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ABSTRACT. Hydrophobic interactions are responsible for stabilizing leucine zippers in peptides containing
heptad repeats. The effects of substituting leucine by phenylalanine and alanine by glycine on the self-
assembly of coiled-coils were examined in minimalist antimicrobial peptides designed to form amphipathic
a-helices. The secondary structure of these peptides was monitored in solution and in diphosphocholine
(DPC) micelles using circular dichroism spectroscopy. The leucine peptides (KLAKL A
(KLAKKLA) , (n = 3, 4) becomen-helical with increasing concentrations of salt, peptide, and DPC.
The aggregation state and equilibrium constant for self-association of the peptides were measured by
sedimentation equilibrium. The glycine peptide (KLGKKL@pes not self-associate. The leucine peptides

and phenylalanine peptides (KFAKFAKand (KFAKKFA), (n = 3, 4) are in a monomettetramer
equilibrium in solution, with the phenylalanine zippers beingdcal/mol less stable than the equivalent
leucine zippers. Thermodynamic parameters for the association reaction were calculated from the
temperature dependence of the association constants. Leucine zipper formatid@,a, whereas
phenylalanine zipper formation has a small negati¥&, presumably due to the removal of the larger
surface area of phenylalanine from water. Self-association of the peptides is coupled to formation of a
hydrophobic core as detected using 1-anilino-naphthalene-8-sulfonate fluorescence. Carboxyfluorescein-
labeled peptides were used to determine the aggregation state of (KLAKKA#) (KLGKKLG); in

DPC micelles. (KLAKKLA); forms dimers, and (KLGKKL&)is a monomer. Aggregation appears to
correlate with the cytotoxicity of these peptides.

Amphipathica-helices have opposing polar and nonpolar (4). However, the majority of studies investigating the
faces oriented along the helix axis. These helices make upfactors that contribute to the formation and stability of coiled-
50% of thea-helices found in soluble globular proteirs ( coils use synthetic peptides de nao design containing
2). They also occur in DNA-binding protein8,(4), fibrous 5—7 hydrophobic heptad repeatdl( 22). Recently Su et
proteins —7), and smaller polypeptides such as hormones al. (23) reported that a minimum of three heptads corre-
(8,9) and venomsq, 10). Recently, it has become apparent sponding to six helical turns is required for a peptide to adopt

that many organisms, ranging from prokaryotes to humans, 3 two-stranded-helical coiled-coil conformation in aqueous
use amphipathic peptides as part of their host defense systemqtion.

(11—-13). These antimicrobial peptides kill bacteria and other . . .
pathogens by disrupting the cell membrane. Amphipathic a-helices have a pronounced tendency to

The coiled-coil is a widespread structural motif consisting self-assqciate_. The gquilibrium constant for self-asspc_iation
of two to foura-helices characterized by a heptad repeat of of amphipathic peptides resqlts from two antagomsu_c ef-
seven amino acids designated a throughld).( This fects: afavorable hy_drpphoblc.effect that leads to burial of
structure features a hydrophobic interface between theNOnpolar residues within the oligomer, and an unfavorable
amphipathic helices of the coiled-coil. Most heptad repeats €léctrostatic force due to proximity of highly charged
use leucines at positions a and d to form the hydrophobic surfaces. Self-association is promoted by screening the
face of the helix. Positions e and g are often charged residuessharges and also by increasing the size of the nonpolar face
(7) whose side chains can also participate in interhelical in the peptides. Synthetic helices have been designed that
electrostatic interactiond §, 16), whereas positions b, ¢, and  aggregate to form dimers, trimers, tetramers, and hexamers
f are generally exterior residues exposed to solvent. Coiled-Wwith parallel and antiparallel orientation24—28). Substitu-

coils with as few as 14 residues (GAEDNA complex;17) tion of different hydrophobic residues at position a opposite
and as many as 1086 residues (myo$B);occur in proteins. leucine residues at position d of the heptad repeat demon-
In a number of proteins of diverse functiofy 9), the coiled- strated the importance of hydrophobic interactions on the

coil domain has been identified as the noncovalent dimer- self-association and stability of amphipathiehelices 29).
ization surface for homodime2(Q) and heterodimer assembly ~ Sedimentation equilibrium experiments showed that synthetic
21-mer peptides having valine or leucine residues at position
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containing either glutamic acid or lysine residues at positions 1.5 mol equiv of NMM in dry DMF for 3-5 h. Peptides
b and c of the tetramerization domain of Lac repressor waswere cleaved from the resin, deprotected, and purified by
determined by sedimentation equilibrium. The Lac21E and HPLC as described above. Fluorescent-labeled peptides were
Lac21K peptides were monomeric, whereas the Lac21E/monitored during HPLC using UV (220 nm) and fluores-
Lac21K peptide mixture formed heterotetramers. cence (excitation 470 nm, emission 520 nm) detectors. The
Using a minimalist approach3(, 32), we previously correct product was confirmed by plasma desorption mass
designed amphipathig-helical peptides with heptad repeats spectrometry, and peptide concentration was determined by
that have high antimicrobial activitg®). In this paper, we  quantitative amino acid analysis.
examine the self-association of these and other related Circular Dichroism CD measurements were made using
peptides. We investigate the effects of the size of the an Aviv 60DS spectropolarimeter. The calibration was
nonpolar domain and of substitution of phenylalanine at checked with {)-10-camphorsulfonic acid (Sigma, St. Louis,
positions a and d on the stability and aggregation state of MO) (34). All CD spectra were recorded from 250 to 190
the coiled-coil in solution. Circular dichroism spectroscopy nm in quartz cells of 0.£0.001 cm path length at room
is used to monitor peptide secondary structure. Analytical temperature with 1-nm bandwidth, 10-nm/min scan speed,
ultracentrifugation is used to determine the oligomerization and 5-s time constant. Duplicate scans were acquired to
model and equilibrium constant. Thermodynamic properties improve the signal-to-noise ratio. A base line was recorded
of the self-association are derived from the temperature and subtracted after each spectrum. The mean residue
dependence of the equilibrium constant. We also determineéllipticity, [6] in deg cn? dmol™, was calculated from
the aggregation state of carboxyfluorescein-labeled peptides
in dodecylphosphocholine (DPE)nicelles. Finally, the (1)
effect of self-assembly on the antimicrobial activity of the
peptides is considered.

[6] = [6] ,,{(MRW/10ic)

where Plopsis the ellipticity measured in millidegrees, MRW
is the mean residue molecular mass of the peptide (molecular
mass divided by the number of amino acid residues3,

. ) . ) the optical path length of the cell in centimeters, anid
Peptide Synthesis and LabelingThe peptides were ha concentration of the sample in milligrams per milliliter.
synthesized by a solid-phase method using a MilliGen 9050 gjnce all the peptides were synthesized as C-terminal amides,
PepSynthesizer. 9-Fluorenylmethyloxycarbonyl amino acids yne c-terminus acts as an extra residue (W. C. Johnson,

protected at then-amino function were purchased from  yeronal communication). Percenhelix was determined
MilliGen (Burlington, MA), and actlvat_ed as pentafluoro- from the molar ellipticity measured at 222 nifi]f,» using
phenyl esters at the carboxyl function. Coupling was

2

performed using HOBt (Fisher Biotech, Fair Lawn, NJ) in
wheren is the number of amino acid residues in the peptide

MATERIALS AND METHODS

L, ! I % o-helix = ([0],,, x 100)/[-40000(1— 2.5h)]
an extended cycle. Polystyrene resin with a peptide amide

linker was purchased from MilliGen. The peptide was
cleaved from the resin and deprotected by treatment with

trifluoroacetic acid reagent (88% TFA, 5% water, 5% phenol, Aﬁalytical Ultracentrifugation. Sedimentation equilibrium

2% triisopropylsilane) for 24 h, extracted in cold 20%
acetic acid and diethyl ether, and lyophilized.

experiments were performed using a Beckman XL-A ana-
Iytical ultracentrifuge. Experiments were run in a 4-hole

Peptides were purified by reversed-phase chromatographyrotor with a counterbalance and 3 carbon-filled epoxy double-

on a Waters 1 Deltapak G column (200x 25 mm) using
a gradient of 16-50% acetonitrile (0.05% v/v TFA) and

sector cells at a rotor speed of 40 000 rpm at 10 temperatures
from 2 to 38°C. Peptides were dissolved in 2.5 mM sodium

water (005% viv TFA) Purlty was checked on an analytical phosphate buffer, pH 7.4, 0.4 M NaCl. Pept|de concentra-

Vydac 5u Cig column monitored with a UV detector at 220

tions were 1 and 2 mM for 21-mer leucine peptides, 2 and

nm. The molecular mass of purified peptide was verified 4 mM for 21-mer phenylalanine peptides, and 0.1 mM for
by plasma desorption mass spectrometry. Peptides werezg-mer peptides. The concentration distribution of peptide

stored as lyophilized powders a20 °C. Peptide concentra-

within the cell was determined by the absorbance at 254 or

tions. were determined b_y .quantitative amino acid analysis. 236 nm for the 21- or 28-mer leucine peptides and at 273 or
Peptide samples containing a norleucine standard were222 nm for the 21- or 28-mer phenylalanine peptides. Base

hydrolyzed h 6 N HCI, 0.1% phenol, for 24 h at 11T,

line scans were measured at 365 nm, where the peptides have

followed by sodium cation exchange chromatography on a no absorption. The time required to attain equilibrium at

Pickering column (3« 250 mm) and detection of the amino
acid by reaction with ninhydrin at 13TC.

Peptides were labeled at their N-termini with carboxy-

the first temperature was established by running until the
scans were invariant for 12 h; this was achieved by 34 h.
The temperature was increased ifGlincrements, and scans

fluorescein (Eastman Kodak, Rochester, NY). Derivatization were taken after 24 h at each temperature. This time was

was carried out on the resin using the following coupling
cycle: 1 mol equiv each of carboxyfluorescein, BOP
(Castro’s reagent; Millipore, Bedford, MA), and HOBt and

1 Abbreviations: ANS, 1-anilinonaphthalene-8-sulfonate; BOP,

benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophos-

phate; CD, circular dichroism; CF, carboxyfluorescein; DMNGIN'-
dimethylformamide; DPC, dodecylphosphocholine; HOBt, 1-hydroxy-
benzotriazole; MEM, minimal essential medium; MIC, minimum
inhibitory concentration; NMMN-methylmorpholine; TFA, trifluoro-
acetic acid; Tris, tris(hydroxymethyl)aminomethane.

sufficient for reequilibration at the new temperature. Scans
were collected with a radial step size of 0.001; 10 acquisitions
were averaged at each radial position to give the final data
for analysis.

Concentration distributions were fit to various mathemati-
cal models by least squares using MLAB [Civilized Software,
Inc., Bethesda, MD36)]. Best fit criteria were minimum
sum of squares of the residuals, random distribution of the
residuals, and minimum standard errors of parameters. The
mathematical model for a reversible monomtatramer
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interaction is

G=C1 eXp[AMl(r2 - rbz)] + Cb,l4 exp[ink,, +
AAM,(r* — 1] + € (3)

wherec, 1 is the concentration of monomer igt the radial
position of the cell bottomM, is the molecular mass of the
monomer calculated from the amino acid sequencegasd

a small base-line error correction terrh = (1 — 7p)w?
2RT, wherev is the partial specific volume of the monomer,
p is solvent densityw is angular velocity,R is the gas
constant, and is absolute temperature. The partial specific
volume of the monomer was calculated from the amino acid
sequence of the peptidd7), and was corrected for temper-
ature 88): 0.783= 0.005 for (KFAKKFA),, (KFAKFAK) 3,
and (KFAKKFA); 0.824 + 0.005 for (KLAKKLA)3 and
(KLAKLAK) 3; 0.804+ 0.005 for (KLGKKLG);; 0.818+
0.005 for (KLAKKLA) 4. A partial specific volume of 0.789

+ 0.003 was measured for (KLAKKLA)using HO- and
D,O-containing buffers 39). The molecular mass was
adjusted for the HD exchange, and the two sedimentation
equilibrium data sets were fitted simultaneously to eq 3 with

Javadpour and Barkley

fit criteria were minimum sum of squares and minimum
standard errors of parameters.

The molecular mass of peptides in micelles was measured
at 22 °C by the method of Reynolds and Tanford?).
Samples were made from stock solutions of DPC and
carboxyfluorescein-labeled peptide diluted to the final con-
centration with different ratios of ¥/D-0O to yield a range
of densities. Stock solutions were 0.3 M DPC in 25 mM
sodium phosphate buffer, 0.1 M NaCl, pH 7.4; 0.01 M CF-
(KLAKKLA) 3 in water; and 0.01 M CF-(KLGKKLG&)in
water. Final concentrations were 2.5 mM sodium phosphate
buffer, pH 7.4, 0.01 M NaCl containing 2 104 M CF-
peptide and 3« 102M DPC. This DPC concentration was
>20-fold above the critical micelle concentration of 1
102 M (43). Reference solutions containedx31072 M
DPC and buffer at the same density as the sample. Densities
ranging from 0.99905 to 1.09236 g/émere measured on
a Paar DMA 58 density meter. Concentration distributions
of carboxyfluorescein-labeled peptides within the cell were
determined from the absorbance at 537 nm. Base line scans
were measured at 634 nm, where the labeled peptide and
detergent have no absorbance. The time required to reach
equilibrium was 34 h. Partial specific volumes of carboxy-

v as an adjustable parameter. Equation 3 assumes thafluorescein-labeled peptides in solution were measured as
monomer and tetramer have the same partial specific volume.described above: 0.74# 0.005 for CF-(KLAKKLA); and

The equilibrium constant for tetramer formation is defined
aski4 = o 4Cy 1%, Wherec, 1 andc, 4 refer to the concentration

0.7774+ 0.002 for CF-(KLGKKLG}.
Fluorescence Quantum YieldsQuantum yields were

of monomer and tetramer, respectively, at the radial position determined relative to ANS in ethanol on an SLM 8000
of the cell bottom and are given in terms of the absorbance spectrofluorometer interfaced to a Macintosh licx computer.
at the scanning wavelength. If the tetramer species is absentsSamples contained {24) x 102 M peptide, 1x 1075 M

the data analysis will return a large negative number for the ANS in 2.5 mM sodium phosphate buffer, pH 7.4, 0.4 M

value of Ink.

The use of the logarithm of the equilibrium constant in
eqg 3 acts as an implicit constraint by ensuring that the
equilibrium constants have positive values. Fitting for In

NaCl. All peptides except (KLGKLGK)and (KKAKKKA) 3

are tetrameric under these conditions as shown by circular
dichroism and sedimentation equilibrium. Temperature was
maintained at 28C with a Lauda circulating bath. Samples

ki4 also has the advantage that the logarithm of the molar were excited at 360 nm, and emission spectra were scanned

equilibrium constant, taking 1 mol of the monomer as the
standard state, is given by Ky, = In ky4 + In (E;3/4) where

E; is the molar extinction coefficient of the monomer at the
scanning wavelength. The Ky, values are used to calculate

from 410 to 600 nm in the ratio mode with single excitation
and emission monochromators set at 4- and 8-nm band-pass,
respectively. Magic angle polarizers were set t6 &b the
excitation side and Von the emission side to avoid the

thermodynamic parameters such as the standard free energwood’s anomaly of the emission grating. A solvent blank

change, AG° -RT In K. Finally, the standard error
estimates for fits to the logarithm of the equilibrium constant
appear to be more nearly valid(Q).

The temperature dependence ofkpy was analyzed by
the method of Clarke and Glew1) using the Taylor’s series
expansion about the reference temperatiire

RINK =—AG®,/0 + AH°,(1/6 — 1) + AC®, ,[6IT —
1+ In (T/6)] + 6/2(dAC°/dT),[(T/6) — (BIT) —

21(T/6)] + 6%112(cPAC® JdT?)[(T/6)? — 6(T/6) + 3+
2(6/T) + 6In (T/6)] (4)

was subtracted, and spectra were corrected for wavelength-
dependent instrument response using correction factors
determined with a standard lamp from Optronics.
Biological Actiity. MICs of peptides were determined
againstEscherichia coliATCC 25922,Pseudomonas aer-
aginosaATCC 27853, andStaphylococcus aureusTCC
25723. E. coli and P. aeraginosaare Gram-negative
bacteria;S. aureuss a Gram-positive bacterium. Peptide
1:2 serial dilutions were prepared from 548/mL stock
solutions to give a range of 25& ug/mL in the culture
media. Bacterial cultures were grown to mid-log phase in
nutrient broth and were standardized to a 0.5 McFarland
turbidity tube before dilution. An equal volume of peptide

Equation 4 describes the temperature dependence of thesolution was added to each sterile well containing 3.0*
equilibrium constant. The fitting parameters are the changescells in 50uL. The MIC is the lowest peptide concentration

in free energy AG®), enthalpy(AH?®), heat capacity at
constant pressuf@C°p), and first and second temperature
derivatives of the heat capacity changeAQt,/dT and
d?’AC°/dT?). The reference temperature was taken to be

298.15 K. Data were weighted by the normalized reciprocals

of the variances of the values of kcalculated from the
approximate standard errors obtained when fitting the
sedimentation equilibrium concentration distribution. Best

that inhibits cell growth as evidenced by absence of turbidity
after 4 h 44). The median assay values are reported for
3—7 separate tests. Assay results vary by no more than one
dilution from the median value.

The efficacy of peptides in killing 3T3 mouse fibroblasts
was determined by a 2-fold serial dilution assay. Fifty
microliters of a stock peptide solution was diluted with an
equal volume of MEM, and 1:2 serial dilutions in MEM



Self-Assembly of Antimicrobial Peptides Biochemistry, Vol. 36, No. 31, 1998543

were prepared. Each dilution was applied to a 1-day-old
monolayer of 3T3 cells (approximatelyd 10* cells/well)
maintained in a 96-well plate with fresh MEM (5@/well).

Peptide-treated and peptide-free control cells were incubated ”'g

at 37°C for 30 min. The supernatant was removed, and the £

cells were gently treated with 0.2% trypan blue stain and “g

viewed in an inverted light microscope. Inclusion of trypan ;0

blue dye within a cell is indicative of cell death. A sublethal =

dose is defined as the highest dilution in which onty1D =

adherent cells are not stained. XS

RESULTS =

Peptide Design Peptides with the general sequences 0 S & A A

[(KNpNp)(KNpNp)K]n and [(KNpNp)K(KNpNp)}, where

the nonpolar residues Np A/G and L/F andn = 3 and 4, BT 0 03 04 0s 06 07 08 0o 1

were designed to form amphipathichelices (Figure 1). NaCl (M
These sequences are isomeric, differing only in the position o a. M) _
of the initial residue of the heptad repeat. In general, most FIGURE 2: Molar ellipticity of peptides at 222 nm as a function of

: : ; ; ; ; : aCl concentration. Peptide concentration is .40 M. (A)
designed amphipathic helices use alanine and leucine residue LGKKLG) 3 and @) (KLAKKLA) 5in 2.5 mM sodium phosphate

to form the hydrophobic face of the helix. These residues pytfer, pH 7.4: #) (KLAKKLA) , and @) (KLAKKLA) 3 in 10
have high helix propensity46—47). Lysine is chosen as  mM Tris buffer, pH 7.4. Lines drawn to guide the eye.

the polar residue not only because of high helix propensity
(7), but also because the presence of lysine and alanine orextended random structure. According to polyelectrolyte
adjacent tumns of the helix stabilizes the coiled-cé8)(The  theory, increasing the salt concentration should promote
leucine peptides have the sequences (KLAKLAKNd a-helix formation by screening the positive charges of the
(KLAKKLA) », while the phenylalanine peptides substitute | gines 65). The CD spectra of the peptides were recorded
ghenyl?rl]amae dfor Iﬁug'.ni.' (KF,?KIFAI_g)and (EFA#KF]A‘)I"' . as afunction of NaCl concentration from®2 M atconstant

Ince teb B{hmp 0 ICISIC?SH? eucmtt_ad an pb e{]hya?fmnte peptide concentration. All of the peptides except
appearto be € saméq( ).'. ese peptides probe he efiec (KLGKKLG) 3 become more-helical with increasing NaCl
of side chain shape at positions a and d on the stability andconcentration in both phosphate and Tris buffers. Their CD
number of strands in the coiled-coil. A peptide substituting spectra are characteristic of amhelix with a distinct
glycine for alanine, (KLGKKLG}, was also synthesized. mpinimum at 222 nm (ax* transition), a second minimum
Glycine is a helix-destabilizing amino aci8i—54). close to 208 nm (superposition of t’he Candom G Tt

. . . JT

Secondary StructureCircular dichroism spectroscopy was transition at 200 nm aE)ndF:heheIix m—m* transition at 208
used to monitor the secondary structure of the peptides. CDnm) and thea-helix maximum at 193 nm. An isodichroic
spectra were measured in two buffers at’25 2.5 mM e ] oo
sodium phosphate buffer, pH 7.4, or 10 mM Tris buffer, pH pomt_ is obse_rved at 203_ nm, _|nd|_cat|ng a local two-state
7.4. The 21-mer peptides have a random structure with aeq_whbrlum Wlt_h each residue in either helical or random-
characteristic minimum near 200 nm in both buffers. The COil conformation §6). The salt dependence of the molar
28-mer peptides form large insoluble aggregates in phosphatellipticity at 222 nm is shown in Figure 2. The extent of
buffer. However, the 28-mers are soluble in Tris buffer with helix formation of the peptides appears to be independent
~41% a-helix. The designed amphipathichelices have  of buffer. The 28-mers are more helical at lower salt
a polar face consisting entirely of lysines with a total charge concentrations than the 21-mers, suggesting a larger contri-
of +9 and+12, respectively, for the 21- and 28-mer peptides. bution from the nonelectrostatic component of the free energy
Repulsive forces between the charged lysines favor theof helix formation.
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Ficure 3: Molar ellipticity of peptides at 222 nm as a function of
peptide concentration. 2.5 mM phosphate buffer, pH 7.4, 0.4 M
NaCl. @) (KLAKKLA) 5, (W) (KLAKLAK) 3, () (KFAKFAK) 3,

(a) (KFAKKFA)3, (O) (KLAKKLA) 4, and ) (KLGKKLG) .
Lines drawn to guide the eye.

Helix formation is coupled to aggregation in peptides with
heptad repeats. An aggregation-induced increase in helicity
with increasing peptide concentration is detected by circular
dichroism @3, 57, 58). To determine if the salt-dependent
helical form of the 21- and 28-mer peptides is oligomeric, 0 . T \ » ‘
the concentration dependence of the CD spectra was 0 100 200 300 400 500 800
determined in 2.5 mM phogphate buffer, pH 7.4, 0.4 M NaCl [DPC)/[peptide]
at 25°C. The molar ellipticity of these peptides depends _ o

FiIGURE 4: Upper panel: circular dichroism spectra 0k210~* M

on con(_:entratlon, shovv_mg thaF helix formatlo_n_ IS ac- CF-(KLGKKLG)3 as a function of DPC concentratio®) 0 mM,
companied by self-association (Figure 3). The driving force ()2 5 mm, @)5 mM, (a) 10 mM, and ) 100 mM. Isadichroic
for self-assembly is the association of hydrophobic side point at 203 nm. Lower panel: molar ellipticity of@}] CF-
chains 69). In (KLAKLAK) , and (KLAKKLA),, (n = 3, (KLGKKLG); and @) CF-(KLAKKLA) 5 at 222 nm as a function
4), the hydrophobic leucine residues are presumed to form of DPC concentration. Peptide concentration is 2074 M. Lines
the intermolecular interface, while in (KFAKFAK)and drawn to guide the eye.
(KFAKKFA) » (n = 3, 4), the phenylalanine residues would M NaCl. Association of the peptides with DPC micelles
be at the interface. The 28-mer peptides self-associate ainducesa-helical secondary structure. CD spectra of CF-
concentrations as low as @M. The extra heptad is (KLAKKLA) ; and CF-(KLGKKLG) were measured as a
responsible for the higher helical content of the 28-mer function of DPC concentration by increasing the detergent:
peptides relative to the 21-mers. Even though helices 21 peptide ratio from 0 to 500:1. Isodichroic points were
28 residues in length are sufficient to form coiled-coils, an observed at 203 nm, indicating a local two-state equilibrium
increase in the size of the hydrophobic segment results inbetween random coil and-helical conformations (Figure
greater stability of interchain hydrophobic interactio8, ( 4, upper panel). Minimum molar ellipticity at 222 nm was
24, 60). The aromatic residues of phenylalanine induce reached for CF-(KLAKKLAY} and CF-(KLGKKLG) at
positive CD signals causing significant errors in the estima- detergent:peptide ratios of 50:1 and 125:1, respectively
tion of the helical content from the ellipticity values at 222 (Figure 4, lower panel). The helix contents of detergent-
nm (61, 62). Therefore, the extent of helix formation in the bound CF-(KLAKKLA); and CF-(KLGKKLG); are 85% and
leucine and phenylalanine peptides cannot be directly 46%. These values are close to the helix contents of 88%
compared. However, our main interest here is the concentra-and 48% obtained for unlabeled (KLAKKLA)and
tion dependence of the CD. In contrast to the other designed(KLGKKLG) 3 in DPC micelles (not shown).
peptides, (KLGKKLG}) shows no salt- or concentration- Self-Assembly in SolutiorSedimentation equilibrium was
dependent changes in the CD spectrum. (KLGKK4.Egs used to examine the association state of the peptides in
two glycines per heptad at position b in the polar face and aqueous solution and to measure the related association
position e on the nonpolar face of the amphipathic helix. constants. Experiments were performed as a function of
This implies that the intermolecular hydrophobic interactions temperature at 4 Cintervals from 2 to 38C. The data
are not strong enough to compensate for the helix destabi-were fit to various models for the self-assembly, assuming
lization of the glycine residues in the 21-mer peptide. the same partial specific volume for all species. The partial
However, longer peptides 285 residues in length having  specific volume of (KLAKKLA); measured in the ultracen-
a single glycine at either position b or position f in the polar trifuge (39) agrees well with the value calculated from the
face of the heptad repeat form stable coiled-cdl4 €63). amino acid sequence of the pepti@&)( This confirms that
The carboxyfluorescein-labeled peptides also have random-the partial specific volume of the peptides does not vary with
coil conformation in 2.5 mM phosphate buffer, pH 7.4, 0.01 association state. It also indicates that the volume change

25

20

~[8],,, x 1073 (deg cm? dmol™h
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best fit for the monomer model. Lower panel: residuals for the fit. & 0.00 Ev%@g P ;x} 52 °
g s far L
dV = 0 for the association reaction, so that the value of the 4 °
association constant is not perturbed by sedimentation in the "0'036 ” 6 '8 5 '9 - 'O . ‘1 2
XL-A ultracentrifuge. The parametersky, ¢, ;, ande were éADIUS (CM) ' ‘

treated as adjustable parameters in the data analgsigl,,

andr, were fixed at their known values. To ensure correct FIGURE 6: Sedimentation equilibrium of (KLAKKLA] at 26°C.
Upper panel: concentration distribution of 2 mM (KLAKKLA)

models fo_r the association reaction and accurate values for, 52 o phosphate buffer, pH 7.4, 0.4 M NaCl. The line is the
the association constants, some of the peptides were run apest fit for the monomertetramer equilibrium model. Middle
two different concentrations, and the data were analyzedpanel: residuals for fit to monometetramer equilibrium. Lower
simultaneously in a global fit. (KLGKKLG)is monomeric ~ panel: residuals for fit to monomedimer equilibrium.

at all temperatures (Figure 5). The rest of the peptides are

in a monomer-tetramer equilibrium (Figure 6). During the t€rm (0
analysisM; <> M, andM; <> M, <> M, were also considered  indicating (?AC°y/dT®), = 0. The nonzero values for

as possible models. However, the fits tdi < M, were  (JAC°y/dT), and (FAC°y/dT?), mean that\C’; is a parabolic
poor (Figure 6). The fits foM; <> M, <= M, were much function of temperatur@. Figure 7 plotsAG® = —RTIn K
better than for theMl; < M, model, but gave either very as a function of temperature. The curvature of the plot for
small values of Irk;, or worse fits than thél; < M, model.  the phenylalanine peptides clearly demonstrates NG,
Moreover, the temperature dependence of the equilibrium iS nonzero, whereas the straight line for the leucine peptides
constants was poorly behaved for tfie<> M, <> M, model. indicates thatAH and AS are independent of temperature.
Thus, while we cannot completely eliminate the possibility Table 1 contains the derived thermodynamic parameters of
that the peptides may dimerize as well, the dimer concentra-the peptides at 23C.

tion appears to be too low to resolve two equilibrium Self-Assembly in MicellesAccording to the CD spectra,
constants. Models foM; < M3, M; < Mg, andM; < Mg the designed peptides adopthelical conformations in
were also considered, but negative values df ¢m positive solution and in DPC micelles. We have just shown that

term (CPAC°,/dT9), in the fit, but this increased the errors

values with unacceptable errors were obtained. o-helix formation in solution is coupled to self-association
Equation 4 was used to determine the thermodynamic to the tetramer. The method of Reynolds and Tanfd&) (
parameters from the temperature dependende lofK. In was used to determine the aggregation state of CF-

the Clark and Glew method, the data are fit by including (KLAKKLA) 3 and CF-(KLGKKLG) bound to DPC micelles
successively higher order terms in the Taylor expansion. Forby sedimentation equilibrium. Briefly, at a solvent density
the leucine peptides, (KLAKLAK) and (KLAKKLA), (n matching the detergent density, the apparent molecular
= 3, 4), the best fit was obtained with terms #6°, and weight of the peptide DPC complex becomes equal to the
AH®y . Adding the term forAC®,4 increased the sum of  molecular weight of the protein component. At this density,
squares of the fit 2-fold, s&AC°,y was set to zero. This the detergent does not contribute to the sedimentation
means that the value afC°, over the temperature range potential of the complex. If the chemical potential of all
studied is very small. On the other hand, for the phenyl- solvent components is kept constant, the experimentally
alanine peptides (KFAKFAK)and (KFAKKFA), (h = 3, observed concentration gradient is a measutgt — ¢'p),

4), the AC®p, (dAC°:/dT)s, and (FAC°y/dT?), terms were where M, is the molecular mass of the peptide moiety in
necessary for a good fit. We also included the next higher the sedimenting particlgy is the solvent density, andl is
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Table 1: Thermodynamic Parameters for MonowiBetramer Equilibrium a® = 298.15 K¢

AG% AH% ASy AC%p (AC°ydT)g (dPACY/dT?)y

peptide (kcal/mol) (kcal/mol) [cal/(mol deg)] [kcal/(mol deg)] [kcal/(mol-ded)] [kcal/(mol-degd)]
(KFAKKFA) 3 —-9.6+0.1 —22.0+ 4.7 —41.6+8.9 —-28+0.2 -0.1+0.1 0.02+ 0.03
(KFAKFAK) 3 —10.4+0.01 —229+1.6 —42.0+ 3.0 -1.6+0.2 0.2+ 0.1 0.04+ 0.01
(KLAKKLA) 3 —-115+0.1 —-6.5+2.0 16.9+ 5.2 0 0 0
(KLAKLAK) 3 —-12.1+0.1 —-4.0+14 27.0£95 0 0 0
(KFAKKFA) 4 —20.0+0.2 —26.8+9.0 —24.1+8.1 —-1.2+0.9 0.04+0.3 —0.001+ 0.06
(KLAKKLA) 4 —23.6+0.2 27.0£5.0 170+ 31.5 0 0 0
CF-(KLAKKLA) 5 —-6.8+0.2

22.5 mM sodium phosphate buffer, pH 7.4, 0.4 M NacCl.

-7.0 2200
- -8.4 1760 [
T
E —08 | 2 1320 -
K i
o -1z 5 B0or
(o]
P
440 -
-126 |
—~14.0 . ) ) . OO‘,‘BB 1006 1.0z 1.058 L.oBr 1.1t
Density
-16.0 FIGURE 8: Sedimentation equilibrium ofY) CF-(KLGKKLG); and
(O) CF-(KLAKKLA) 3in DPC micelles by the method of Reynolds
-18.4 | and Tanford (1976My(1 — ¢'p) is plotted versus solvent density,
— o, which is varied by mixing different proportions o8 and BO
S _sos buffers. Lines are least-squares fits to data. Arrow indicates the
E T solvent density for whictp = 1/v of DPC.
s
Q
£ -mE has a partial specific volume of 0.937 ¥m (43). The
KA molecular masses are obtained from eq g & 1/zp. The
~286 L monomer molecular masses of CF-(KLAKKLAjnd CF-
(KLGKKLG) 3 are 2634 and 2562, respectively. The sedi-
—28.0 - : : : mentation equilibrium values of 5058 80 and 187Gt 70
270 260 290 300 810 320 for CF-(KLAKKLA) 5 and CF-(KLGKKLG); measured in

Temperature (K) DPC micelles correspond to dimers and monomers, respec-

FiIGURe 7: Temperature dependence of free energy for monemer tively. _ _
tetramer equilibrium. Error bars are standard errors obtained from ANS Fluorescence ANS is a hydrophobic fluorescent

fits 0f4eqllJJi|ibrium COlncenE'a:tiAch?:iztribugonsk.FLAirll?:sA ire b%st fits probe, whose fluorescence intensity increases and emission
to e . er panel: i i i
(KLXKKLA%ps, F;nd (Eg ((KLAKLA%)S'; )nger pangl?’ ([(]; spectrum shifts to shorter wavelengths in nonpolar environ-
(KFAKKFA) , and () (KLAKKLA) 4. ments 64,_65). It is practically nonfluorescent in Water._As
seen in Figure 9, the fluorescence of ANS increases in the
the volume increment per gram of peptide. Since the presence of the self-associating peptides, indicative of binding
measurement ap’ is difficult My(1 — ¢'p) is expressed in  to a hydrophobic environment. The quantum yields of the
terms of the individual contributions in the sedimenting peptide-ANS complex were measured relative to ANS in
particle. ethanol. The quantum yield is—B-fold higher for ANS
B B bound to phenylalanine peptides than to leucine peptides:
My(1 = ¢'p) =M [(1 —7p0) +0p(1 =)l  (5) 0,189 and 0.276 for (KFAKFAK) and (KFAKKFA)s,
compared to 0.066 and 0.126 for (KLAKLAK)and
(KLAKKLA) 3, respectively. These results suggest that the
designed amphipathic peptides aggregate through the as-
sociation of their hydrophobic side chains to form a
hydrophobic core. The fluorescence of ANS only increases
M (1— ¢'p) =M [(1 — .0)] (6) slightly in the presence of (KLGKKLG)with a quantum
P P P yield of 0.024. This peptide does not self-associate. The
This condition is attained by adjusting the density witt©D  slight increase in ANS fluorescence could be due to
Our experiments take advantage of an 0ptica| probe interaction of the prObe with the hydrophObiC leucine
covalently bound to the peptides. By monitoring wave- residues. Inthe presence of a control peptide (KKAKKKA)
lengths where only carboxyfluorescein absorbs, the concen-lacking the leucine residues, the quantum yield of ANS is
tration distribution of the peptide can be determined without 0.01, which is the same as the value in buffer.
background absorption from the detergent. Figure 8 plots Biological Actiity. The designed peptides were tested
the apparent value dfly(1 — ¢'p) for CF-(KLAKKLA) 3 and against Gram-negative and Gram-positive bacteria and also
CF-(KLGKKLG)3 as a function of solvent density. DPC against mammalian cells (Table 2). Data for three naturally

wherey, is the partial specific volume of the peptid®, is
the partial specific volume of the detergent, ahdis the
grams of detergent in the sedimenting particle. pAt 1/vp,
the detergent term vanishes—1vpp = 0, and
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1.1 DISCUSSION
L1 Among the different types of noncovalent interactions in
0.9 - polypeptides and proteins, hydrophobic interactions between
nonpolar residues are thought to be one of the most important
0.3 in forming and stabilizing the native protein structu6s,(
=07 69). The nature of the hydrophobic interactions depends on
= solvent environment. In this paper, we have demonstrated
E 06 that phenylalanine interactions stabilize the self-association
2 0.5 of cationic peptides. These phenylalanine interactions are
504_ 2—4 kcal/mol less stable than the equivalent leucine interac-
g tions in the presence of 0.4 M NaCl. The aromatic residues
203 may restrict the side-chain conformation and thereby desta-
02 bilize the a-helix.
- All of the designed peptides except for (KLGKKLE)
0.1+ associate to form tetramers in 2.5 mM phosphate buffer, 0.4
0 5= = M NaCl, pH 7.4. Unlike the amphipathic alanine-based
ol peptides 16-17 residues in length that form monomeric
Vel T

410 430 4350 470 490 510 530 530 570 590 helices g0, 71), (KLGKKLG)s is a random coil in aqueous
Wavelength (nm) solgtlon. Apparently, the intermolecular hydrophobic inter-
FiIGURE 9: Emission spectra of ¥ 10~ M ANS in the presence aCtlonS- -are- not strong Qnough to cor_npens.ate for the -hehx
of 2 % 10-3 M beptide. Top to bottom: &) (KFAKKFA) 5, (m) destabilization of the six egcme.reS|dues m.th|s peptldg,
(KFAKFAK) 3, () (KLAKKLA) 3 (a) (KLAKLAK) 3, (¥) and consequently no conformational transition occurs in
(KLGKKLG) 3, (x) (KKAKKKA) 3, and ©) 2.5 mM phosphate  solution at high peptide or salt concentration. The designed
buffer, pH 7.4, 0.4 M NaCl. peptides that do self-associate havaelical conformations
in solution. The phenylalanine peptides (KFAKFAKInd
(KFAKKFA) ; are capable of self-associating; however, their

Table 2: Biological Activity of Designed Peptides CD spectra have relatively small negative ellipticities at 222
MIC uM nm; the percent helicities calculated from eq 2 are 3% and
peptide E.coli P.aeruginosa S.aureus3T3uM O%_, respectively. _Assummg that the tetramer is 1QQ%
(KLGKKLG) & 2 2 2 2393 h_ellcal, we can estimate the helix content from the equilib-
(KLAKKLA) 22 4 4 1 rium constants for self-assembly: 20%_ and 7% for (K.FAK—
(KLAKLAK) 2 4 4 4 9 FAK); and (KFAKKFA);. The lower helix contents derived
(KFAKKFA) 3 2 4 3 5 from circular dichroism may be due to the positive signals
(KFAKFAK) 5 3 4 3 11 induced by the phenylalanine residu&g)( On the other
gﬁlﬁ'zﬁélﬁ% :b ? _9 _9 12 hand, cirpular dichroism overestimates the helix contents of
CF-(KLAKKLA) 3 6 6 the leucine peptides (KLAKLAKY) and (KLAKKLA)s:
CF-(KLGKKLG);3 6 3 133% and 122%, respectively, compared to only 49% and
melittin® _ 3 6 3 1 43% calculated from the association constants. Two possible
(':‘ei?gg'n”é:rmgs 1;) 5 113 183 reasons for a higher helix content estimated by circular

dichroism are as follows: (1) monomeric helices in equi-
librium with tetramer or (2) anomalously large negative
ellipticities of nonrandom helical aggregat&®,(73). Molar

occurring antimicrobial peptides, magainin 2 amide, cecropin €éllipticities at 222 nm with magnitudes as large as 60 000

aData from ref. 33° Peptide precipitated in MIC assay mixture.

B amide, and melittin, are included for comparis@8)( are seen in the concentration studies of these peptides (Figure
Melittin is a hemolytic peptide from bee venom, which also 3). _ . _
has antimicrobial activity [for review, see r&6). The The aggregation state and helicity of the peptides are

magainins and cecropins are families of antimicrobial pep- €nvironmentally sensitive. In aqueous solution, all the
tides that act only on bacteridl, 67). The MIC assay Peptides, except (KLGKKLG) form tetrameric helical
measures inhibition of bacterial cell growth. The designed Pundles; in hexafluoroisopropyl alcohol, they form octameric

peptides and melittin all have the same antimicrobial activity bundles {4). In DPC micelles, CF-(KLAKKLA} exists as

within one dilution toward Gram-positive and Gram-negative a dimer, and .CF'(KLGKKLGQ 'S @ monomer. Th? car-
boxyfluorescein label does not affect the aggregation state.

bacteria, whereas magainin 2 and cecropin B are much Iess|n the presence of micelles, CF-(KLAKKLA)as a helix
potent toward_ Gram—pos.itive bacteriq. The mammalian cell content of 85% compared to’ 88% for the unlabeled peptide.
assay determines the efficacy of peptides to induce cell deatka—(KLGKKLG)3 is 46%a-helix, and the unlabeled peptide
in 3T3 mouse fibroblasts. The most dramatic difference in s 489. These values compare to 90% helical content for

cytotoxicity of the designed peptides is exhibited by (KLAKKLA) ; and 63% for (KLGKKLG) when bound to
(KLGKKLG) 3. In killing 3T3 cells, this peptide is about  neutral vesicles7s).

40 times less potent compared to the designed peptides and The thermodynamic parameters quantify the self-assembly
melittin, but 7 and 4 times less potent compared to magainin of the designed peptides. The 21-mer peptides with the
2 and cecropin B, respectively. The carboxyfluorescein- general sequence of [(KNpNp)(KNpNp)ére ~0.6 kcal/
labeled peptides have the same biological activity, within mol more stable compared to [(KNpNp)K(KNpNp)] The
experimental error, as their equivalent unlabeled peptides.coiled-coil starts at residue 2 in the former peptides and at
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residue 6 in the latter peptides. Attachment of carboxyfluo- amphipathic peptides was unclear. In the present study, all
rescein to the N-terminus of (KLAKKLA)has no effecton  the peptides inhibited bacterial growth to the same extent

aggregation state, but destabilizes the tetramerfykcal/ based on the MICs. However, unlike the other designed
mol. Tetramer formation in the 28-mer peptides is more peptides, (KLGKKLG}) is very selective in discriminating
stable compared to the 21-mer peptides\iyl.0 kcal/mol. between bacterial and mammalian cells. (KLGKK&)en

This can be attributed to the additional heptad repeat presenbehaves similarly to the magainin®5j and cecropinsgg),

in the 28-mer peptides. An increase in the length of the which are monomeric antimicrobial peptides with low
nonpolar domain does not affect the aggregation state of thecytotoxicity to mammalian cells. The other peptides are like
peptides, but it provides a larger region of hydrophobic melittin, which forms a tetramer in solution and Kkills
interactions and thus additional stability. For the leucine mammalian cells §7). These correlations suggest that
peptides AC°,y = 0 and the temperature melts are nonco- aggregation plays a role in the selectivity of antimicrobial
operative (data not shown). However, the curvature in the peptides. Thus, it appears that the mechanisms of toxicity
plot of AG® as a function of temperature and the negative differ in bacterial and mammalian cells with cytotoxicity in
value of AC°,4 for the phenylalanine peptides resemble the mammalian cells requiring self-association of the peptide.
behavior of natural proteins. NegativeC®, values result

from withdrawal of nonpolar groups from the aqueous ACKNOWLEDGMENT

environment {6, 77). The difference in theAC®, values

of the leucine and phenyalanine peptides can be attributed
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