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ABSTRACT:. Latarcins (Ltc), linear peptides (ca. 25 amino acid long) isolated from the venom of the
Lachesana tarabaé spider, exhibit a broad-spectrum antibacterial activity, most likely acting on the
bacterial plasmatic membrane. We study the struetaptivity relationships in the series of these
compounds. At the first stage, we investigated the spatial structure of one of the peptides, Ltc2a, and its
mode of membrane perturbation. This was done by a combination of experimental and theoretical methods.
The approach includes (i) structural study of the peptide by CD spectroscopy in phospholipid liposomes
and by?H NMR in detergent micelles, (ii) determination of the effect on the liposomes by a dye leakage
fluorescent assay arfdP NMR spectroscopy, (iii) refinement of the NMR-derived spatial structure via
Monte Carlo simulations in an implicit wateoctanol slab, and (iv) calculation of the molecular
hydrophobicity potential. The molecule of Ltc2a was found to consist of two helical regions (residues
3—9 and 13-21) connected via a poorly ordered fragment. The effect of the peptide on the liposomes
suggests the carpet mechanism of the membrane deterioration. This is also supported by the analysis of
hydrophobic/hydrophilic characteristics of Ltc2a and homologous antimicrobial peptides. These peptides
exhibiting a helix-hinge—helix structural motif are characterized by a distinct and feebly marked
amphiphilicity of their N- and C-terminal helices, respectively, and by a hydrophobicity gradient along
the peptide chain. The approach we suggested may be useful in studying not only other latarcins but also
a wider class of membrane-active peptides.

Antimicrobial peptides (AMPS$)are important components members have currently been described), short lengths (less
of the innate immune system of most organistt)s Among than~50 residues), and a relatively simple spatial structure
AMPs the linear antimicrobial peptides (L-AMPs) constitute (mainly o-helical in membranes).

_the m_ost studied 'groupﬂx. Most L-AMPs deteriorate the Structure-activity studies of L-AMPs revealed that their
integrity of bacterial plasma membrane rather than disturb onimicrobial activity is determined by a number of molecular

complex intracellular pathwayS8) These peptides represent .0 ties such as positive charaehelicity. and amphipath
a suitable model for the de novo design of medicines against&) pSeveraI sequgnce—based gszlramtgt’ers (e gp gegr)(/ae of

microorganisms that have developed resistance to CoNvVen-, - shinathy. mean hvdrophobicity. and charae distribution
tional antibiotics. This is due to a high diversity-200 werpe uF;ed{(’) differen)':iatepL-AMPé,,(4—7), butgunambigu- )
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the delineation of specific patterns on a peptide surface and,supplemented with information on its antibacterial activity
on the basis of the hydrophobic match/mismatch concept, (21).

the prediction of the mode of membrane binding and the

putative mechanism of action. Evidently, the accuracy of MATERIALS AND METHODS

on the apatial uciure of AMP in the membrane, . Materils. Deuterated SDS (SD8x) was obtained from
Nuclear magnetic resonance (NMR) spectroscopy is Cambrldge Isotope Lab'oratorles. Dlole_oylphosphatldyletha-
known to be an excellent technique for the elucidation of nolamine (DOPE) and d|oleoylphosphaudylgly(_:erol (DOPG),
spatial structures of peptides incorporated in the membrane—ﬁg:y(ﬁé?:r;ite T:?t? ra:\?:n(:;‘ E%ﬁgrdﬁn?ﬁée&e.gggstﬁoAorL)4 00
mimicking environmentq1, 12). However, such experiments Car,box fluor[()ar.;cein (yCBF) SDS andpSephadex G-5'O wére
often provide information only on peptide conformation, product);; of Sigma—AIdrich’(St L,ouis MO3H;O (99.9%)
while the molecular details of peptidenembrane interac- was purchased from ISOTOPE (Ru,ssian erderation) The
tions are lost. Also, often ill-ordered peptide fragments lack P . . ; y
pH of aqueous solutions of the peptides or peptide/detergent

a sufficient number of NMR constraints, and as a result, the ;. os'\yas adjusted with diluted KOH or HCI (REACHIM,
quality of the spatial structure suffers. A possible solution . .
Russian Federation).

to these problems may consist in an additional structure ! .
relaxation and refinement via computer simulations in  Sample Preparationltc2a was synthesized by Fmoc
methodology. A sample for studying Ltc2a in SDS micellar

implicit or explicit membrane mimics using the available ) . - .
NMR constraints. The peptide molecular dynamics (MD) in Solution was obtained by a stepwise addition of SBS-

explicit membrane environments (full-atom hydrated lipid (from 200 mM stock solution in a 9:14@—2H,0 mixture)

bilayers or micelles) or membrane mimics seems to be oned pH26.8 to the aqueous sol_ution (2.5 mg/&i_lo of 9:1
of the most powerful techniques for this purposks)( H.0—H,0) of the peptide until the SD8z:peptide molar

Unfortunately, this method requires extensive computer 'ati0 has reached the value o60:1. The sample iAH.0
calculations and has to be used with care in cases when thdVaS prepared by lyophilization of the sample ifQ (Ltqc2a—
peptide location in the membrane is unknown. A reliable SPS¢zs 1:60) at pH 6.8, followed by redissolution 0.

compromise between preserving atomic details and the Liposomes composed of the DOPBOPG (molar ratio
computational cost of simulations appears to be an employ-7:3) mixture were prepared by mixing the required amounts
ment of Monte Carlo (MC) conformational search in an ©f the phospholipids dissolved in chloroform and evaporation
implicit membrane model. This approach has been success©n & Savant Speedvac vacuum dryer, model SPD1010 (GMI,
fully applied previously to exploration of the membrane Inc., Albertville, MN). The resulting film was overnight dried
b|nd|ng mode of a number Of peptides and protem'( ata h|gh Vacuum and then hydrated with 50 mM Tris-HCI
Elucidation of the molecular mechanisms of membrane- buffer prepared in bD—2Hz0 (50:50 v/v) containing 100
perturbing activity of L-AMPs is the next important step in MM KCI. A freeze-thawing was performed to facilitate
structure-activity studies of AMPs. Most L-AMPs primarily ~ Soaking of the film.  The phospholipid dispersion was
act on plasmatic membrane of bactei®, @nd hence, the extruded through a polycarbonate_ filter Wlth a pore size of
mechanism of their membrane perturbation can be studied400 nm. Freshly prepared and size-calibrated unilamellar
on model phospholipid membraned, (15). Most con- vesicles (LU\_/s) in the buffer (to.tal lipid of 6 mg/24&]_)
veniently, this can be achieved by experimental methods Were placed in an NMR tube with an outer diameter of 5
using nonperturbing membrane probes and nuclei, in par_mm.'The peptm}e dlssolved in the same buffer was added to
ticular, 3P NMR spectroscopylé—20). the_ I_|posomes in L portions, and the tube was shaken to
Thus, the molecular mechanisms of L-AMP action can facilitate homogenization of the sample.
be understood using a combined approach with the use of NMR Spectroscopy'H NMR spectra (NOESY and
the aforementioned experimental and theoretical techniques. TOCSY) for structure elucidation were measured on a Varian
We have implemented such an approach for a number of Unity-600 spectrometer equipped with a triple resonance
peptides recently isolated from the venom of the spider probe, an actively shieldez-gradient coil, and a current
Lachesana tarabae (21). One of the most interesting of amplifier, PERFORMA II. The details of the measurements
them is the Ltc2a peptide, a quite hemolytic 26 aa cationic and processing of the data were the same as reported in ref
peptide with activity against Gram-positive and Gram- 23.
negative bacteria. The goal of this work is the determination  The3!P NMR spectra were recorded on a Bruker Avance
of its spatial structure in the membrane-bound state and thespectrometer (DRX 500) at the resonance frequency of 202.5
mechanism of its membrane-perturbing action. We deter- MHz, using a standard broad-band 5 mm probe head.
mined the spatial structure of Ltc2a by high-resolution NMR Chemical shifts were referenced relative to an external 85%
spectroscopy in sodium dodecyl sulfate (SDS) micelles and HsPOy. The spectra were recorded with tBe= %, Hahn
then refined it via MC calculations in the implicit water echo pulse sequence. A recycle delay of 2.5 s was used. A
octanol slab. We used a mixture of phosphatidylethanolaminetotal number of 2048 accumulations (accumulation time of
(PE) and phosphatidylglycerol (PG) to adequately model the ~1.5 h) was acquired. All of the measurements were carried
lipid composition of bacterial plasmatic membran2g) (The out at 10°C. The spectra were processed using Bruker
membrane-bound structure of Ltc2a and the effect of this XWINNMR software as earlier describe@4). The line-
peptide on PEPG liposomes were determined by circular shape simulation of the spectra was achieved with the
dichroism (CD) spectroscopy, dye leakage fluorescent mea-program P-FIT under an assumption that the lines are purely
surements, an#P NMR spectroscopy. Our results provide Lorentzian and the liposomes adopt an ellipsoidal shape in
a new insight into the functionality of this L-AMP when the magnetic field Z5). The adjustable parameters in the
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simulation protocol were the components of the tensor of 47
chemical shift anisotropy (CSA), the integral intensity, the
semiaxis ratio of the ellipsoid, and the half-width of
Lorentzian band.

Spatial Structure Calculation and Analysighe program
CYANA (26) was used for the calculation of the structure
of Ltc2a bound to SDS micelles. At the first step, the
volumes of NOE cross-peaks were calibrated using the
standard subroutine CALIBA2{). After a preliminary
structure was obtained, the NOEs were calibrated by a 2 : : : : : ,
systematic comparison of NOE volumes with protqmoton 200 210 220 230 240 250
distances in the set of calculated structures. The torsion angle Wavelength (nm)
restraints were obtained with a local structure analysis usingFicure 1: CD spectra of Ltc2a in various environments: (1) at 18
the HABAS program 27), based ordye(i,i), dN/j(i,i), and °C, pH 6.8, 0.6 mM in water (dotted line); (11) 0.3 mM in water

i ; ; ; TFE (50:50 v/v) (dashed line); (Ill) 0.25 mM in SDS micelles
don(i,i+1) NOE constraints in NOESY spectra with a short (SDS-peptide, 100:1) (detdashed line): (IV) 0.23 mM in DOPE

mixing time (60 ms). No*J proton-proton coupling con-  5opg (7:3) LUV (diameter of 100 nm), L/P, 77:1 (solid line).
stants were used in the analysis, because their measurements

were hampered by relatively broad line widths in thé calculated and visualized using the MHP approach as
NMR spectra. Local structure analysis also resulted in the gescribed in res.

identification of unambiguous stereospecific assignments  ~p SpectroscopyCD spectra were measured on a

whose number was increased on further stages of spatialjpngco.g10 spectropolarimeter. All of the spectra were
structure calculation. NOE and angle restraints were supple-gniained at room temperature with a quartz cell of 0.1 mm

mented with data on the deuterium exchange rates of amide o ength. The concentration of the peptide varied from
protons. Slowly exchanging amides of residues@nd 19 5 15 1.4 mM. The baseline-corrected spectra were smoothed,
were supposed to participate in hydrogen bonding. The mostynq the helical content was estimated as previously described
probable carbonyl acceptors for these amides were selecteqgg)

in the preliminary structure calculation without any restraints ; PR _ .

for hydrogen bonds. As a result, at least in 50% of calculated w;_seﬁszgaetel(zjx\?vietrk:rg%n:: l\l/lpl-(l-jnzlﬁc(::) S};Z 3)2;%”79'31)00
structures the carbonyl groups of residuesizand 15 were mM KCI and 50 mM CBF. The lipid dispersions were
hydrogen bonded with the amide groups from residue8 6 subjected to as many as 10 freetbaw cycles and

and 19, ;]e(sjpectivekljy. Lhe restraigés gmounting to respectiveg hsequently extruded through a polycarbonate filter with a
I,1 + 4 hydrogen bonds were added. pore size of 100 nm. Nontrapped CBF was removed by gel
A macro ANNEAL utilizing MD in torsion angle space  gjiration on a Sephadex G-50 column equilibrated with 50

was used for the structure calculati@®). The standard MD .\ Tris-HCI buffer pH 7.5, containing 100 mM KCI. These

protocol with a stepwise decrease in the temperatureqgicies were then diluted to a final volume of 1.2 mL with
comprised of 10000 steps was employed. A set of 200 o same buffer (total lipid concentration ©20 M), and
random structures was minimized, and 20 of them with the release of CBF after addition of the peptide was

minimal target function were selected. They were used for ., iored by measuring fluorescence intensity at 515 nm

the analysis of violated distance constraints and refinement, i, excitation at 492 nm on a Hitachi F-4000 instrument at
of stereospecific assignment with the GLOMSA utilig7]. room temperature. The release of CBF was calculated
Visualization and analysis of the calculated structures were according to the equation:

achieved with the MOLMOL (version 2.2)28) and
PROCHECK (vesrion 3.4.4) programa9 30). _ _ _
Molecular Modeling.Twenty structures with low viola- Ry = 100[F, — Fol(F100 =~ Fol]
tions of NMR constraints were the starting conformations
of Ltc2a for MC simulations. The membrane was represented
by an effective potential based on a combined employment
of atomic solvation parameters for gas to octanol and gas to
water transfer, which mimic the lipiewater interface and
the aqueous solution, respectiveB1). The details of the
implicit membrane model are given in rédl. Conformational RESULTS
space of proteins was explored via a variable temperature
MC search in the space of torsion angles using the modified Spatial Structure of Ltc2aCD spectra of Ltc2a in various
FANTOM program 82). The starting structures were environments are shown in Figure 1. The spectrum in the
arbitrarily placed in the aqueous phase. Then severalaqueous solution (pH 6.8) is a typical one of the random
consecutive MC runs for each starting conformation with coil state. Similar spectra were obtained within the pH range
applied NMR restraints were carried out as described earlierfrom 2.5 to 7.5. A helical conformation emerges in mem-
(10). The resulting lowest energy structures were analyzed branelike environments, in wateTfFE mixture, in SDS
using a set of specially written auxiliary programs. Several micellar solution, and in the presence of DOFBOPG (7:
parameters, such as the peptide location in the membrane3) phospholipid vesicles. The helical content was estimated
slab, angles between axes of helices, and the bilayer normalto reach up to 40% for the SDS solution. The CD spectrum
were monitored. Hydrophobic properties @fhelices were of the peptide in the presence of PEG vesicles is similar

0 x10"(deg cm’/dmol)

whereRs is the fraction of the dye releasdek, Ft, andFio
are the fluorescence intensities at tintes 0 (i.e., prior to
the peptide addition), (~2 min after the peptide addition
accompanied by sample stirring), or after addition of0
of 10% Triton X-100 solution, respectively.
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do (i, i+1)
dGii+1)
dy(i,i+1)
d(i,i+3)
d,o(i,i+3)
d,(i,i+4)

H-D AGA )

Ficure 2: 1H—!H contacts from 60 ms NOESY spectra of Lte2a
SDS (1:60) at pH 6.8, 45C, and H-D exchange rates of amide
protons. The widths of the bars correspond to the relative volume
of the corresponding cross-peaks in the NOESY spectrum. The
amides that persisted in the spectra¥diO h (lle7 and Val19) are
designated with filled circles. The filled triangles correspond to
the amides with a lifetime of5 h (Leu6 and Lys8). The volumes

of cross-peaks overlapped under the conditions were evaluated from

NOESY spectra measured at slightly different temperature or pH.

to that in SDS micelles (Figure 1), indicating similarity of
the peptide structure in bilayers and micelles.

Ltc2a exhibits narrowH NMR resonance lines in aqueous
solution (spectra not shown). An addition of Sldgresults
in line broadening, which indicates an interaction of the
positively charged peptide with the negatively charged
micelles. An SDS to peptide molar ratio of 60:1 was used
to keep approximately one peptide molecule per mic8i (
A temperature of 45°C was used to obtain narrower

Dubovskii et al.

Table 1: Structural Statistics for the Final Family of 20 Ltc2A
Structured

parameter value

target function (A) 0.14t 0.01
upper limit violations (A)

sum 1.3+ 0.1

maximum 0.11+ 0.01
lower limit violations (A)

sum 0.0+ 0.0

maximum 0.0G+ 0.00
van der Waals violations (A)

sum 0.3£ 0.0

maximum 0.11+ 0.00
violations of torsion angle

constraints (deg)
sum 0.6+ 0.5
maximum 0.48+ 0.42

pairwise RMSD (A)
backbone, residues-21
heavy atoms, residues-21
backbone, residues38
heavy atoms, residues-8
backbone, residues 21
heavy atoms, residues 21

Ramachandran statistics

0.94-+ 0.36 (1.33+ 0.90)
1.77+ 0.35 (2.01+ 0.93)
0.38+ 0.20 (0.31+ 0.25)
1.114 0.24 (0.99+ 0.41)
0.22+ 0.06 (0.07+ 0.03)
1.27+ 0.40 (0.71+ 0.30)

residues in most favored 73.6 (87.6)
regions (%)

residues in additionally allowed 22.9 (12.4)
regions (%)

residues in generously allowed 2.4 (0)
regions (%)

residues in disallowed 1.1 (0)

regions (%)

2 The values were obtained by calculations using constraints gener-

resonance lines. The procedure of the sequential resonancgted from the 60 ms NOESY spectrum of Lte23DS (1:60), pH 6.8,

assignments was applied straightforward$)( An analysis
of the o-proton chemical shifts of the peptide revealed their
upfield shifts, indicating the formation ef-helical structure
(36, 37). NOE connectivities for Ltc2a in SDS micelles are
shown in Figure 2. A number @i, dun(i,i+3), dag(i,i+3),
don(i,i+4) connectivities imply that the peptide adopts
a-helical structure within residues-® and 13-21 connected
with an unordered fragment (residues—12).

In total, 222 distance and 123 torsion angle constraints
were used for the structure calculation. No long-range NOEs
were detected. This might indicate that no peptideptide

45 °C, for 20 of 200 structures calculated and followed by restrained
minimization in the implicit model membrane (values in parentheses).
b Analyzed using PROCHECK, v.3.4.24; 30).

The two helices of Ltc2a differ in their hydrophobic
organization. The N-terminal helix is strongly amphiphilic.
The side chains of hydrophobic and hydrophilic amino acids
are segregated into the opposed sides (Figure 3c,d). The
hydrophobic side of this helix is formed by the Phe3, Leu6,
and lle7 residues. The opposed hydrophilic side is built up
of the side chains of residues Lys5, Lys8, and Lys9. The

association takes place under the conditions used. TheN-terminal hydrophobic residues and PhelO of the hinge
statistics of the NMR set are provided in Table 1. MC region constitute a hydrophobic site, which could be inserted
refinement of the NMR structure in the implicit membrane in the lipid bilayer. On the other hand, the hydrophobic
allowed to improve the Ramachandran statistics with a (llel5, Tyrl7, and Vall9) and hydrophilic (Lys13, Lys20,
minimal effect on the peptide structure (Table 1). Argl2, and Serl6) residues are randomly distributed on the
A set of 20 structures of Ltc2a with lowest violations of surface of the C-terminal helix.
the input distance constraints is shown in Figure 3a. The We used MC simulation to putatively localize the peptide
peptide molecule comprised of two-helices separated by  molecule in the lipid bilayer. The positioning of the best
a poorly ordered fragment is shown in a ribbon representationstructure of the final set in the wateoctanol slab is shown
in Figure 3b. A large portion of hydrogen bonds of the Ltc2a in Figure 3b. The consideration of the whole set of structures
molecule are of, i + 4 type, wherda + 4 is the number of  showed that the N-terminal helix should be buried in the
residues with the NH group, while the CO group of residue membrane at an angle of 3515° relative to the membrane
i is its acceptor. The following hydrogen bonds are highly plane. The apolar residues of this helix display energetically
populated within the calculated set: LeuGeu2, lle?-- favorable contacts with the membrane environment in good
Phe3, Lys8&-Gly4, Serl6--Argl2, Tyrl#--Lys13, Vall9 accord with the hydrophobic mateimismatch concept.
-+llel5, Lys20--Serl6, Lys231:-Tyrl7, and Ala22--Alal8. Unfavorable interactions are observed only for the Lys5
Only twoi, i + 3 hydrogen bonds are formed: Lys9.eu6 residue due to the immersion of its side chain in the
and Arg23--Lys20. Note that only four hydrogen bonds were hydrophobic medium. The C-terminal helix lies nearly
assumed in the calculations: LeuGeu?2, lle?--Phe3, Lys8 parallel to the slab (angle between the helix axis and the
-*Gly4, and Vall19-:lle15, because the corresponding amide membrane plane is15 £+ 12°) and slightly interacts with
protons were slowly exchanging (Figure 2). the water-octanol interface.
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(b) (d)

waier

octanol

Ficure 3: Structure of Ltc2a based on NMR data in SDS micelles and restrained MC simulations in the implicit membrane. Ensemble of
20 representative structures superimposed by backbone atoms of residlie@3 Membrane binding mode for the best structure (b). The
peptide backbone is given as a ribbon representation. Charged, polar, and hydrophobic residues are shown by black, dark gray, and light
gray sticks, respectively. Implicit membrane is in hatched gray. Spatial hydrophobic properties (c, d) of the peptide surface: side (c) and
top views (d). The peptide surface is colored according to the values of the molecular hydrophobicity potential (MHP) created on the
surface points by the atoms of Ltc2a. Hydrophobic (high MHP) and hydrophilic (low MHP) surface regions are shown in dark and light
gray, respectively.

100}
R, (%) (@)
80}

60}
a0l

(b)

20}

0 o 1 L 1 1
5 10 15 20 uM

Ficure 4: Release of CBF from DOPEDOPG (7:3) LUVs (©
(diameter of 100 nm) at pH 7.5 as a function of peptide
concentration.

Interaction of Ltc2a with LiposomesdNe studied the
interaction of Ltc2a with liposomes formed by a mixture of 40 20 0 20 40 ppm
PE and PG to elucidate a possible mechanism of itS g re5: 31p NMR spectra of DOPEDOPG (7:3) liposomes (a)
antibacterial action. Figure 4 shows the percentage of CBFin the absence or (b) in the presence of Ltc2a at L/P ratios of 50:1
leakage from DOPEDOPG (7:3) liposomes as a function and (c) 18:1. The solid lines correspond to the computer- simulated
of the peptide concentration. The results indicate that Ltc2a SPectra obtained using the program P-FI%)( The dotted lines in

: : : : .1+ ,(C) correspond to the isotropic and anisotropic components, with
interacts with the liposomes and increases the permeabllltyghé arrowppointing to the isgtropic one. Thepbest—fitpCSA values

of the lipid bilayer. A*P NMR study of the Ltc2a interaction  (nom) were (a) 36.2, (b) 39.8, and (c) 39.8. The liposomes were
with LUVs of the same lipid composition was carried out t0 assumed to be ellipsoidal in shape, with the aspect c4ie-1.15,
understand the membrane permeability mechanism. Thewhere ¢ and a are major and minor axes of the ellipsoid,
liposomes obtained by extrusion through 400 nm pores respectively.

exhibit a3'P NMR spectrum (Figure 5a) with a typical bilayer

line shape. No averaging of CSA due to vesicle tumbling liposomes 19). Up to a L/P ratio=~25:1, the bilayer-type
was observed in accordance with earlier observations for theshape of the spectrum is preserved. As an examplefthe
liposomes of a similar size38). The line shape in the  NMR spectrum at a L/P ratio of 50:1 is shown in Figure 5b.
spectrum is similar to that observed forPEG multilamellar If the spectra (Figure 5a,b) are fitted with a single axially
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symmetric powder pattern, the CSA value is found to be takes place. The peptide molecules bound to the outer
increased from~36 to 40 ppm. This is in agreement with a membrane leaflet associate themselves in such a way that
complete miscibility of PEPG mixtures 89). At a L/P ratio the hydrophobic peptide regions align with the lipid core
<~20:1, the peptide was found to destroy the bilayer region, while the hydrophilic peptide regions form the interior
organization. Thé'P spectrum at a L/P ratio of 18:1 is a of the pore. The carpet mechanism presumes the peptides
superposition of two signals, anisotropic and broad isotropic, disrupt the membrane by covering the surface of the lipid
with the integral intensities in a ratio of 1:9 (Figure 5c). bilayer and forming a monolayer, a carpet. A combination
Therefore, it can be concluded that Ltc2a deteriorates theof 3P NMR and fluorescence spectroscopies in this work
phospholipid organization when the concentration of the and also the information on the planar bilayer membranes,

bound peptide exceeds a threshold value. obtained recently2l), allow us to suggest that Ltc2a likely
acts via the carpet mechanism.
DISCUSSION Indeed, theé*’P NMR suggests that the Ltc2a binding to

PE-PG liposomes at low peptide concentrations (Figure 5b)
increases théP CSA value. This increase agrees with

previous studies on the effect of cations on lipid bilayers,
showing that the conformation of lipid headgroup changes

It has recently been found that Ltc2a, a member of a new
family of latarcins from the venom of the tarabaei spider,
possesses cytolytic and antimicrobial activities against both

Gg?m—p%sitive and Gfralm-negative é:)acteria,l a(;]tjng prEsum-by moving out of the bilayer surface toward the water phase
ably on the integrity of plasma membran@s)( In thiswork, 45 This makes the barrel stave mechanism unlikely, since
we proved the structure of this peptide by CD SPectroscopy 5 pentide must be located near the lipid headgroup under
|n.membrane- m”T“C:T'”g env(;ronrr:‘nentﬁ, ﬁu%h as V_V?EI‘TQ?E h these conditions, as noted by Ramamoorthy and co-workers
mixture, SDS micelles, and phospholipid vesicles. The (,q | {¢24 induces formation of the isotropic phase in-PE
peptldg was shown to exhibit a higher degrge of heI|C|_ty N PG bilayers after a threshold L/P ratioR0:1. Disruption

the micelles than in the watealcohol mixture. This o whe membranes via observation of a relatively broad

observation is _similar to those made e_arlier f(_)r other isotropic signal in thé’P NMR spectra was evidenced in
membrane peptides (cf. rdD). Ltc2a adopts in the micelles 51 of the carpet mechanism of action of cationic AMP

and the phospholipid vesicles [DOPBOPG (7:3) mixture] (47). Assuming that the peptide is bound only to the outer

structures of a similar overall helicity, and therefore, we have membrane leaflet, one can calculate that the peptide mol-

concluded that the detergent micelle is a suitable membraneecmes cover all of the outer surface of the liposomes at a

model. The high-resolution NMR structure of Ltc2a was then | p atiq of~20:1. The liposome breakdown begins exactly
solve_d in the SDS mlcglle, af‘d t.h's structure was subjected ,qer these conditions. We noticed also that at this L/P ratio
to refinement by MC simulation in the |mpI|C|t me.mbrane, the leakage of CBF from the liposomes begins (Figure 4). It
a water-octanol slab. An advantage of this technique over g jiely that the release of CBF from the liposomes is due
MD simulations is that it is much faster due to the , yneir gisruption by Ltc2a and subsequent formation of
implicitness of the membrane. In addition, MC search in the yiy_hentide complexes. A similar pattern of the interaction
dihedral angle space permits exhaustive sampling of theWas found in a number of studies of peptidpid interac-
potential energy surface, thus providing_ efficient localization tions @4, 48, 49). Note that hydrophobic interactions seem
of the low-energy states of a peptide in the membrane. ;v 4 significant role in the formation of these complexes,
The resulting spatial models of Ltc2a are believed to bear pecause the peptide was shown to disrupt zwitterionic and
a considerable resemblance to its conformation in biOlOgiCEl' PE-PG p|anar membranes at similar effective concentrations
membranes. This is supported not only by the helical content (21).
of the peptide detected by CD spectroscopy in liposomes  \hat might be the relationship between the 3D structure
but also by the fact that NMR-derived micelle-bound of the micelle-bound Ltc2a and the mechanism of its
conformations of a number of amphiphibiehelical peptides  membrane-perturbing action? To address this issue, a com-
are similar to those in lipid bilayersg, 41). Furthermore,  parative analysis of Ltc2a with other antimicrobials with
according to the MC simulation data, the resulting spatial known properties is required. We tried to find such peptides
structure of Ltc2a is well adopted to the planar watertanol  py searching for the sequence homology in an AMP database
slab (see below). The observed helhinge-helix structural  (50), containing more than 500 entries. Among the identified
motif frequently occurs in cationic AMPs. Usually, in the  homologous peptides, only the molecules with the spatial
peptides composed of more tha@0 amino acids the helical  structure resembling that of Ltc2a were considered. As a
regions are not continuous but contain a flexible hinge in result, two candidates that meet these criteria were chosen,
the middle part. Such segments are often enriched with helix-namely, dermaseptin B2 (DrsB2) and a hybrid cecrepin
breaking residues, Gly and/or Pra2. For instance,  magainin peptide (Cec-Mag). Both of them reveal a homol-
structure-activity studies revealed the necessity of a hinge ogy degree above 50% with Ltc2a (Figure 6a), and their
in caerin 1.1 43), a synthetic AMP composed of fragments  NMR-derived structures in a membrane mimetic environment
of cecropin, magainin-24@), and clavanin 44). This  exhibit the helix-hinge—helix motif. Despite this fact, the
structural motif is expected to predetermine the mechanismyyo peptides demonstrate different mechanisms of action.
of the peptide action on the bacterial plasma membrane. Ceg-Mag forms pores in membrandg), while DrsB2 acts
Basically, there are two mechanisms by which linear by the carpet mechanisrBl). This obviously indicates that,
amphipathic AMP permeates bacterial plasma membranesbased only on the sequence and 3D structure information, it
This occurs either by (a) transmembrane pore formation via appears impossible to differentiate the peptides according
a barrel stave or by (b) a carpetlike mechanidr).(The to the membrane-perturbing action. We propose the use of
first one presumes that no disintegration of the membranea detailed mapping of hydrophobitiydrophilic properties
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FIGURE 6: Sequence alignment between Ltc2a and structurally similar L-AMPs (a) and hydrophobic organization of Ltc2a (b), Cec-Mag
(c), and DrsB2 (d). Identical and isofunctional amino acids in the alignment are marked with the sythbals$ “”, respectively. Helical

regions of the peptides are enclosed in boxes. The 2D isopotential map of the molecular hydrophobicity potential (MHP) on the surface of
the peptide helices was calculated as described iB.réhe value on theX axis is the rotation angle about the helix axis; the parameter

on theY axis is the distance along the helix axis. MHP is given in octam@ter logP units. Only the hydrophobic areas with MHP

0.09 are shown. Contour intervals are 0.015. The positions of residues are indicated by letters and numbers. The N- and C-terminal helices
of the peptides are given separately on the lower and upper panels, respectively. The nonamphiphilic central region of the second helix of
DrsB2 (d) is not shown.

360

of their a-helical regions using the MHP approad).( often help to delineate the mode of membrane binding. For
Two-dimensional (2D) MHP maps far-helices in the Ltc2a, this is illustrated by an analysis of low-energy states
NMR models of Ltc2a, Cec-Mag, and DrsB2 are shown in found by MC conformational search in the wat@ctanol
Figure 6b-d. The contour isolines correspond to hydrophobic slab. Octanol mimics a weakly polar medium with dielectric
regions with high positive MHP values on the surfaces of properties similar to those on the membrane interfaces. As
their helices. One can see that the N-terminal helices in all seen in Figure 3b, a typical energetically favorable confor-
of the peptides are clearly amphiphilic and strongly hydro- mation of Ltc2a is characterized by an insertion of its
phobic at one of the helix sides. On the other hand, the N-terminal helix into the slab, while its C-terminal helix
C-terminal helices are quite different. For example, such a resides in the interface. Strong membrane interactions of the
helix in Ceg-Mag demonstrates a marked amphiphilic former helix are caused by its amphiphilic nature. The Phe3,
character, whereas, in the case of Ltc2a and DrsB2, polarLeu6, and lle7 residues forming the hydrophobic pattern on
and apolar residues are almost uniformly distributed among the MHP map contact octanol, while the polar Lys8 and Lys9
the helix sides. Another observation is that the surfaces of residues are exposed to water. The absence of prominent
the N-terminal helices of Ltc2a and DrsB2 are much more hydrophobic patches on the surface of helix-23 impedes
hydrophobic than the C-terminal helices. Such a hydropho- its immersion into octanol.
bicity gradient (also called as oblique-oriented pattern) was The MHP properties of the membrane-interacting regions
found in many of the so-called tilted peptideS2). In of DrsB2 and Ceg-Mag, like those of Ltc2a, correlate with
contrast, both of the helical segments of Ceg-Mag reveal their modes of binding and membrane-perturbing mecha-
quite similar hydrophobicities. nisms. DrsB2 efficiently interacts with the membrane through
It has previously been showb3) that the MHP data for  its amphiphilic N-terminal helix and destabilizes the lipid
peptides, along with MC simulations in implicit membrane, bilayer in a carpetlike manner. The C-terminal part of DrsB2



10766 Biochemistry, Vol. 45, No. 35, 2006 Dubovskii et al.

was found to be only slightly involved in the membrane usage. Access to computational facilities of the Joint Su-
binding because of a somewhat diffuse distribution of the percomputer Center (Moscow) is gratefully acknowledged.
hydrophobic properties of its surface. These conclusions

agree with the experimental dagi(54). On the other hand, SUPPORTING INFORMATION AVAILABLE

the membrane-bound motif of Ceg-Mag comprising tWo  one figure representing deviations @fproton chemical

amphiphilic helices separated by a flexible hinge is well- ghifis of Lic2a in the SDS micelle (1:60) at 46 from those
suited for the formation of transmembrane pores. This is j, the random coiled state, a plot of the distribution of

likely to occur through their assembling into tightly folded  istance constraints as a function of the residue number
a-helical bundles. Such motifs are frequently observed in jitference or residue number. and one figure showing

ion channelsg9). ~intervals of variation of dihedral angles for the set of
To summarize, in this study, we used a combined calculated structures of Ltc2a. This material is available free

experimental and theoretical approach to explore the mem-of charge via the Internet at http://pubs.acs.org.
brane-bound conformation and the mechanism of the mem-
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