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Aggregation of Cateslytin 3-Sheets on Negatively Charged Lipids Promotes Rigid
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ABSTRACT: Cateslytin, a positively charged (5+) arginine-rich antimicrobial peptide (bCgA, RSMRLS-
FRARGYGFR), was chemically synthesized and studied against membranes that mimic bacterial or
mammalian systems. Circular dichroism, polarized attenuated total reflection infrared spectroscopy, 'H
high-resolution MAS NMR, and *H and 3'P solid state NMR were used to follow the interaction from
peptide and membrane points of view. Cateslytin, which is unstructured in solution, is converted into
antiparallel S-sheets that aggregate mainly flat at the surface of negatively charged bacterial mimetic
membranes. Arginine residues are involved in the binding to negatively charged lipids. Following the
interaction of the cateslytin peptide, rigid and thicker membrane domains enriched in negatively charged
lipids are found. Much less interaction is detected with neutral mammalian model membranes, as reflected
by only minor percentages of [3-sheets or helices in the peptide secondary structure. No membrane
destruction was detected for both bacterial and mammalian model membranes. A molecular model is
proposed in which zones of different rigidity and thickness bring about phase boundary defects that

ultimately lead to permeability induction and peptide crossing through bacterial membranes.

The increasing resistance of bacteria to conventional
antibiotics makes the development of new modes of treatment
essential. Over the past few years, antimicrobial peptides
(AP)' have been presented as a potential solution to this
problem: whereas classical antibiotics act specifically on
biosynthetic pathways, antimicrobial peptides may directly
destabilize the lipid membrane and constitute a promising
alternative strategy for fighting microorganism action. These
peptides were first identified in the hemolymph of insects
and in the secretion of immune cells (/). Insects are indeed
the only organisms that produce such peptides as part of a
systemic response induced by microorganisms. For mam-
mals, these peptides are part of the innate immune system
that constitutes a first host defense line by controlling natural
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flora (2). By 2007, more than 700 different antimicrobial
peptides have been identified (see http://aps.unmc.edu/AP/
main.php). Most antimicrobial peptides are composed of
L-amino acids, with defined o-helix or f3-sheet secondary
structures. Some are linear, mostly helical, without cysteines,
while others contain one or more disulfide bonds, stabilizing
[-sheet structure, or both 3-sheet and a-helix structures (3).
In most cases, the peptide mode of action appears to be by
direct lysis of the pathogenic cell membrane. The largest
and most studied group includes short linear polypeptides
(=40 amino acids) that are devoid of disulfide bridges (3).
These polypeptides vary considerably in chain length,
hydrophobicity, and overall distribution of charges but share
a common o-helical structure when associated with phos-
pholipid membranes. Some of these peptides are not cell
selective, e.g., the bee venom melittin (4), the Moses sole
fish lytic peptide pardaxin (5), and the human cathelicidin-
like LL-37 (6), because they are able to lyse both bacterial
and mammalian cells. Others are selective either for mam-
malian cells but not for bacteria (e.g., d-hemolysin from
Staphylococcus aureus) (7) or vice versa, i.e., cytotoxic to
various pathogenic microorganisms but not to normal mam-
malian cells [e.g., cecropins, isolated from insects (for a
review, see ref §), and magainins (9) and dermaseptins (/0),
both isolated from the skin of frogs]. Despite extensive
studies, the mode of action of this group of antibacterial and
cytolytic peptides is not fully understood, and the basis for
their selectivity toward specific target cells is not known.
Nonetheless, two modes of action have been proposed (3)
for a-helical peptides. The first is (a) the “barrel-stave model”
in which bundles of amphipathic helices oligomerize and
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form transmembrane pores with the hydrophilic residues
facing the lumen of the pore. Here, the minimal inhibitory
concentration required to dissipate the transmembrane po-
tential should be far below the micromolar concentration, a
fact observed for only a few peptides, such as alamethicin,
pardaxin, and the o-helix of d-endotoxin. Alternatively, in
the (b) “carpet model”, AP act in a detergent-like manner,
covering the cell surface until a threshold concentration is
reached leading to membrane patch formation with lipids
forming toroidal aggregates stabilized by the amphipathic
peptides (1, 12). Dramatic membrane disruption thus occurs,
leading to cell death (/3).

Antimicrobial peptides resulting from the enzymatic
degradation of chromogranin A (CgA) and secreted during
stress have been studied recently (14, 15). CgA is located in
the secretory granules of most endocrine end neuroendocrine
cells. As it is cosecreted with several hormones and prohor-
mones, the biological role of this 431-residue (49 kDa) acidic
protein is not well-known. The proteolysis of CgA releases
several peptides that seem to possess endocrine, paracrine,
autocrine, and neuro-immuno-modulatory properties. One of
these, named cateslytin (CgAsza—3s3) (/6), was shown to
possess new antimicrobial properties (/7). It was initially
characterized for its inhibition of the release of catecholamine
from chromaffin cells (/8, 19). Homology modeling followed
by molecular dynamics simulation of bovine catestatin
(bCgAs42-370) performed in a water shell led to a 5-strand—
loop—p3-strand structure (19). To the best of our knowledge,
its mode of action toward membranes is not known.

To investigate the mode of action of cateslytin, which acts
only on bacteria and not on mammals, several physical
techniques have been used. Circular dichroism (CD) and
polarized ATR (attenuated total reflectance) and 'H high-
resolution magic angle sample spinning (HR-MAS) NMR were
used to monitor changes in peptide secondary structure both in
solution and in membrane media. H and 3'P solid state NMR
were used to analyze and quantify membrane structure and
dynamics and to further our understanding of the interaction
of the peptide with bacterial mimetic membranes, from the
membrane viewpoint (20, 27). To mimic globally neutral
mammalian membranes, 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (DMPC) water dispersions [large multilamellar
vesicles (MLV)] were prepared. To come close to the negative
phospholipid charge of Candida albicans, a fungus whose
growth is perturbed by cateslytin, DMPC/DMPS (1,2-dimyris-
toyl-sn-glycero-3-phosphoserine) (1:1) or DMPC/DMPG (1,2-
dimyristoyl-sn-glycero-3-phosphoglycerol) (1:1) MLV were
made. For HR-MAS NMR, micelles of 1-myristoyl-2-hydroxy-
sn-glycero-3-phosphocholine (LPC), 1-myristoyl-2-hydroxy-sn-
glycero-3-phosphoglycerol (LPG), or LPC/LPG (1:1) MLV
were used. ZH NMR experiments were performed with chain-
perdeuterated phospholipids. DMPC->Hs/DMPS and DMPC/
DMPS-2Hs, systems were prepared to follow the respective role
of zwitterionic versus charged lipids in a mixed membrane. As
some lytic peptides act on membranes depending on their gel
or fluid state [e.g., the bee venom toxin melittin (/2, 22)], NMR
and CD have been performed on both sides of their melting
temperature (7).
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Chemicals. DMPC, DMPS, DMPG, LPC, LPG, chain-
perdeuterated DMPC, and DMPS (DMPC-’Hs; and DMPS-
Hs,) were purchased from Avanti Polar Lipids (Alabaster, AL).
D,0O-containing trimethylsilyl propionate (TMSP) was pur-
chased from Euriso-Top (Gif-sur-Yvette, France). Bovine
cateslytin (bCgAz44-353, RSMRLSFRARGYGFR) has been
synthesized in our laboratory using the Fmoc strategy (23, 24)
and purified by reverse phase high-performance liquid chro-
matography (25).

Sample Preparation. Mixtures of DMPC and DMPS (1:1
molar ratio) or DMPC and DMPG (1:1) were codissolved
in chloroform and methanol (90:10, v/v) and evaporated
under vacuum. The residual lipid film was hydrated in
distilled water and freeze-dried to remove traces of solvent.
This sequence was repeated three times. A final hydration,
h [(mass of water)/(mass of lipids and water), in percent],
with the buffer was performed to obtain MLV. For NMR
and CD samples, 7 was adjusted to 93 and 98%, respectively,
using TKEB buffer [S0 mM Tris, 100 mM KCl, and 0.5
mM EDTA (pH 7.4)]. A D,O buffer [100 mM NaCl and 50
mM Tris (pH 7.5)] was used for ATR with an & of 84%.
After being shaken with a “vortex” mixer, the samples were
subjected to three freeze—thaw cycles to ensure complete
equilibrium. Different lipid:peptide molar ratios (R;) were used:
15, 50, 100, and 150. Samples for micelle studies were
prepared by hydrating the powders in UHQ water at an R;
of 50 (pH 3.4). No peptide degradation was observed at this
pH. All peptide concentrations were determined by UV at
280 nm. To reduce light scattering for CD, the MLVs
obtained via the protocol described above were submitted
to extrusion on a 1.5 mL LIPEX thermobarrel apparatus
(Vancouver, BC) at 45 °C in a thermostated bath. Filters of
200 nm were used, and ten passes through the extruder were
carried out to produce calibrated LUV.

Circular Dichroism. CD spectra were recorded on a Mark
VI Jobin (Longjumeau, France) dichrograph at 0.5 nm
intervals over the 180—270 nm wavelength range using a
0.1 mm path length quartz cell. Eight scans were performed.
The secondary structure studies were first achieved in water
for the following peptide concentrations: 50, 100, 250, 500,
and 1000 uM. The second investigation was performed in
membranes as a function of temperature. Temperatures were
varied from 15 to 45 °C to probe both gel and fluid phases
of lipid membranes with a peptide concentration of 1 mM.
Experiments were conducted at 15 nm/min, and a stabiliza-
tion time of 25 min was allowed at each temperature. To
estimate the peptide secondary structure content, the relevant
CD spectra were converted into mean residue ellipticity, [©]
(degress square centimeter per decimole), using the relation-
ship [@] = CDpeas/[CINg x 10], where C is the concentration
in moles per liter, [ the cell path length in centimeters, and
Nr the number of residues per peptide (26). Secondary
structure content was estimated from CD spectra using the
deconvolution program CDFriend (S. Buchoux, unpublished).
This program, developed in the laboratory, uses standard
curves obtained for each canonical structure (a-helix, 3-sheet,
helix II, and random coil) with leucine/lysine (LiKj) peptides
with known lengths, secondary structures (27, 28), and CD
spectra. The program implements a simulated annealing
algorithm to obtain the best combination of a-helix, 3-sheet,
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and random coil that exhibits the lowest normalized root-
mean-square deviation (nrmsd) with respect to the experi-
mental spectrum. The experimental error is estimated to be
+5%. Before deconvolution, experimental spectra were
smoothed with a 10-point FFT Filter using Origin (Microcal,
Northampton, MA). It must be mentioned that we also used
available software [CDPro software (http://lamar.colstate.edu/
~ssreeram/CDPro)] developed by R. W. Woody and co-
workers (29) using the basis set containing membrane protein
structures and found comparable values. We found our
procedure, to be detailed elsewhere, simpler to use (no initial
guesses) and well suited for the secondary structure char-
acterization of hydrophobic peptides.

ATR Spectroscopy. Oriented multibilayers were obtained
by shearing a pure lipid or mixed cateslytin/lipid water
suspension at the diamond ATR crystal surface (golden gate,
Eurolabo). ATR spectra were recorded either on a Nicolet
(Madison,WI) Magna 550 spectrometer equipped with a
MCT detector cooled at 77 K or on a Nicolet Nexus 670
spectrometer equipped with a DTGS detector. The decom-
position of the amide I and amide spectral region (1580—1700
cm™!) into individual bands was performed with Peaksolve
(GRAMS, version 3.0) and analyzed as a sum of Gaussian/
Lorentzian curves, with consecutive optimization of ampli-
tudes, band positions, half-widths, and Gaussian/Lorentzian
compositions of the individual bands. Since ATR spectros-
copy is sensitive to the orientation of secondary structures
(30), spectra were recorded with a parallel (p) and perpen-
dicular (s) polarization of the incident light with respect to
the ATR plate. Generally, 1000 scans were co-added at a
resolution of 8 cm™!, and a two-level zero filling was
performed. All the orientation information is then contained
in the dichroic ratio Ratr (=Ap/As, Where A, and A, represent
the band absorbance for the p and s polarization of the
incident light, respectively).

Solid State NMR Spectroscopy. NMR experiments were
carried out on Bruker (Wissembourg, France) Avance DSX
300 WB and DPX 400 NB spectrometers. *'P NMR spectra
were acquired using a phase-cycled Hahn-echo pulse se-
quence with gated broadband proton decoupling at 162 MHz
(31). Deuterium NMR experiments on deuterated lipids were
performed at 46 MHz by means of a quadrupolar echo pulse
sequence (32). Typical acquisition parameters were as
follows: spectral window of 50 kHz for 3'P NMR and 250
kHz for 2H NMR, 71/2 pulse widths ranging from 3 to 5 us
depending on sample, and interpulse delays of 30—40 us. A
recycle delay of 5 s was used for 3'P NMR; for ’H NMR
experiments, it was set to 2 s. Typically, 2—4K scans were
recorded for a deuterium nucleus and 1K transients for a
phosphorus nucleus. A line broadening of 50—100 Hz was
applied prior to Fourier transformation. Phosphorus chemical
shifts were referenced relative to 85% H;PO, (0 ppm).
Quadrature detection was used in all cases. Samples were
allowed to equilibrate for at least 30 min at a given
temperature (ranging from 10 to 50 °C) before the NMR
signal was acquired; the temperature was regulated to +1
°C. All the thermal variations were performed by increasing
the temperature. First moments (20, 33) were calculated using
a C?>* homemade routine (S. Buchoux, unpublished) inserted
in Microcal Origin to which Bruker NMR data were exported
using a proper subroutine.
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FIGURE 1: Circular dichroism spectra of cateslytin in water at pH 7

(a), LUV of DMPC for which R; = 15 (@), and 1:1 DMPC/DMPS

LUV for which R; = 15 (W). LUVs are in buffer at pH 7.4. Eight
scans were accumulated at a scan speed of 15 nm/min at 25 °C.

HR-MAS NMR Spectroscopy. Proton spectra were recorded
on a Bruker Avance DSX 500 WB US spectrometer using a 4
mm HR-MAS probe with z-gradient and D,O lock. The
temperature in the rotor was 21 °C after correction for the
temperature increase due to magic angle sample spinning at 5
kHz. Chemical shifts were referenced to the singlet (0.00 ppm)
of trimethylsilyl propionate (TMSP). Phase-sensitive TOCSY
(total correlation spectroscopy) (35) and nuclear Overhauser
effect spectroscopy (NOESY) (36) were conducted using the
States—TPPI mode. A 60 ms spin lock time and a 300 ms
mixing time were used. Data collection was accomplished on
4096 (,) x 512 (1) data points with 128 scans per increment.
For all experiments, solvent suppression was performed using
presaturation (37) and Watergate (38). Data processing and
analysis were accomplished using Topspin.

RESULTS

CD in Solution and in Membranes. Experiments have been
performed as a function of temperature in the range of 15—45
°C where no temperature dependence was detected in CD traces,
within the experimental error (data not shown). Representative
spectra are plotted at 25 °C in Figure 1 and show that the peptide
has little structure in a water solution or in DMPC LUV since
CD spectra display only a weak minimum at 190 nm. In a water
solution, no concentration dependence is noticed in CD
measurements, indicated by a lack of significant structural
changes between 50 and 1000 M (data not shown). With the
DMPC/DMPS systems, a marked maximum at 196 nm and a
minimum at 220 nm suggest the predominance of [-sheet
structure. The deconvoluted curves (Table 1) show that peptide
secondary structure is made of f-sheet and random coil. In
water, the unstructured fraction is 90% and there is only 10%
p-sheet. For the DMPC system, the more the lipid proportion
is increased (R; = 15—150), the more the peptide becomes
structured (10—30%). On the other hand, for the DMPC/DMPS
system, the S-sheet proportion is higher (56%) than in pure
DMPC membranes and does not change whatever the lipid:
peptide ratio. CD spectra were also acquired for the LPC, LPG,
and LPC/LPG (1:1) micellar systems (R; = 50) (data not
shown); cateslytin was found unstructured in micelles.

Polarized ATR in a Powder Solution and in Membranes.
ATR experiments were carried out at room temperature in
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Table 1: Percentage of Secondary Structure Elements As Determined
from CD Measurements on Water and Large Unilamellar Vesicles”

o-helix p-sheet random coil
water 0% 11% 89%
DMPC, R; = 15 0% 11% 89%
DMPC, R; = 50 3% 22% 75%
DMPC, R; = 100 0% 31% 69%
DMPC, R; = 150 0% 31% 69%
DMPC/DMPS, R; = 15 0% 56% 44%
DMPC/DMPS, R; = 50 0% 56% 44%
DMPC/DMPS, R; = 100 0% 56% 44%
DMPC/DMPS, R; = 150 0% 56% 44%

“ Deconvolution of CD spectra was accomplished using the CD
Friend deconvolution program (S. Buchoux, unpublished). The accuracy
is estimated to within ca. £5%. T = 25 °C.
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FIGURE 2: P polarization ATR spectra at 25 °C of cateslytin added
at an R; of 15 on multibilayers of DMPC and DMPG (A) and
DMPC (B) hydrated by D,0. Spectral decompositions are shown
below experimental spectra (solid lines) with several dashed—dotted
lines. Deconvolution was accomplished using Peaksolve (GRAMS,
version 3.0).

water and DMPC or DMPC/DMPG (1:1) multibilayer
membranes. DMPG was used instead of DMPS to avoid the
presence of the carbonyl serine band centered at 1640 cm™!
in the amide I region that would prohibit accurate decon-
volution. As seen in Figure 2A, the amide I region
(1700—1600 cm™!) of cateslytin in membranes displays
several bands characteristic of antiparallel S-sheets (1615
and 1685 cm™!), random structures (1635 and 1645 cm™),
o-helices (1654 ¢cm™'), and S-turns (1672 c¢cm™!). The
spectrum of the peptide in solution shows a simpler amide
I domain. Indeed, two bands are detected in the amide I
region (data not shown): a main broad component around 1650
cm™! for the two systems characteristic of unstructured peptide

Table 2: Percentage of Secondary Structure Elements for Cateslytin in
Water, DMPC, and DMPC/DMPG (1:1) Membranes, As Obtained from
ATR“

o-helix f-turns f-sheet anti-f-sheet random

water 0% 0% 0% 28% 72%
DMPC, R; = 15 22% 6% 0% 50% 22%
DMPC, R; = 150 31% 7% 0% 37% 25%
DMPC/DMPG, R; = 15 0% 0% 0% 73% 27%
DMPC/DMPG, R; = 150 8% 17% 0% 1% 4%

“ Deconvolution of ATR spectra was accomplished using Peaksolve
(GRAMS, version 3.0). The accuracy is estimated to within ca. £5%. T
=25 °C.

and a band around 1615 cm™! (and 1685 cm™") characteristic
of antiparallel f3-sheets. For all these spectra, there is also a
component at 1586 cm™! due to the guanidinium antisymmetri-
cal deformation of the arginines in D,O. Decomposition of the
amide I domain after baseline correction and subtraction of
residual water (Figure 2B; for DMPC at R; = 15) allows
assessment of secondary structure content (Table 2). Decom-
position results clearly confirm that cateslytin is mainly
unstructured in solution, whereas it folds preferentially into a
[-sheet in a lipid environment. The amount of -structures is
ca. 70—90% in DMPC/DMPG membranes and 40—50% in
DMPC. A shift of the S-sheet band, indicative of a stronger
hydrogen bond as in aggregates, can also be noticed from 1618
to 1613 ¢cm™' when substituting zwitterionic DMPC with
anionic DMPC/DMPG membranes. The 20—30% helix char-
acter is found only in the presence of the pure DMPC
membrane. For all negatively charged systems, a dichroic ratio
Ratr of &1 has been determined using the amide I” band at
1685 cm™!. This value is in favor of -sheets mainly lying flat
on the membrane plane (39).

'H HR-MAS NMR in LPC, LPG, and LPC/LPG Micelles.
The chemical shifts of all protons of cateslytin (bCgAsz44—353)
were assigned in LPC, LPG, and LPC/LPG (1:1) micelles
using the TOCSY and NOESY sequences (data not shown).
Assignments are in general very similar to our previous work
in DPC micelles (25). Interestingly, the peptide has almost
the same signature in chemical shift (Figure 3) in the two
negatively charged systems, which differs from that in LPC.
This emphasizes that in terms of negative charge titration,
saturation is reached. Thus, a half-ratio in negatively charged
lipids is sufficient to promote an effect on chemical shifts
as important as with a pure negatively charged membrane.
A minute analysis of these three systems reveals differences
in arginine chemical shifts: the intensity of the H¢ signal is
higher in the negatively charged micelles, and the H¢ signal
becomes clearly more unshielded (see the dashed zones in
Figure 3). The serine S2 HN, at 8.7 ppm, which is not seen
in neutral micelles due to exchange with water, now appears
on LPG and LPC/LPG micelles. NOESY correlations
between lipids and the aromatic residues were found on the
two-dimensional (2D) maps (data not shown), demonstrating
the penetration of tyrosine Y12 and phenylalanine F7 and
F14 residues inside the membrane hydrophobic core of LPG
and LPG/LPC micelles. Such distance correlations were not
detected in LPC.

’H and 3'P Solid State NMR of Cateslytin in DMPC and
DMPC/DMPS Membranes. Deuterium and phosphorus NMR
experiments were performed at several temperatures and
lipid-to-peptide ratios using multilamellar vesicles of DMPC-
’Hs4, DMPC-?Hs4 and DMPS (1:1), and DMPS-?Hs, and
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FIGURE 3: 'H HR-MAS NMR chemical shifts (parts per million)
of cateslytin (bCgAj344-358) externally added at an R; of 50, at 294
K, in LPC (A), LPC/LPG (1:1) (B), and LPG (C) micelles, relative
to TMSP (0 ppm). The spin rate was 5 kHz for all experiments.
Assignment of resonances was accomplished using TOCSY and
ROESY sequences (see the text). Dotted regions highlight chemical
shifts variations for cationic residues, upon addition of cateslytin.
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FIGURE 4: Comparison of 2H NMR powder spectra of DMPC mixed
with DMPS (1:1 molar ratio) without (A and B) or with (C and D)
cateslytin at an R; of 15 and 37 °C. (A and C) DMPC is deuterated.
(B and D) DMPS is deuterated. The small isotropic line (less than
5%) has been chopped off to highlight powder pattern changes.
Vertical lines are eye guides for lipid ordering at plateau positions
for pure systems (dashed) and domainlike systems in the presence
of peptide.

DMPC (1:1). Representative spectra recorded in the absence
of cateslytin, at 37 °C (above the T},), are shown in Figure
4 for the DMPC/DMPS membrane, either with labeled
DMPC (Figure 4A) or with labeled DMPS (Figure 4B). All
spectra exhibit an axially symmetric line shape indicating
that the membrane is in the fluid state (fast intra- and
intermolecular axially symmetric motions) (20, 27). An
isotropic line representing less than 5% of the total spectral
area is observed on almost all spectra; it is assigned to a
small quantity of rapidly tumbling small vesicles occurring
during the sample preparation. It is chopped off to show
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FIGURE 5: Comparison of the effect of cateslytin (R; = 15) on fluid

phase DMPC-?Hs,/DMPS micelles (37 °C): (A) with cateslytin and

(B) without cateslytin. In panel C is shown the subtraction of 50%

B from A. The vertical dashed line is an eye guide highlighting
the same plateau quadrupolar splittings for panels A and C.

details on powder patterns on which one can measure
splittings for the outermost doublet (26—27 kHz), represent-
ing the “plateau” positions (labeled carbons C;—Cs) and
reporting for lipid dynamics near the interface, and for the
inner doublet (3 kHz), giving information about the mem-
brane center (methyl terminal, C,4). Intermediate labeled
positions show splittings between 3 and 26 kHz. The
variation of quadrupolar splitting with labeled carbon posi-
tions depicts the well-known gradient of internal membrane
ordering (microfluidity) (40). Addition of cateslytin at an R;
of 50 (not shown) leads to hardly measurable changes.
Further addition of cateslytin [R; = 15 (Figure 4C,D)] leads
to spectra wider than those recorded in the absence of
peptide. A small isotropic line is also detected, as in control
spectra. The spectrum obtained with labeled DMPC (Figure
4C) clearly shows two spectral components in slow exchange
on the NMR time scale (tens of microseconds), one
resembling that of the cateslytin-free system (Figure 4A) and
a wider one, which can be better seen by using a subtraction
procedure (417). For clarity, the system with labeled DMPC
in the presence and absence of cateslytin is plotted again in
panels A and B of Figure 5, and Figure 5C shows the result
of the operation (Figure SA — 0.5 x Figure 5B); a quadrupolar
splitting of 31 + 1 kHz can thus be measured for the plateau
positions. The spectrum obtained with labeled DMPS (Figure
4D) shows only one powder pattern, much wider than
without peptide. Plateau and methyl quadrupolar splittings
of 31 £ 1 and 3.7 & 0.5 kHz are detected, respectively. It is
clearly seen that either DMPC or DMPS reports the same
quadrupolar splitting increase, within the experimental error,
upon the action of cateslytin. The only variance is that all
DMPS is affected whereas only half of DMPC undergoes
an increase in ordering. The phenomenon appears to be stable
enough because a temperature increase to 50 °C does not
change spectral shapes (data not shown). At low tempera-
tures, the gel phase spectra obtained in the absence of peptide
become also wider upon addition of cateslytin (not shown).
Because of the shape and broadness of spectra at such
temperatures, measurement and spectral subtraction are not
accurately feasible. Addition of cateslytin to pure DMPC
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FIGURE 6: Wideline proton-decoupled 3'P NMR spectra of (A)
DMPC and (B) DMPC/DMPS (1:1) multilamellar vesicles contain-
ing pure lipids (solid lines) or lipids with cateslytin peptide added
at an R; of 15 (dashed lines) and 37 °C. Spectra are in the absolute
intensity mode, within panel A and within panel B.

membranes [R; = 15 (data not shown)] did not markedly
modify spectra at high and low temperatures. However,
changes appeared near the phase transition temperature (7,
= 23 °C). From the full thermal variation of the first spectral
moment (not shown), a decrease in T, of ca. 5 °C is
estimated.

3P NMR was also used to report on cateslytin—membrane
interactions from the point of view of membrane surface.
Figure 6 shows axially symmetric spectra at 37 °C for DMPC
and DMPC/DMPS systems, in the absence and presence of
peptide (R; = 15). All experimental conditions were kept
the same, especially the same amount of lipids in the sample
and the same number of scans. Spectra are plotted in the
absolute intensity mode, so a quantitative comparison can
be made. A small isotropic line is detected in some spectra.
Because its intensity is very weak, it indicates that no major
macroscopic changes occur (no formation isotropic phases);
it can therefore be neglected. Powder spectra in the presence
of cateslytin (dashed lines) are less intense but clearly
broader, the area staying the same, within experimental error.
This is reflected using the second-moment calculation, M,.
For the DMPC system, M, is (200 £ 20) x 10° Hz? (7620
=+ 76 ppm?) without peptide and increases to (240 % 20) x
10 Hz? (9150 + 76 ppm?) with peptide. For the DMPC/
DMPS system, M, varies from (130 #+ 20) x 10° Hz? (4960
=+ 76 ppm?) to (180 = 20) x 10 Hz? (6860 + 76 ppm?) in
the presence of cateslytin. This suggests either an intermedi-
ate rate of exchange between spectra of different orientational
ordering or the incoming of slow motions such as bilayer
collective modes (20, 21).

DISCUSSION

There are three major outcomes of our study. (i) Cateslytin
adopts a dominant f3-sheet character upon interaction with
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negatively charged membranes. (ii) Arginine residues are inv-
olved in the interaction with negatively charged membranes.
(iii) Membrane regions of increased rigidity are observed only
with negatively charged systems. These findings will be
discussed below, and a scheme will be proposed to account
for antimicrobial peptide action, at the molecular level.
Cateslytin Switches to Antiparallel 3-Sheet Aggregates on
Negatively Charged Membranes. Both CD and ATR experi-
ments clearly show that cateslytin adopts a major 3-sheet
character only on negatively charged membranes, whereas
it is essentially unstructured in water as most short linear
antimicrobial peptides. As one can see in Figure 7, the
[-sheet structure gives to this peptide a high amphipathic
character in accordance with an interfacial interaction on a
membrane. On zwitterionic membranes, the [-character is
detected to a lesser extent with additional random and helix
secondary structures depending upon the technique used.
Moreover, polarized ATR indicates that antiparallel 3-sheet
aggregates, when detected, are mostly lying flat at the
membrane interface. However, as shown in previous studies,
this average orientation found by ATR-FTIR does not banish
the presence of some peptides at other orientations with
respect to the membrane plane (42). Although the same main
trend is reported by both techniques, CD and ATR, there
are some small discrepancies in the amounts of secondary
structures calculated. They may be attributed to intrinsic
errors in deconvolution techniques (ca. £5%) and may also
be associated with the much higher concentration of the ATR
sample, which results in a lower hydration level, i.e., 84%
hydration (260 mM) compared to 98% hydration (35 mM)
for the CD samples. Because peptide/membrane systems are
sheared on the ATR crystal surface, to obtain oriented
membranes, this induces an additional small mechanical force
of interaction that is not present when CD samples are
prepared. One may then expect amplification of the tendency
of the peptide to penetrate into the membrane core and hence
greater secondary structure character. Helix is not found,
within experimental error, with negatively charged mem-
branes, where the strong electrostatic interaction with the
positively charged peptide clearly stabilizes S-sheets lying
flat at the interface. Such a phenomenon has already been
reported with the highly cationic polylysin undergoing a
random-to-$3-sheet transition upon contact with negatively
charged dimyristoylphosphatidic acid membranes (43). Zwit-
terionic membranes do not attract cateslytin as efficiently,
as seen by the higher percentage of random structures
detected. This is particularly clear in CD experiments where
elevated amounts of peptide lead to high percentages of
disordered structures (Table 1; R; = 15) in a way very similar
to that found in water. It is also worth noting the absence of
folding in LPG or LPC/LPG micelles: this reveals that the
peptide cannot form structure by itself on highly curved lipid
surfaces. The positions of the antiparallel S-sheet amide 1
band at 1613 and 1618 cm™! for DMPC/DMPG and DMPC
multibilayers, respectively, are characteristic of a very strong
hydrogen bond in 5-sheet aggregates (44). The observation
of a very low value for the amide I vibration may be linked
to a stronger [3-sheet aggregation in the presence of a
negatively charged interface. The absence of peptide S-turns
in the DMPC system and at high DMPC/DMPG:cateslytin
ratios (R; = 15; large quantity of peptide) suggests that
antiparallel 3-sheets are formed through inter- rather than
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FIGURE 7: Model for interaction of cateslytin with bacterial-like membrane domains. Peptides are unstructured in solution (D) and adopt a
p-sheet conformation upon interaction with negatively charged membranes (C). At the membrane, the peptides aggregate to form S-sheet
plates leading to formation of rigid (thicker) domains (C) enriched with negatively charged lipids (see the top inset). Passage across the
membrane could occur through phase boundary defects (B) between thin (DMPC, A) and thick (DMPS, DMPC, C) membrane domains.
The bottom inset shows VMD software representation of two antiparallel 5-sheet cateslytin peptides built and minimized using Macromodel.
The minimization was performed in water using the Amber force field and TNCG method. Amino acids are colored as a function of their
hydrophobicity: basic residues (arginines) in blue, polar residues in cyan, and hydrophobic residues in red.

intrapeptide interactions. At a low ratio (R; = 150), where
there are not enough neighbors, intrapeptide interactions
through S-turns would be necessary for antiparallel 3-sheet
formation, as experimentally observed.

Arginine Residues Play a Determinant Role upon Interac-
tion with Negatively Charged Membranes. The HR-MAS
'H NMR results clearly indicate that arginines and aromatic
residues are in close contact with lipid resonances, but only
on negatively charged systems. As one can see in Figure 3,
there is less exchange between arginine H* and water in LPG
or LPC/LPG systems (narrower resonances). Deeper penetra-
tion of charged residues into the membrane can account for
the fact that the H® protons are less available for exchange
with water. With regard to arginine H¢ and particularly that
belonging to arginine 1, the observed unshielding can be
explained by a lesser contact with water. On the other hand,
the serine 2 HN resonance is not detected in the zwitterionic
system because of exchange with water: the peptide is no
longer attracted by the membrane through the favorable
electrostatic interaction. Though the electrostatic interaction
between positively charged residues and negatively charged
lipid head groups appears to be responsible for binding, the
aromatic residues are also involved in the stabilization of
the lipid—peptide complex. The effect is less important on
chemical shielding of phenylalanine or tyrosine resonances,
but through-space interaction is assessed with lipid reso-
nances of the interfacial region and even down in the bilayer
core. A two-step mechanism could be proposed: (i) strong
electrostatic interaction and (ii) a further stabilization through
van der Waals forces between aromatic residues and hydro-
phobic lipid chains. On zwitterionic systems, the electrostatic
interaction is absent; the van der Waals forces remain but are
less effective for peptide stabilization at the membrane.

Ordered Lipid Domains Are Induced by Cateslytin on
“Bacterial-like” Membranes. A clear spectral width and
quadrupolar splitting increase are observed with deuterium
NMR when cateslytin is added to negatively charged (DMPS/
DMPC) membranes. This is observed at both low and high
temperatures, but high-temperature spectra are better resolved
and bring more details. Of interest is the fact that in a manner
independent of the lipid reporter used (DMPS-’Hs; or
DMPC-’Hsy), the same ca. 20% increase in quadrupolar
splitting is observed at 37 °C. It is remarkable that all DMPS
undergo the increase in splitting whereas a composite
spectrum is observed with DMPC. Decomposition shows that
there are in fact two DMPC spectra in slow exchange, one
representative of a peptide-free membrane and the other with
the 20% increase in splitting. Because acyl chains are
perdeuterated, and because the observed quadrupolar split-
tings are proportional to carbon—deuterium bond ordering,
a global increase in quadrupolar splitting can be associated
with an increase in hydrophobic core membrane ordering.
This in turn has been shown to correspond to a thickening
by a few angstroms of the bilayer (45—47). This effect is
tentatively sketched in Figure 7 where the membrane
thickening due to cateslytin is depicted. Because all DMPS
and half of DMPC show the same increase in ordering
(Figures 4D and 5B), they may be placed in the same thick
membrane domain (Figure 7C). The other half of DMPC,
free from the interaction (Figure 4A), may be placed outside
the rigid domain (Figure 7A). There may be a junction region
(Figure 7 B), mainly composed of rigid DMPC, slowly
exchanging between the free pool and the thick domain.
Although the thickening effect may appear subtle, we must
remember that the elastic properties of lipid bilayers depend
on the square of their thickness (48), meaning that an increase
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of a few angstroms will change substantially the membrane
mechanical properties (deformation, permeability, etc.). The
increase in membrane thickness can be linked to the
neutralization of the lipid headgroup as reported for other
basic peptides (43) and is at variance with what has been
reported for melittin, d-hemolysin, and magainin, which have
a tendency to fluidize membranes at high temperatures
(11, 13, 49). In our case, it clearly appears that DMPS-
enriched membrane domains coexist with DMPC regions that
are depleted in negatively charged lipids and do not perceive
the cateslytin ordering action. There is no such effect with
pure zwitterionic lipid DMPC: almost no ordering is detected.
The only observation is a ca. 5 °C lowering in the lipid phase
transition upon addition of peptide, evidencing a definite
interaction with mammalian-like membranes but with a much
smaller membrane perturbation. The differential ordering
effect between neutral and acidic membrane interfaces may
be attributed to the penetration of aromatic residues into the
bilayer core; the deeper the insertion (especially with
negatively charged lipids), the greater the ordering. The
results obtained with phosphorus NMR report only a spectral
broadening, suggesting either a fast-to-intermediate exchange
regime between domains or the income of low-frequency
modes of motion (27, 50). There is no dominant isotropic
line in phosphorus or deuterium spectra, clearly indicating
that membrane integrity is maintained upon interaction with
cateslytin. This is at variance with what has been reported,
for instance, for melittin, the bee venom amphipathic helical
peptide known to induce the direct lysis of cell membranes
(11, 13, 51), where formation of small bilayered discoidal
particles of a few hundred angstroms promoted conversion
of solid state NMR spectra into isotropic lines.

Biological Implications: Hypothetical Mode of Action.
Assembling the findings discussed above into a molecular
model leads to the schematics of Figure 7. With strong and
leading electrostatic interaction between basic residues and
acidic lipid headgroups at membrane surfaces, as found in
bacterial systems, cateslytin, which is unstructured in solu-
tion, aggregates as patches of antiparallel amphipathic
[-sheets. These domains enriched in negatively charged lipids
become ordered; i.e., the level of lipid anisotropic diffusion
is greatly lowered, mainly due to the insertion of aromatic
residues into the hydrophobic bilayer core. The presence of
these domains generates zones that are thicker in the
membrane. These zones of different rigidity and thickness
bring about phase boundary defects that could promote
leakage as already proposed by several authors in the case
of lipid segregation by a peptide (52), temperature-induced
gel—fluid phase boundary defects (53), and ethanol action
(54). Thus, as reported in the case of biological systems (/7),
cateslytin could pass through the membrane and interact with
crucial biological pathways, as do other arginine-rich peptides
(55). This could be accomplished by S-barrel oligomerization
favored by phase boundary defect zones so that the positive
charges are not in contact with the hydrophobic core of the
membrane. However, this latter hypothesis is at present out
of reach and requires more experimental evidence from
studies in progress in our laboratory. It is noteworthy that
the mechanism sketched in Figure 7 is at variance with the
two mechanisms of antimicrobial peptide action proposed
by Y. Shai (3). In the carpet model, the membrane would
have formed small membranous particles that would have
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given rise to a dominant isotropic line in solid state NMR,
which is not observed. The barrel-stave model is specific
for helices but could be adapted to -barrel pores as in the
case of antiparallel [3-sheet peptides as found here (56).
The combined results of CD, ATR, and solid state NMR
allowed us to decipher the mode of action of cateslytin on
systems modeling mammalian and bacterial membranes.
Both the peptide and lipid points of view can be followed,
providing molecular details about the interaction. Changes
in secondary structure and membrane physical and dynamical
properties are easily followed in a nonperturbing manner.
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