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ABSTRACT: Tachyplesin I is a cyclicâ-sheet antimicrobial peptide isolated from the hemocytes ofTachypleus
tridentatus. The four cysteine residues in tachyplesin I play a structural role in imparting amphipathicity
to the peptide which has been shown to be essential for its activity. We investigated the role of
amphipathicity using an analogue of tachyplesin I (TP-I), CDT (KWFRVYRGIYRRR-NH2), in which all
four cysteines were deleted. Like TP-I, CDT shows antimicrobial activity and disruptsEscherichia coli
outer membrane and model membranes mimicking bacterial inner membranes at micromolar concentrations.
The CDT peptide does not cause hemolysis up to 200µg/mL while TP-I showed about 10% hemolysis
at 100 µg/mL and about 25% hemolysis at 150µg/mL. Peptide-into-lipid titrations under isothermal
conditions reveal that the interaction of CDT with lipid membranes is an enthalpy-driven process. Binding
assays performed using fluorometry demonstrate that the peptide CDT binds and inserts into only negatively
charged membranes. The peptide-induced thermotropic phase transition of MLVs formed of DMPC and
the DMPC/DMPG (7:3) mixture suggests specific lipid-peptide interactions. The circular dichroism study
shows that the peptide exists as an unordered structure in an aqueous buffer and adopts a more ordered
â-structure upon binding to negatively charged membrane. The NMR data suggest that CDT binding to
negatively charged bilayers induces a change in the lipid headgroup conformation with the lipid headgroup
moving out of the bilayer surface toward the water phase, and therefore, a barrel stave mechanism of
membrane disruption is unlikely as the peptide is located near the headgroup region of lipids. The lamellar
phase31P chemical shift spectra observed at various concentrations of the peptide in bilayers suggest that
the peptide may function neither via fragmentation of bilayers nor by promoting nonlamellar structures.
NMR and fluorescence data suggest that the presence of cholesterol inhibits the peptide binding to the
bilayers. These properties help to explain that cysteine residues may not contribute to antimicrobial activity
and that the loss of hemolytic activity is due to lack of hydrophobicity and amphipathicity.

Tachyplesin I (TP-I)1 is a 17-residue (H2N-KWCFRV-
CYRGICYRRCR-CONH2) carboxamidatedâ-sheet antimi-
crobial peptide found in the acid extracts of hemocytes of
the horseshoe crabTachypleus tridentatus(1, 2). It inhibits
the growth of Gram-positive and Gram-negative bacteria (1)
as well as MRSA (multidrug-resistantStaphylococcus au-
reus) and fungi (3). It also binds to lipopolysaccharides (1)
and DNA (4). The antimicrobial activity is believed to
originate from the peptide’s ability to permeabilize bacterial
cell membranes (3, 5). Structural studies using NMR (nuclear
magnetic resonance) experiments have revealed that tac-
hyplesin I adopts aâ-hairpin structure in aqueous medium,
which is stabilized by the two disulfide linkages (6, 7) and

a more amphiphilic conformation in a micellar environment
(8).

Since there is considerable current interest in developing
new antibiotic compounds for pharmaceutical applications,
recent studies have focused on developing peptide antibiotics
that are free from Cys residues as they are easy and less
expensive to produce. Studies showed that removal of
disulfide bonds has significantly altered the antimicrobial
activity of tachyplesin I (9-12). An acyclic tachyplesin I
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analogue with all four cysteine SH groups protected by
acetamidomethyl groups has been shown to cause more
membrane disruption but much weaker membrane perme-
abilization than the parent cyclic peptide (11, 13). While
replacement of Cys residues with acidic or aliphatic amino
acids exhibited weaker antimicrobial activities than the parent
peptide, replacement with aromatic amino acids has resulted
in increased antimicrobial activity (12). However, the reason
for the difference in the activities of these analogues is not
clearly understood. While aâ-hairpin conformation similar
to the native peptide has been proposed for aromatic
analogues (4Cysf Tyr and Phe) (8, 12), secondary
structures of aliphatic analogues (4Cysf Asp, Ile, Leu, Val,
and Ala) differed significantly from that of tachyplesin I.
Therefore, a specific conformation is not always a prereq-
uisite for antimicrobial activity (12, 14).

To understand the consequences of deletion of all four
cysteine residues in tachyplesin I, and in search of analogues
with improved or adequate antimicrobial activity and cell
selectivity, we synthesized an analogue of tachyplesin I, CDT
(cysteine-deleted tachyplesin), in which all four cysteines
were deleted. We investigated the hemolytic and antimicro-
bial activities of CDT and compared with that of TP-I and
its ability to disrupt the outer membrane ofEscherichia coli
and to interact with model membranes mimicking bacterial
and mammalian membranes. Peptide-induced membrane
permeabilization was also studied using dye leakage experi-
ments on model membranes that mimic the inner membranes
of bacteria. To obtain information on the membrane selectiv-
ity, we measured the binding energy using ITC (isothermal
titration calorimetry) and the binding affinity using fluo-
rometry. Specific lipid-peptide interactions were observed
following the phase transition behavior of MLVs (multila-
mellar vesicles) formed of DMPC (1,2-dimyristoyl-sn-
glycero-3-phosphatidylcholine) and the DMPC/DMPG (1,2-
dimyristoyl-sn-glycero-3-phosphatidylglycerol) mixture using
differential scanning calorimetry (DSC) experiments. The
structure of the peptide CDT in an aqueous buffer and the
membrane-bound state were determined using circular
dichroism (CD) experiments. Our results on the cell-selective
interactions of CDT are discussed in light of altered
amphipathicity of the peptide and its binding enthalpy and
affinity for anionic phospholipids.

Investigation on the molecular level details of lipid-
peptide interactions is important to understand the activity
of the peptide. In this study, this is accomplished using31P
solid-state NMR experiments on model membranes with
varying composition. It is known that the31P chemical shift
of a phospholipid is highly sensitive to the charge density
near the lipid headgroup and could provide more information
on the lipid-peptide interaction. Peptide-induced changes
in the31P isotropic and anisotropic chemical shift interactions
and spin-lattice relaxation (T1) parameter of phospholipids
were experimentally measured from unoriented MLVs. The
experimental results are used to understand the role of anionic
lipids and cholesterol, two key components by which the
bacterial and mammalian cell membrane compositions differ,
in the antimicrobial activity and selectivity of CDT.

EXPERIMENTAL PROCEDURES

Materials. All lipids were purchased from Avanti Polar
Lipids (Alabaster, AL). Cholesterol was procured from

Sigma-Aldrich. LPS-H458 (isolated fromPseudomonas
aeruginosastrain H458) was a gift from Robert E. W.
Hancock. All protected amino acids, solvents, and reagents
were purchased from Bachem, Synthetech, Aldrich Chemical
Co., Fisher Scientific, and Protein Technologies. Tachyplesin
I was purchased from Becham (King of Prussia, PA).

Peptide Synthesis. The peptide was prepared on a PS3
automated peptide synthesizer from Protein Technologies
using standard solid-phase techniques forN-R-fluorenyl-
methyloxycarbonyl (Fmoc) protected amino acids on Rink
amidep-methylbenzhydrylamine (MBHA) resin (0.6 mmol/
g). The side chain of Trp was protected as thetert-butyl-
oxycarbonyl group. A 20% piperidine solution inN,N-dimeth-
ylformamide was used for deprotection.O-(Benzotriazol-1-
yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU)
was used for coupling. Deprotection and cleavage from the
resin were accomplished using 11 mL of 90% trifluoroacetic
acid (TFA)/10% scavenger cocktail (anisole, thioanisole,
ethanedithiol, phenol, water). Crude peptides were purified
to homogeneity by preparative reversed-phase high-perfor-
mance liquid chromatography on a Waters instrument with
a Phenomenex C18 column (2.2× 25.0 cm, 10 mL/min). A
linear gradient of 10% acetonitrile (0.1% TFA)/water (0.1%
TFA) to 50% acetonitrile (0.1% TFA)/water (0.1% TFA)
was employed. Liquid chromatography/mass spectroscopy
(Finnigan LCQ) confirmed the molecular weight (calculated,
1855.2; observed, 1854.2).

Antimicrobial Assay.A doubling dilution series of the
peptide, 100µg/mL to 0.1 ng/mL, was added to the wells of
sterile 384-well microtiter plates (12 replicates per dilution)
and dried overnight. Bacterial suspensions (10µL, 107/mL)
were added to the wells, covered with a sterile plastic film,
centrifuged briefly to collect the cells in the bottom of the
wells, and incubated at 37°C for 6-36 h depending upon
the rate of growth of bacterial species. Minimum inhibitory
concentrations (MICs) were set as the lowest concentration
of the peptide at which there was no growth above the
inoculated level of bacteria (p < 0.05,n ) 12).

Hemolysis Assay.The hemolytic activity of the peptides
was determined by measuring the hemoglobin released from
suspensions of fresh sheep erythrocytes. Red blood cells
(Colorado Serum Co., Denver, CO) were centrifuged and
washed three times with phosphate-buffered saline (0.15 M
NaCl, 0.05 M phosphate buffer, pH 7.4). One hundred
microliters of red blood cells was added to the wells of a
96-well plate, and then 100µL of the peptide solution [in
PBS (phosphate-buffered saline)] was added to each well.
The plates were covered with an adhesive plastic sheet,
incubated for 1 h at 37°C, and centrifuged at 200g for 10
min. Absorbance of the supernatants was measured at 414
nm. Zero and hundred percent hemolysis was determined in
PBS and 0.1% Triton X-100, respectively.

Outer Membrane Disruption Assay. E. coli[strain BL21-
(DE3)] cells from the mid-log phase were centrifuged and
washed three times with ice-cold HEPES [N-(2-hydroxyeth-
yl)piperazine-N′-2-ethanesulfonic acid] buffer (10 mM HEPES,
150 mM NaCl, pH 7.4) and resuspended in the same buffer
to an OD600 of 0.340. To a 3.0 mL cell suspension, a stock
solution of ANS was added to a final concentration of 5.75
µM. The degree of membrane permeabilization as a function
of the peptide concentration was observed by the increase
in the fluorescence intensity at∼500 nm.
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Binding Experiments. The extent of peptide binding to
liposomes was measured by adding SUVs (small unilamellar
vesicles) to the peptide solution in HEPES buffer (pH 7.4)
and monitoring the changes in the intrinsic tryptophan
fluorescence. After a 5 min incubation period, fluorescence
spectra were recorded on an ISA-Spex Fluoromax-2 spec-
trofluorometer, with the excitation set at 295 nm, using a 5
nm slit. To ensure complete binding, lipid vesicles were
added until no further changes in the intensity or the emission
maximum were observed. Contributions from the buffer and
SUVs were subtracted from the experimental spectrum before
normalization. Changes in the intensity at 338 nm (the
emission maximum observed upon complete binding of the
peptide) were used for calculating the partition coefficient
(15-17), using the formulaXb ) KpCf, whereXb is the molar
ratio of bound peptide per total lipid,Cf is the equilibrium
concentration of free peptide in solution, andKp is the
partition coefficient.

High-SensitiVity Titration Calorimetry. The heat of the
peptide-into-lipid mixing reaction was measured using a
high-sensitivity titration calorimeter (Calorimetry Sciences
Corp., Model CSC-4200). Peptide and lipid solutions in
HEPES buffer were degassed under vacuum prior to use.
The calorimeter was calibrated as recommended by the
manufacturer. The heats of dilution for successive 10µL
injections of the peptide solution (540µM) into Tris [tris-
(hydroxymethyl)aminomethane] buffer (pH 7.4) were insig-
nificant compared to the heats of peptide-lipid reaction. The
SUV-lipid concentration was 20 mM. The heat of peptide-
lipid binding was determined by integrating the area under
each titration curve using the built-in Bindworks software.

Dye Leakage Assay.Carboxyfluorescein dye entrapped
small unilamellar vesicles were prepared and characterized
as described elsewhere (18). The dye-containing vesicles
were then purified by gel filtration chromatography using a
Sephadex G-75 column. Fluorescence emission intensity as
a function of time was recorded using an excitation wave-
length of 490 nm and emission wavelength of 520 nm. The
maximum leakage from each sample was determined by
adding Triton X-100.

Differential Scanning Calorimetry.Lipid films of DMPC
and DMPC/DMPG (7:3) were prepared by mixing the lipid
and peptide in chloroform in the desired molar ratio, drying
the sample under a gentle stream of nitrogen, and then
placing under vacuum for∼10 h to remove any residual
solvent. The dried samples were hydrated with Tris buffer
(10 mM Tris, 150 mM NaCl, pH 7.4) and then vortexed
above the main phase transition temperature of the lipid to
obtain MLVs.

Circular Dichroism Spectroscopy.Small unilamellar vesicles
were prepared by sonication. LPS-H458 was suspended in
1,1,1,3,3,3-hexafluoro-2-propanol and mixed with POPC (1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine) in chlo-
roform, and the clear solution was dried under vacuum for
∼12 h. Tris buffer (10 mM Tris, 150 mM NaCl, pH 7.4)
was added to the dry lipid film, and the resultant solution
was subjected to vortexing and sonication to obtain SUVs.
CD spectra were recorded (AVIV CDS Model 62DS spec-
tropolarimeter, Lakewood, NJ) at 24.2°C using a 1.0 mm
quartz cuvette over the range from 200 to 250 nm. Contribu-
tions from the buffer and SUVs were removed by subtracting
the spectra of corresponding control samples without peptide.

Solid-State NMR.Mechanically aligned bilayers were
prepared using the procedure described by Hallock et al. (19).
Briefly, 4 mg of lipids and an appropriate amount of peptide
were dissolved in the CHCl3/CH3OH (2:1) mixture. The
sample was dried under a stream of nitrogen and redissolved
in the CHCl3/CH3OH (2:1) mixture containing equimolar
quantities of naphthalene. An aliquot of the solution (∼300
µL) was spread on two thin glass plates (11 mm× 22 mm
× 50µm; Paul Marienfeld GmbH & Co., Bad Mergentheim,
Germany). The samples were then air-dried and kept under
vacuum at 35°C for at least 15 h to remove naphthalene
and any residual organic solvents. After drying, the samples
were hydrated at 93% relative humidity using saturated
NH4H2PO4 solution (20) for 2-3 days at 37°C, after which
approximately 2µL of H2O was added to the surface of the
lipid-peptide film. The glass plates were stacked, wrapped
with parafilm, sealed in plastic bags (Plastic Bagmart,
Marietta, GA), and then kept at 4°C for 6-24 h.

Multilamellar vesicles were prepared by mixing the
required amounts of lipid and peptide in 2:1 chloroform:
methanol. The solution was first dried under N2 gas and then
under vacuum overnight to completely remove any residual
organic solvents. The mixture was resuspended in 50 wt %
water by heating in a water bath at 45°C. The samples were
vortexed for 3 min and freeze-thawed using liquid nitrogen
several times to obtain a uniform mixture of lipid and peptide.

31P NMR experiments were performed on a Varian Infinity
400 MHz solid-state NMR spectrometer operating at a
resonance frequency of 161.979 MHz. A Chemagnetics
temperature controller was used to maintain the sample
temperature, and each sample was equilibrated at 30°C for
at least 25 min before the experiment. A home-built double
resonance probe, which has a four-turn square coil (12 mm
× 12 mm × 4 mm) constructed using a 2 mmwide flat
wire and a spacing of 1 mm between turns, was used for
experiments on aligned samples, and a double resonance
MAS (magic angle spinning) probe was used for experiments
on MLVs. In the case of aligned samples, the lipid bilayers
were positioned with the bilayer normal parallel to the
external magnetic field of the NMR spectrometer. A typical
31P 90° pulse length of 3µs was used.31P spectra were
obtained using a spin-echo sequence (90°-τ-180°τ-
acquire withτ ) 90µs), 55 kHz rf field for time proportional
phase modulation decoupling of protons (21), 50 kHz spectral
width, and a recycle delay of 3 s. A typical spectrum required
the coaddition of 200-600 transients for aligned samples
and about 4000 transients for MLVs. The31P chemical shift
spectra are referenced relative to 85% H3PO4 (0 ppm) (19).
The31P longitudinal relaxation time (T1) measurements were
performed using an inversion-recovery pulse sequence,
180°-τ-90°-acquire, with proton decoupling and a 3 s
recycle delay. Data processing was accomplished using the
Spinsight software (Varian) on a Sun Sparc workstation.

RESULTS

Antimicrobial ActiVity and Membrane Permeabilization.
The MICs of tachyplesin I and CDT against various bacteria
determined as described in Experimental Procedures are
given in Table 1. Both of the peptides exhibited similar
activities against both Gram-positive and Gram-negative
bacteria at micromolar concentrations, although they were
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inactive againstBacillus subtilis. Since the antimicrobial
activity of tachyplesin I has been coupled with membrane
permeabilization (11, 13), the ability of CDT to permeabilize
bacterial outer membrane was assayed using ANS dye. The
fluorescence of ANS is quenched by the polar water
molecules in buffer and significantly enhanced when ANS
partitions into the hydrophobic region of cell membranes (18,
22). As shown in Figure 1, CDT effected dose-dependent
changes in the steady-state fluorescence spectrum of ANS,
when the peptide was incubated withE. coli cells. The
control experiment in whichE. coli cells were incubated with
ANS dye (without peptides) showed no time-dependent
changes in the fluorescence spectrum. The dose-dependent
maximal fluorescence intensity and the associated blue shift
in the emission maximum of ANS illustrate the CDT-induced
permeability changes inE. coliouter membrane satisfactorily.
However, CDT failed to induce any observable leakage of
hemoglobin from sheep erythrocytes up to 200µg/mL,
indicating the peptide’s inability to permeabilize erythrocyte
membrane (data not shown).

To understand the permeabilization of inner membranes
by CDT, we performed dye leakage experiments on model
membranes (7:3 POPC:POPG) mimicking bacterial inner
membranes at 30°C. SUVs containing carboxyfluorescein
dye were prepared as described in Experimental Procedures
(18). The leakage of dye was observed as a function of time
for different concentrations of CDT, and the results are
presented in Figure 2.

Binding to Lipid Vesicles. The binding affinity for different
lipids was determined by titrating a fixed concentration of
peptide with SUVs of different lipid compositions. We used
SUVs to minimize the light scattering effects (23). Spectra
were normalized after subtracting the contributions from
buffer and lipid vesicles. The changes in the intrinsic

fluorescence emission maximum of CDT were plotted as a
function of the lipid:peptide molar ratio for different lipid
vesicles. It is apparent from Figure 3A that CDT partitions
into negatively charged vesicles and adheres to the surface
of zwitterionic POPC/CHL (7:3) vesicles. A plot of the
changes in fluorescence intensity at 338 nm (the emission
maximum observed upon complete binding) versus the lipid:
peptide ratio is presented in Figure 3B. The average
molecular mass of LPS isolated fromP. aeruginosahas been
calculated to be∼20 kDa; this value was used in determining
the lipid/LPS value of the sample used in the experiment.
The lipid:peptide ratios required for complete binding of the
peptide reflect the relative binding affinities for different
membranes. The experimental binding isotherm for different
SUVs which results from the plot ofXb versus the concentra-
tion of the free peptide is given in Figure 3C. The partition
coefficients estimated from the initial slopes of the binding
curves are presented in Table 2. Binding of CDT to POPC/
CHL (7:3) SUVs resulted in minimal changes in the
fluorescence emission spectra, and therefore the partition
coefficient could not be determined. An analysis of Figure
3A,C shows a direct relation between the degree of mem-
brane insertion and partition coefficient.

Binding Energy. To estimate the binding energy associated
with CDT interactions with different membranes, we deter-
mined the heat evolved during the binding process using ITC.
The calorimetric trace showing the heat liberated during
successive 10µL injections of the peptide solution into
POPC/LPS (lipopolysaccharides) (61:1) lipid vesicles is
presented in Figure 4A, and the heat of reaction is given in
Figure 4B. The enthalpies of binding to different lipid
vesicles are summarized in Table 2. While the binding of
CDT to LPS-containing vesicles yielded the highest enthalpy
(-43.7 kJ/ mol), binding to cholesterol-containing vesicles
produced the lowest heat of reaction (-10.4 kJ/ mol). The
binding enthalpies for different membranes correlate with
the partition coefficients of CDT for these membranes
(Figure 3). The low enthalpy observed for POPC/CHL (7:
3) may be due to weak interactions of the peptide with the
lipid headgroup region of the membrane (24).

Specific Lipid-Peptide Interactions. DSC is a sensitive
method to study the effect of peptide incorporation in the
thermotrophic phase transition behavior of lipid bilayers (25).
The DSC thermograms were obtained from DMPC and in

Table 1: Antimicrobial Activity of Tachyplesin (TP-I) and
Cysteine-Deleted Tachyplesin (CDT) against Different Microbes

bacteria (OD600 ) 0.002)
TP-I MIC
(µg/mL)

CDT MIC
(µg/mL)

E. coli ATCC 12014 11.5 6.25
B. subtilisATCC 11774 >200 >200
P. aeruginosaATCC 10145 8.25 12.5
Listeria monocytogenesATCC 15313 23.5 12.5
Salmonella entericaATCC BAA-215 16.25 12.5
Enterococcus faecalisstrain FA1 100 100
Porphyromonas gingiValis strain 33277 3.125 3.125

FIGURE 1: E. coli outer membrane permeabilization. Cell density
at OD600 ) 0.340. The concentration of ANS was 5.75µM. Peptide
concentrations were (a) 0, (b) 0.359, (c) 0.718, (d) 1.08, and (e)
1.436µM.

FIGURE 2: Extent of carboxyfluorescein dye leakage from 7:3
POPC:POPG vesicles fluorometrically detected at 30°C as a
function of time for different peptide concentrations: 1.8µM
(bottom trace), 2.4µM (dashed lines), and 3.6µM (top trace). The
lipid concentration was 60µM.
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the presence of various concentrations of the peptide. For
clarity, the thermograms obtained from DMPC and DMPC/
CDT (∼7:1) are presented in Figure 5A. The enthalpies
calculated for pure DMPC and DMPC incorporated with
different amounts of CDT are comparable, as the main phase
transition behavior of DMPC MLVs is influenced only
marginally by the presence of CDT. At a lipid:peptide ratio
of ∼7:1, there is a very little effect on the transition from

the gel to liquid crystalline (LR) phase at∼24.8 °C.
Insignificant changes in the phase transition temperature (Tm)
indicate that the peptide does not alter the packing of the
hydrocarbon chains of DMPC in the gel and liquid crystalline
states (26-28). Our experiments show that the presence of
7.32 mol % of the peptide CDT does not seem to have
affected significantly the pretransition arising from the
lamellar gel (Lâ′) to the lamellar rippled gel (Pâ′) phase.

The effect of CDT on the phase transition of negatively
charged DMPC/DMPG (7:3) MLVs is shown in Figure 5B.
As evident from the figure, the DMPC/DMPG (7:3) MLVs
showed a pretransition at 16°C and the main transition at
24.8 °C (27, 28). Incorporation of 0.366 mol % CDT into
DMPC/DMPG (7:3) MLVs showed a reduction in temper-

FIGURE 3: Shift in the fluorescence emission maximum of CDT
(A) and increase in the fluorescence intensity at 338 nm (B) upon
binding to lipid vesicles: (1) filled diamonds, POPC/LPS (61:1);
(2) open triangles, POPC/POPG (7:3); (3) filled triangles, POPE/
POPG (7:3); (4) open diamonds, POPC/CHL (7:3). (C) Binding
isotherms derived from panel B by plottingXb (extent of binding)
versusCf (free peptide).

Table 2: Enthalpy of Binding (∆H) and Partition Coefficient (Kp)
Values of CDT for Different Lipid Vesicles

SUVs ∆H (kJ/mol)a Kp (104 M-1)a

POPC/LPS-H458 (61:1) -43.7 12.2
POPC/POPG (7:3) -36.6 4.92
POPE/POPG (7:3) -18.8 0.78
POPC/CHL (7:3) -10.4 b
a Average of three independent experiments. The error was<8%.

b Not determined.

FIGURE 4: Titration calorimetry thermograms of POPC/LPS (7:3)
SUVs (20 mM) titrated against a solution of CDT (540µM) in
HEPES buffer (pH 7.4) at 25°C. Aliquots of a 10µL peptide
solution were injected to the vesicle suspension in the reaction cell
(V ) 1.280 mL). Panel A shows the calorimeter trace. The enthalpy
of reaction, which is calculated by integration of the calorimeter
traces using the built-in Bindworks software, is given in panel B.

FIGURE 5: DSC thermograms of (A) DMPC MLVs incorporated
with (a) 0 and (b) 7.32 mol % of the peptide and (B) DMPC/DMPG
(7:3) MLVs incorporated with (a) 0, (b) 0.366, (c) 1.464, (d) 3.66,
and (e) 7.32 mol % of the peptide.
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ature and enthalpy of both the pretransition and main
transition. The presence of increasing quantities of CDT
produced progressive reduction in the main phase transition
temperature as well as enthalpy. Consequently, the incor-
poration of 1.464 mol % CDT resulted in the abolition of
the pretransition and the emergence of a two-component main
transition. The relative contributions of the high-melting
broad component of the main transition also became more
prominent at higher peptide concentrations. While the sharp
component at 24°C is attributed to the hydrocarbon chain
melting of the peptide-poor lipid domain, the broad high-
melting component is believed to arise from the peptide-
rich lipid domain. Since the peptides that adapt transmem-
brane orientation contribute to a large enthalpy of transition,
the observed low enthalpy values (Table 3) suggest that CDT
does not insert deeply into the hydrophobic region of the
DMPC/DMPG membrane and is likely to be located at the
membrane-water interface. The consistent decrease in the
Tm and enthalpy of the sharp component of the thermograms
may be ascribed to decreasing size of the peptide-poor
domain as the concentration of peptide is increased.

Secondary Structure. A high-resolution structure of tac-
hyplesin I determined using NMR spectroscopy has been
reported (6). This structure consists of an antiparallelâ-sheet
connected by aâ-turn and two disulfide bonds that render
rigidity to the structure with flexible N- and C-termini.
Previous CD studies have compared the secondary structures
of TP-I and its linear derivatives in solution, TFE/water, and
model membranes (12). In the present study we have
analyzed the secondary structure of CDT and compared it
with that of TP-I to understand its interaction with mem-
branes.

The CD spectra of CDT are given in Figure 6, while the
spectra of TP-I were similar to the published data and are
not given here (9, 12). In aqueous buffer (Figure 6, trace 1),
CDT showed a negative minimum at∼202 nm, a crossover
at 224 nm, and positive ellipticity values above 224 nm.
These characteristics reflect the existence of a largely
unordered structure (12). Since the four residues that form
theâ-turn in TP-I are retained in the middle of the sequence
of CDT, it is likely that the turn structure exists in CDT
(29). However, contributions from the aromatic residues
might also cause small differences in CD curve shapes (30).
The CD spectra of CDT in the structure-promoting solvent
trifluoroethanol were recorded to assess the intrinsic ability
of the peptide to adoptâ-structures in the membrane-
mimicking environment. The CD profiles of CDT in tri-
fluoroethanol exhibited two bands at∼208 and∼220 nm,
suggesting the existence of ordered/helical andâ-structures
(Figure 6, trace 4).

In the presence of neutral POPC/CHL (7:3) liposomes,
the CD spectrum of CDT showed no characteristic features
attributable to any defined peptide secondary structure
(Figure 6, trace 2). This might suggest that the peptide does
not bind to the membrane or binds weakly to the membrane,
and the membrane-induced structural changes in the pep-
tide are minimum. However, in the presence of POPC/LPS
(61:1) liposomes, CDT gave two broad negative bands at
∼208 and 218 nm (Figure 5A, trace 3). These features clearly
indicate conformational changes in CDT upon partitioning
into POPC/LPS (61:1) liposomes and induction of a more
ordered structure, perhaps a combination of extended and
â-structures. Addition of peptide to POPC/POPG (7:3) and
POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidyletha-
nolamine)/POPG (7:3) liposomes resulted in turbidity,
impeding structure determination (data not shown). These
observations are consistent with previous reports on the CD
profiles of tachyplesin I (6, 9, 12, 31) and its analogues (9,
12, 31) and suggest that the mode of interaction of CDT is
modulated by lipid compositions.

Peptide-Induced Structural Changes in Lipid Bilayers
Using Solid-State NMR Experiments.On the basis of the
experimental results presented above, the cationic CDT
peptide is strongly attracted toward bacterial type model
membranes, which could be an important factor in the
antimicrobial activity and selectivity of this peptide. There-
fore, it would be useful to understand the details of lipid-
peptide interaction at a higher resolution using solid-state
NMR experiments. We carried out static31P solid-state NMR
experiments on mechanically aligned bilayers of varying
composition with the bilayer normal parallel to the external
magnetic field at 37°C, and the results are given in Figure
7. The presence of a single narrow line at the higher
frequency (or the parallel) edge (∼30 ppm) of the powder
pattern (that was obtained from MLVs) indicates that the
POPC bilayer sample was well aligned (Figure 7A) (19).
Spectra obtained from POPC bilayers containing various
concentrations (up to 7 mol %) of the CDT peptide showed
no significant changes due to peptide interaction with POPC
bilayers; a sample spectrum obtained from POPC bilayers
containing 7 mol % CDT is shown in Figure 7B. The31P
chemical shift spectrum of oriented bilayers composed of

Table 3: Thermotropic Parameters of the Gel to Liquid Crystalline
Phase Transition of DMPC and DMPC/DMPG (7:3) MLVs
Incorporated with Different Amounts of CDT

MLVs Tm (°C) ∆H (kJ/mol)

pure DMPC 24.3 9.4
DMPC + 7.32 mol % CDT 24.4 9.1
DMPC/DMPG (7:3)

0 mol % CDT 24.8 7.8
0.366 mol % CDT 24.8 7.0
1.464 mol % CDT 24.6 6.4
3.660 mol % CDT 24.3 5.7
7.320 mol % CDT 23.9 4.9

FIGURE 6: CD spectra of CDT in buffer and in the presence of
lipid vesicles. Spectra were recorded in Tris buffer (10 mM Tris,
150 mM NaCl, pH 7.4) (trace 1), 7:3 POPC:CHL (trace 2), 7:3
POPC:LPS (trace 3), and 85% trifluoroethanol (trace 4). Addition
of the peptide to 7:3 POPC:POPG and 7:3 POPE:POPG vesicles
resulted in turbidity and hampered structure determination. Peptide
and lipid concentrations were 0.133 and 0.666 mg/mL, respectively.
Spectra were recorded at 24.2°C.
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7:3 POPC:POPG lipids (with no peptide) shows a peak at a
frequency slightly shifted upfield (Figure 7C) relative to the
POPC sample (Figure 7A,B) as the presence of an anionic
lipid POPG reduces the span of the31P chemical shift
anisotropy (CSA) tensor (32-35). Incorporation of CDT to
7:3 POPC:POPG bilayers induced significant changes in the
31P line shape due to peptide-induced disordering of the lipid
headgroup (Figure 7D,E). As seen in Figure 7D,E, the lipid-
peptide interactions lead to broadening of the peak∼28 ppm,
which arises from a combination of POPC (most likely
unperturbed) and POPG (most likely perturbed) lipids in the
sample. This observation suggests that the peptide induces
a change in the lipid headgroup conformation. In addition,
at a higher concentration of CDT a low-intensity broad line
at ∼-10 ppm appeared (Figure 7E), which could be due to
the peptide-induced disordering of lipids in the sample. On
the other hand, as shown in Figure 7F, the addition of 20
mol % cholesterol to 7:3 POPC:POPG bilayers containing
5 mol % peptide reduced the peptide-induced disorder that
was observed in the absence of cholesterol. This suggests
that the presence of cholesterol inhibits the membrane
interaction of CDT.

While it is clear that CDT alters the headgroup confor-
mation of bilayers containing anionic lipids and the results
were reproducible, lack of bulk water in aligned samples
or sample handling procedures may have a role in the
observed changes in the presence of the peptide. So,31P
NMR experiments were also carried out on static MLVs to
measure the peptide-induced changes in the chemical shift
span and the line shape. The31P chemical shift spectra of
pure POPC and 7:3 POPC:POPG at 37°C showed typical
lamellar phase powder patterns with a chemical shift span
of 46( 1.5 ppm (data not shown) and 35( 1.5 ppm (Figure
8), respectively. These chemical shift anisotropy values are
in good agreement with the reported studies in the literature
(33, 35). The addition of the CDT peptide (up to 10 mol %
peptide) did not show significant observable changes (within
experimental errors) in the spectral line shape of POPC
bilayers while a notable increase in the span of the CSA
tensor was observed in POPG-containing bilayers. The CSA

span values measured from POPC and 7:3 POPC:POPG
MLVs containing 5 mol % CDT at 37°C were 46( 1.5
ppm (data not shown) and 41( 1.5 (Figure 8) ppm,
respectively. Broadening at the high-field region and reduced
signal-to-noise ratio at the low-field region of the line shape
in POPC/POPG bilayers are because the observed line shape
is a combination of signal intensities from two different lipids
as reported in the previous studies (33-35). On the other
hand, a combination of responses from lipids in the peptide-
rich (most likely dominated by POPG) and peptide-poor
(most likely dominated by POPC) domains could contribute
to the line shape observed in the presence of the peptide.
The increase in the CSA span due to the cationic CDT
peptide binding to bilayers is in good agreement with the
previous studies on the effect of cations on lipid bilayers
(32, 35, 36). These31P NMR results also suggest that CDT
neither promotes the formation of nonlamellar phase struc-
tures such as cubic and hexagonal phases nor fragments the
MLVs to micelles or SUVs, as their line shapes are
significantly different from the observed lamellar phase
spectra.

In addition to the results obtained from oriented bilayers
(Figure 7) and static MLVs (Figure 8), magic angle spinning
(MAS) 31P NMR experiments were also performed on MLVs
at 37 °C. MAS experiments required much less sample
quantity than static experiments on MLVs. The MAS spectra
consisted a narrow line for a pure POPC sample and two
narrow lines for a 7:3 POPC:POPG sample separated by
about∼1.3 ppm (the low-field peak corresponds to POPG
and the high-field peak corresponds to POPC) as reported
for DMPC and DMPG bilayers (36). The 31P isotropic
chemical shift frequency was measured from POPC and 7:3
POPC:POPG bilayers containing various amounts of the
peptide (Figure 9). The addition of CDT to POPC bilayers
did not change the31P chemical shift frequency, whereas an
upfield shift of both the31P peaks corresponding to POPC
and POPG lipids in 7:3 POPC:POPG bilayers was observed.
The upfield shift for the POPG is greater than that of the
POPC value as shown in Figure 9. These results demonstrate
that the presence of an anionic lipid (POPG) enables the
interaction of the peptide CDT to bilayers and also confirm
the peptide-induced headgroup conformation change of
lipids.

Peptide-induced changes in the31P spin-lattice relaxation
(T1) values of MLVs at 37°C were also measured using
MAS experiments. The addition of 5 mol % CDT slightly
changed theT1 value from 775( 10 to 790( 10 ms in

FIGURE 7: 31P chemical shift spectra of oriented bilayers with the
bilayer normal parallel to the magnetic field at 37°C: POPC
bilayers with 0 mol % (A) and 7 mol % (B) CDT; 7:3 POPC:
POPG bilayers with 0 mol % CDT (C), 3 mol % CDT (D), 5 mol
% CDT (E), and 5 mol % CDT+ 20 mol % cholesterol (F).

FIGURE 8: 31P chemical shift spectra of 7:3 POPC:POPG multila-
mellar vesicles at 37°C with different concentrations of the CDT
peptide (given in mole percent).
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POPC bilayers. On the other hand, the addition of 5 mol %
CDT increased theT1 values for both POPC and POPG lipids
in 7:3 POPC:POPG bilayers. However, the increase in the
T1 value of POPG (from 785( 10 to 890( 10 ms) is
significantly larger than that of the POPC lipid (from 780(
10 to 810( 10 ms). The increase inT1 values in the presence
of the peptide suggests that the lipid-peptide interaction most
likely reduces the axial rotational motion of the lipids, which
could make theT1 relaxation mechanism less efficient as
reported in a recent study (37). These results further confirm
the preference of the peptide to bind with anionic lipids in
the bilayer.

DISCUSSION

Linearization of cyclic antimicrobial peptides generally
alters their activities as well as their ability to interact with
membranes (9-13, 31, 38, 39). Matsuzaki et al. have shown
that a linear analogue of tachyplesin I, where all four SH
groups of Cys residues are protected with acetamidomethyl
groups, exhibited more membrane disruption but much
weaker membrane permeabilization activity than the parent
peptide (11, 13). To better understand the relationship
between the structure and activity of TP-I, Rao studied
several linear analogues of TP-I (12). These linear peptides
replaced Cys residues of TP-I with amino acids differing in
side chain properties such as aliphatic hydrophobic (Ala, Leu,
Ile, Val, and Met), aromatic hydrophobic (Phe and Tyr), and
acidic (Asp). On the basis of the structural and activity
measurements, it was concluded that the rigidly heldâ-sheet
structure may not be absolutely essential for antimicrobial
activity (12). These studies have provided excellent insights
into the activity of TP-I and will be useful in the design of
potent antimicrobial peptides. Since the substitution of Cys
in TP with other amino acids alters the structural folding
and function of the peptide in membranes (11-13), in this
study, we investigated the effect of deletion of Cys residues
on the activity of TP-I. While tachyplesin I is a 17-residue
amphipathic peptide with a rigidâ-structure, its analogue
CDT is a 13-residue linear peptide. Both tachyplesin I and
CDT have a net charge of 7+, but a deletion of four cysteine
residues makes CDT less ordered and less hydrophobic than
tachyplesin I.

Deletion of Cysteine Residues Does Not Affect Antimi-
crobial ActiVity. The peptide CDT shows antibacterial

activity against both Gram-positive and Gram-negative
bacteria at micromolar concentrations (Table 1). These
concentrations are comparable with the MIC values of
tachyplesin I (Table 1). Thus, the cysteine residues in
tachyplesin I may not be essential for the antimicrobial
activity. Several cationic antimicrobial peptides have been
found to bind preferentially to anionic lipids (40) and
bacterial lipopolysaccharides (41, 42). Since CDT is rich in
basic amino acids, the observed antibacterial activity is likely
to stem from the peptide’s affinity for negatively charged
cell surface components such as LPS on the outer membrane
of Gram-negative bacteria and lipoteichoic acids in Gram-
positive bacteria (43). Antimicrobial peptides that have the
ability to interact with membranes are known to compromise
the permeability barriers of bacterial membranes (44, 45).
The peptide CDT also induces ANS uptake intoE. coli
membrane in a concentration-dependent manner by ef-
fectively disrupting the outer membranes (Figure 1). The dye
leakage experiments suggest that the peptide is also effective
in permeabilizing model membranes (7:3 POPC:POPG) that
mimic the bacterial inner membranes (Figure 2). It is
interesting to note that CDT does not cause hemolysis even
at 200µg/mL. On the other hand, TP-I showed about 10%
hemolysis at 100µg/mL and about 25% hemolysis at 150
µg/mL. These data show that the deletion of all four cysteine
residues in tachyplesin I leads to the abolition of only the
hemolytic activity and not the antibacterial activity. A
previous study reported no or very little hemolytic activity
for TP-I and its linear analogues (where Cys residues are
replaced with other amino acids as mentioned earlier) on
rabbit erythrocytes at low concentrations, but certain ana-
logues (TPM, TPF, and TPY, where Cys was replaced with
the underlined residue) showed about 30% lysis for concen-
trations>80 (12). On the other hand, TP-I and an amidated
version of TP-I showed about 15% and 30% lysis, respec-
tively, on human erythrocytes (12). Therefore, the physico-
chemical parameters that are related to this remarkable cell
selectivity of CDT could be important in understanding the
function of the peptide as well as in designing potential
compounds for pharmaceutical applications.

Bacterial Cell SelectiVity Correlates with Anionic Lipid-
Specific Binding.Since CDT showed only antibacterial
activity and no hemolytic activity, we investigated the
binding of CDT to neutral and acidic liposomes to find if
any correlation exists between the binding characteristics and
cell selectivity. CDT shows a weak affinity for neutral
membranes as opposed to acidic membranes (Figure 3B).
An analysis of Figure 3A,C shows that the extent of
membrane penetration correlates with the partition coef-
ficient. Similar results were obtained from ITC experiments
(Figure 4 and Table 2). Collectively, these data show that
CDT has a high affinity for negatively charged membranes
with the highest affinity being for POPC/LPS (61:1) vesicles.
A similar observation on the LPS-specific interactions of TP-I
has been reported recently (31). Both TP-I and CDT possess
seven positive charges, and the deletion of the four cysteine
residues does not seem to affect the LPS binding affinity.
The observed LPS selectivity of CDT, which can be
explained in terms of electrostatic interactions (46, 47),
correlates well with the observed antibacterial activities. A
similar behavior has been observed with magainin 2 (48),
analogues of gramicidin S (49), and diastereomeric peptides

FIGURE 9: Variation of the31P isotropic chemical shift of 7:3 POPC:
POPG multilamellar vesicles under 3( 0.005 kHz MAS as a
function of the concentration of the CDT peptide. The isotropic
chemical shift value of POPG (circles) was set to 0 ppm while that
of POPC (triangles) was at-1.3 ppm in the absence of the peptide.
A 0.25 ppm experimental error in the chemical shift value was
measured from the full width at half-maximum.

6536 Biochemistry, Vol. 45, No. 20, 2006 Ramamoorthy et al.



(47, 50), which exhibit antimicrobial activity with little
hemolytic activity. It is likely that the presence of acidic
phospholipids, especially the LPS, in the membranes con-
tributes to bacterial susceptibility to these peptides as well
as CDT.

From the DSC results shown in Figure 5B and Table 3, it
is evident that the incorporation of different amounts of CDT
affects both the pretransition and the main phase transition
of anionic MLVs made of the DMPC/DMPG (7:3) mixture.
It is interesting to note that at a peptide concentration of
1.464 mol %, the gel to rippled gel phase transition
disappears completely while the main phase transition
associated with the trans-gauche isomerization in the lipid
acyl chains is not affected significantly. Since membrane-
spanning peptides are known to affect the rippled gel to liquid
crystalline phase transition significantly (28), our observa-
tions indicate that the peptide CDT is located at the
membrane interface and does not insert deeply into the
hydrophobic portion of the membrane. This assumption is
also supported by the observed blue shift (Figure 3A) in the
fluorescence emission of CDT bound to all of the three
anionic lipid vesicles chosen for this study. The formation
of peptide-rich and peptide-poor domains in the case of
DMPC/DMPG (7:3) MLVs, which is not observed with
DMPC MLVs, reflects the peptide’s affinity for anionic lipids
and suggests a possible mechanism for the observed anti-
microbial activity of CDT. Formation of a specific lipid-
peptide complex can result in the segregation of lipids in
the membrane. This in turn can result in the formation of
local defects in the membrane, which may provide the basis
for the induction of transient lesions and membrane leakage.
Thus, the peptide-inducedE. coli membrane disruption
(Figure 1) is in agreement with the peptide’s ability to interact
specifically with anionic lipids.

31P NMR data suggest that the CDT peptide binding leads
to significant structural changes in bilayers containing an
anionic lipid (7:3 POPC:POPG) and no changes in zwitter-
ionic lipid bilayers (POPC) (Figures 7-9), which also agrees
well with the low binding affinity for the peptide to bilayers
containing no anionic lipid. The observed chemical shift
values from aligned bilayers indicate that the peptide induces
orientational disordering only in bilayers containing POPG
lipid (Figure 7) (51-53). Interestingly, the addition of
cholesterol significantly reduces the disorder induced by the
peptide (Figure 7). The increase in the31P chemical shift
span measured from experiments on unoriented MLVs
containing POPG and CDT suggests that the peptide-lipid
interaction alters the lipid headgroup conformation, whereas
no changes were observed for POPC bilayers in the presence
of CDT (Figure 8). This interpretation is supported by the
upfield shift of the isotropic31P chemical shift frequency
measured using MAS experiments on MLVs composed of
7:3 POPC:POPG and CDT (Figure 9). These results and
interpretations are in good agreement with the previously
reported NMR studies on bilayers containing cationic am-
phiphiles (32, 35, 36, 53). The increasedT1 values in the
presence of CDT suggest that a reduced motion of lipids
due to peptide binding reduces the efficiency of the relaxation
mechanism. This is in good agreement with a recent NMR
investigation of lipid-peptide interaction (37).

While NMR results are consistent with the results from
other biophysical (ITC, DSC, and fluorescence) experiments

presented in this paper, NMR results can be used to
understand the change in the conformation of the lipid
headgroup at a higher resolution. Since the CDT peptide is
highly cationic (+7 net charge), the effect of its binding to
the lipid bilayer surface could be very similar to the changes
induced by the addition of cationic amphiphiles which are
well characterized (32, 35, 36). This assumption is valid as
the observed chemical shift changes in static as well as MAS
experiments are similar in both the cases. Therefore, on the
basis of the studies from cationic amphiphiles and the NMR
data reported in this paper, the CDT peptide interaction with
lipids causes the lipid headgroup to move out of the bilayer
plane into the water phase (32). This arrangement is favored
in POPG-containing bilayers as POPG is an anionic lipid
and the electrostatic interaction between the peptide and the
lipid is the major driving force. On the other hand, such effect
was not observed in POPC-containing bilayers as the
positively charged choline group could repel the cationic
peptide. This also explains the selectivity of the peptide
toward bacterial membranes which contain∼25% anionic
lipids while the mammalian membranes contain a large
quantity of POPC lipids and its outer leaflet contains a
negligible amount of anionic lipids. The selectivity of the
peptide is further enhanced by the presence of cholesterol
in mammalian membranes, which is shown to inhibit the
lipid-peptide interactions (see Figure 6 and also the
fluorescence data given below).

Since the31P data (Figures 6 and 8) suggest that the peptide
is located near the lipid headgroup, it is unlikely that the
peptide would function via a barrel-stave-type mechanism
of membrane disruption (40, 55). On the other hand, the
observation of lamellar phase powder pattern spectra in the
presence of the peptide (Figure 7) and absence of an isotropic
peak or peaks corresponding to nonlamellar phases (Figures
6 and 7) suggests that the peptide may function neither via
the induction of nonlamellar lipid structures nor by the
fragmentation of membranes (52, 56). Therefore, a general
carpet-type mechanism, where the peptides are located on
the bilayer surface which may further lead to membrane
disruption by a flip-flop process as proposed for polyphe-
musin peptides (57), and/or a toroidal-type pore formation
(45, 46, 48, 58) as observed for magainin peptides or via
other possible mechanisms reported for various antimicrobial
peptides could explain the antimicrobial activity of CDT
(56-64).

31P NMR experiments were also performed on POPC, 7:3
POPC:POPG, and 7:3 POPC:CHL bilayers containing TP-I
under similar conditions as mentioned above. No observable
peptide-induced changes in the31P chemical shift spectra of
mechanically aligned bilayers and unaligned MLVs of these
samples were measured for TP-I concentrations up to 5 mol
% (data not shown). These results suggest that the peptide
does not significantly alter the lipid headgroup conformation,
and therefore it is most likely inserted into the bilayers. This
is in excellent agreement with a previous study by Matsuzaki
et al., which reported that the TP-I peptide binds to negatively
charged bilayers without significantly perturbing the mem-
brane structure, translocates across the bilayer coupled with
the pore formation in anionic (PG-containing) bilayers
without altering the vesicle morphology, and forms anion-
selective ion channels (11). In contrast, the same study
reported that a linear analogue of TP-I (all Cys protected by
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acetamidomethyl groups) significantly disrupted bilayers and
failed to translocate. However, unlike CDT, this linear
peptide showed much weaker membrane permeabilization
activity. Unlike other reported linear analogues (11, 12), in
CDT, all four Cys residues are deleted, and therefore the
spatial arrangements of side chains in CDT could be very
different from other analogues. As reported by Rao (12), the
side chain structure, folding, and its role in peptide-peptide
and peptide-membrane interactions could be very important
in the design of potent antimicrobial peptides.

Lack of Amphipathic Structure and Hydrophobicity Results
in Poor Affinity for the Cholesterol-Containing Membrane.
The fluorescence properties of the intrinsic tryptophan residue
of CDT are affected by the presence of negatively charged
vesicles, whereas relatively insignificant changes are ob-
served when vesicles of the POPC/CHL (7:3) mixture were
added to the peptide solution (Figure 3). These data clearly
show that CDT does not insert into the POPC/CHL (7:3)
membrane. Previous studies have demonstrated that incor-
poration of cholesterol imparts rigidity to the membrane and
weakens the interaction between the peptide and membrane
(28, 51, 52, 65, 66). In our experiments, the absence of an
acidic lipid (LPS or PG) and an increase in the membrane
rigidity (due to the incorporation of cholesterol) may have
limited the binding of CDT to liposomes made of the POPC/
CHL (7:3) mixture. This is consistent with the31P NMR data,
which suggested that the presence of cholesterol reduces the
orientational disordering due to the CDT peptide interaction
with anionic lipid bilayers (Figure 7). Although the enthalpy
of binding of CDT to POPC/CHL (7:3) vesicles (Table 2)
suggests some interactions with zwitterionic membranes, the
failure of CDT to affect either the pretransition or the main
transition of DMPC MLVs even at a high concentration of
7.32 mol % shows that the peptide does not perturb
zwitterionic membranes significantly. Taken together, the
inability of CDT to insert into POPC/CHL (7:3) vesicles
(Figure 3A,B), the low binding enthalpy observed for these
vesicles (Table 2), the inability to affect the phase transition
behavior of DMPC (Figure 5A), and the reduced hydropho-
bicity due to the deletion of cysteine residues are in
agreement with the peptide’s inability to induce hemolysis
of erythrocytes whose membrane is rich in zwitterinonic
lipids and cholesterol (67).

Tachyplesin I adopts aâ-sheet structure in aqueous
medium and also upon association with membranes (6-8).
As CDT lacks cysteine residues, the peptide is likely to adopt
a less ordered or random conformation. The conformational
preferences of CDT in aqueous buffer and in the presence
of neutral and acidic liposomes were investigated to deter-
mine the membrane-bound conformation of the peptide.
Predictably, CDT exhibits an unordered conformation in
aqueous buffer but folds into a more ordered structure in
trifluoroethanol (Figure 6, trace 3) and upon binding to
POPC/LPS (61:1) vesicles (Figure 6, trace 4). Even though
CDT retains the amino acids that form the centralâ-turn
segment of tachyplesin I, considering the length of the
peptide and distribution of hydrophobic and charged residues,
we predict that the peptide would adopt a combination of
extended andâ-sheet structures upon binding to membranes.
Coupled with the observation that CDT induces lipid
aggregation in POPC/POPG (7:3) and POPE/POPG (7:3)
vesicles, the differences in the CD curves of CDT in the

presence of acidic and neutral liposomes can be attributed
to the differences in the mode of interaction of the peptide
with these membranes (see also Figure 2). In addition, the
structural folding of the peptide, particularly the side chains
of residues, could play a role in this selectivity as mentioned
above.

While the peptide has the ability to fold into a relatively
more orderedâ-structure upon binding to negatively charged
membranes, it fails to form any ordered structure in the
presence of POPC/CHL (7:3) vesicles. Since CDT retains
the centralâ-turn segment, the negatively charged vesicles
can possibly induce conformational transitions in the N- and
C-terminal segments of the peptide in a manner to enhance
the amphipathicity of the peptide; this would enable the
peptide to effectively interact with the negatively charged
and, possibly, bacterial membranes. On the other hand, the
absence of an ordered structure for CDT, as observed in the
case of POPC/CHL (7:3) vesicles, could reduce the amphi-
pathicity and the ability of the peptide to interact with neutral
and erythrocyte membranes. These possibilities are reflected
in the observed binding affinities, enthalpy of binding, and
enthalpies of phase transitions for the CDT-membrane
interactions.

Growing evidence indicates a strong correlation between
biological activity and amphipathic structure and net charge.
However, several studies on model peptides (47, 49, 69-
70) aimed at identifying the molecular determinants for
selectivity in biological activities (antimicrobial vs hemolytic)
show that a lack of or a reduction inR-helical structure results
in low hemolytic activity without any significant loss in
antimicrobial activity. Similarly, lack ofâ-structure has been
ascribed to the low hemolytic activity of gramicidin S
analogues (49). Therefore, in the case of cationic antimi-
crobial peptides, lack of amphipathicity due to the disruption
of secondary structure may reduce or eliminate the hemolytic
activity. On the other hand, the absence of disulfide bonds
could make the linear analogues amenable for proteolytic
degradation. In this context the use ofD amino acids in the
peptide design could be important (47, 50). In addition,
hydrophobicity, distribution pattern of amino acids, and the
folding/interactions of side chains of residues along the
peptide chain may also modulate membrane specificity. We
believe that the findings presented in this report would be
useful in designing peptide antibiotics to target bacterial
membrane components such as the LPS.
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