®'P NMR
spectra of POPG/POPC MLVs associated with 4 mol %
peptide with respect to the total lipids concentration were
fitted using two components with the DMFIT prograB8].

For the3!P anc?H longitudinal relaxation study, the change
in the area under a particular peak was fitted to a single-
exponential function:(t) = 1(0) — A exp(~t/T;), wherel (0)
is close to 1 and\ is about 2 28). The standard deviation
of each®'P T, value is within+0.005 ms. ThéH longitudinal
relaxation rateR;; = 1/T;. The standard deviation of each
Ry, value is within40.02 s. A double exponential decay
I(t) = Asexp(—2t/T,s) + As exp(—2t/T,F) was used to fit the

should change both the orientation of ttfe-N* dipole and
the corresponding'P CSA. The lack of a significant CSA
change suggests little or no electrostatic interaction between
the cationic peptide and the POPC headgroups. The intensity
ratio between the; edge and the edge, however, changes
upon addition of the peptides. The slight change in the line
shape indicates that the peptide perturbs the fast motion of
the lipid headgroup3ps, 36).

The static®P NMR spectra of POPG/POPC MLVs are
shown in Figure 1B,C. The single CSA o#0 ppm observed
for POPG/POPC MLVs is much smaller than the CSA of
pure POPC MLVs {50 ppm).3'P CSA values of-37 ppm
for pure POPG bilayers3{) and~48 ppm for pure POPC
bilayers B84) have been reported. The single CSA value for
POPG/POPC MLVs supports a direct interaction between
the headgroups of POPC and POPG and no lateral phase
separation of the lipids in this binary lipid mixture over the
NMR time scale. However, the powder pattern spectra of
mixed POPG/POPC MLVs at 4 mol % peptide concentration
were able to be deconvoluted into two different components
using the DMFIT simulation program. The isotropic com-

31p transverse relaxation data. The standard deviation of thePOnent contributes about 28% to the whole peak area, and

Tos value (the slow component with longélP transverse
relaxation time) is within+0.5 ms, whereas the standard
deviation of theT,r value (the fast component with shorter
31p transverse relaxation time) is within0.1 ms. For the

H transverse relaxation study, the decay of the peak area

was fitted to the equationk(t) = A exp(—2t/T,), whereAis
about 1 p8). The standard deviation of eadn value is
within £0.1 us. The fitting was performed using Igor Pro
Carbon version 4.05A (WaveMetrics Inc.) on a G5 Mac
computer.

RESULTS

The effect of the antimicrobial peptide KIGAKI on the
dynamic properties of phospholipid bilayers was examined
using3'P anc®’H NMR longitudinal and transverse relaxation

the anisotropic component with a CSA of approximate 40
ppm contributes about 72% (Figure 1D). The two compo-
nents correspond to two different phospholipid species. These
results clearly indicate that the antimicrobial peptide selec-
tively perturbs and alters the POPG membranes.
Solid-state?H NMR spectra were obtained for POPC and
POPG/POPC phospholipid bilayers with peptide concentra-
tions of 0 and 4 mol % with respect to the phospholipids.
The ?2H NMR spectra for POPC MLVs with peptide
concentrations of 0 and 4 mol % at 30 are shown in Figure
2A. The?H NMR spectra for POPG/POPC MLVs with either
POPCéds; or POPGes; as the deuterium labels at 26 are
shown in Figure 2, panels B and C, respectively. The
resolution decreased significantly at a peptide concentration
of 4 mol %. The phospholipid molecule in the bilayer is
characterized by an axial-symmetric motion with fast rotation
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Ficure 1: (A) 3P NMR powder spectra of POPC MLVs at 26.
Thesolid linerepresents the spectrum of the control POPC MLVs.
The dash line represents the spectrum of the POPC MLVs with 4 , .
mol % antimicrobial peptide. The dotted line represents the .. e
spectrum of the POPC MLVs with 8 mol % antimicrobial peptide. I I I T |
(B and C)3*'P NMR powder spectra of POPG/POPC/PO®RCEB)
MLVs and POPG/POPC/POPG3; (C) MLVs at 25°C. The solid 40 20 0 -20 -40
line represents the spectra of the control sample, while the dash %4 (kHz)
line represents the spectra of MLVs with 4 mol % peptide. (D) .
The best fitting ofP NMR spectrum of POPG/POPC/PORIG- FiGurRe 2: 2H NMR powder spectra of POPC MLVs with and
MLVs at 25 °C using the DMFIT program3@). Two spectral without the antimicrobial peptide, using PORIg;-as the isotopic
components are used to simulate the spectrum. One anisotropidabel at 36°C (A). 2H NMR powder spectra of POPG/POPC MLVs
component (dash line) and one isotropic component (dotted line), With and without the antimicrobial peptide, using POBgas the
contributing approximately 72% and 28%, respectively, to the total iSotopic label (B) or using POP@z, as the isotopic label (C) at

peak area. The sum of the two components is shown in solid line. 25 °C. The solid line represents the spectra of the control sample,
while the dash line represents the spectra of the MLVs with 4 mol

around the long molecular axis and a slower reorientation % peptide. ThéH quadrupolar splittings decrease down the acyl
rate perpendicular to the axidg). The fast rotation gives a ~ ¢hain toward the center of the bilayer, with the smallést
sharp peak at ther, edge. The decrease in resolution quadrupolar splitting corresponding to the methyl groupsGD
ore ! . j . the end of the lipid acyl chair{, 48).
indicates that interactions with the peptide have changed the
motion of the lipids. An isotropic peak also appears at the shown in Figures 3 for each MLV sample. The degree of
higher peptide concentration, indicative of an isotropic ordering slightly decreased along the whole acyl chains for
reorientation, which is in slow exchange with the remaining POPC MLVs in the presence of KIGAKI. Conversely, for
lipids in the bilayers on the solid-state deuterium NMR time the mixed POPG/POPC MLVs, the degree of ordering of
scale (~10°% s) (16). The results clearly show that the each GC-2H did not change in the presence of the peptide
antimicrobial peptide perturbs the membranes for all of the using either POPC or POPG as the deuterium label (Figure
samples. 3B,C). The difference in the order parameter changes
The order parameters for each individuat-&l were between Figure 3A and Figure 3B,C indicates that the
calculated after dePakeing tAld NMR spectra. The order  mechanism by which the lipids and peptides interact is
parameter profiles foiH at different carbon positions along  slightly different for the POPC MLVs and the POPG/POPC
thesn-1 POPC orsn-1 POPG phospholipids acyl chain are MLVs.
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Ficure 3: Molecular order parameter profiles with respect to the
carbon positions along the acyl chain of deuterium labeled
phospholipids with and without 4 mol % peptide, calculated from
the dePaked®H NMR powder spectra. (A) POPC/PORIzr
MLVs at 30°C, (B) POPG/POPC/POPG@;; MLVs at 25°C, (C)
POPG/POPC/POP@;; MLVs 25 °C. The solid symbols represent
the data from control MLVs. The open symbols represent the MLVs

| -~ POPC/POPC-d,,
=8~ POPC/POPC-ds, with 4moi% KIGAKI
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with 4 mol % peptide.

31p and?H Longitudinal Relaxation Stud$:P longitudinal
relaxation solid-state NMR studies were carried out for both

16

Lu et al.
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Ficure 4: (A) 3P longitudinal relaxation timesT() as a function

of temperature for POPG/POPC MLVs. The solid symbols represent

the control MLVs. The open symbols represent the samples with 4

mol % peptide. The circles represent POPG phospholipids. The

triangle represents POPC phospholipids. The error bar was obtained

by averaging®'P T, values obtained from three samples with the

same sample components. The inset is the NMR spectrum of control

POPG/POPC bilayers spuh4K at themagic angle. (B) ThéP

T, values differenceAT;) was calculated by subtracting the control

T, value from theT; value of MLVs in the presence of KIGAKI

for both POPG (black bars) and POPC (white bars) phospholipids

at variable temperatures.

respectively (see inset in Figure 4). In the presence of
KIGAKI, both 3P peaks position shift upfield by about 0.05
ppm with a slight line broadening (spectrum not shown).
The 3P chemical shift of the lipids headgroup is sensitive
to the surface charge densiB89j. The binding of the cationic
peptides to the anionic bilayers will shift ti# peak of the
phospholipids headgroup upfield slight§9). These results
demonstrate that the peptide interacts with the POPG/POPC
membrane surface, and the surface charge of the membrane
is reduced.

The 3P longitudinal relaxation timeTg) changes upon
addition of the peptide to the membrane at°’5as shown

POPC and POPG/POPC phospholipid bilayers with and jn Table 1. The3P relaxation timeT; of POPC MLVs

without KIGAKI. Magic angle spinning was employed for

decreases slightly from 763 to 755 ms within the experi-

this section of the relaxation study to give high-resolution mental error when the peptide is added into the bilayers. The
solid-state NMR spectra. The isotropic peak position of error was calculated by the avera#f® T, obtained from
POPC does not change upon addition of the peptide intothree individual samples with the same composition. Con-
pure POPC bilayers. For POPG/POPC mixed bilayers, POPGversely, the®'P T, values increase significantly for both

and POPC exhibit'P isotropic peaks at 0.68 antD.41 ppm,

POPG lipids and POPC lipids once the peptide is integrated
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Table 1. The Comparison 6tP Longitudinal Relaxation Time§;
between Control MLV Samples and MLVs with 4 mol % KIGAKI
for Both POPC MLVs and POPG/POPC MLVs at 26

3P Ty (ms)
SPPTi(ms)  MLVswith 3P AT,
MLVs control 4% peptide (msp

763 3 755+ 5 —8
POPG 764t 3 805+ 5 +41
POPC 768+ 2 800+ 6 +32

aslp AT; (ms) = 3P T; (MLVs with 4 mol % peptide)— 3P T;
(MLVs control).

POPC MLVs
POPG/POPC MLVs

POPC

into the POPG/POPC MLVs at 28C (Figure 4). The
increase in the spinlattice relaxation time upon addition
of the peptide indicates a less efficient longitudinal relaxation
mechanism, probably caused by the interaction between the
peptide and lipids and therefore a reduction in the fast axis
rotational motion of the lipids.

Figure 4A exhibits thé'P T, value changes as a function
of temperature before and after addition of the peptide into
the POPG/POPC MLVs. Th&P T; value of POPG/POPC
MLVs decreases with increasing temperature from 5 to
around 15°C, and then increases at temperatures above 15

2 -1
HR,;(s )

-

)

HR,, (s

8V

Biochemistry, Vol. 44, No. 30, 20090213

—m POPC/POPC-d,,
~B~ POPC/POPC-d,, with 4mol% KIGAKI

°C. The®'P longitudinal relaxation timdj is related to the
correlation time ¢.) of fast molecular motion according to
1m0 (1 + wo %d), wherewy is the Larmor frequency.
If the molecular correlation time fits the equatiagr. = 1,
the relaxation mechanism is the most efficient, and The
relaxation time is at the minimun®6, 27). The molecular

correlation time changes as the corresponding molecular
motion increases at higher temperature. The relaxation

process is most efficient around 1€ for both POPC and
POPG, where the molecular correlation time is ap-
proximately equal to Ido. A significant difference between
POPC and POPG lipids is found at 35 and°@5for POPG/

POPC membranes with the addition of 4 mol % peptide.
POPG lipids experience a large increase in their correspond-

ing 3P T, values, while the!P T, values of POPC lipids
only increase slightly at high temperatures.

Figure 4B shows the difference in tB#¥ relaxation time
T, values P AT;) between the control sample and POPG/
POPC MLVs with 4 mol % KIGAKI at variable temperatures
for both POPG and POPC phospholipids. Generally3the
T, value increases upon association of KIGAKI with the lipid
bilayers. Over a wide temperature range(to 45°C), the
increase in the value of the POP& relaxation timeT; is
greater than the corresponding increase in the PGPC
relaxation timeT;. However, at 45°C, the POPG3P
relaxation timeT; increases in the presence of KIGAKI,
whereas the POPE&P T, decreases in the presence of the
antimicrobial peptide.

Additionally, a?H longitudinal relaxation study for POPC
bilayers with POPGls; utilizing an inversior-recovery pulse
sequence was carried out at 3C. The longitudinal
relaxation rate Ry, profiles for 2H at different carbon

—&— POPG/POPC/POPC-dy,
| —A— POPG/POPC/POPC-ds, with 4mol% KIGAKI

-1
HR,z(s )

15—

—8— POPG/POPC/POPG-d,,
—6— POPG/POPC/POPG-d,, with 4mol% KIGAKI

51 ] 1 ] 1 ] 1 ]
4 8 12

Carbon Number

FicURE 5: 2H NMR longitudinal relaxation rat&;, profiles with
respect to the carbon positions along the acyl chain of deuterium-
labeled phospholipids with and without 4 mol % peptide. (A) POPC/
POPCéds; MLVs at 30 °C, (B) POPG/POPC/POPGs; MLVs at

25 °C, (C) POPG/POPC/POP@; MLVs at 25 °C. The solid
symbols represent the control MLVs data. The open symbols
represent the data with 4 mol % peptide. The error of each
individual?H Ry, value is obtained by averagifl Ry, values from

two samples with the same sample components.

show a slight decrease in the ordering of the®8 groups

positions along the POPC phospholipids acyl chain are shownalong the whole acyl chain of POPC in the presence of the

in Figure 5A. The relaxation ratésl R;, decrease monotoni-
cally with C—2H group position going from the interfacial

peptide (Figure 3A). Figure 5, panels B and C, exhibits the
°H longitudinal relaxation rateR;, of POPCds; and POPG-

segments of the membrane to the terminal methyl group of dz1, respectively in the POPG/POPC (3/1) phospholipid

the lipid acyl chain. In the presence of KIGAKI, theél
relaxation ratesR;, decrease. This is consistent with the
results obtained from th& order parameter studies, which

bilayers with and without 4 mol % KIGAKI at 28C. The
°H Ry, rates of both lipids decrease upon association of the
antimicrobial peptide with the bilayer.
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o FIGURE 7: 2H transverse relaxation timed,j as a function of
Temperature (°C) temperature for POPG/POPC MLVs with PORIG-as the isotopic
Ficure 6: 3P transverse relaxation tim& as a function of label. The solid symbols represent the control MLVs data. The open

temperature for POPG/POPC MLVs. The solid symbols represent Symbols represent the sample with 4 mol % antimicrobial peptide.
the control POPG/POPC MLVs. The open symbols represent the

POPG/POPC MLVs with 4 mol % peptide. The triangles represent deuterium labels. The relaxation tifiedecreases by a factor
the POPG slow relaxation component. The circles represent theof 2 when the peptide is added into the mixed membrane

POPC slow relaxation component. The diamonds represent the . . . . .
POPG fast relaxation component. The squares represent the POpSimilar results were obtained for POPG/POPC bilayers with

fast relaxation component. POPCads; (data not shown). These results also indicate that
the transverse relaxation is more efficient in the presence of
3P and?H Transerse Relaxation NMR Studi!P solid- the antimicrobial peptide, which agrees with the result

state NMR transverse relaxation tim@s)(were investigated ~ obtained from thé'P transverse relaxation experiments. The
on POPG/POPC lipid mixtures as a function of temperature ?H transverse relaxation time is not very sensitive to
from —5 to 45°C (Figure 6). Since a single-exponential fit temperature changes. Over the experimental temperature
of the data was not adequate, a biexponential fit for both range (15-45°C), the’H T relaxation time does not change
POPG and POPC phospholipids was used. For the POPG#ignificantly.
POPC control sample, théP transverse relaxation tinie
of the fast relaxation component is about2ms for both DISCUSSION
POPG and POPC over the temperature range studied. The K|GAKI is known to form ag-sheet structure when bound
T, value of the slow relaxation component varies over the g5 anionic POPG lipids 7). The minimum inhibitory
range of 26-30 ms. Upon addition of 4 mol % peptide into  concentration of the peptide agair&scherichia coli Sta-
the membrane, the relaxation times of both the slow phylococcus aureysindPseudomonas aeruginogamuch
component and the fast component decrease. The transversger than the naturally occurring peptides magainin2 and
relaxation rate_is sensitive to chgng(_as in slow collective pg| g peptides?, 8). It is believed that the high percentage
membrane motions2@). The reduction in the slow compo-  of anjonic lipids in the bacterial membrane plays a crucial
nent T, relaxation time in the presence of the peptide role in the function of antimicrobial peptides. POPC MLVs
indicates a more efficient relaxation mechanism caused by 3nd POPG/POPC MLVs were used in this study to mimic
the interaction of the antimicrobial peptide with the lipids. the mammalian membrane and bacterial membrane, respec-
°H NMR transverse relaxation experiments were used to tively, to test this hypothesis.
examine the overall slow collective membrane motion for  The Phospholipid Selectty of the Antimicrobial Peptide
POPG/POPC membranes with POBgor POPGeési. The KIGAKI. Static 3P powder pattern NMR spectra clearly
transverse relaxation rates at different carbon positions alongindicate that KIGAKI disrupts POPG/POPC bilayers into two
the acyl chain of POP@s; or POPGds; were calculated  major species at 4 mol % concentration, whereas the peptide
using the dePaketH NMR spectra, and did not show any only slightly perturbs POPC bilayers at twice (8 mol %) this
significant changes between the different-4 groups. peptide concentration (Figure 1). TH& NMR powder
These results confirm that only the collective phospholipid pattern spectrum of POPC MLVs at 4 mol % peptide
motion dominates the relaxation mechanism. Fast molecularconcentration only revealed one axial symmetric component.
motions, such agrans-gaucheisomerizations, which are  This result supports that KIGAKI has a greater ability to
different for each &-2H group, is not the dominant transverse perturb the membrane structure that mimics bacterial mem-
relaxation mechanism. Therefore, the final transverse relax-branes 7).
ation rates were calculated by fitting the total area of all the = The3'P longitudinal relaxation study exhibits a significant
2H NMR peaks. Figure 7 shows tfE transverse relaxation increase in the values of both POPG and PORQpon
time T, at four different temperatures for POPG/POPC association of KIGAKI with POPG/POPC MLVs. However,
bilayers with and without KIGAKI using POP@s; as the the3'P T, values do not change significantly upon association
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of KIGAKI with POPC MLVs (Table 1). The’'P longitu- Since the electrostatic interaction is important to the
dinal relaxation timeT; is sensitive to fast rotational binding between KIGAKI and the mixed POPG/POPC
phospholipid headgroup motion€). The increase in the  phospholipid bilayers, one would expect that the cationic
longitudinal relaxation timeT; indicates a less efficient  peptide would prefer to interact with anionic phospholipid
relaxation mechanism caused by a reduction in the molecularPOPG.3P and?H longitudinal relaxation experiments on
motion of the lipids. The decrease in motion of the lipid POPG/POPC MLVs would show a big difference in the
headgroups clearly indicates that a strong interaction existschange ofT; value between POPG and POPC lipids upon
between the peptide and the POPG/POPC phospholipidaddition of the peptide. However, th&P longitudinal
bilayers. Conversely, there is no significant interaction relaxation experiments indicate that both the POPC and
between KIGAKI and POPC phospholipid bilayers. The POPG lipidT; values increase upon association of the peptide
slight decrease in thé'P T, value upon addition of the  with the mixed POPG/POPC phospholipid bilayers at@5
peptide to the POPC bilayers indicates a small increase inSimilarly, the ?H longitudinal relaxation study displays a
lipid motion. A subtle increase in the lipid motion would similar relaxation rateR;, reduction for both POPG and
result in a slight decrease in ordering for both the lipid POPC samples in the presence of the KIGAKI peptide. To
headgroups and the acyl chains. This agrees well with thefurther elucidate the molecular mechanism of the interaction
static3'P and?H solid-state NMR data (Figures 2a and 3A). between the antimicrobial peptide and the POPG/POPC lipid
The KIGAKHKPhospholipid Interaction Mechanisrihe bilayers,3'P longitudinal relaxation studies on POPG/POPC
interaction mechanism between KIGAKI and the membrane MLVs as a function of temperature were carried out. It is
was analyzed b§H solid-state NMR spectroscopiH order very interesting to observe that the change in*tReT; value
parameters along the lipid acyl chains were calculated for for POPG phospholipids is larger than POPC lipids over a
both POPC MLVs and POPG/POPC MLVs. Both POPG- wide temperature range (Figure 4B). This result supports the
ds; and POPQd;; deuterium labels were used in the POPG/ peptide’s preference to interact with the POPG lipids and
POPC bilayers to distinguish between the different motional indicates that the interaction between the peptide and the
properties of POPG and POPC in the presence of KIGAKI. POPG headgroup is greater than that between the peptide
The ordering along the POPC and POPG acyl chains (Figureand the POPC headgroup.
3B,C) does not change upon association of the peptide with At 45 °C, the POPC and the POPG phospholipitR
POPG/POPC MLVs. This result suggests that there is nolongitudinal relaxationT; values exhibit totally different
significant influence on the packing of the lipid acyl chain changes upon association of the antimicrobial peptide with
upon peptide binding to the POPG/POPC membranes,the POPG/POPC bilayers (Figure 4B). The POPE
indicating that the peptide binds to the POPG/POPC mem-longitudinal relaxatiorl; value decreases, while the POPG
branes near the membrane surface. 31p Jongitudinal relaxatio; value increases significantly.
The ?H order parameter reveals information about the The increase irfl; value indicates an interaction between
amplitudes of the acyl chain fluctuations at different carbon the peptide and lipids and a more restricted phospholipid
positions, while the longitudinal relaxation rates depend on headgroup motion, while a decreaseTinvalue suggests a
both the amplitude of the motion and the corresponding rate relatively less-restricted lipid headgroup motion than the
of the motion 40). °H longitudinal relaxation ratRy, profiles lipids in the control POPG/POPC MLVs. This result can be
exhibit a decrease in the relaxation rate along the POPC acylexplained by the changes in peptidéid and lipid—lipid
chains as well as the POPG acyl chains upon association ofinteractions upon association of KIGAKI with POPG/POPC
the peptide with POPG/POPC MLVs (Figure 5B,C). Con- bilayers. For the binary mixed bilayer POPG/POPC system,
sidering the ordering of the lipids acyl chains does not show only one3P CSA value was obtained (Figure 1B,C) in the
much change in the presence of the peptide, this result clearly*’P powder pattern spectra. Since #e CSAs of pure POPG
indicates that only the rates of the lipids motion are disturbed and pure POPC bilayers are significantly different, the result
upon peptide binding to the lipid bilayers. indicates a strong interaction between the POPG and POPC
The 3P MAS spectra of POPG/POPC MLVs show an headgroups37). Once the peptide is associated with bilayer,
upfield shift in both POPG and POPC isotropic peaks upon the 3P relaxation timeT; of both of the phospholipids
addition of the antimicrobial peptide. TR&# chemical shift increases at low temperature, suggesting there are probable
of the lipid headgroup is sensitive to the surface charge interactions between the peptide and both of the lipids. The
density B9). A decrease in the surface charge density will intensity of all these interactions changes as the temperature
cause an upfield shift in th&P isotropic peak35s, 39). Our increases. At high temperatures (45), if the interaction
result indicates that the binding of the cationic antimicrobial between the POPC headgroup and the peptide becomes very
peptide to the anionic membrane surface decreases thaveak and finally broken and the interaction between the
membrane surface charge density. Conversely, ke POPG headgroup and the peptide is retained, the PEHPC
isotropic peak position of POPC MLVs does not show any relaxation timeT; value would be close to the POP® T;
shift when the peptide is added. TH® CSA value of the  value of the control. However, the result demonstrates a
POPC bilayers is also very sensitive to the changes in decrease in the POP&P T; value when compared to the
membrane surface charge because of its phosphocholineontrol, suggesting that it is important to consider the
headgroup with a large dipole mome8&4(39). The3!P CSA interaction between the POPC and POPG phospholipid
value of pure POPC bilayer remains unchanged upon molecules together. It is more possible that the peptide
addition of the peptide (Figure 1A). These results suggestinteracts with POPG directly and restricts the POPG head-
that the electrostatic interaction plays an important role in group motion. The POPC headgroup motion is only affected
the peptide binding to the POPG/POPC phospholipid bilayers indirectly by the interaction between the POPC and POPG
but not with pure POPC phospholipid bilayers. headgroups. At 45C, the interaction between the POPC
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and POPG headgroups decreases in the presence of thiis more likely that KIGAKI inserts into the lipid headgroup
peptide, causing the POPC headgroup motion to be fasterregion since the perturbation in the motion of the lipids is
than the POPC headgroup motion in the control POPG/POPCclearly observed in both the lipid headgroup and acyl chain
MLVs. These results suggest that the interaction betweenregions.
the phospholipids is strongly affected upon the peptide In conclusion, the cationic antimicrobial peptide acts
binding to the POPG/POPC membranes. differently in POPC and POPG/POPC bilayers. For POPC
Magainin is a surface peptide and disrupts the membranebilayers, the antimicrobial peptide has a weak interaction with
via a carpet mechanism1). The antimicrobial peptide first ~ the membranes although it does perturb the lipids motion
binds at the membrane surface at low concentrations suchslightly in this study. For POPG/POPC mixed bilayer
as a carpet spreading on the flodrl). When the peptide  membranes, the peptide has a strong ability to disrupt the
concentration reaches a threshold value, the membrane willmembrane. The electrostatic interaction between the peptide
be disintegrated into small vesicles. It has been reported thatand the membrane surface is very critical in the initiation of
magainin associates with the lipid headgroups without the binding. The binding of the antimicrobial peptide
significantly disturbing the lipid acyl chain packing even at KIGAKI to the membrane surface disturbs the interaction
very high peptide concentrationd?). In this paper, théH between the phospholipids, changes the dynamics of the lipid
order parameter shows that the acyl chain packing of both motion, and thereby makes the membrane more fragile. The

POPG and POPC is unperturbed in the presence of theresults suggest a carpet mechanism for bilayer disrupdibn (
peptide and supports that the peptide binds to the POPG/45, 46).

POPC membranes near the membrane surfdBeNMR

This research obtains information purely from the perspec-

chemical shift and CSA analysis indicate that the electrostatictive of the phospholipid membranes and demonstrates that

interaction is important in the binding of the antimicrobial

solid-state NMR relaxation experiments, specially designed

peptide KIGAKI to the POPG/POPC membranes. At 4 mol to probe molecular motions, can be extremely powerful in
% peptide concentration, the peptide is able to disrupt the probing membranepeptide interactions.

POPG/POPC membranes into two species with one isotropic

component, which possesses a faster vesicle tumbling motionrREFERENCES
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