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ABSTRACT. Melittin, a 26 residue, non-cell-selective cytolytic peptide, is the major component of the venom
of the honey bed\pis mellifera In a previous study, a diastereomer ([D}-8417,K21-melittin, b-amino

acids at positions %8,117,K21) of melittin was synthesized and its function was investigated [Oren, Z.,
and Shai, Y. (1997Biochemistry 361826-1835]. [D]-V>8117,K2-melittin lost its cytotoxic effects on
mammalian cells; however, it retained antibacterial activity. Furthermore, fi3JFV,K?-melittin binds
strongly and destabilizes only negatively charged phospholipid vesicles, in contrast to native melittin,
which binds strongly also zwitterionic phospholipids. To understand the differences in the properties of
melittin and its diastereomer, 2D-NMR experiments were carried out with [B]+V,K2-melittin, and
polarized attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy experiments
were done with both melittin and [D]2117,K2%-melittin. The structure of the diastereomer was
characterized by NMR in water, as well as in three different membrane-mimicking environment, 40%
2,2,2-trifluoroethanol (TFE)/water, methanol, and dodecylphosphocholine/phosphatidylglycerol (DPC/
DMPG) micelles. The NMR data revealed an amphipathicelix only in the C-terminal region of the
diastereomer in TFE/water and methanol solutions and in DPC/DMPG micelles. ATR-FTIR experiments
revealed that melittin and [D]-%%,117,K2-melittin are oriented parallel to the membrane surface. This
study indicates the role of secondary structure formation in selective cytolytic activity of JB]1V/K?'-

melittin. While the N-terminal helical structure is not required for the cytolytic activity toward negatively
charged membranes and bacterial cells, it appears to be a crucial structural element for binding and insertion
into zwitterionic membranes and for hemolytic activity.

Melittin, a 26-residue highly basic, amphipathic polypep- aqueous monomer has no detectable secondary structure, as
tide (GIGAVLKVLTTGLPALISWIKRKRQQ-CONH,), is determined by circular dichroisni 9, 23, 24) and*H NMR*
the major component of the honey be&pis mellifera) (20). The X-ray structure of tetrameric melittin crystallized
venom (L), and is one of the most studied membrane-seeking from aqueous solutior2p) as well as the NMR structures
polypeptides Z). Melittin possesses various biological activi- of melittin in methanolic solution26) and dodecylphospho-
ties on membranes of different cells (for a review, see refs choline micelles Z7—30) all indicate that the molecule
2 and3), i.e., lysis of mammalian cellgl(5), lysis of bacteria  consists of twax-helical segments (residues-20 and 13-
(6, 7), membrane fusiong( 9), and activation of phospho-  26). These segments are connected by a hinge (residues 11
lipase A (10). These effects of melittin result from its non- and 12) to form a bend-helical rod with the hydrophilic
specific interaction with a wide variety of membran&d-¢ and hydrophobic sides facing opposite directions. The
16). conformation of melittin when bound to perdeuterated

A large number of studies have been undertaken to dipalmitoylglycerophosphocholine vesicles, was determined
determine the conformational properties of melittin, with the
aim of understanding the molecular mechanism of melittin’'s ~ * Abbreviations: ATR-FTIR, attenuated total reflectance Fourier
interaction with membranes. Depending on the peptide transform Infr.ared; CD, circular dichroism; COSY,-ZD J-correlated
concentration, pH, ionic strength, and the nature of the SHECIOSEORY: DUPG, L2 dmyrtoytan gcerol eDPC, dode:
negative counterion, melittin is either monomeric in aqueous experiment; NMR, nuclear magnetic resonance; NOE, nuclear Over-

solution or associated as tetrameric aggregdfésZ2). The hauser enhancement; NOESY, 2D NOE spectroscopy; PC, egg phos-
phatidylcholine; PG, egg phosphatidylglycerol; ROESY, rotating-frame
Overhauser enhancement spectroscopy; RP-HPLC, reversed-phase high-
T This work was supported by grants from the U.S.A-Israel Binational performance liquid chromatography; SUV, small unilamellar vesicles;
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§ Department of Biological Chemistry. 2D, two-dimensional; 3D, three-dimensional.
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by two-dimensional transferred nuclear Overhauser enhance-methanold, 99.96%, deuterium oxide 99.96%, and dodec-

ment (TRNOE) NMR experiment81). The N-terminal (Leu
6—Leu 10) and C-terminal (Leu XLys 21) segments
assumedx-helical conformations and were connected via a
less structured segment (Thr-2Gly 12). The C-terminal
Arg 22—GIn 26 segment that isx-helical in crystals,

ylphosphocholinadsg 98% (DPC) were purchased from
Cambridge Isotope Laboratories (MA). 1,2 Dimyristayt-
glycerol-3-@4 sodium salt (DMPG), was purchased from
Avanti Polar Lipids (Alabama), and methant-98% was
purchased from Carl Roth (Karlsruhe, Germany). All other

methanol, and micelles did not show an ordered conformation reagents were of analytical grade.

in the vesicle-bound state. In agreement with this observation,

Peptide Synthesis and PurificatioReptides were synthe-

an amide-exchange analysis of melittin bound to bilayers of sized by a solid-phase method on a 4-methyl benzhydryl-
phosphatidylcholine and phosphatidylserine has shown thatamine resin (BHA) (0.05 mequiv)4Q). The resin-bound

the four C-terminal residues do not hawénelical conforma-
tion (32).

The orientation of melittin in lipid bilayers depends on
the kind of model membrane use83]. In a dry lipid

peptides were cleaved from the resins by hydrogen fluoride
(HF) and extracted with dry ether after HF evaporation. HF
cleavage of the peptides bound to 4-methyl benzhydrylamine
resin resulted in C-terminus amidated peptides. These crude

membrane, polarized IR experiments suggested the existenc@eptide preparations contained one major peak, as revealed

of a transmembrane helix orientatio4(-36). Results

by RP-HPLC, that was 6080% pure peptide by weight.

consistent with these findings have been provided by Smith The synthesized peptides were further purified by RP-HPLC

et al. @7), who studied the carbonyl groupsS€-enriched
melittin incorporated into bilayers of the diether lipid,

on a Gg reversed-phase Bio-Rad semipreparative column
(250 x 10 mm, 300 A pore size, Bm particle size). The

ditetradecylphosphatidylcholine, aligned between stackedcolumn was eluted in 40 min, using a linear gradient of 10
glass plates. These results were consistent with a helicalto 60% acetonitrile in water, both containing 0.05% TFA

conformation and a transbilayer orientation in the lipid

membranes. However, when bound to fully hydrated bilayers,

melittin is preferentially oriented parallel to the membrane.
Spin-label EPR and ATR-FTIR results indicated that melittin
binds at the interface with the helix approximately parallel
to the plane of the membran8d3 38, 39).

In a previous study, diastereomensgmino acids contain-

(v/v), at a flow rate of 1.8 mL/min. The purified peptides,
which were shown to be homogeneot®6%) by analytical
HPLC, were subjected to amino acid analysis and fast atomic
bombardment mass spectroscopy to confirm their composi-
tion and molecular weight.

Sample PreparatiorExperiments on micelle samples were
carried out at 323 and 318 K, and those in water, TFE/water,

ing analogues) of melittin were synthesized and their function and methanol solutions at 287 and 277 K. The micelle

was investigated4(). These diastereomers lost their cyto-
toxic effect on mammalian cells, but retained their antibacte-
rial activity and completely lysed both Gram-positive and

samples used in the NMR experiments were prepared by
dissolving 5.8 mg of [D]-V81¥,K?-melittin to a final
concentration of 3.7 mM in water (90%,8 and 10% [RO)

Gram-negative bacteria. Melittin diastereomers bind to and with perdeuterated DPC/DMPG (4:1, molar ratio) and with

destabilize only negatively charged phospholipid vesicles,
in contrast to native melittin, which binds strongly to both
negatively charged and zwitterionic phospholipids. The
partition coefficient, the depth of penetration into the

0.05% NaN to prevent bacterial growth. The pH of the
sample was adjusted to 3.7 by the addition of small aliquots
of DCI and NaOD. The TFEk/water 40% (v/v), methanol-
ds, methanold,, and water (90% kD and 10% RO) samples

membrane, and the membrane-permeating activity of the contained 3.6-4.4 mM peptide, with 0.05% Naj\at pH*
diastereomers with negatively charged phospholipids were= 3.3—3.9. Under these conditions, melittin in aqueous

similar to those obtained with melittin.
To gain insight into the molecular mechanism of selective

solution is found to be monomeri@@, 21). The sample in
TFE/water contained 10 mM sodium phosphate buffer.

lysis of bacteria and negatively charged membranes by NMR Measurement2D NMR spectra were measured at

[D]-V 58117 K?-melittin (p-amino acids at positions®,117,K2%)

and to further elucidate the mechanism of melittin folding
and insertion into membranes, 2D-NMR and ATR-FTIR
experiments were conducted. The structure of [BfN7, K-
melittin was characterized in water, membrane-mimicking
environment (TFE and methanol), and DPC/DMPG micelles.

EXPERIMENTAL PROCEDURES

Materials. 4-Methyl benzhydrylamine resin (BHA) and
butyloxycarbonyl (Boc) amino acids were purchased from
Calibochem-Novabiochem (La Jolla, CA). Other reagents
used for peptide synthesis included trifluoroacetic acid (TFA,
Sigma),N,N-diisopropylethylamine (DIEA, Aldrich, distilled
over ninhydrin), dicyclohexylcarbodiimide (DCC, Fluka),
1-hydroxybenzotriazole (HOBT, Pierce) and dimethylform-

amide (peptide synthesis grade, Biolab). Egg phosphatidyl-

choline (PC) was purchased from Lipid Products (South
Nutfield, U.K). Egg phosphatidylglycerol (PG) was pur-

H resonance frequencies of 500 and 600 MHz on Bruker
DMX spectrometers in the phase-sensitive mode using the
TPPI method42). The carrier frequency was set on the HDO
signal or on the OH signal in the methanol samples. Water
and methanol suppression were achieved using the Watergate
scheme 43), and for the methanal, samples, weak pre-
saturating power was applied on the hydroxyl proton
resonance during the relaxation delay. HOHAHA speetf (
were measured using the WALTZ5) pulse sequence with
several mixing times ranging 34L00 ms. The NOESY
experiments 46, 47) were recorded with mixing times in
the range 106350 ms. DQF-COSY48, 49) spectra were
measured by conventional procedures. The relaxation delay
was 1.2 s in the HOHAHA experiments and 1.5 s in the
NOESY experiments. Typically, 96176 transients were
collected for each increment tifin the NOESY experiments,
32—78 in the HOHAHA experiment, and 13800 in the
DQF-COSY experiments. All experiments were recorded

chased from Sigma. Deuterated compounds used for NMRwith a spectral width of 13 ppm, with 2048 or 8192 data

sample preparation, 2,2,2-trifluroethary99.94% (TFE),

points in theF, dimension, and 512 increments in the
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dimension. Natural abundanééC-decoupled HSQC5Q) and subjected to hybrid distance geometry-dynamical simu-
data was measured for the methadpland DPC/DMPG lated annealing calculation§§). The NOE force constant
micelle samples. The spectrum was folded in order to gain was set to 50 kcal/mol for all calculations. After two rounds
higher resolution, 4096 data points were collected infhe  of simulated annealing refinement with 2000 cooling steps
dimension, and 256 increments were preformed inRhe  from 1000 to 100 K, initial low-resolution structures were
dimension. The water signal was used aslaeference for obtained. These were used to complete the assignment of
all the samples except for the methanol samples, in which ambiguous NOE cross-peaks.
the chemical shifts were determined relative to external TSP Structure determination by NMR is based on a large
as 0.00 ppm&31). In addition, TSP also served as a standard number of restraints on protetproton distances, which are
for the 13C chemical shift, in the HSQC experiments. The obtained from the analyses of the NOESY spectrum of the
13C chemical shift value was calculated relative to 0.00 ppm protein €1, 62). In the study of [D]-\#81Y7,K2-melittin
(52. bound to DPC/DMPG micelles, a total of 322 distance
3J.nHa coupling constants were measured from HOHAHA  restraints consisting of 10 long range, 81 medium range, and
spectra acquired with 8192 data points in Byedimension 231 short-range constraints were determined from the
and subsequently zero-filled to 16 3@B). Lorentzian line ~ NOESY spectra. Structure calculations for [D}*7,K?!-
shapes were fitted to the in-phase doublets,*dagh. were melittin in methanol solution were done only for residues
derived only from reasonably good fits. The broadening of 12—26, which show a defined secondary structure. In this
the amide proton resonances of the peptide in TFE and DPC/computation, a total of 170 distance restraints were used (39
DMPG solutions prevented the determination of the  long range, 29 medium range and 102 short range). No
coupling. structure calculations of the peptide in TFE/water solution
Spectra were processed with the XWINNMR software could satisfy _the NOE constraints, pro_bably due to th_e fa_ct
(Bruker Analytische Messtechnik GmbH) on a Silicon thfat the peptide does not exist in a single conformation in
Graphics Indy R5000Sc workstation. Zero filling and a this solvent. _ .
multiplication of the free induction decay by a shifted squared _ ATR-FTIR MeasurementSpectra were obtained with a

sine window function was applied in both dimensions prior Bruker equinox 55 FTIR spectrometer equipped with a
to Fourier transformation. deuterated triglyceride sulfate (DTGS) detector and coupled

with an ATR device. For each spectrum, 200 or 300 scans
were collected, with resolution of 2 crh During data
acquisition, the spectrometer was continuously purged with
dry N to eliminate the spectral contribution of atmospheric
water. Samples were prepared as previously descrig@d (
briefly, a mixture of PC/PG (4:1 w/w, 0.66 mg) alone or
with the peptide was deposited on a ZnSe horizontal ATR
prism (80 x 7 mm). The aperture angle of 4§ielded 25
internal reflections. Prior to sample preparations, the trif-
luoroacetate (CGJ£OO™) counterions, which strongly associ-
ate to the peptide, were replaced with chloride ions through
|several lyophilizations of the peptide in 0.1 M HCI. This
allowed the elimination of the strong=€D stretching
absorption band near 1673 cin(64). Lipid—peptide mix-
tures were prepared by dissolving in a 1:2 MeOH{CH
mixture and drying under a stream of dry nitrogen while
moving a Teflon bar back and forth along the ZnSe prism.

Shift Index (C.S.1) values were smaller tha®.2 ppm 65). Polarized spectra were recorded and the data for the

o : respective pure phospholipid in each polarization were
and NOEs characteristics of a h_e!'ca' structure were ObserVed‘subtracted to yield the difference spectra. The background
If only two of the above conditions were satisfied, tthe

for each spectrum was a clean ZnSe prism. Hydration of

angle was set betwgeﬁgo and—30". ) the sample was achieved by the introduction of excess of

Structure CalculationsStructure calculations were per-  qeuterium oxide ?H,0) into a chamber placed on top the
formed_using a standard_ hybrid distance geometry-simulatedz,ge prism in the ATR casting and incubatiom 2oh prior
annealing protocols6) with XPLOR v.3.1 programg7) on to spectra acquisition. H/D exchange was considered com-
a Silicon Graphics Indy R5000Sc workstation. The structures plete on the basis of the complete shift of the amide Il band.
were displaygd for analysis on a Silicon Graphips workstation Any contribution of2H,O vapor to the absorbance spectra
using the Insight Il program (MSI Technologies, Inc.). near the amide | peak region was eliminated by subtraction

The resonances could not be assigned stereospecificallyof the spectra of pure lipids equilibrated wi#H,O under
due to the lack ofJy,—n, and3Ju,-n, coupling parameters;  the same conditions. Prior to curve fitting, a straight baseline
therefore, the distance constraints were averaged accordingassing through the ordinates at 1700 and 1600'amas
to ([Rij_etj‘l’ﬁ (58—60). A correction of 0.5 A was added to  subtracted. To resolve overlapping bands, the spectra were
the upper limit of constraints involving a methyl group, and processed using PEAKFIT (Jandel Scientific, San Rafael,
1 A was added to the upper limit of methyinethyl CA) software. Second-derivative spectra accompanied by 13-
constraints. The constraints were then classified into strongdata-point Savitsky-Golay smoothing were calculated to
(1.8-2.5 A), medium (1.8-3.5 A), and weak (1.84.5 A) identify the frequencies of components of spectral bands.

NOE Measurements and Experimental RestraBpectra
recorded at 287 K were used for determining the structure
of [D]-V 58117 K2-melittin in water, TFE/water, and methanol
solutions, and the spectra at 323 K were used for the DPC/
DMPG micelle sample. The calibration for distance restraints
was based on a typical distance of 3.5 A for theHQ)/
HN(i+1) cross-peak of the residues involvedithelix (54).

In the aromatic and HN/HN regions of the spectrum, the
volume of a sequential HN(HN(i+1) cross-peak in the
a-helical region with a known distance of 2.8 A was chosen
as a reference. The distance between fhmethylene
protons, which are 1.77 A apart, was used as a reference fo
the NOE contacts in the aliphatic region of the spectrum.

The measuredJynne coupling constants for the peptide
in methanol were used to derive constraints forghengles
along the peptide backbone. Theangles were constrained
between—80 and—40°, when3Jynne < 6, the Chemical
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Analysis of the Polarized ATR-FTIR Spectiidne ATR
electric fields of incident light were calculated as follows
(65, 66):

E — 2 sin sinf
-n na,)sin’ 6 — na
J@— )i + n2sito — )

2 cosfy/sirf 6 — nZ,

N (1 — N3l + n3)sirf 6 — n3,]

E,

_ 2 cosO

where@ is the angle light beam between the prism and the
normal to the point of reflection (4% andny; = ny/ny, while

n; andn, are the refractive indices of ZnSe and the membrane
sample, assumed to be 2.4 and 1.5, respectively. Under thes
assumptions,E,, E,, and E, are 1.09, 1.81, and 2.32,
respectively. The dichroic ratid\(/As) is defined as the ratio
between absorption of incident light polarized parallel to the
membrane plane and perpendicularly to it. This ratio, together

Sharon et al.

stable secondary structures in aqueous solui@a-75). In

light of Oren and Shai results4Q), negatively charged
micelles were chosen for this study, a combination of DPC,
which is a zwitterionic detergent, and DMPG, a negatively
charged phospholipid. DPC is a commonly used detergent
for solubilization of membrane peptides and proteins, because
the small uniform micelles reorient rapidly enough for
solution NMR spectroscopy/6). It was previously shown
that complete binding of melittin to 1-palmitoyl-2-olegi+
glycero-3-phosphocholine (POPC)/1-palmitoyl-2-olesg-
glycero-3-phosphoglycerol (POPG) (4:1 w/w)l4f was
achieved at a molar ratio of 1:30. NMR studies have shown
that melittin forms stoichiometrically well-defined mixed
micelles with DPC 77) and 1-myristoyl-2-hydroxysn
glycero-3-phosphocholine (MMPCY®) at a molar ratio of
1:40 and 1:30, respectively. In addition, a well-defined
secondary structure of melittin was determined by ATR-FTIR
in POPC/POPG (4:1 w/w) at a peptide:lipid molar ratio of
£1:30 33). On the basis of these studies, we carried out
our experiments with the slightly lower ratio of peptide ([D]-
V58117 K21-melittin) to detergent (DPC/DMPG) micelles of
1:50, to ensure complete partition of [DR¥/117,K2:-melittin

into the membranes. A similar ratio was used in the

with the electric field components are used to calculate the

orientation order parametefr,by the following formula: experiments done by Inagaki et ab9 to determine the

structure of melittin bound to perdeuterated DPC. Under

2 _ these conditions, there was no doubling of peaks, indicatin
E 1—f gorp 9
““lfcofo 4+ —— that at this detergent concentration all the peptide is bound
RATR A, B, ES 3 to the micelle.
- KS o E_f( + fsifo 1—f . Resonance Assignment of the Pepﬂﬂm H resonances
5 + = in the NMR spectra of the peptide were assigned by the

sequential assignment methodology developed byhvitth

and co-workers@1), using NOESY and HOHAHA spectra
measured consecutively and under the same conditions. First,
the complete spin systems of the individual amino acid
residues were identified using the HOHAHA spectra. Next,
the backbone sequential connectivities were established by
following theaN, SN, and NN cross-peaks of adjacent amino
acids in the fingerprint and the NN region of the HOHAHA

wherea is the angle between the transition moment of the
amide | vibration of aro-helix and the helix axis. Several
values ranging 2740° were reported foo in the literature
(67). We used the values of 2766, 68) and 39 (69, 70)

for a. Lipid order parameters were obtained from the
symmetric (2853 cnt?) and antisymmetric2922 cm?)
lipid stretching mode using the same equations, setting

90° (66) and NOESY spectra. Two measurements at different tem-
' peratures solved all problems of resonance overlap.
RESULTS [D]-V 58117 K2-melittin in aqueous solution showed no

clear evidence of a preferred secondary structure, except for
a few NH/NH (,i+1) NOEs that were observed for residues
5—9 and 19-22 at 4°C. Similar results were obtained in a
H NMR study of a monomeric melittin in aqueous solution
revealing that monomeric melittin in aqueous solution is
Spredominantly in a random coil form, with the fragments
5—-9 and 14-20 more structured than the rest of the peptide
(20). Shortd,, andds, distances were not observed for the

Environment Selection for NMR Studigdhe structure of
[D]-V 28,1¥7, K21-melittin was characterized in water as well
as in the three membrane-mimicking environments; 40%
2,2,2-trifluoroethanol (TFE)/water solution, methanol, and
DPC/DMPG micelles. The spectrum of [D]P¥I1%7,K?%-
melittin exhibited very few peaks when measured in aqueou
sample containing phosphate buffer, probably due to the line

broadening resulting in cancellation of peaks. This may be Let—P ina th ; i
attributed to the formation of tetrameric aggregates as occurs eu—Pro sequence, suggesting the presence of a trans peptide

in melittin (17—22). The similar behavior of [D]-¥8177k2.  bond 64). Furthermore, the presence dif and di; NOE
melittin and melittin led us to carry out the experiments under Cr0ss-peaks supported this impression.

conditions in which melittin was shown to be monomericin  In the DPC/DMPG micelles sample, a reasonable HO-
both solutions and membrane phas®s Alcohols (such as  HAHA spectrum could only be obtained at a relatively high
TFE and methanol) are used as membrane mimetic agentstemperature (323 K). At this temperature, magnetization
due to their low dielectric constant. It was propos&d)( transfer from the P¥ of lysine to the other side-chain protons
that alcohols stabilize the helical structure in melittin by was not observed. In the NOESY spectrum, the correlations
direct hydrophobic interactions between the hydrophobic between all the backbone amide protons &Hé protons
groups of alcohols and those of melittin. A TFE concentration were detected. An unusual high-field chemical shift was
of 30—50% is typically sufficient to allow peptides with  obtained for they-methylene protons of Lys 23. This
helical propensities, especially amphipatic peptides, to form deviation was also observed by InagaRbB) with native
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FiIGURE 1: The deviation of théH® chemical shifts from the random-coil values as a function of the residue number, forP[I}FK?1-

melittin in TFE, methanol, and DPC/DMPG micelles. For the TFE/water sample random-coil values listed by Merutk@@tvakré

used, while for [D]-\P8117,K2-melittin in methanol and DPC/DMPG micelles the random-coil values of Spera and Bax relative to TSP

(81) were adopted.

melittin in DPC micelles. In both experiments, the aliphatic ~ A)

region was noisy, due to the fraction of undeuterated lipid OGIGA\S/LKVLITOTGLpfuSWZPKRKRZSQ
remaining in the sample. A3ca (ppm) +g1 e
Secondary Structure Determinatidhis well-known that 4T

.. . . . +4
the deviations of the chemical shifts from random-coil values  A!3¢g (ppm) 0} L |
are indicative of secondary structure. All residues experience -4
a *H* upfield shift relative to the random-coil value when AlHo (ppm) *é
adopting a helical conformation and a downfield shift when -1
found in an extended gf-stranded structure7@). On the Intensities . . . ..
other hand, €nuclei experience a downfield shift when they
are located in helices and an upfield shift when they are  Sec. Structure LR AR TR RS
located in -strands %2). The 'H* chemical shifts of
[D]-V 58117 K2-melittin in the TFE/water solution were *
compared to the random-coil chemical shifts in TFE/water ~ B) 0 s " s 2 2
solution tabulated by Merutka et aB®). TheH* chemical GIGAVLKVLTTGLPAL I SWIKRKRQQ

shift of [D]-V>8|*7,K#-melittin in methanol solution and AB3ca (ppm) Jﬂ  m N
DPC/DMPG micelles were compared to the random-coil 4

chemical shift list in water of Wishartsg). The 13C* and A13CB (ppm) ’@ -
13 chemical shifts were compared to the random-coil values 4 - ol

in water determined by Spera and Bax relative to T&H. ( 1 +1

: ; . . AlHot (ppm) o}__m_w___
Assuming that the random coil chemical shifts values are 1
similar in methanol solution, no cotrecuon was applied for Intensities . L - |
the values in methanol. THel* chemical shifts were mostly

derived from the HOHAHA experiments. In cases of overlap,

N Sec. Structure mm
these values were obtained from the3C correlated HSQC
spectrum, which also served for evaluating #@&* and'3C# a
chemical shifts of [D]-\V#8,117,K2-melittin in methanol and Ficure 2: The diagrams of the absolute deviations &f C#, and
DPC/DMPG micelles. He chemical shifts from their random-coil values and the secondary

. . . . structure elements for (A) [D]-%,117,K2-melittin in methanol and
In Figure 1, the deviations of tHei* chemical shifts from ) [D]-v58 117 K2-melittin in DPC/DMPG micelles. The random-

the random-coil values are seen for all three solvents. Thecoil values of Wishart §5), were used for calculating thtéH®

largest upfield shifts are observed for residues located at thedeviation, and for the!*C* and 13C/ the random-coil values

C-terminal part of the peptide. Moreover, it can be seen that eStimated by Spera and Bax relative to TSE) (were used. The
' relative intensities of the filled boxes correspond to the intensities

[D]-V5v8,ll7_,K21-_meIitt_in in methanol has the highest helical | casured from the spectra,

tendency in this region, and the helix extends through more

residues compared to the TFE/water and DPC/DMPG DMPG samples, the helix is between residues lle 17 to Lys
samples. Using a threshold value-60.2 ppm, one can see  23.

that the helix in methanol extends from residue Pro 14 to  According to the'3C* deviation (Figure 2), a well-defined
the end of the peptide, while in the TFE/water and DPC/ helix from residue Leu 13 to GIn 26 is inferred for the peptide
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Ficure 3: Schematic diagrams, summarizing the NOE connectivities observed for the peptide (A) in 40% TFE/water, (B) in methanol, and
(C) in DPC/DMPG micelles. A dashed line indicates that the connectivity could not be determined due to an overlap of two or more
cross-peaks. The slowly exchanging amides are shown with filled circles.

in methanol, while in the micelles, the helix is probably from peaks were observed for either Leu 13 or Trp 19. The

residue Ala 15 to GIn 25. However, the deviation in t#e*

disappearance of the peak for Leu 13 is probably due to the

chemical shift from random coil values was not observed overlap with the water resonance. The disappearance of Trp
for lle 17 and lle 21 in both spectra. These two residues are 19 'H* chemical shift might be due to its restricted motion,

D-amino acids; consequently, they induce some flexibility
in the a-helix, which is reflected in their chemical shift. The
C? chemical shifts values can only be used to identify
stretches of-strands and the identification of helices on the
basis of these values is impossibE2(81). No S-strand
region could be defined according to thé demical shifts.
The chemical shift of Leu 6 and Leut&C* in DPC/DMPG

resulting from its location in the micell&2, 83). Hence the
T, and Ty, relaxation times approach that of the micelle
protons, and the substantial line broadening of this cross-
peak causes its disappearance.

It is interesting to compare thé&H%/'3C* cross-peaks
intensities in the HSQC spectra of the C- and N-terminal
segments. The cross-peaks of the N-terminal residues are

could not be distinguished in the HSQC spectra due to their stronger compared to those of the C-terminal residues. Since

identical'H®* chemical shifts. In addition, nB4%/13C* cross-

more mobile residues have longerandT,, relaxation times
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(84), they give more intense cross-peaks than the peptide
residues in thex-helix, which are less flexible. a
NOE Connectiities. Figure 3 summarizes the NOE

connectivities for [D]-\#8 1Y, K2-melittin in the three samples.
All three spectra show medium-range connectivities typical
of a-helix in the C-terminal part of the peptide. No defined
structure could be identified in the N-terminal segment;NH
NHi+; and CH(i)/NH(i+1) NOE connectivities are spread
throughout the entire peptide. But for the C-terminal half, a
considerable number ofN(i,i+3) NOE cross-peaks together
with a few af(i,i+3), aN(i,i+4), and NN{,i+3) are ob-
served. These NOEs are characteristic of a helical conforma-
tion (61). In addition,aN(i,i+2) and NN(,i+2) connectivities
characteristic of g-helix are also detected.

Backbone Coupling Constar8mall®Jynn, coupling con-
stants €6 Hz) (61) are expected for regions of polypeptides
with high helical content, while values larger than 7.5 Hz
are expected for residues that are mostly in an extended con-
formation. ThéJynne coupling constant values obtained for
[D]-V 58117, K?L-melittin in methanol are 6:07.4 Hz, for resi-
dues 2-12, indicating an averaging of different conforma-
tions. In contrast, for residues +25, small coupling con-
stants are measured, characteristic obimelical structure.
Due to an overlap of the Ala 15 and GIn 26HXi)/NH(i+1)
cross-peaks their coupling Const_c';lr)ts_could not be meas“redHGURE 4: Superposition of backbone atoms for the 24 lowest

Structure of [D]-\P817,K2-Melittin in TFE/Water.The energy structure solutions of [D]?%,117,K2-melittin in DPC/DMPG
broad proton resonances in the TFE/water mixture preventsmicelles. The fit was optimized for the backbone of residues 13
measurements of tﬁéHNHa Coup”ng constant. The increase 23. The structures are superimposed on the lowest energy structure.
in the line width may be related to the viscosity of the i }
mixture. This phenomenon of line broadening in TFE/water into @ well-defined helical structure. As was observed by
solution was also observed by Boisbouvier et &) (for Inagaki @9) for melittin bound to DPC micelles, the side
Shiva-3, a cecropin-like synthetic peptide. In this solvent, chain of Lys 23 is close to the indole ring of Trp 19, and as
[D]-V 58117, K2--melittin was found to be rather flexible as 2 result, thes-protons of Lys 23 are shifted to a higher field.

was indicated from calculating the ratio @fi(i,i) anddye- A total of 148 structures were calculated for [D}&8/17, K2
(i,i+1) NOEs,dn/dy (86). Since the NH()—C*H(i) and melittin in methanol. The 27 lowest energy structures for
NH(i)—C*H(i—1) distances are fixed im-helix ands-strand, residues 1226 have no distance restraint violation greater

the dya/dan ratio larger than 1.1 represents a helix, and a than 0.5 A. These structures are shown in Figure 5. They
ratio smaller than 0.83 represents a conformation inhe have been superimposed over the well-defined region from
region conformational space. Measurements of this ratio for residues 13 to 23, and, for these residues, the rms difference
all possible residues in the peptide yielded values betweenfrom the average structure is 0.94 A for the backbone atoms,
0.83 and 1.1, except for residues Leu 16, lle 20, and Lys and 3.37 A for all the non-hydrogen atoms. As observed for
21, which hadbly./de ratio above 1.1. Thus there is no strong DPC/DMPG micelles, the C-terminal half of the peptide
preference for either am-helix or ap-strand conformation. ~ forms a helix with a bend between residues 12 and 15.
Even though the NOE connectivities of the peptide seems Orientation of the Peptides in Lipid Multibilayers Deter-
to represent a helical structure, the measukgdd,n ratios mined by ATR-FTIR Spectroscopylarized ATR-FTIR was
were smaller than 1, indicating that the peptide conformation used to determine the orientation of the peptides within lipid
is averaged34). Due to this conformational equilibrium, bilayers. The phospholipid composition (PC/PG 4:1 w/w)
we could not calculate the peptide conformation from the and peptide:lipid molar ratios (1:50) were similar to that used
NOE constraints derived from the TFE/water spectra. in the NMR experiments. Spectra of the amide | region of
Structure Calculation of [D]-¥38,117,K2-Melittin in DPC/ [D]-V 58117 K2:-melittin and melittin bound to PC/PG (4:1
DMPG Micelles and in MethanolA total of 81 refined w/w) multibilayers are shown in Figure 6. The major
structures with no NOE violations greater than 0.5 A were component of the amide | band of both melittin and
calculated for the peptide in DPC/DMPG micelles. The rms [D]-V %8 117,K?-melittin is centered at 1645 crh The amide
deviation between the 24 lowest energy structures and thel spectra of melittin was symmetric in shape and appeared
averaged structure is 1.0 A for the backbone atoms of to be composed of one single major component, in agreement
residues 1323 and 3.5 and 4.1 A for the backbone and all with previous findings $3). However, a second-derivative
heavy atoms, respectively, of all peptide residues. The analysis of [D]-\P8117,K2%-melittin spectra revealed minor
superposition of the 24 lowest energy structures (optimized components at 1666 and 1678 ¢inin principle, a-helical
for the backbone of residues 423) is shown in Figure 4.  and unordered structures can contribute to the amide |
As expected from the NOE connectivities, the calculated vibration at almost identical wavenumbers in the range
structures do not converge in the N-terminal region, which 1645-1650 cm?, and it is difficult to determine the precise
was found to be more flexible. However, the C-terminal folds proportion ofa-helix and random-coil conformations from



15312 Biochemistry, Vol. 38, No. 46, 1999 Sharon et al.

1.0

ABSORBANCE

0.8

0.6

0.4

0.2

0.0
2800 2850 2900 2950 3000

Ficure 5: Superposition of the 27 lowest energy calculated

structures for [D]-\#8,117,K23-melittin in methanol for residues 12 WAVE NUMBER (cm™)

26. Only backbone atoms are shown. The structures were super- ] ] )
imposed on the lowest energy structure, and the fit was optimized FIGURE 7: ATR dichroism spectra of parallel and perpendicular

for the well-defined region between residues 13 and 23. polarized ATR-FTIR absorbance spectra between 3000 and 2800
cm* for the lipid CH, symmetric and antisymmetric vibration of
0.20 PC/PG multibilayers alone (A) and incorporated with [B}8\7,K21-

melittin (B). Peptide:lipid molar ratio was 1:50.

015 helical portion of melittin and [D]-¥& 117,K2%-melittin, f, was

calculated from the ATR-dichroic ratio of the amide | band.
The dichroic ratio valuesR, were calculated from the

amide | absorption at 1645 crhin the polarized spectra

and are 1.50 0.02 and 1.47 0.04 for [D]-V®8 17, K2%-

melittin and melittin, respectively. The corresponding order

parameters assumirg = 27° (66, 68) were calculated as

described in Materials and Methods and af@17 and—-0.18

0.00 ) ; ) for [D]-V 58117 K2-melittin and melittin, respectively. When
1700 1675 1650 1625 1600 o = 39 (69, 70), the order parameters aré).28 and—0.30

for [D]-V 58 117 K?--melittin and melittin, respectively. Nega-

tive order parameters were observed for both peptides, typical

FIGURE 6: FTIR spectra of the amide | band (1700600 cn”) of helices oriented nearly parallel to the membrane surface
of melittin (continuous line) and [D]-¥8 117,K?-melittin (dashed yp

line) bound to PC/PG (4:1 w/w) multibilayers. A 1:50 peptide: (67)'_ ) o
lipid molar ratio was used. Orientation of the Phospholipid Membrane and the Effect

of Melittin and [D]-V®81%7,K?-Melittin on Phospholipid
IR spectra 83). Therefore, no attempt was made to decon- Acyl-Chain OrderPolarized ATR-FTIR was used to deter-
volute the amide | spectra of the peptides into components, mine the orientation of the lipid membrane. The symmetric
and the ATR-dichroic ratios were determined directly from [vsy{CH2) ~ 2853 cnT?] and the antisymmetricuhnisynr
the peak height at 1645 crh However, circular dichroism  (CH,) ~ 2922 cnt?] vibrations of lipid methylene €H
of melittin in lipid membranes and detergent revealed 70% bonds are perpendicular to the molecular axis of a fully
a-helix and 30% random coil7{7, 87), and Raman spec- extended hydrocarbon chain. Thus, measurements of the
troscopy showed that the fraction ofhelical residues of  dichroism of infrared light absorbance can reveal the order
melittin in membrane is 76%8@). In addition, the results  and orientation of the membrane sample relative to the prism
of this NMR study revealed that the fraction of helical surfaceR value based on the strong&fisyn{CH) was 1.37
residues of [D]-V#8,1¥7,K?-melittin in micelles is~50%. + 0.02. A similar valueRR = 1.32) was obtained whemny-
With this additional information, the order parameter of the (CH,) was used instead (Figure 7A). On the basis of the
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ABSORBANCE
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Table 1: ATR Dichroic Analysis of Phospholipid Multibilayérs

peptide:lipid molar ratio R of vantisym (cH) R of vsym (cry) f Vantisym (cH) f vsym (crp)
PC/PG 1.3740.02) 1.32 £0.02) 0.30 £0.01) 0.32£0.01)
PC/PG+ [D]-V 58117 K2:-melittin 1:50 1.45£0.02) 1.41 £0.02) 0.25 £-0.01) 0.27 £0.01)
PC/PG+ [D]-V 58,117, K2-melittin 1:40 1.45£0.02) 1.41 £0.02) 0.25 £0.01) 0.27 £0.01)
PC/PG+ [D]-V 58117 K2:-melittin 1:30 1.46 £0.03) 1.42 £-0.03) 0.25 £0.01) 0.27 £0.01)
PC/PG+ [D]-V 58,117, K2-melittin 1:20 1.5140.02) 1.47 £0.02) 0.22 £0.01) 0.24 £0.01)
PC/PG+ melittin 1:50 1.46 £0.03) 1.42 £0.03) 0.25 £0.02) 0.27 £0.02)
PC/PGH+ melittin 1:40 1.48 £0.02) 1.43 £0.02) 0.24 £0.01) 0.26 £0.01)
PC/PG+ melittin 1:30 1.48 £0.03) 1.43 £0.03) 0.24 £0.02) 0.26 £0.02)
PC/PGH+ melittin 1:20 1.50 £0.02) 1.45 £0.02) 0.23 £0.01) 0.25£0.01)

dichroic ratio of lipid stretching, the corresponding orienta- 24. The apparent disorder of the N-terminal reflects the
tion order parametef, was calculated to be 0.30 (based on flexibility of this region. Due to the few distance constraints
Vanisym) and 0.32 (based onsym). Antisymmetric and determined from the NOSEY spectra for the N-terminal
symmetric peaks at2922 and~2853 cn1?, respectively, region, the calculated conformations do not converge.
indicate that the membranes are predominantly in a liquid- A recent CD study on [D]-¥8 117, K2-melittin bound to
crystalline phase@6, 89). Thus, our data indicate that the |3rge unilamellar phosphocholine vesicl8)(concluded that
lipid multibilayer used in the study was well oriented and in - op|y about six residues are in arhelical structure. One

a liquid-crystalline phase. The effect of [DJ¥I'",K?\- possible explanation for the large difference between the
melittin and melittin on the multibilayer acyl-chains order NMR and CD studies might be the different model systems
can be estimated by comparing the &3tretching dichroic jy which the two studies were conducted. In the CD study,
ratio of pure phospholipid multibilayers with that obtained phosphocholine vesicles were used, whereas in the current
with membrane-bound peptides. Figure 7 (panel B) shows NMR study TFE/water, methanol, and micelles were used.
an example of the ATR dichroism spectra of parallel and comparison between the NMR structures of melittin in
perpendicular polarized ATR-FTIR absorbance spectra be-methanolic solution 26) and DPC micelles 27—30) and
tween 2800 and 3000 crhof PC/PG multibilayers incor-  \hen bound to dipalmitoylglycerophosphocholine vesicles
porated with [D]-\*%1%",K=-melittin. TheR values and the (31) reveals that the C-terminal Arg 2%In 26 segment is
corresponding order parametefsat various peptide:lipid in ana-helical conformation in methanol and micelles, but
molar ratios ranging from 1:50 to 1:20 are summarized in it does not have an ordered conformation in the vesicle-bound
Table 1. The data indicate that incorporation of the peptides state, These observed differences for melittin may also
into the membrane, even at high peptide:lipid molar ratio of account for the observed differences in the conformation of
1:20, did not significantly change the lipid order. The data [pj.v/58 |17 K2.melittin in solution and when bound to
suggest that [D]-¥%,1",K.-melittin and melittin are surface  mjcelle and vesicles. Another possible explanation may stem

localized and do not significantly destabilize the acyl-chain from the basic principles of secondary structure determination
order. Interestingly, despite the differences in their structure, by the two methods. Circular dichroism in proteins is a

both peptides disrupt the acyl-chain order to the same extentphenomenon that occurs when chromophores (mainly non-
bonding electrons of the carbonyl oxygens) in an asym-
DISCUSSION metrical environment interact with polarized light, while 2D-
The bee venom melittin is highly cytotoxic to both bacteria NMR conformation is determined by direct examination of
and mammalian cells, binding and destabilizing both nega- the NOE between a given pair of atoms. The NOE is directly
tively charged and zwitterionic phospholipid membranes. related to the inverse of the sixth power of the distance
Contrary to melittin, its diastereomer containing foeamino between the interacting nuclei. A diastereomer, as opposed
acids (P8 177, and K& lyses bacteria but not erythrocytes, to all L- or all p-amino acid peptides, is composed of both
binding and destabilizing only negatively charged phospho- D- and L-amino acids that have opposite magnetic dipole
lipid membranes. To shed light onto these differences, 2D- moment and optical activity. The opposite circularly polar-
NMR and ATR-FTIR spectroscopy were used to elucidate ized absorption components of theandL-amino acids can
the influence of the foun-amino acids. The conformation cancel out and decrease the overall absorbance of the right-
of the peptide in four different environments, water, TFE/ handed helix. In contrast to CD, the asymmetry of the amino
water and methanol solutions, DPC/DMPG micelles, and its acids does not affect secondary structure determination by
orientation in PC/PG multibilayers, was studied and com- NMR.

pared to native melittin. Polarized ATR-FTIR study of melittin and [D],117,K?%-

On the basis of the NMR data, no clear presence of sec-melittin within hydrated negatively charged membranes
ondary structure was found for [D]%?,117,K?:-melittin in indicated that thex-helical C-terminal region of the diaste-
water, in agreement with observations for native meli@ig) reomer is oriented nearly parallel to the membrane surface,
However, secondary structure determination revealed an am-similar to native melittin. Despite the difference in the
phipathica-helix in the C-terminal region of [D]-¥8 117,K?- structure of melittin and its diastereomer, both peptides did

melittin in TFE/water and methanol solutions and in DPC/ not significantly disrupt the acyl-chain order, even at high
DMPG micelles. In methanol, the helix extends from residue peptide:lipid molar ratios. These results further support our
Leu 13 to GIn 26, similar to the C-terminal helix of native previous findings that the depth of penetration into the
melittin in methanol 26). A similar result was obtained in membrane, and the membrane-permeating activity of the
DPC/DMPG micelles, where the helix is from residue 13 to diastereomer with negatively charged phospholipids are the
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same as those obtained with melitt40). The ATR-FTIR reducing the energy cost of adsorbing the peptide into the
study indicated that the peptides are located at the interfacemembrane. Subsequently, it may allow the hydrophobic
without deeply penetrating into the hydrophobic acyl-chain forces to manifest themselves following the formation of a
region, as was previously found for melittid). In any case,  stablea-helical structure in the C-terminal of the peptide,
the unordered N-terminal of [D]-%8,117,K?--melittin is most thus driving the peptide further into the interface, leading to
likely located at the interface because of the energetic costmembrane lysis.

of partitioning the peptide bonds into the hydrocarbon core, | the case of zwitterionic phospholipids, the rate-limiting
as was found for small hydrophobic peptides that cannot form step of the insertion and membrane lysis appears to be the
secondary structures9]). Our results indicate that the jnitial binding of [D]-V58 117 K2-melittin to the surface,
N-terminal a-helix is not required for Cyt0|yt|C aCtiVity which is very low Compared to native mellttlﬂQQ In a
toward bacteria. Similar conclusions were obtained in a recent study 40), the free energies of transfer of melittin
recent study with a truncatedhelical analogue of pardaxin  gnd [D]-V58 117 KZ-melittin from aqueous phase to the
and its-sheet diastereome®Z). membrane of zwitterionic palmitoyloleoylphosphatidyl-
Previous studies have shown that the incorporation of a choline (POPC) were measured using equi]ibrium dia|ysis
D-amino acid or even an adjacent pair ®amino acids (99, 101). The mole fraction partition coefficierix for
caused a local change in structure and flexibility and, [D]-V 58117 K2L-melittin and melittin was determined to be
therefore, affected the stability ofhelical structuresq3— 80 (+30) and 4 2) x 10P respectively. This significant
95, 102. These findings are supported by the smaller difference in the partitioning of the two peptides into
downfield deviation of thé3C* chemical shift seen for the  zwitterionic phospholipids can account for the loss of the
two p-amino acids, lle 17 and lle 21, indicating some cytotoxic effect of the diastereomer on mammalian cells. The
flexibility in the o-helix. Buckley et al. 96) showed that  partitioning of native melittin into POPC was 5400.7 kcal/
the C-terminala-helix of melittin is more stable than the mol more favorable than the partitioning of [D]5V|17’K21.
N-terminal o-helix in the presence of methanol/water melittin. The free-energy difference between [D}&IY7, K-
mixture, and that the N-terminus was incompletely helical melittin and melittin was consistent with the hypothesis that
even in 100% methanol. These findings together with the secondary structure formation is mainly driven by a reduction
influence of thep-amino acids incorporation may explain in the free energy of partitioning of peptide bonds caused
the disappearance of the N-termirmahelix. An a-helical by hydrogen bondingg'.E) In addition, it was shown that
structure will remain without appreciable disturbance, despite doublep-amino acid replacement at the center obahelix
the presence of a-amino acid, in a segment with a high  destabilized the secondary structure by 4.5 kJ/méP
tendency to form a helical conformatiod?), as in the case  Since more energy has to be invested in the folding of
the C-terminal of melittin. [D]-V 58117, K2-melittin compared to native melittin, it cannot
The results of the NMR and FTIR studies of [DP,K?- readily form secondary structure in the surface and lower
melittin enable us to gain insight into the stages involved in its free energy of transfer into the membra®6)( Hence,
the folding and insertion of [D]-%8|*/,K?--melittin into the  the peptide may be released from the zwitterionic membranes
membrane, thus pointing out a possible molecular mechanismpefore it forms thex-helical structure. Alternatively, struc-
of the cell-selective activity. Little is known about the tural alteration of melittin due to the incorporationoeémino
conformational changes following the insertion process of acids may reduce the hydrophobic interactions that govern
melittin into membranes. According to one mod@l) the  the partitioning into zwitterionic membranes, while exposing
secondary structure of melittin is attained through sequential the positively charged amino acids, thus facilitating electro-
stages of interfacial binding in an unfolded state, secondary static interactions between the peptide and the membranes.
structure formation, and insertion of secondary structure units |, summary, the results point at the role of secondary struc-
intQ the lipid .bilayers, leading to disruption of the membrane. ture formation ,in selective cytolytic activity of [D]-¥8 117, K2-
This model is supported by a studygj that examined the melittin. While the formation of N-terminal helix is not

ci)]nforirpela_thgal chhangesl ofiinelltiinhupon ipt_era((:jnonbw:jth required for insertion into negatively charged membranes and
phospholipids. The results showed that melittin adsorbed on ¢, o1 tic activity toward bacterial cells, it is a prerequisite

the Iipiq layer sgrface contains lesshelix than its coun- for binding and insertion into zwitterionic membranes and
terpart inserted into the membrane. As the penetration depthye g \ysis. Therefore, the diastereomers cannot form trans-
of melittin is increased, more ordered structucehglix) membrane pores in a “barrel-stave” mechanism, as has been
appeared. . . , proposed for the perturbation of the membrane bilayers by
Factors affecting the free-energy cost of inserting unfolded e melittin 88, 103 104). The antimicrobial activity of
peptides into both negatively charged and zwitterionic e giastereomer seems to result from a pure lipid peptide
phospholipids membranes include the hydrophobic interac-j e raction in a detergent like manner [“carpet-likd0g)].
tions between the nonpolar amino acids and the phospholipidgrther understanding the properties of antimicrobial dia-
hydrocarbon layer and the cost of partitioning the polar amino giereomeric peptides in terms of their structure and membrane
acids and the peptide bond (CONH) into a nonpolar gejectivity may aid in the design of new antimicrobial

environment 99). Electrostatic interactions appear to play hentides and improved drugs to combat antibiotic-resistant
an important role in the initial binding of the diastereomers pathogens.

to negatively charged membranes which are a major com-

ponent of the bacterial membrand0. When bound to  ACKNOWLEDGMENT
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SUPPORTING INFORMATION AVAILABLE

A table of the chemical shifts of [D]-%,117,K?L-melittin
in 40% (TFE)/water solution, methanol, and DPC/DMPG
micelles and a list of constraints for the structure calculation
of [D]-V 58117, K?-melittin in DPC/DMPG micelles, and for
structure calculation of [D]-¥8 117, K?--melittin in methanol
for residues 12 26. This material is available free of charge

via the Internet at http://pubs.acs.org.
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