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Conformation and Self-Association of a Hybrid Peptide of Cecropin A and 
Melittin with Improved Antibiotic Activity 
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David Andreu and Miquel Pons* 

Abstract: A 15-residue hybrid peptide 
containing residues 1-7 from cecropin A 
and residues 2-9 from melittin, CA- 
(1 -7)M(2-9), is a potent antibiotic with 
broader activity than cecropin A, but 
without the cytotoxic character of melit- 
tin. The conformational behaviour of 
CA(1-7)M(2-9) including the formation 
of multimeric species in solution has been 
investigated by circular dichroism, ultra- 
centrifugation, electrospray mass spec- 
trometry, NMR and energy calculations. 
Addition of hexafluoroisopropanol or 
liposomes causes the appearance of a CD 
spectrum characteristic of a helical struc- 
ture that changes with pH, buffer and 

peptide concentration. The concentration 
dependence is atypical, as the ellipticity at 
222 nm decreases with peptide concentra- 
tion and is not correlated with a corre- 
sponding decrease in helix content as mea- 
sured from the NMR spectra. The 
presence of aggregated structures is 
demonstrated by ultracentrifugation and 
ES-MS experiments, which also provide 
an indication of the stoichiometry. Long- 

cimPltar 

range NOES suggest a model of aggrega- 
tion with neighbouring molecules packed 
antiparallel. Aggregation causes very slow 
proton-deuterium exchange in some 
amide protons in the C-terminal region 
and provides a method for estimating a 
very large association constant (ca. 
1 0 6 ~ - ' )  as well as the stoichiometry of 
the aggregates. The tendency to aggregate 
seems to be an inherited feature from 
melittin and may enhance the antibiotic 
activity either by facilitating the incorpo- 
ration of the peptide into the membrane in 
large quantities or by promoting the dis- 
ruption of the membrane. 

Introduction 

Antibacterial peptides are an important component of the de- 
fense systems of insects, amphibians and mammals.['* 21 Ce- 
cropin A, the first reported peptide of this type, is found in the 
Cecropia mothf3] and consists of 37 amino acid residues. Its 
antibacterial activity has been related to its ability to promote 
cell membrane l~sis, '~. although the detailed mechanism for 
this action is unclear. Melittin,l6] a 26-residue peptide that is the 
main component of the honey-bee venom, also has antibacterial 
properties, but is toxic to eukaryotic cells. Both cecropin A and 
melittin have been the object of structural studies attempting to 
understand their mode of action.''- Different authors have 
investigated the effect of positive charge,[I4* Is] net 
ionic strength," '9 la] pH,'I9' solvents, peptide concentration or 
side-chain length[101 in the structure of the peptides, both of 
which are known to adopt an a-helical conformation in the 
presence of organic solvents["* "1 or micelles.[13* 141 Melittin 

[*I Miquel Pons, Imma Fernandez. Josep Ubach, Monika Fuxrciter.'+] 

forms aggregated structures (dimers, tetramers) under a variety 
of experimental conditions in solution, and crystallizes as a te- 
tramer. This tendency to self-association is related to the highly 
amphipathic nature of its a-helical conformation. 

In the course of studies aimed at finding peptides with im- 
proved antibacterial activity, a 1 5-amino acid hybrid peptide 
consisting of residues 1-7 of cecropin A followed by residues 
2-9 ofmelittin (CA(I-7)M(2-9), Table 1) was found to retain 
the ability to adopt an amphipathic a-helical conformation and 
to display a broad and potent antibacterial spectrum and no 
cytotoxic character.["* The investigation of its conforma- 
tional behaviour in solution under different experimental condi- 
tions should thus be helpful in identifying key structural features 
that determine the favourable biological properties of this pep- 
tide and should give insight for the design of even more active 
antibiotic peptides. 

Previous CD and NMR work by our group and others[17* la] 

had established that cecropin A-melittin hybrids were a-helical 
in the presence of hexafluoroisopropanol (HFIP) or of lipo- 
somes based on dimiristoyl phosphatidyl choline (DMPC). 
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Table 1. Sequences of cecropin A, melittin and the hybrid peptide CA(l-7)M(2-9). 

Peptide Sequence 

cecropin A 
melittin H -GIGAVLKVLTTGLPALISSWIKRKRQQ -NH, 
CA(1-7) M(2-9) H-KWKLFKKIGAVLKVL-NH2 

H - KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAKK - NH, 
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However, this tendency to adopt an a-helical structure could not 
be solely responsible for the membrane activity of CA(1- 
7) M(2-9), since its persuccinyl derivative had an even higher 
u-helical content in HFIP but no effect on the permeability of 
neutral l i pos~mes .~ '~ l  Our own preliminary  observation^^'^^ 
have demonstrated that these peptides show a strong tendency 
to aggregate in solution, a property probably inherited from 
melittin and which we hypothesized might be relevant to the 
membrane activity of this peptide. In fact, while quaternary 
structure is rarely seen in small hydrophilic peptides, self-associ- 
ation is often found in membrane-active peptides. 

In this paper we evaluate the extent and molecular determi- 
nants of self-association in CA(1-7)M(2-9) using a combina- 
tion of physical methods (mass spectrometry, ultracentrifuga- 
tion analysis, CD and NMR) and molecular modelling. The 
combined use of a variety of techniques provides enough con- 
straints to characterize the self-association of CA(1-7) M(2-9). 
We suggest that self-association of cecropin A-melittin hybrids 
may enhance their biological activity by stabilizing the helical 
structure, favouring its binding to the membrane, and/or by 
helping to disrupt its structure. 

Experimental Section 
Abbrevintiom: CD. circular dichroism; COSY, correlation spectroscopy; DQF, 
double quantum filtered; ES-MS. electrospray ionization mass spectrometry; 
HFIP, hexafluoroisopropanol; NOE, nuclear Overhauser effect; NOESY, nuclear 
Overhauser effect spectroscopy; TFE, trifluoroethanol; TOCSY, total correlation 
spectroscopy. 

Peptide Syntbeaii: The peptide CA(l-7)M(2-9) with the sequence shown in 
Table 1, was synthesized by solid-phase techniques and characterized as previously 
described.[l6] 

Circular Dichimu: CD spectra were recorded on a Jasco-720 spectropolarimeter. 
Cells with a path length of 0.5 to 0.02 cm were employed depending on peptide 
concentration. Temperature was maintained at 15°C with a circulating water bath 
. Standard conditions were 25 p~ peptide in either 5 mM phosphate buffer, pH 7.4. 
or 12% HFIP by vol. in water, pH 2.8. In different experiments peptide concentra- 
tion was varied from 25 p~ to 2 mM; HFIP concentration from 0 to 20% by vol.; 
phosphate concentration from 1 m~ to 7 m ~ ,  and pH from 2.8 to 7.4. Spectra were 
recorded in a single scan using a bandwidth of 1 nm, I s time constant and a scan 
speed of 5 nmmin-'. Following baseline correction. the observed ellipticity was 
converted to mean residue ellipticity [O] (degcm2dmol-1). The reference ellipticity 
for a 100% helical peptide of 15 residues is - 33.000 d e g d  dmol-' at 222 nm 1191. 

Ultracentrifugation: CA(1-7)M(2-9) was dissolved in 5 mM sodium phosphate 
b d e r  (pH 7.5). its partial specific volume (0.828 mLg- ') was calculated and their 
molecular weights determined according to the expressions given by Laue et al. 
(1992) [20]. Samples containing 12% HFIP were prepared by adding the appropri- 
ate amount of this solvent to a solution of the peptide in 5 mM phosphate buffer. The 
pH of these samples was 6.5. Sedimentation equilibrium measurements were per- 
formed in a Beckman XLA analytical ultracentrifuge, employing sample volumes of 
80 pL in two-channel and sixchannel cells, in a titanium rotor at 40000 rpm and 
25 "C. Radial scans of absorbance at 220,280 and 300 or 310 nm were taken at 1 h 
intervals after 4 h centrifugation until equilibrium was achieved (successive scans 
give no signficant difference). Data were analysed with the programs Xlaeq. Eqas- 
soc and the Origin Single and Multi self-association programs supplied by Beck- 
man. 

M w  Spectrometric Studies: Measurements were performed on a double quadru- 
pole ion spray instrument (VG Quattro. Fisons Instruments. Altrinchman, UK) 
with a maximum range of 4OOO m/r.  The analysis conditions were: mobile phase 
50% H 2 0 / 5 0 %  ACN/l% formic acid. at a flow rate of 7 plmin-l :  an injection 
loop volume of 10-pL; nitrogen drying and nebulizing flow rates of 350 Lh- '  and 
10 Lh-l ,  respectively; capillary voltage 3.5 kV: a source temperature of 80°C and 
a declustering potential of 45 V. Lyophilized samples of the peptide were dissolved 
with the necessary amount of water or water/hexafluoro-2-propanol containing 3 %  
HCOOH to reach the desired concentrations of 500 and 100 p~. 

NMR Spectroscopy: Assignments were carried out in spectra obtained at 500 MHz 
using a Varian VXR-500 spectrometer at a peptide concentration of 3 mM in either 
85% H,0/15% D,O or in 73% H,O/15% D,0/12% [DJHFIP. pH (electrode 
reading) was 4.4+ 0.1. Temperature was set to 5 or 30 "C, respectively. Dioxane was 
used as internal reference. 

2 D  experiments included DQF-COSY, TOCSY with a mixing time of 80 ms, and 
NOESY with mixing times ranging from 100 to 400 ms. All NOE interactions were 
tested for spindiffusion by analyzing the NOE build-up at different mixing times. 
Presaturation was used to suppress water in all the experiments. All two-dimension- 
al data matrices (512 blocks of 35 scans) were zero-filled in both dimensions to 
obtain 4096 x 2048 timedomain data points and were subjected to gaussian 
apodization in both dimensions prior to Fourier transformation. Processing and 
analysis of the spectra was carried out using Varian VNMR software. Estimates of 
scalar 'J(HN -Ha) coupling constants were obtained from DQF-COSY spectra. 
Proton-deuterium exchange in amide groups was measured at 25 "Con samples of 
CA(1-7)M(2-9) lyophilized from H,O and dissolved in 12% [D,]HFIP/88% 
D,O. pH 3.0. One-dimensional spectra were acquired every 2 min over the first 4 h. 
Temperature coeflicients were measured between 5 and 30°C using TOCSY exper- 
iments in aqueous solution and from I D  experiments in 12% [DJHFIP. 

Struanre Cnleulatioas: 3 D  structures consistent with the experimental data were 
generated using a combination of distance-geometry (DGII program) with simulat- 
ed annealing (Discover program) calculations. Both programs are implemented in 
the NMR Chitect package comercially available from Biosym. 
NOE intensities were classified in three groups (weak, medium. strong) by estimat- 
ing the intensities of the cross-peaks in the spectrum and correspond to upper- 
bound interproton distance restraints of 2.5, 3.5 and 4 A, respectively. A set of 46 
distance constraints derived from 17 sequential, 10 medium and long-range. and 19 
intraresidual NOEs were used in the calculation of 10 simulated annealing struc- 
tures derived from the best structures initially obtained by distance geometry. No H 
bond or dihedral constraints were used in the calculations starting from a monomer- 
ic structure. All simulated annealing runs produced structures that did not satisfy 
the experimental constraints well and consistently presented violations greater than 
1.5 A in three long-range NOEs. 
A dimeric model was constructed by packing two antiparallel helices and assigning 
the three previously violated long-range NOEs (NHLeu4-HaAla 10; NHLys6- 
HjVa l l l  and HjIle8-NHLysl3) asintemolecular. Thedatabase foreachdimer 
contained 89 constraints. This model was submitted to distance geometry and sim- 
ulated annealing. and produced dimeric structures that satisfied the experimental 
constraints well and did not present violations greater than 0.25 A. 
The simulated annealing protocol consisted of 100 steepest descent and 500 conju- 
gate gradients minimization cycles, followed by 30 ps dynamics in which the temper- 
ature was raised from 0 to 1000 K. and the force constant on experimental NOE 
restraints was simultaneously increased. During the next 10 ps of dynamics at 
1000 K the nonbond force constants were progressively raised to their value, and for 
the final 10 ps of dynamics the system was cooled to 0 K. The final structure was 
minimized using 1000 steepest descent and 1500 conjugate gradients cycles. 

Molecular Modelling Cddatiom: Energy minimization and molecular dynamics 
simulations were carried out using Discover (CVFF force field). Calculations of the 
isolated peptide were started from an ideal a-helix generated by Insight 11. The initial 
structures were first minimized using steepest descent followed by conjugate gradi- 
ent algorithms. Periodic boundary conditions were applied to solvate the peptide. A 
cell of 2 x 34 x 25 A' was used, filled with either 693 water or 159octanol molecules. 
The cut-off was set to 12 A. A number of aggregated structures was constructed 
using different symmetry operations. The size and tightness of the aggregates were 
determined in each case by the size of the cell. A melittin-like aggregate was con- 
structed from the crystal structure of melittin [21] by keeping only residues 2-9 and 
appending at their N-terminus the sequence of residues 1-7 of cecropin A in an 
a-helical conformation. Periodic conditions were introduced using a cell defined 
with the parameters a = 61 A, b = 38 A, c = 42 A, a = j = y = 90". and the cut-ofT 
was set to 22 A. The aggregates were extensively minimized before carrying out 
dynamic simulations. 
Molecular dynamics simulations were carried out at 750 K (without solvent) or at 
350 K (in aqueous and octanol solutions). After every 20 ps of dynamics. new 
velocities from Maxwellian distribution were given to all atoms of the last mini- 
mized structure and the whole process was reinitiated. Dynamics were analysed 
checking the preservation of an amount of helical structure compatible with the 
experimental observations. Simulations lasted 220 ps (in vacuo). 125 ps (water), 
95 ps (octanol), and 50-250 ps in the aggregates. 

Results 

Circular Dichroism: CA(1-7)M(2-9) in water (PH 7.5) or in 
phosphate buffer @H 6.8) shows a spectrum typical of a disor- 
dered peptide, with a minimum below 200 nm. In the presence 
of increasing amounts of HFIP a CD spectrum with two minima 
at 208 and 222 nm, typical of an a-helix, is observed. The con- 
formational transition occurs between 12 and 14% HFIP in 
water solution (Fig. 1 a) or between 4 and 8% HFIP in phos- 
phate buffer (Fig. I b). No isodichroic points are observed.t221 
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Fig. 1 .  C D  spectra of CA(1-7)M(2-9). a-b) HFIP titration of 25 PM peptide 
from 0 to 20 % of organic solvent in water (pH 2.8) (a) and in 5 mM phosphate buffer 
(pH 7.4) (b). c) Effect of phosphate burner concentration from 1 to 7 mM (12% 
HFIP; pH 6.8; 25 p~ peptide). d) Effect of pH from 2.8 to 7.3 in water/l2% HFIP 
(25 p~ peptide). e) Effect of peptide concentration from 0.05 to 2 mM in water11 2% 
HFIP (pH 2.8). Representative spectra in each experiment are labelled. The tempcr- 
ature in all experiments was 15 "C. 

At constant HFIP concentration the CD spectra of CA(1- 
7) M(2-9) depend on the concentration and pH of the buffer as 
well as on the peptide concentration, as discussed in the rest of 
this section. 

CD spectra at different phosphate concentrations in 12% 
HFIP (pH 6.8) are shown in Figure 1 c. The ellipticity between 
205 and 230nm decreases in absolute value with increasing 
phosphate concentration, and no isodichroic points are ob- 
served. In contrast, at pH 2.8 phosphate concentration 
has nearly no effect on the CD spectra of the peptide 
(data not shown). The CD spectra are pH-dependent with 
the negative ellipticity above 204 nm increasing with pH 
(Fig. 1 d). 

Figure 1 e shows the CD spectra of CA(1-7)M(2-9) at dif- 
ferent peptide concentrations in water containing 12 YO HFIP. 
In H,O/HFIP solution the negative ellipticity above 200 nm 
decreases monotonically with concentration, and an apparent 
isodichroic point is observed at 200.6 nm. From 0.05 to 2 mM 
there is a 50% reduction in the ellipticity at 222nm. In the 
presence of phosphate buffer (data not shown) there is also a 
general decrease in ellipticity at 208 and 222 nm, but the process 
seems to be far more complex, as seen by the absence of a proper 
isodichroic point and the non-monotonical decrease of elliptici- 
ty with concentration. 

?- z 7  1 C I 

phorphptc 
m - 

-5 
190 210 230 250 

A (rm) 

LO , I 

-5 ' I 

190 210 230 250 

)i (m3 

111 , I 

0.05mM peptide 
e 

pepcide m 
I 

-5 
190 210 230 250 

A (m) 

Ultracentrifugation: Sedimentation equilibrium analysis of a 
450 IM solution of the peptide in phosphate buffer (Fig. 2a) 
gave a molecular weight of 1950+270. Decreasing the concen- 
tration to 45 IM did not give significantly different results. 
Global fitting of the two sets of data gave no indication of 

0.2 - 
5.9 6 6.1 7 7.1 7.2 

Radius (cm 1 Radius (crn) 
Fig. 2. Sedimentation equilibrium of CA(1-7)M(2-9) a) in 5 m ~  phosphate 
buffer (pH 7.5) at 25 'C and a peptide concentration of  4.5 x 1 0 - ' ~  and b) in 5 mM 
phosphate buffer with 12% of HFIP (pH 6.5) at 25 "C and a peptide concentration 
of  4 . 2 ~  1 0 - 4 ~ .  
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Hybrid Peptide 838-846 

self-association and a molecular weight of 1760 +_ 120 (allowing 
for non-zero baseline fitting). These results show that the pep- 
tide is essentially monomeric under these conditions. In small 
peptides such as this one, with a large number of charged 
groups, a certain overestimation of molecular weight may result 
from the effect of electrostriction on the partial specific volume, 
which is not taken into account in the standard calculation.[23* 241 

When 420 p~ CA(1-7)M(2-9) was examined in 5 mM sodi- 
um phosphate/l2% HFIP, at a pH of 6.5 and a temperature of 
25 "C, the result was dramatically different from that in aqueous 
solution, and a much steeper concentration gradient was ob- 
served (compare Fig. 2 a with 2 b) . In the absence of values for 
effective partial specific volume (4)  of peptides in this solvent 
(12% HFIP, density p =1.08 gmL-') only the buoyant effec- 
tive molecular weight hib = M,(1 - 4 p )  could be measured 
with a value of 2510k40. Global fitting of sedimentation equi- 
librium measurements at 420, 100 and 19 p~ peptide gave no 
significant concentration dependence and an M ,  value of 
2840 f 30. 

ES-MS: There are several recent examples in the literature that 
illustrate the possibility of observing noncovalent interactions in 
biomolecules by means of mild-ionization mass spectrometric 
techniques (ion spray and electrospray) .Izs - ''I ES-MS spectra 
of CA(I-7)M(2-9) (Fig. 3) contain the base peak at m/z 
= 886. This corresponds to the 2H+ charge state of the 

100 

f I j-m 

4 50 I 
/ 

0 ' ' .'A!, ' . . 8 ' I .  ' . .  .I., , . . .( . , 
1000 I200 1400 

mlz  

Fig. 3. ES-MS spectrum of 500 p~ CA(1-7)M(2-9) dissolved in H,O/HFIP 
(80:20) containing 3% formic acid. 

monomer, although it could also contain contributions from 
oligomers having two charges per monomer. The less intense 
ions observed at an mlz of 11 81 and 1329 can only be explained 
in terms of noncovalent association of the peptide. Under the 
same conditions, a very similar peptide (CA(1-7) M(3-lo), H- 
KWKLFKKGAVLKVLT-NH,), which showed no indica- 
tions of aggregation by CD or NMR and which is not biologi- 
cally active,['61 did not give peaks that could be attributed to 
multimeric species by ES-MS. 

It is important in these studies to demonstrate that the high 
molecular weight species observed really reflect the presence of 
multimeric species in solution. We have studied the effect of 
peptide concentration and the addition of HFIP (20 YO in H,O) 
on the corresponding ES-MS spectra. Table 2 shows the changes 

Table 2. Relative abundance (r) of the peaks observed by ES-MS. 

m/z r/% [a] in H,O [b] r / %  [a] in 20% HFIP/H,O [b] 
100 p~ peptide 500 p~ peptide 100 p~ peptide 500 p~ peptide 

1181 3.36 9.55 13.79 14.38 
1329 0.94 1.17 1.73 2.88 

[a] Refers to the base peak at m/r = 886. [b] 3% HCOOH added. 

in relative abundance of the peaks of higher m/z values under 
the different conditions tested. The relative abundance of multi- 
meric ions increases when the concentration is raised from 100 
to 500 p~ in the two sets of experiments. In addition, in the 
presence of HFIP these values are significantly higher than in 
pure water. The influence of the solvents on the intensities of the 
peaks corresponding to multimeric species indicates that the 
aggregated species are indeed present in solution and are not 
ionization artifacts. 

Nuclear Magnetic Resonance: Standard NMR methods['*' were 
used to carry out a complete sequential assignment of 'H NMR 
spectra of CA(1-7)M(2-9) in 15% D,0/85% H,O or in 15% 
D,O/I 2 YO [D,]HFIP/73 YO H,O. NH -CHa cross-peaks were 
identified by DQF-COSY, and TOCSY spectra were used to 
correlate side-chain spin systems. NOESY cross-peaks correlat- 
ing sequentially adjacent residues were used to obtain inter- 
residue connectivities and to distinguish equivalent spin sys- 
tems. Chemical shifts for all the protons in both solvents are 
reported in Table 3 . No significant changes in chemical shift 
were observed in TOCSY spectra recorded at peptide concen- 
tration from 0.5 to 6mM in 12% HFIP or when the HFIP 
percentage was raised to 50% by volume. 

Table 3. Chemical shifts of CA(1-7)M(2-9) at 30°C and pH 4.4. 

Residue NH Ha H/3 Others 

K1 n.0. 4.01 1.89 
W 2  7.40 4.43 3.23; 3.15 

K 3  7.86 4.12 1.91 
L4 7.22 4.12 189 
F 5  7.70 4.14 3.70 
K 6  8.20 4.21 1.99 
K 7  7.62 4.20 1.73 
18 7.83 3.89 1.88 

G 9  8.02 3.79 
A10 7.58 4.18 1.56 
V11 7.75 3.70 2.30 
LIZ 8.24 4.08 1.91 
K13 7.80 4.13 2.05 
V14  7.85 3.90 2.27 
L15  8.21 4.21 1.84 

y :  1.45; 6: 1.69; 6 :  2.98 
2 H :  1.24; 4 H :  7.65; 5 H :  1.17; 6 H :  1.24; 7 H :  
7.50; NH: 10.22 
y :  1.50; 6 :  1.75; E :  3.00 
y :  1.89; 6:  0.92; 6': 0.85 
2,6H: 7.10; 7.5H: 7.34; 4 H :  7.25 
y: 1.46; 6: 1.73; E :  2.94 
y :  1.58; 6: 1.46; E :  3.04 

6': 0.89 
?-CHI: 1 .61;~'XHz:  1.25;y-CH3: 0.98;6:0.98; 

y :  0.98; y': 1.08 
y: 1.91; 6 :  0.90 
y :  1.43; 6 :  1.75; E :  3.02 

y: 1.84; 6: 0.89 
y :  0.99; y': 1 . 1 1  

Differences between Ha and NH chemical shifts of CA(1- 
7)M(2-9) measured in 12% HFIP solution and in H,O are 
shown in Figure 4. The upfield shifts induced in both Ha and 
NH protons by the addition of HFIP are consistent with the 
adoption of an a-helical conformation, mainly in the central 
region of the sequence. 

The helical conformation was supported by the observation 
of strong NH,-NH,, NOE together with weaker Ha,-NH,,, 
connectivities; these suggested the presence of a helical structure 
throughout most of the sequence (Fig. 4). An expansion of the 
NH-NH region of the NOESY spectra is shown in Figure 5 .  
The lower intensity of NH - NH cross-peaks involving protons 
near theN-terminal region(e.g., Trp2-Lys3, or Lys3-Leu4)as 
well as the smaller upfield shifts in this region suggested some 
helical fraying in this terminal region. In contrast, the helical 
structure appeared well formed up to the last residue in the 
C-terminus. Additional long-range NOES were observed be- 
tween HaLys3-NHLys7, NHLeu4-HaAla10, NHLys6- 
Hfl Val 11 and Hfl Ile 8 -NH Lys 13. NOE build-up curves in- 
volving these signals are comparable to those for other NOE 
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Fig. 4. a)  Summary of sequential and medium-range NOES of 3 mM CA(1- 
7)M(2-9) in 12% [DJHFIP at 30°C (pH 4.4). b-c) Conformational shifts of Ha 
and NH protons, respectively. under the same conditions as indicated in a). 
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Fig. 5. Sequential NH-NH cross-peak region ofa  400 ms NOESY of 3 mM CA(1- 
7)M(2-9) in 73% H,O/l5% D,O/12% [DJHFIP (pH 4.4. 30°C). 

cross-peaks; this indicates that they correspond to short dis- 
tances and are not caused by spin-diffusion. 

In spite of the small size of CA(1-7)M(2-9), several amide 
protons were found to exchange very slowly with deuterium in 
the presence of 12% [DJHFIP. Figure6 shows the decay of 

100 150 200 250 300 

Tim (ran) 

0 . 8 -  

0 5 0  100 150 200 250 300 

Fig. 6. Plot of the residual intensity of the amide protons of Leu 12 (a) and Val 14 
(b)atdilTerent timesafterdissolvingCA(l-7)M(2-9)in 88% D,0/12% [DJHFIP 
at a concentration of 1 or 6 mM. Continous lines represent the best fits to a biexpo- 
nential curve. 

amide proton occupancy in residues Leu 12 (Fig. 6a) and Val 14 
(Fig. 6b) of CA(1-7)M(2-9) at two concentrations. These 
curves do not follow a single exponential. The simplest model to 
which the experimental data could be fitted is a biexponential 
decay, suggesting the existence of peptide molecules in at least 
two different environments. The amplitudes and rate constants 
are presented in Table 4. The lower exchange rate is strongly 
concentration-dependent ; this indicates that protection from 
exchange is a result of the quaternary structure of the peptide. 
The different environments could result either from different 
degrees of aggregation in solution or from nonequivalent envi- 
ronments within an aggregate. 

Table 4. HD Exchange rates of CA(I -7)M(2-9) amide protons [a] 

1 mM concentration 6 m ~  concentration 
Residue f i  PI k, x 10' (s-l) fz [b] k, x lO'(s-I) fi [bl k, x lO'(s-') f, Ibl k, x lo4 (s- ' )  

Phe 5 
Ile8 
Gly 9 
Ala 10 [c] 
Val 11 
Leu 12 

Val 14 
Lys 13 

1 .oo 
0.53 2 0.47 

- - 

0.61 2 0.39 
0.85 0.8 0.15 

0.66 4 0.34 
- - - 

12.4 
50 

- 
60 
50 

70 
- 

1 .oo 
0.85 0.7 0.15 
0.70 0.8 0.30 

0.67 0.5 0.33 
0.69 0.3 0.31 
0.74 1 0.26 
0.58 2 0.42 

- - - 

7 
5 
60 

1.3 
50 
70 
14 

~ 

[a] Measured in 12% [DJHFIP at pH = 3.4 (electrode reading) and 25°C. [b] f, and f, refer to the relative contribution of the slow (rate k,) and fast (rate k,) component 
to the observed decay. [c] Overlaps with an aromatic proton. 
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Discussion 

a-Helical conformation and aggregation : The antibiotic activity 
of cecropin-melittin hybrids has been correlated with their abil- 
ity to adopt an a-helical structure in helix-inducing solvents such 
as HFIP or in the presence of liposomes. The intrinsic propensi- 
ty of the sequences involved towards forming helices, however, 
is very low, and when calculated1291 in a series of variants of 
CA(1-7)M(2-9), it does not correlate with the measured heli- 
cal content or the biological activity. On the other hand, the 
amphipathic nature of the helix suggests that intermolecular 
contacts are an essential part of the stabilizing interactions of 
the helical structure. 

Formation of an a-helix by CA(1-7)M(2-9) can be followed 
by CD and NMR under different experimental conditions. Ad- 
dition of HFIP (or l i pos~mes~”~)  is essential to induce an a-he- 
lical conformation; however, the amount of helix detected by 
CD is also dependent on pH, phosphate concentration and pep- 
tide concentration, with a complex interplay between all these 
variables. 

An increase in pH promotes the helical conformation proba- 
bly by deprotonation of the N-terminal amino group resulting 
in a decrease in the electrostatic repulsion with the positive end 
of the helix macrodipole. 

An increase in phosphate buffer concentration, at a constant 
pH of 6.8 and a peptide concentration of 25 VM, causes an ap- 
parent reduction of the helix content, but has no effect when the 
pH is kept constant at 2.8. This suggests that the interaction 
with phosphate can raise the apparent pK,, and thus increase 
the degree of ionization of the N-terminal amino group, which 
destabilizes the helix. Furthermore, the increase in ionic 
strength should reduce the electrostatic repulsion between the 
highly charged peptide molecules and promote aggregation. 
Similar phenomena have been observed in melittin.[81 

Concentration-dependent CD spectra are indeed indicative of 
aggregation phenomena in CA(l-7)M(2-9). Both in the pres- 
ence and absence of phosphate buffer. an increase in peptide 
concentration leads to a decrease in the ellipticity at 222 nm. In 
phosphate-free solution, of pH 2.8 and containing 12% HFIP, 
an apparent isodichroic point suggests that the concentration- 
dependent CD contribution behaves as a two-state equilibrium, 
while a much more complex behaviour must be taking place in 
phosphate buffer/l2% HFIP. 

The decrease in ellipticity at 222 nm with increased peptide 
concentration contrasts with the usual behaviour of peptides 
capable of adopting an amphipathic a-helical structure. The 
usual observation is that self-association of the peptide stabi- 
lizes the a-helix, and therefore at higher concentrations the ellip- 
ticity at 222 nm, usually taken as a direct measure of the helix 
content, increases in absolute value. 

The amount of helical structure can be quantified indepen- 
dently by NMR by comparing the chemical shifts with reference 
values for a disordered peptide.[30*3’l Chemical shifts can be 
measured accurately at lower concentrations than any other 
conformationally sensitive NMR parameter. Ideally, these val- 
ues should be measured in the same peptide under denaturing 
conditions. CD spectra indicate that CA(1-7)M(2-9) is basi- 
cally disordered in H,O, and the chemical shift values measured 
in this solvent were therefore used. Moreover, it has been report- 
ed that, if no conformational change takes place, chemical shifts 
are not very sensitive to changes from water to 30% TFE, a 
solvent very similar to HFIP.[”] An average conformational 
shift was calculated by adding all Ha upfield shifts (lacking 
stereospecific assignment, we used the larger upfield shift of 
Gly) and dividing by the total number of peptide bonds. To 

obtain the overall helical contents we divided the average con- 
formational shift by 0.35 ppm, which was taken as an average 
for 100% helicity.‘”] This calculation indicates a 52% helix for 
CA(1-7)M(2-9) in 12% HFIP. Chemical shifts are indepen- 
dent of concentration in the range from 0.5 to 6 mM and, there- 
fore, the helix content calculated from NMR is also constant in 
this concentration range. The helix content derived from NMR 
is in good agreement with that calculated by CD in the same 
solvent, but at a concentration of 0.05 mM (52%). 

The apparent loss of helicity observed in the CD spectra at 
higher concentrations is not confirmed by the NMR data. Dis- 
tortions in the absorption and CD spectra of aggregating pep- 
tides have been reported for polyglutamic acid[341 and attribut- 
ed to Duysens absorption flattening and scattering. Both 
phenomena are in fact related in the Mie scattering theory.[351 
These effects are important when the particle size becomes com- 
parable to the wavelength and therefore would imply the forma- 
tion of large aggregates (more than 10 monomers) of CA- 
(1 -7) M(2-9) in the helical form. Aromatic sidechain contri- 
butions to far-UV CD spectra have been reported to cause sig- 
nificant errors in the calculation of helical content from elliptic- 
ity measurements at 222 nm.1361 In non-aggregating peptides a 
Trp residue causes an overestimation of the helicity, while Tyr 
causes up to a 20% underestimation. This effect has been at- 
tributed to a reduction in flexibility of the aromatic ring in the 
helical peptide. The effect observed when the concentration of 
tryptophan-containing CA(1-7) M(2-9) is increased is oppo- 
site in sign (apparent helicity is reduced) and stronger than that 
observed by Chakrabarthy et al.1361 It is reasonable that aggre- 
gation could also restrict the mobility of Trp, but induce an 
orientation different than that caused by simple helix formation. 
Therefore, the contribution of the aromatic side-chain to the 
apparent reduction of helicity upon aggregation cannot be ruled 
out. 

Further evidence for the presence of aggregated species in 
HFIP containing solutions comes from ultracentrifugation and 
ES-MS studies. 

The molecular weight calculated in phosphate buffer 
(1 760 f 120) is in good agreement with the expected value for a 
monomeric peptide (1770) and does not change with concentra- 
tion. In the same buffer, with 12% HFIP, a completely different 
concentration gradient is established. However, no significant 
differences were observed when the initial concentration was 
varied from 19 to 0.42 r n ~ . ~ ~ ’ ]  The value of the buoyant effective 
molecular weight Mb of 2840k 30 indicates that CA(1-7)M(2- 
9) undergoes significant self-association in this solvent at all the 
concentrations studied, since otherwise negative or unreason- 
ably low partial specific volumes would be required to satisfy the 
equation M, = M,(1 - 4 p ) .  The degree of aggregation is prob- 
ably large, in the order of 10 monomer~ . [~~1  These results, along 
with the CD data presented above, demonstrate that a helical 
conformation is required for aggregation and that large aggre- 
gates are formed. 

Peaks at an m/z of 1181 and 1329 in the ES-MS spectra of 
CA(1-7) M(2-9) have been assigned to multimeric species on 
the basis of the increase in intensity observed at higher concen- 
tration. These peaks also increase in intensity on addition of 
HFIP, in agreement with CD and ultracentrifugation studies, 
which indicate substantial aggregation in solution in the pres- 
ence of HFIP. 

Formation of the multiply charged species causes an uncer- 
tainty as to the actual molecular weight of the observed species. 
The smallest aggregate that could explain simultaneously all the 
observed peaks is a hexamer, but the possibility that several 
aggregated species are simultaneously present cannot be ruled 
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out. The smallest aggregates that would explain the more in- 
tense peaks at m/z 11 81 and 1329 are a dimer (3 H + )  and a trimer 
(4 H +), respectively.[391 Ultracentrifugation studies suggest, 
however, a degree of aggregation higher than ten, and deuteri- 
um exchange experiments (see below) provide an estimation of 
six peptides in the aggregated form. 

Structure of the aggregates: NMR studies can provide informa- 
tion on the structure of the aggregate formed by CA(1-7)M(2- 
9). Conformational shifts and NOE results in the presence of 
HFIP indicate an a-helical structure spanning most of the pep- 
tide, although with some fraying in the N-terminal part. The 
residues showing extreme Ha or amide helix shifts align along 
interface boundaries and define what is known as hydrophobic 
period.1401 This helix shift periodicity is clearly shown in confor- 
mational shift profiles (Fig. 4), and the extreme negative values 
correspond to hydrophobic residues in the sequence (Leu 4, 
Ile8, Val 11 and Val 14) and to aromatics, although the latter 
may be affected by ring-current shifts. This behaviour has been 
interpreted as the result of periodic distortions from regular 
helix geometry associated with intermolecular packing of he- 
lices,t40. 4 11 

Three long-range NOES observed, namely. NH Leu4- 
HaAla10, NHLys6-HBVal11 and HBIle8-NHLys13, are 
not compatible with a single a-helical structure. Two of the 
residues involved (Val 11 and Ile8) have NH protons that are 
protected from exchange at 1 mM peptide concentration, and 
Lys 13 is also protected at higher concentration. Therefore, it 
seems a reasonable assumption to assign these NOES as inter- 
molecular contacts in the aggregate. In a fully helical peptide, 
residues Leu4, Ile8 and Val 11 would cluster in one side of the 
helix, while AlalO, Lys6 and Lysl3 would form a similar pat- 
tern in the opposite side. Interestingly, the three NH protons 
involved in long-range contacts do not present NH,-NHi+ I 

NOES. This suggests that there is a local distortion of the helical 
structure; however, the observation of CHa,-NH,, NOES 
spanning these points indicates that the overall helical structure 
is maintained. 

Simulated annealing runs included the observed long-range 
NOES as intermolecular constraints linking residues 4,8 and 11 
in one molecule to residues 6, 10 and 13 in a second molecule to 
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Fig. 7. Schematic MOLSCRIPT [49] 
representation of the packing of  three 
ideal helices of CA( 1 - 7) M(2 - 9) in an 
aggregate. The last three residues are 
represented by a thin ribbon to help 
visualize the antiparallel packing. 
Residues involved in intermolecular 
NOE contacts are highlighted. Inter- 
helical distances have been increased 
for clarity. 

produce a dimer in which the 
two monomers are packed in 
an antiparallel fashion. In this 
model, residues 6, 10 and 13 
of the first molecule and 
residues 4,8 and I I of the sec- 
ond one are still available to 
interact with additional pep- 
tide molecules, thus allowing 
the build-up of the higher ag- 
gregates observed by ultra- 
centrifugation or ES-MS.t421 
A schematic drawing of this 
model of aggregate is shown 
in Figure 7. 

Deuterium exchange exper- 
iments can provide additional 
information on the nature 
and stability of the aggregates 
formed by CA(l-7)M(2-9). 
As seen in Figure 6 and 
Table 3, a fast and a slowly 
exchanging component can 
be detected for most of the 

residues near the C-terminus of the peptide, and the rates of 
decay of the slowly decaying components are concentration de- 
pendent; this shows that aggregation effects are responsible for 
the observed slow exchange. 

In the model of aggregation suggested by the NOE data, long 
chains of laterally packed a-helical peptides are formed. One 
could therefore assign the slowly exchanging component to pep- 
tide molecules located in the interior of the aggregate and the 
fast exchanging component to molecules situated at the end of 
the chain. Thus, the ratio between the fast and slow rate con- 
stants provides a measure of the extra protection of amide pro- 
tons in the inner molecules.[431 Protection to deuterium ex- 
change has been recently used to derive dimerization constants 
in glycopeptide antibiotics,[471 assuming that an EX 2 mecha- 
nism is operative, that is, deuterium exchange is slow relative to 
the on-rate for dimerization. The concentration dependence of 
the rate of exchange suggests that this mechanism is also appli- 
cable for CA(l-7)M(2-9), although a complete treatment is 
complicated by the fact that higher order aggregates are in- 
volved. However, a simplified approach is possible as shown 
schematically in Figure 8. If a chain breaks, two inner mole- 

Fig. 8. Schematic representation of  a linear aggregate of CA(l-7)M(2-9).  
Molecules with fast-exchanging amide protons are represented by open circles, and 
t h o x  contributing the slow-exchanging components are shown as filled circles. The 
average size of the aggregate can be obtained from the relative populations of the 
two components. An estimate of the apparent dimerization constant is provided by 
the relative rates of exchange of  the two components. 

cules, which had slowly exchanging amide protons, will become 
terminal, and their amide protons will exchange faster. Con- 
versely, the interacting ends of two chains that are joined togeth- 
er become protected. One can thus define a pseudodimerization 
constant ( K J  for the process of joining two chains of 4 2  mole- 
cules to give an aggregate of n monomers [Eq. (l)] . In the sim- 

[Pnl 
[P",2I2 2Pap --+ P,, Kn = - 

plest case, where microscopic constants describing the addition 
of a new molecule to the aggregate are independent of the size 
of the aggregate, this pseudodimerization constant would be 
numerically equivalent to the dimerization constant and there- 
fore provides a measure of the stability of the aggregate. This 
constant can be determined from the ratio R between the slow 
and fast rate constants of exchange and the total peptide con- 
centration (cT), by using a staightforward modification of the 
method described by Mackay et. al [Eq. (2)].l4'] In CA- 

(1 -7)M(2-9) the protection factor ( R - ' )  has a maximum value 
of around 60 at 1 mM and ca. 170 at 6 mM for Leu 12. Amide 
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protons located either side in the sequence show lower protec- 
tions. The pseudodimerization constant has a value of ca. 
3 x 106w- * (n = 6). If slow and fast exchanging components 
can be related to inner and terminal molecules in a linear aggre- 
gate, the relative populations of the two types of molecules 
provide an estimate of the length of the chain. The slow ex- 
changing component represents ca. 60-70% of the total popu- 
lation. If the distribution of sizes were monodisperse, this would 
indicate a chain of six molecules (4/6 = 0.67), in agreement with 
the ES-MS and ultracentrifugation results, although other dis- 
tributions, for example, involving the coexistence of shorter and 
longer chains, could explain the same results. 

The structure of the dimer of CA(l-7)M(2-9) suggested by 
NMR exhibits the same antiparallel topology of melittin dimers 
found in crystallography. In order to test this idea, CA- 
(1 -7) M(2-9) dimers were modelled starting from a structure in 
which the last eight residues (i.e., those with the sequence of 
melittin (2-9)) were in the position found in the crystal structure 
of melittin dimers and the rest were constructed in an ideal 
a-helical conformation. The simplicity of the modelling com- 
pared to the complexity of the system studied allows only a 
qualitative analysis of the calculations, and we concentrated on 
the preservation or otherwise of the helical structure. After ex- 
tensive minimization and Sops of dynamics under periodic 
boundary conditions that reproduced the periodicity present in 
the crystal, the final structure retained the helical conformation 
of the C-terminal part with some unfolding in the N-terminus 
and the same topology as that generated from the NMR infor- 
mation, although, not surprisingly, the structural details and in 
particular the observed long-range NOES were not reproduced. 
In contrast, the same peptide solvated in water or in a number 
of aggregates built up using ideal cc-helices interacting with 
equivalent images obtained by symmetry operations had lost 
completely the helical conformation after the first 20 ps of dy- 
namics. 

Conclusions 

CA(I-7)M(2-9) has been found to adopt a helical conforma- 
tion in the presence of HFIP or liposomes and to associate 
strongly in the presence of HFIP. Estimates of the association 
constant, stoichiometry and structure of the aggregates have 
been derived from CD, ultracentrifugation, ES-MS, NOE data 
and HD exchange. The relevance of aggregation for the biolog- 
ical activity of CA(I-7)M(2-9) remains to be established. Cur- 
rent research in our laboratory has demonstrated a correlation 
between antibiotic potency and tendency to aggregate in differ- 
ent related pep tide^.^^^] However, as aggregation is also related 
to the amphipathicity of the sequence, this correlation does not 
necessarily imply a causal relationship between aggregation and 
biological activity. There are plenty of examples of amphipathic 
helices stabilized by dimerization. In this case helix formation 
and dimerization are coupled phenomena. On the other hand, 
binding to membranes has been shown to induce helicity in 
CA(1-7)M(2-9).[”] It is then possible that the three processes 
of membrane binding, formation of a helix and oligomerization 
are also coupled in CA(1-7) M(2-9). Aggregation of the helical 
peptide within the membrane could therefore result in an in- 
crease in the effective binding constant. 
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