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Abstract: Host-defense peptides inhibit bacterial growth but manifest relatively little toxicity toward eukaryotic
cells. Many host-defense peptides adopt a-helical conformations in which cationic side chains and lipophilic
side chains are segregated to distinct regions of the molecular surface (“globally amphiphilic helices”).
Several efforts have been made to develop unnatural oligomers that mimic the selective antibacterial activity
of host-defense peptides; these efforts have focused on the creation of molecules that are globally
amphiphilic in the preferred conformation. One such endeavor, from our laboratories, focused on helix-
forming a/f-peptides, i.e., oligomers containing a 1:1 pattern of o- and $-amino acid residues in the backbone
[Schmitt, M. A.; Weisblum, B.; Gellman, S. H. J. Am. Chem. Soc. 2004, 126, 6848—6849]. We found,
unexpectedly, that the most favorable biological activity profile was displayed by a “scrambled” sequence,
which was designed not to be able to form a globally amphiphilic helix. Here we report new data, involving
an expanded set of o/S-peptides, from experiments designed to elucidate the origins of this surprising
result. In addition, we evaluate the susceptibility of a/s-peptides to proteolytic degradation. Our results
support the hypothesis that the ability to adopt a globally amphiphilic helical conformation is not a prerequisite
for selective antibacterial activity. This conclusion represents a significant advance in our understanding of
the relationship among molecular composition, conformation, and biological activity. Our results should
therefore influence the design of other unnatural oligomers intended to function as antibacterial agents.

Introduction one side of ther-helix, and lipophilic side chains are segregated

The development of new antibiotic agents is a subject of keen along the other side (Figure 1). Designed peptides that can adopt

interest because of the emergence of pathogenic microbes thag!oP2lly amphiphilic a-helical conformations often display

resist current chemotherapies. Eukaryotes have evolved complex2ntimicrobial activities comparable to those of natural host-
mechanisms to ward off microbial infection. and these mech- defense peptides such as magainins. Natural helical antimicrobial

anisms can provide inspiration for the development of new peptides and_synthetic mimics thaf[ display se_Iective_toxicity
therapeutic strategies. The host-defense system includes peptidet§’Ward bacterial cells over mammalian cells typically display a

that are toxic to a wide array of bactefiddany scientists have cationic residue:hydrophobic residue ratio between 1:1 and 1:2,

looked to host-defense peptides as prototypes for the develop-dePending on primary sequence and residue compodi(itine

ment of synthetic antibiotics because development of bacterial 1>Tesiduea/f-peptides discussed below each contain five
resistance to these peptides appears to be difficult. positively charged residues, giving a 1:2 cationic:hydrophobic

Among the myriad host-defense peptides, helix-forming ratio.) Shai et al. have argued convincingly for a mechanism of
examples such as the magaifimmd cecropirishave drawn action that involves membrane disruption via formation of mixed

special attention because of their architectural simplicity. These lIPid —peptide micelles (the “carpet mode?. o
peptides are typically 2630 residues in length. They adopt The simple archltgcture s_how_n in Figure 1 has inspired the
o-helical conformations in the presence of bacteria or under development of antimicrobial oligomers that do not have an
conditions that are thought to mimic the environment provided ®-amino acid residue backbone. Several groups have shown that
by a bacterial cell surface (e.g., in the presence of lipid vesicles Nelix-forming f-amino acid oligomers (-peptides”) can kill

or detergent micelles)The peptides bear a net positive charge, Poth Gram positive and Gram negative bactétia> Most of
which attracts them to the negatively charged bacterial outer ) . T i . .

surface?=® Global amphiphilicity is achieved in the folded @ 92d12§£16“égf"f'9'd'R'B'*S‘e'“e“”” Boman, H. Biochemisinl 983
state: hydrophilic (i.e., cationic) side chains are segregated along (5) Pouny, Y. Rapaport, D.; Mor, A.; Nicolas, P.; Shai,BfochemistryL992

31, 12416-12423.
(6) Gazit, E.; Lee, W.-J.; Brey, P. T.; Shai, Biochemistryl994 33, 10681~

T Department of Chemistry. 10692.
* Department of Pharmacology. (7) Tossi, A.; Sandri, L.; Giangaspero, Riopolymers200Q 55, 4—30.
(1) Zasloff, M. Nature 2002 415 389-395. (8) Oren, Z.; Shai, YBiopolymers1998 47, 451-463.
(2) Zasloff, M. Proc. Natl. Acad. Sci. U.S.A987, 84, 5449-5453. (9) Shai, Y.Trends Biochem. Sci995 20, 460-464.
(3) Steiner, H.; Andreu, D.; Merrifield, R. BBiochim. Biophys. Actd988 (10) Hamuro, Y.; Schneider, J. P.; DeGrado, WJFAm. Chem. Sod.999
939 260-266. 121, 122006-12201.
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) peptides'’ a/B-Peptides containing a 1:1 alteration @f and
+— —H p-amino acid residues have been shown to adopt a variety of
+— —H helical conformations depending upon residue iderfity® We
+— —H observed significant antibacterial activity fo/3 sequences

designed to adopt globally amphiphilic helical conformations
+— —H (1 and2), but a “scrambled” sequence isomer designetito
+— —H be globally amphiphilic in a helical conformatior8)(was

- nevertheless quite active. The&3 sequences intended to form

globally amphiphilic helices were highly hemolytic, while the
Figure 1. Graphic representation of a molecule adopting a globally

sequence isomer designed to form nonglobally amphiphilic
helices displayed much lower hemolytic activity.

The trends observed among our initial setodf-peptides
thesep-peptides display low lytic activity toward human red — are significant with regard to design of antibacterial foldamers
blood cells, which suggests that they share with host-defensebecause the most favorable profile of activity (inhibition of
a-peptides the ability to disrupt bacterial cell membranes in bacterial growth at low concentrations and hemolytic activity
preference to eukaryotic cell membranes. Three different helical only at high concentrations) was observed for a sequence that
secondary structures have been endowed with antibacteriawas designed to preclude global amphiphilicity in the helical
activity amongB-peptides. Peptoidd¢alkyl-glycine oligomers) statel” All efforts to date to design unnatural foldamers with
designed to adopt globally amphiphilic helical conformations antibacterial activity (including our own) have focused on
have been shown to inhibit bacterial growftas have oligomers  achieving global segregation of lipophilic and cationic surfaces
with an alternation ofo- and 8-amino acid residues ¢/g- in a specific conformation. Thex/-peptide behavior we
peptides”)!” More dramatic structural departures from the uncovered raises the possibility that alternative design ap-
natural prototypes have been reported as well. Savage et al. haveroaches may be effective, and perhaps even superior. This
described an imaginative extrapolation from the structure of important prospect encouraged us to conduct further investiga-

amphiphilic conformation. Hydrophobic side chains (H) and cationic side
chains () cluster on opposite sides of the structure.

polymyxin, a cyclic peptide, via the creation of globally
amphiphilic molecules based on a steroid c§r&hese mol-

tion of sequenceactivity relationships among amphiphilic
helix-forming a/B-peptides, with the goal of identifying the

ecules were originally designed to permeabilize bacterial requirements for selective inhibition of bacterial growth.
membranes and thereby promote the antibacterial effects of other Here we provide new information on previously descrided
agents; however, the amphiphilic steroids are themselvesa/S-peptidesl—3 along with data acquired for new/s-peptides
antibacterial agents. DeGrado et al. have designed small4—9 (Table 1). The neve/S-peptides were designed to address

oligoamides to adopt globally amphiphilic conformations and
shown that these molecules are antibacterial agéa<Other
oligomers have been examined as vééll.

questions arising from our original study about the relationships
amonga/f-amino acid sequence, three-dimensional folding,
physical properties (including susceptibility to proteolytic

Our -peptide studies included control experiments to deter- degradation), and biological activity. The findings reported

mine whether adoption of a globally amphiphilic helical
conformation is important for antibacterial activity'> We
compared sequence-isomefiepeptides that either would or
would not display a global segregation of hydrophilic (cationic)
and lipophilic side chains upon folding. This strategy was
implemented with two different helicgs-peptide secondary

below support the most important conclusion drawn from our
initial studies: global segregation of lipophilic and hydrophilic
(cationic) side chains in a helical conformatiomist essential

for selective antibacterial activity. This conclusion represents
an important modification of the collective wisdom regarding
the design of unnatural oligomers intended to display selective

structures, and in both cases sequence rearrangement (“scranibhibition of bacterial growth.

bling”) converted a potent antimicrobial agent into an inactive
isomert415> We were therefore surprised to discover more
recently a different pattern of behavior among amphiplailjé-

(11) Porter, E. A.; Wang, X.; Lee, H.-S.; Weisblum, B.; Gellman, SNHture
200Q 404, 565. (For a correction, see: Porter, E. A.; Wang, X.; Lee, H.-
S.; Weisblum, B.; Gellman, S. HNature200Q 405 298.)

(12) Liu, D.; DeGrado, W. FJ. Am. Chem. SoQ001, 123 7553-7559.

(13) Arvidsson, P. I.; Frackenpohl, J.; Ryder, N. S.; Liechty, B.; Petersen, F.;

Zimmermann, H.; Camenisch, G. P.; Woessner, R.; SeebacGhBm-
BioChem2001, 2, 771-773.

(14) Porter, E. A.; Weisblum, B.; Gellman, S. B.Am. Chem. So2002 124,
7324-7330.

(15) Raguse, T. L.; Porter, E. A.; Weisblum, B.; Gellman, SJHAm. Chem.
S0c.2002 124, 12774-12785.

(16) Patch, J. A.; Barron, A. El. Am. Chem. So@003 125 12092-12093.

(17) Schmitt, M. A.; Weisblum, B.; Gellman, S. H. Am. Chem. So2004
126, 6848-6849.

(18) Savage, P. B.; Li, C.; Taotafa, U.; Ding, B.; Guan,FEBS Microbiol.
Lett. 2002 217, 1-7.

(19) Tew, G. N.; Liu, D.; Chen, B.; Doerksen, R. J.; Kaplan, J.; Carroll, P. J.;
Klein, M. L.; DeGrado, W. FProc. Natl. Acad. Sci. U.S.2002 99, 5110~
5114,

(20) Liu, D.; Choi, S.; Chen, B.; Doerksen, R. J.; Clements, D. J.; Winkler, J.
D.; Klein, M. L.; De Grado, W. FAngew. Chem., Int. E@004 43, 1158~
1162.

(21) Matile, A.; Som, A.; Sorde, NTetrahedron2004 60, 6405-6435.
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Results

o/f-Peptide DesignOur original study focused on sequence
isomerica/f-peptidesl—3.17 Only four amino acids were used,
L-lysine,L-leucine, §9-ACPC, and the analogous stereoisomer
of APC (Chart 1), and one lipophilic-amino acid and one
cationic and one lipophilig-amino acid. These 15-residués3-
peptides were designed on the basis of our structural analysis
of shortera/p-peptides (6-8 residues), which indicated forma-
tion of two different helical conformations, one containing-C
O()—H—N(i+3) hydrogen bonds (designated the “11-helix,”

) De Pol, S.; Zorn, C.; Klein, C. D.; Zerbe, O.; Reiser,Ahgew. Chem.,

Int. Ed. 2004 43, 511-514.

(23) Hayen, A.; Schmitt, M. A.; Ngassa, F. N.; Thomasson, K. A.; Gellman, S.
H. Angew. Chem., Int. EQ004 43, 505-510.

(24) Schmittt, M. A.; Choi, S. H.; Guzei, I. A,; Gellman, S. Bl. Am. Chem.
Soc.2005 127, 13130-13131.

(25) Sharma, G. V. M.; Nagendar, P.; Jayaprakash, P.; Krishna, P. R.;
Ramakrisha, K. V. S.; Kunwar, A. CAngew. Chem., Int. EQ005 44,
5878-5882.

(26) Baldauf, C.; Gunther, R.; Hofmann, H.40.0rg. Chem2006 71, 1200~
1208.
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Table 1. Sequences of a/f-Peptides 192
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1 APC Leu ACPC Lys ACPC Leu APC Leu ACPC Lys ACPC Leu APC Leu ACPC
2 APC Leu ACPC Leu APC Leu ACPC Lys ACPC Leu ACPC Lys ACPC Leu APC
3 ACPC Leu APC Lys APC Leu ACPC Lys APC Leu ACPC Leu ACPC Leu ACPC
4 APC Leu APC Leu ACPC Lys ACPC Leu ACPC Leu APC Leu ACPC Lys ACPC
5 APC Leu ACPC Leu APC Leu ACPC Leu APC Leu ACPC Lys ACPC Leu APC
6 APC Phe ACPC Leu APC Leu ACPC Phe APC Phe ACPC Lys ACPC Leu APC
7 APC Leu ACPC Lys ACPC Ala APC Ala ACPC Lys ACPC Ala APC Leu ACPC
8 APC Leu ACPC Ala APC Ala ACPC Lys ACPC Leu ACPC Lys ACPC Ala APC
9 ACPC Ala APC Lys APC Leu ACPC Lys APC Ala ACPC Ala ACPC Leu ACPC

aNumbers across the top of the table indicate residue position ins@epeptide. Numbers in the first column of the table are the compound numbers
by which eacho/ -peptide is referred in the text. All/3-peptides have a free N-terminus and an amidated C-terminus.

Chart 1 APC,,
Lys,q
NH, AL;SCE‘
APC,
A,Ji} f\N/’i‘: AN A A
H oo L H o " o ACPC,L Leu,
Leu Lys Ala Phe ACIlEEuﬁ ACIZE:_
9 0 Leu,, ACPC,,
"‘AJ\N & ACPC,; Leu,
Hm)kf Hw&"g o/P-Peptide 1 ’
H
ACPC APC
e
based onhydrogen-bondedring size) and the other contairsQfiC ALt“;Et‘f,-
—H—N(i+4) hydrogen bonds (designated the “14/15-hel"). APC,
For a givena/p-residue sequence, these two helices lead to
different three-dimensional arrangements of side chains, as LeAu(EPCe '-’-‘:zpc_
indicated by the “helix-wheel” diagrams in Figure 2. Sequence ACPC, Lys,
isomer1 was designed to be globally amphiphilic in the 11- Aééf;z Acfe%‘;
helical state; in other words, the lipophilic side chains (from a/B-Peptide 2
leucinea-residues and ACP@-residues) should cluster along ACPC..
one side of the 11-helical conformation bf and the cationic Leu,y
side chains (from lysine-residues and AP@-residues) should A
cluster along the other side. Global segregation of lipophilic ACPC,
and cationic side chains doe®t occur, however, in the A
14/15-helical conformation df. Isomer2 was designed to be Lot e
globally amphiphilic in the 14/15-helical state but not in the L:\up‘.:* lfépc
11-helical state. Isome3 (“scrambled”) was designed not to ACPC,: Leul,
be globally amphiphilic in either helical conformation: in both u/B-Peptide 3
the 11-helical and 14/15-helical conformatioBsshould have ACPC.. rcre
cationic and lipophilic side chains distributed around the helical Leu, " 8 Leul-0Us
axis. We expected thdt and/or2 would display the greatest AGRe: APC,
antibacterial potency, and thatwould be relatively inactive. ARC, ACPC < ACPC.
Our results, however, indicated that the antibacterial activity ' )
of 3 was comparable to that dfand 2.1” LhRCs Li“épcﬁ APC, ACPC,
The unexpected pattern of antibacterial activities anbng AGPC, Leu,
led us to undertake the research described here. We designe: Acb%”“j "‘E;u Leugo (fys, Led, 0 1
w/B-Peptide 4 w/fi-Peptide 4

several nevel/f3-peptides for comparative analysis, with the aim

of identifying the molecular features that determine biological Figure 2. Helical wheel diagrams faw/$-peptidesl—4. Eacho//3-peptide

activity among these helical foldamers. As was the case wit
1-3, each new/f-peptide contains five cationic residues. Our
first new design effort focused on the scrambled ison3er,
because the antibacterial efficacy of thi-peptide was so
surprising’ All five cationic residues ir8 occur within the first

extended conformation & the cationic side chains would be

o/B-peptide would be lipophilic. We wondered whether the
antibacterial activity of3 could result from this unintended

the design of a new scrambled sequence isofehat, like3,

h is shown in both the 11-helical (left) and the 14/15-helical (right)

conformations. Residues depicted in red bear a positive charge in aqueous

solution.

should not be globally amphiphilic in either the 11-helical or
the 14/15-helical conformation (Figure 2). Sequence iso®ers
nine residues (numbering from the N-terminus). Thus, in an and 4 differ in that the cationic side chains are more evenly
distributed within the primary structure @f than within the
clustered at one end of the molecule, and the other end of theprimary structure oB.
A second concern regarding the originals-peptide se-
guences centered o® which was designed to be globally
“longitudinal” amphiphilicity. This question was addressed by amphiphilic in the 14/15-helical conformation but displayed
weaker antibacterial activity than ditlor 3.17 We wondered

J. AM. CHEM. SOC. = VOL. 129, NO. 2, 2007 419
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ACPCis _ Leuy gy, by 11-helicall. Similarly, 8 is a triple Leu~Ala mutant of2
ACPC,, APC (14/15-helical designs), arfilis a triple Leu—~Ala mutant of3
! (scrambled designs).
ACPC, APC, Lipophilicity Analysis via RP-HPLC. We compared net
lipophilicities among a/f-peptides 1—9 via reversed-phase
ACPC, APC, HPLC (RP-HPLC), an approach that is commonly employed

o/B-Peptide 5

Figure 3. Helical wheel diagram foo/f-peptide5 in the 14/15-helical

conformation. Residues depicted in red bear a positive charge in aqueous

solution.

whether the sequence 2ffailed to allow sufficient clustering

of cationic side chains along one side of the 14/15-helical
conformation. This question was addressed by the design of

the 14/15-helical conformation of which should manifest a

for such comparisons among antibactesigieptided’” and that

we have extended to antibacteriftpeptides’® Since the
stationary phase @@modified silica in our case) is nonpolar
and the mobile phase (water-acetonitrile) is polar, longer
retention should be correlated with higher net lipophilicity.
Variations in global amphiphilicity, i.e., in the segregation of
hydrophilic and lipophilic residues that arises from helical
folding, should be revealed by comparisons among sequence
isomer sets such ak—4 and 7—9. Our initial comparisons
among sequence isomeri/3-peptides1—3 revealed large
variations in RP-HPLC mobility:2, the o/f-peptide designed

greater segregation of cationic and lipophilic side chains, relative to be globally amphiphilic in a 14/15-helical conformation, is

to 2 (Figure 3).a/p3-Peptides is not quite a sequence isomer of
2 becaus® contains one more APC residue and one fewer Lys
residue than doe2 In addition, we prepared and evaluatd

an analogue ob in which three of the six Leu residues are
replaced by Phea/S-Peptide6 is expected to be globally
amphiphilic in the 14/15-helical conformation, asbisand we
anticipated that the aromatic side chainsGimvould promote

most strongly retained, an8, the scrambled design, is least
strongly retained” This trend is consistent with NMR data
indicating thato/3-peptides of this length prefer the 14/15-helix
over the 11-heliX’ The fact thatl is significantly more strongly
retained than is3, however, suggests that thw®/S-peptide
backbone can be induced to adopt an 11-helical conformation
by interaction with a nonpolar surface. Other data reported below

proton signal dispersion in the NMR spectrum and therefore are consistent with the hypothesis that the 11-helical conforma-

facilitate structural analysis.

tion is readily accessible ta/3-peptides of the type discussed

Finally, we wondered whether the unexpected trends amonghere.

the original sequence4,—3,17 arise because these molecules
are too lipophilic. High lipophilicity can lead to high hemolytic
activity among antibacteriaft-peptides. We addressed this

Figure 4 shows an overlay of RP-HPLC traces &0)3-
peptidesl—9. Several conclusions can be drawn regarding the
new designs. First, the new scrambled sequénsesimilar in

concern by preparing and analyzing sequence isomericnet lipophilicity to isomer3. The comparable RP-HPLC

o/p-peptide se7—9. The overall lipophilicity should be lower
among7-9 relative to1—3, because three of the five leucine
residues inl—3 have been replaced by alaninedr9. a/f-
Peptide7 is a triple Leu—~Ala mutant of1. Thus,7 should be
globally amphiphilic in the 11-helical conformation but not in

mobilities of 3 and 4 suggest that both are valid scrambled
isomers relative td and2, and that the clustering of cationic
residues in the N-terminal segment 8fdoes not lead to
unintended global amphiphilicity. Second, the two new 14/15-
helical designsb and 6, and the original design?, are all

the 14/15-helical conformation; the nonpolar face displayed by similarly retained. This similarity suggests that our goal of

11-helical7 is less lipophilic than is the nonpolar face displayed

generating a sequence that is globally amphiphilic in the 14/15-

600

6
500
400
4,8
9 7
5 300 1
E 3 2
5
200
100
1]
100 125 150 175 200 225 250 275 300 325 350 375 400 425 450
Minutes

Figure 4. Overlay of RP-HPLC traces for hydrophobicity analysisodf-peptidesl—9.
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Chart 2

NH; OH + NH;

T s OH
o
o §§§
0
10)kN H o H o J\JrH o
X N N H o H

H HQNN NZK'\N N SN H o H 0 H o

+ + ° H o H

4
a
Iz

helical conformation has been achieved in each case. Third, eacHL1-helix; no NOEs of this type are observed €iThe deduced
member of the triple LetrAla set, 79, is substantially less  preference for the 14/15-helix Bis supported by observation
lipophilic than its analogue among original 4et3, as expected  of a fewi,i+4 NOEs that are predicted for only the 14/15-helix
upon replacement of three isobutyl side chains with three methyl (data in the Supporting Information). These observations suggest
side chains. Moreover, the retention order amofig9 is that the 14/15-helix is favored over the 11-helix for 15-réer
analogous to the retention order amohg3: the sequence  as previously concluded for a different 15-residug-peptide
isomer designed to be globally amphiphilic in the (10, Chart 2)!7 In that case, NOE evidence for 14/15-helical
14/15-helical conformation is most strongly retained within each folding was obtained in aqueous solution as well as in methanol,
series, and the scrambled sequence isomer is least stronglhut the NMR spectra 06 in aqueous solution could not be
retained. assigned because of resonance overlap. In contrast to the
Structural Analysis: Nuclear Magnetic Resonance (NMR)  evidence for a single type of helix with 15-residu8-peptides,
and Circular Dichroism (CD). Phe-containingy/3-peptide6 NOE analysis of 6- to 8-residug/3-peptides has indicated that

provided sufficient proton resonance dispersion when dissolvedthe 11- and 14/15-helical conformations are both significantly
in methanol to allow detection of inter-residue NOEs. In populatedd

contrast, 2D NMR analysis was not possible with the othigr
peptides discussed hete{5 or 7—9) because proton resonances
were heavily overlapped. High sequence redundancy within each
of theseo/S-peptides significantly increases the likelihood of
resonance overlap.

NOEs between protons from residues that are not adjacent
in sequence constitute strong evidenced(#-peptide folding
in solution. Numerousi+2 andi,i+3 NOEs involving backbone
proton pairs were observed f6rin CD3OH solution. Many of
these NOE patterns are consistent with either an 11-helical
conformation or a 14/15-helical conformati&h.Molecular

modeling, however, suggests that certain NOE patterns shouldb tin th ructural int tati b bl "
be observed for only one of these two helical secondary utin these cases structural intérpretations can be probiematic

structures (Figure 5 For example,a-residue GH(i)—f- because relatively little high-resolution structural information

residue GH(i+3) NOEs should be characteristic for the is available for correlation.

14/15-helix; this NOE pattern is not expected for the 11-helical ~ Figure 6A shows far-UV CD data far/f-peptidess, 6, and
conformation. Five of the seven possible NOEs of this type are 8 in methanol. All three molecules show a minimum near
observed foi6 in CD3OH. a-Residue GH(i)—a-residue NH- 204 nm; the intensity of the minimum varies somewhat among
(i-++2) NOEs, on the other hand, should be characteristic for the the three. The other sia/3-peptides discussed herg3, 5,

7, and9) have very similar CD signatures in methanol (data in
Supporting Information), and the intensities of the 204 nm
minima vary between that efand that of8 in Figure 6A. The
204 nm minimum for6 displays intermediate intensity within
this set. Since NOE data suggest tBatdopts only one folded
conformation under these conditions, the 14/15-helix (presum-
ably in equilibrium with the unfolded state), we tentatively
assign the 204 nm minimum to this secondary structure. It may
be that the variations in CD intensity at 204 nm amdred
reflect differences in the 14/15-helical population; however,
further work (including identification of the CD signature for
the unfolded state) will be required to address this possibility.
It seems likely that that 14/15-helical and 11-helical secondary

CD was used to compare folding propensities amargy
peptides1—9. CD in the far-UV region (196250 nm) is
commonly employed to examine secondary structures of
a-amino acid peptides and prote#¥sThe signal in this region
arises largely from the backbone amide chromophores. Informa-
tion obtained in this way is of inherently low resolution, but
structural conclusions can be drawn in the case-peptides
because CD signals have been extensively correlated with high-
resolution structural data (e.g., from crystallography and NMR).
Distinctive far-UV region CD signatures have been observed
for S-peptides’?® o/B-peptides® and other peptidic oligomers,

(27) Blondelle, S. E.; Houghten, R. Biochemistryl992 31, 12688-12694.
(28) Creighton, T. EProteins: Structures and Molecular Propertjeznd ed.;
W. H. Freeman and Company: New York, 1993.

)

)

Figure 5. Characteristic NOEs for the 11-helical (A) and 14/15-helical (29 ?,Czhlegn_gézg.z.P.; Geliman, S. H.; DeGrado, W.Ghem. Re. 2001, 101,

(B) conformations. Red arrows indicate types of NOEs that can be used to (30) Hill, D. J.; Mio, M. J.; Prince, R. B.; Hughes, T. S.; Moore, J.Chem.
distinguish between the two conformations. Rev. 2001, 101, 3893-4011.

J. AM. CHEM. SOC. = VOL. 129, NO. 2, 2007 421



ARTICLES Schmitt et al.

< 3.0 Table 2. Antimicrobial Activities (MIC, ug/mL) of a/p-Peptides
5 1-9
* 204
S A hemolytic
"E 1.01 E. coli B. subtilis ~ S. aureus E. faecium at MIC#?
¢ oo - 1 12.5 3.1 3.1 3163  yes(3.1)
§ 2 =200 6.3 50 25 ves (1.6)
2 -0 3 6.3 6.3 12.5 6.312.5  no (100)
E 4 125 <16 6.3 6.3 no (100)
z 20 5 25 3.1 12,5 12.5 yes (1.6)
2 0 — 6 25 3.1 6.3 12.5 yes (1.6)
2 7 6.3 12.5 12.5 25 nox(400)
T 40 6 8 12.5 3.1 12.5 3463  no (100)
$ - 9 50 50 >200 >200 no &400)
5.0 " . d : " : Mb 12,5 3.1 50 50 no (50)
190 200 210 220 230 240 250 260
Wavelength (nm) aNumbers in parenthesis indicate the minimum concentration at which
30 hemolysis is greater than 10%MICs for Ala®#&magainin Il amide, the
kN o-peptide positive controF Ala®8&magainin Il amide is active and highly
_: 20 selective against nonresistant strains of bacteria. This analogue shows only
'TE, B moderate activity and no selectivity for antibiotic-resistant strains.
o 1.0 7
E L . .
5 00 amphiphilic helical conformationst?.15:353¢=gr most of theo/3-
g o peptides, detergent caused the CD signature to shift from that
s seen in aqueous buffer toward the signature in methanol (i.e.,
s 20 minimum moves toward 204 nm and absolute intensity in-
3 a0l -4 creases; data in Supporting Information). The extent of detergent-
8 -t induced shifts, however, varied considerably. Several ofitfie
= 4.0 . . . e e .
g g peptides designed to be globally amphiphilic in the 14/15-helical
-5.0 . T . ; - conformation, for example, were particularly susceptible to

190 200 210 220 230 240 250 260
‘Wavelength (nm)

Figure 6. CD spectra ofo/f-peptidesd, 6, and 8 in methanol (A) and

micelle-induced promotion of folding, according to the CD data.
For both2 and6, the CD signatures in the presence of either

10 mM aqueous Tris buffer (pH 7.2) (B). SDS or DPC matched the methanol signature, whileftne
SDS signature matched the methanol signature, but the DPC
structures will have similar CD signatures, as is truecofind signature was not quite as intense (albeit more intense than the
3i0-helical secondary structures amongpeptides! far-UV CD spectrum in aqueous buffer alone). For the 14/15-
Figure 6B shows far-UV CD data fef, 6, and8 in aqueous ~ helical design with decreased lipophilicit, both types of
buffer (10 mM Tris, pH 7.2). The minima for all thre=/s- micelles caused an increase in far-UV intensity relative to

peptides are considerably less intense in water than in methanol2dueous buffer, but the minimum near 204 nm was significantly
which suggests that the extent of folding is significantly smaller less intense in the presence of micelles than in methanol. The
in water than in methanol. This conclusion is consistent with diminished effects of micelles o8 relative to2, 5, and6 are
extensive precedent showing thapeptides ang-peptides are consistent with relatively lower affinity & for micelles arising
genera”y less prone to f0|d|ng in water than in methagét 34 from the dlSpIay of aless ||pOph|||C surface in the 14/15-helical
The minimum for4 and 8 has shifted slightly to shorter ~ conformation. Scrambledy/-peptides3 and 4 were less
wavelength in aqueous buffer relative to methanol. In contrast, strongly affected by detergent than was sequence is@nfeor
the CD signature o6 in aqueous buffer differs from those of 3, addition of SDS caused no change in CD relative to aqueous
4 and8, and most of the othaw/-peptides discussed here, in  buffer, and addition of DPC caused only a modest change. For
that the minimum occurs around 209 nmJ/4-Peptide2 in 4, both SDS and DPC caused modest changes. Overall, these
aqueous buffer shows a shift to longer wavelength relatiz to ~ results suggest that interaction of our catiowif-peptides with
in methanol, but the shift is smaller than ) The significance ~ detergent micelles can promote helical folding, although the
of this shift, relative ta6 in methanol and relative to the other ~extent of this effect varies with sequence and composition.
a/f-peptides, is unclear. Poor proton resonance dispersionFurther studies will be required to correlate trends among the
observed for6 in aqueous solution precluded NOE analysis CD data with high-resolution structural data.
under these conditions. Antibacterial Activity. Table 2 summarizes the effects of
We examined the effect of adding a detergent, either sodium the six newo/S-peptides4—9, on the growth of four bacterial
dodecyl sulfate (SDS; anionic headgroup) or dodecyl phos- species. These effects are presented in terms of the minimum
phatidyl choline (DPC; zwitterionic headgroup), aff-peptide inhibitory concentration (MIC), i.e., the lowest concentration
CD spectra because detergent micelles are regarded as modelst which bacterial growth in liquid culture is blocked. Also
for cell membranes. Micelles have been observed to promote shown, for comparison, are the antibacterial activities previously
helical folding of botha- andS-peptides that can form globally  reported fora/S-peptidesl—3!7 and for Alé131&magainin Il
amide, a synthetic magainin derivative that is more active against

(31) Manning, M. C.; Woody, R. WBiopolymers1991, 31, 569-586.
(32) Abele, S.; Guichard, G.; Seebach, Helv. Chim. Actal99§ 81, 2141.

(33) Wang, X.; Espinosa, J. F.; Gellman, S. HAm. Chem. So200Q 122, (35) Epand, R. F.; Umezawa, N.; Porter, E. A.; Gellman, S. H.; Epand, R. M.
4821-4822. Eur. J. Biochem2003 270, 1240-1248.

(34) Lee, H.-S,; Syud, F. A.; Wang, X.; Gellman, S.HAm. Chem. So2001, (36) Epand, R. F.; Raguse, T. L.; Gellman, S. H.; Epand, RBMchemistry
123 7721-7722. 2004 43, 9527-9535.
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a variety of bacteria than are the natural magainin pepfities. | —— metitin
=8 Magainin
+

.. . 100
One of the bacteria is Gram negati ¢oli); the rest are Gram

positive. The strains 08. aureusand E. faeciumwe used are

clinical isolates that are resistant to conventional antibig#és.
o/p-Peptided, the new scrambled sequence isomet ahd

2, is quite comparable to the original scrambled desjrin

its activity toward all four bacteria. This similarity strengthens

the conclusion we deduced from the similarity in RP-HPLC

retention displayed bg and4: both3 and4 are valid scrambled

sequences relative tband 2.

ao/f-Peptide5, an analogue o2 that is intended to achieve
greater global amphiphilicity in the 14/15-helical conformation,
displays somewhat enhanced antibacterial activity relative to . 10 100 1000
2. This .im.prov.ement is most signifigant fat. .cpli, toward Concentration (Hg/mL)
which2is inactive'’ The MIC f(.)r.5 agamsE. coli in COnt.raSt, . Figure 7. Hemolytic profiles fora/p-peptidesl—9 against human RBC,
approaches that of the magainin derivative. The antibacterial yype A, Also shown are curves for thepeptides melittin and magainin.
activity of 6, a triple Leu—~Phe mutant ob, is very similar to The value for melittin at 40@g/mL is taken to represent 100% hemolysis.
the activity of5 itself for all four species.

Comparison of the trip|e LettAla mutants7—9 with the parable and r6|atiVE|y low hemolytic activity. This parallel
original designd—3 reveals that the decrease in net lipophilicity Provides further support for our conclusion that both of these
exerts substantial effects on antibacterial activity. Within each Sequence isomers are valid scrambled control compounds for
pair of analoguesl(7, 2/8, and3/9), the Leu—~Ala mutations ~ comparison td and2 (which are both highly hemolytic). The
cause a different pattern of changes. For the pair designed tonew 14/15-helical design$ and 6, are very similar to the
be globally amphiphilic in the 11-helical conformatichand original design2, in terms of hemolytic activity. Each of the
7, the Leu—~Ala mutations lead to a modest weakening of triple Leu—Ala mutants/—9, displays much reduced hemolytic
activity against the three Gram positive bacteria, and perhaps aactivity relative to the analogue amont-3; indeed, no
slight improvement againg&. coli. For the 14/15-helical designs, hemolysis at all could be detected féror 9. o/f-Peptides,

2 and 8, the Leu~Ala mutations lead to improvements in designed to be globally amphiphilic in the 14/15-helical
activity toward all four bacteria, with the most dramatic effect conformation, is comparable to the magainin derivative in terms
displayed againsE. coli (=200 ug/mL for 2 vs 12.5ug/mL of hemolytic activity.

for 8). For the scrambled pai8,and9, the Leu—Ala mutations The rightmost column in Table 2 indicates whether eah

lead to a dramatic loss in activity. Within sequence isomer set Peptide displays significant hemolysis 10%) over the range
1-3, the 11-helical designl} and the scrambled desigB)( of MICs for each of the four bacterial strains. These data allow
display comparable antibacterial activity against the panel of one to identify3, 4, 7, and8 as thea/s-peptides that display
bacteria, and the 14/15-helical desid) {s significantly less ~ the most desirable profile, strongly antibacterial but weakly
effective. In contrast, the 14/15-helical desi@) is the most ~ hemolytic.

80 1

60 1

% Hemolysis

407

207

active among sequence isomer 3et9, followed closely by Protease Susceptibility.Conventional peptides, composed
the 11-helical design7j, and the scrambled desig8)(shows  Of L-a-amino acid residues, are rapidly degraded by proteases,
only weak activity. a feature that can limit biomedical utility. Oligo-amides with

Hemolytic Activity. Host-defense peptides such as the ©ntirely unnatural backbones, such @&peptides, are highly
magainins are selective for disruption of bacterial cells relative TeSistant to proteolytic cleavagé;** this feature could be
to eukaryotic cells. For in vitro studies of the type reported here, favorable with regard to long-term prospects for biological
it is typical to assess eukaryotic cell susceptibility by measuring &Pplications. \We wondered whether #-peptides discussed
a peptide’s ability to induce human red blood cell lysis here can be cleaved by proteases. It has long been known that
(“hemolysis”). Hemolysis as a function of the logarithmod3- insertion of an acycllﬁ-amlno acid residue amomgq—resmues
peptide concentration is shown in Figure 7 for9. Also shown can protect nearby amide bonds from proteolyiand o/p-
are data for twax-peptides, the magainin derivative, representa- Peptides containing acycligresidues have recently been shown
tive of a host-defense peptide, and melittin, a peptide toxin that {0 resist proteolytic cleavadé.Our studies are the first to
strongly disrupts both prokaryotic and eukaryotic cell mem- €xplorea/3-peptides containing cyclif-residues. _
branes®® Melittin is highly hemolytic at relatively low concen- _ 1hreea/f-peptides were examinef, 7, and10. o/s-Peptide
trations &10 ug/mL), while the magainin derivative requires IS the triple Let~Ala mutant of1; 10 has a very different

at least 10-fold higher concentration to cause significant %-Tesidue contentand was previously used for NMR analysis.
We examined three different proteases, trypsin, chymotrypsin,

hemolysis.
The data in Figure 7 show that the new scrambtg(- (41) Hintermann, T.; Seebach, Bhimia 1997, 51, 244-247.
peptide,4, and the original scrambled desid3),display com- (42) Seebach, D.; Abele, S.; Schreiber, J. V.; Martinoni, B.; Nussbaum, A. K.;
Schild, H.; Schulz, H.; Hennecke, H.; Woessner, R.; BitschCRimia
1998 52, 734-739.
(37) Chen, H. C.; Brown, J. H.; Morell, J. L.; Huang, C. MEBS Lett.1988 (43) Frackenpohl, J.; Arvidsson, P. I.; Schreiber Jurg, V.; Seebac@hBm-
236, 462-466. BioChem2001, 2, 445-455.
(38) Nicas, T. I.; Wu, C. Y. E.; Hobbs, J. N.; Preston, D. A.; Allen, N. E.  (44) Steer, D. L.; Lew, R. A.; Perimutter, P.; Smith, A. I.; Aguilar, M.JL.
Antimicrob. Agents Chemothet989 33, 1121-1124. Pept. Sci200Q 6, 470-477 and references therein.
(39) Weisblum, B.; Demohn, VJ. Bacteriol. 1969 98, 447—452. (45) Hook, D. F.; Bindschaedler, P.; Mahajan, Y. R.; Sebesta, R.; Kast, P.;
(40) Habermann, ESciencel972 177, 314-322. Seebach, DChem. Biodiersity 2005 2, 591-632.
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Figure 8. RP-HPLC traces for protease stability studies. Traces are offset by 1 min relative to the trace faffepeptide in buffer (front trace): (A)
1 with trypsin and chymotrypsin (36 h), (B) with trypsin and chymotrypsin (36 h), (@)with pronase (front trace: buffer, then after 1 h, 25 h, and 88 h
incubation), (D)7 with pronase (front trace: buffer, then after 3 h, 27 h, and 90 h incubation), artD(&ijth all three proteases (60 h).

and pronase. Trypsin cleaves peptide bonds adjacent to posiimin under these conditions. Additional small peaks that appear
tively charged side chains (such as that of Lys), while chymo- between 30 and 33 min in pronase-containing samples arise from
trypsin cuts adjacent to aromatic side chains (such as that ofenzymatic self-cleavage, as indicated by control studies. After
Tyr). Pronase displays a wide range of protease activities.  one day, trace amounts of two3-peptide cleavage products
a/B-Peptidedl, 7, and10were all highly resistant to cleavage ~ can be detected, but even after nearly four days largely
by trypsin or chymotrypsin (Figure 8). After incubation with  intact. MALDI-TOF mass spectrometry identifies a single
these two enzymes (36 h farand7; 60 h for10), no proteolysis ~ cleavage site withinl, between ACPC-9 and Lys-10. An
could be detected for any of theaé8-peptides (Figure 8A1(), analogous ACPC-Lys bond occurs between residues 3 and 4 of
Figure 8C {), Figure 8E (0)), even though all three contain 1, but no cleavage at this site is detected. Figure 8D shows the
Lys and 10 contains Tyr. The most aggressive among the effect of pronase oii. This o/f-peptide is cleaved more rapidly
proteases we examined, pronase, caused no degradatlén of than is analogue, although even after nearly four days a
after 60 h (Figure 8E); however, bothand7 experienced partial ~ substantial amount of intatremains. Cleavage occurs between
cleavage, at one site, after prolonged treatment with pronaseresidues 9 and 10, i.e., at the position analogous to the cleavage
(Chart 3, Figure 8B,C). site in 1.

Figure 8C shows the effect of treatirigwith pronase, as Overall, our data confirm the expectation that oligomers
monitored by HPLCo/f-Peptidel elutes at approximately 32  containing a 1:1 alternation ai- and S-residues are highly
resistant to proteolytic degradation. Bdttand 7 (but not10)
contain a single amide bond that is slowly cleaved by the most

(46) Sigma Biochemicals and Reagents Cata®@02-2003.
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Chart 3. Fragments of 1 (top) and 7 (bottom) after Incubation with Pronase
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aggressive protease, pronase. It is unclear why this particula
ACPC-Lys bond is susceptible, while other ACPC-Lys bonds
in 1, 7, and 10 are not.

Discussion

The work described here has arisen from our general interes
in developing unnatural oligomers that mimic the selective
toxicity displayed by helix-forming host-defense peptides toward
prokaryotic cells relative to eukaryotic cells. These particular

studies were motivated by an apparent contradiction between
C_

sequence/folding/activity correlations observed among antiba
terial 3-peptides and those observed amon-peptides:#1517

r o/p-Peptidess and 6 are new designs intended to achieve
global amphiphilicity in the 14/15-helical conformation. Al-
though thesen/-peptides are not sequence isomers of the
original 14/15-helical design2, their comparison with2 is
reasonable because the compositions are similar and net charge
tis the same. These thre&3-peptides display very similar RP-
HPLC retention and very similar hemolytic activities; however,
they vary somewhat in antibacterial effects. The most dramatic
difference is seen foE. coli, against which? is inactive but
both 5 and 6 are quite active, and significant differences are
seen as well foB. aureusOverall, these comparisons suggest
that2 is a good 14/15-helical design, although perhaps not ideal.

For -peptides, sequences designed to be globally amphiphilic The modest improvements in antibacterial activity displayed by

(Figure 1) in a helical conformation block bacterial growth at
relatively low concentrations, while scrambled sequence isomers
which should form helical conformations that aret globally
amphiphilic, do not block bacterial growtf15In contrast, initial
studies witha/S-peptide sequence isomets-3 revealed that
the scrambled versior8, manifests considerable antibacterial
activity.'” The sequence designed to be globally amphiphilic in
the most favorable helical conformatio, shows weaker
antibacterial activity than doesor 3. The trend in hemolytic
activities amongl—3 is quite different from the trend in
antibacterial activity:1 and2 are strongly hemolytic, b is
only weakly hemolytic.

Some of the newa/S-peptides reported herd~6) represent

5 and 6 relative to2 cannot explain the quandary associated
with scrambled design8 and 4, however, because neithér
'nor 6 is markedly superior t8 or 4 as an inhibitor of bacterial
growth.

The largest changes in physical and biological properties,
relative to the originab/s-peptide designs, were observed in
the triple Leu—Ala series,7—9. In contrast to the trends
observed in original sel1—3, the sequences designed to be
globally amphiphilic in helical conformations among the
Leu—Ala mutants,7 and 8, are quite active against all four
bacteria, and the scrambled isomé&, shows only weak
antibacterial effects. The high antibacterial activity’afupports
our hypothesis that the 11-helical conformation can be accessed

tests of the extent to which our design goals were achieved with without a large energetic penalty, everoif3-peptides of this

1-3. Thus, for exampled is a sequence isomer & and

length intrinsically prefer to form the 14/15-helix relative to

constitutes an alternative scrambled design that is intended tothe 11-helix. The pattern of behavior amoiig9, globally

avoid unintended global amphiphilicity that might be displayed
by 3 in an extended conformation. Since the behaviod @
quite similar to that o8 by every measure reported here (RP-
HPLC retention, antibacterial activity, hemolytic activity, CD
signature), we conclude that both are valid scrambled-sequenc
controls for isomerd and2. Thus, the unexpected antibacterial
activity observed foB does not arise from a design flaw.

amphiphilic design= active, and scrambled designinactive,
matches previous observations amgrgeptides in two different
conformational series (designed to adopt either 12- or 14-helical
secondary structuté!d. All three of the Ala-containingy/-
eeptides7—9 display very weak or undetectable hemolytic
activity. Thereforey7 and8 match the profile of activity that is
characteristic of host-defense peptides, which manifest toxicity
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toward bacteria at much lower concentrations than are requiredFor example,1—3 are sequence isomers and therefore possess
for lysis of red blood cells. However, the activity profile of the same absolute lipophilicity, but these theég-peptides have
14/15-helical desigr8 is no better than that displayed by very different net lipophilicities as revealed by the large
scrambled design3 and 4. variations in RP-HPLC retention. If the nonpolar residues bear

Numerous efforts have been made to correlate RP-HPLC sufficiently lipophilic side chains, as is true fdr—6, then
retention trends with the biological activities of amphiphilic Scrambled sequences are preferable to globally amphiphilic
a-peptides’ This type of analysis has been motivated by the designs in terms of achieving selective antibacterial activity. In
widely accepted hypothesis that such peptides act by presentinghis high absolute lipophilicity regime, both globally amphiphilic
large and discrete lipophilic surfaces that interact with the and scrambled designs can generate high antibacterial activity,
nonpolar portions of lipids and thereby disrupt biological but the globally amphiphilic designs unavoidably display high
membrane barrier function. RP-HPLC retention is generally hemolytic activity. On the other hand, if the nonpolar side chain
greater for molecules that display larger lipophilic surfaces, Sethas a sufficiently low absolute lipophilicity, asan9, then
which promote interaction with the alkyl chains of the stationary & 9lobally amphiphilic design is preferable to a scrambled
phase. Amongu/-peptidesl—9 we find a reasonable correla- ~Séguence. In this Ipw absolutg Iipophilicity regime none of the
tion between increasing retention and increasing hemolytic designs displays high hemolytic activity, but only the sequences
activity. Thus,2, 5, and6 are most strongly retained, and these ntended to be globally amphiphilic in the folded state can
compounds are extremely hemolytic, significantly more so than Significantly inhibit bacterial growth. The fact th@tand8 are
melittin. a/B-Peptidel is next most strongly retained, adds roughly co_mparable in tht_a|r a_nt|bac_te_r|al activities indicates that
comparable to melittin in hemolytic activitg/s-Peptidess, 4, the _11-heI|caI conformgtlop_ is suf_f|C|entIy stable to serve as a
and8 cluster at intermediate retention, and they are comparablePasis for globally amphiphilic designs, even though the 14/15-
to the magainin derivative in their relatively low hemolytic helical Conformat|on appears to be |ntr|n5|gally preferred relative
activity. The least strongly retained/s-peptides,7 and 9, to the 11-he!|§al conformation faw/3-peptides of this length
display no hemolytic activity under the conditions we examined. &nd composition.

In contrast to hemolytic activity, inhibition of bacterial growth ~ The hypothesis outlined in the preceding paragraph is
does not show obvious correlations to RP-HPLC retention interesting in relation to previous reports anand/-peptides
trends. For example, of the two/3-peptides with the weakest ~ designed to manifest antibacterial activity. Pioneering work from
antibacterial activity (averaged over the four speci@# least ~ two groups showed that natural toxin peptides such as melittin
strongly retained an@ is among the most strongly retained. can be modified in ways that significantly diminish hemolytic
a/p-Peptide 7 is second least strongly retained, but this activity butretain antibacterial activity. Blondelle and Houghten
compound is quite active, particularly agairit coli. a/s- achieved this result by examining a comprehensive set of single-
Peptidess and6 display very similar retention to that &f but residue omission analogues of melittihOmission of most
they manifest stronger antibacterial activity, especially against lipophilic residues led to a substantial loss in hemolytic activity,
E. coli andS. aureusAn interesting correlation emerges from and a corresponding decrease in RP-HPLC retention, but usually
considering both antibacterial and hemolytic activities simul- Only modest effects on antibacterial activity. These workers
taneously. The retention window between approximately 17.5 sPeculated that the ability of am-peptide to form a globally
and 25 min (corresponding to 32-80% acetonitrile in water) ~ @mphiphilica-helix is more important for hemolysis than for
contains the optimat/3-peptide designs. More strongly retained  inhibition of bacterial growth. Oren and Shai subsequently
o/B-peptides are too hemolytic, and the less strongly retained reported a hypothesis-driven approach to “detoxified” melittin
compound is too weak an inhibitor of bacterial growth. analogues: these workers prepared a diastereomeric peptide in

The trends in physicochemical and biological behavior among mh'Ch 4 ?f thet.26 retﬂdu;s, s&atterfd[;gon? thet.si%{?;ce’ had
o/B-peptidesl—9 suggest that the most desirable activity profile, e:?t-t(.:orclillgutra ion rafner ta T zndatu h on ||gtltjlra 0 Ib I.'S
growth inhibition toward both Gram positive and Gram negative MeTttin diastereomer was intended 1o have Jittie ofnhetix-

bacteria but low propensity to induce hemolysis, can be achieved;ormlng tpr?pgrtllsnéband the Success OL”}!S deS|gnt_featur|e w?s
within this foldamer family in two different ways. Both emonstrated by comparisons in a helix-promoting solvent.

strategies require a combination of lipophilic and cationic side -(Ij—hcer haeteric:]c:lrril Irnt(ie“ta?rlivciitlasrtelntai(\)/mfrtglsﬁ:}[ﬁ?dl '? rdnrar?]ﬁ“?
chains. One successful path is to des@p sequences that ecrease in NEMOIylic activity refative to the al homochira
. AT . . version, but the heterochiral isomer retained considerable
display global amphiphilicity (Figure 1) in a favorable confor- : 3 . :
S . - antibacterial activity. Shai and co-workers have subsequently
mation; this design strategy has been widely employed for shown that designed heterochiralpeptides display a variet
o-peptides and for foldamers. The second path, which initially 9 bep play y

. 5 ) of attractive features, including antibacterial, antiviral, and
seems paradoxical, is to desigi3 sequences thatannotbe . o -

A : anticancer activities as well as low toxicity toward healthy
globally amphiphilic in the most favorable conformation.

Whether the first path or the second path will be successful eukgryotic C.ellé'gisl This work has .inSpirEd other heterochiral
depends on the absolute lipophilicity of the residues that peptide design efforf¥. On the basis of parallels between our

comprise thew/3-peptide, according to our results. We use the findings with o/f-peptides and those of Shai et al. with

hrase “absolute lipophilicity” to describe the sum of the
F.) I pop . ty. . (47) Blondelle, S. E.; Houghten, R. Biochemistry1991, 30, 4671-4678.
lipophilicities of each residue in an/3-peptide, regardless of  (48) oOren, z.; Shai, YBiochemistry1997, 36, 1826-1835.
conformation. In contrast, we use the phrase “net lipophilicity” (49 5"%’3 N.; Braunstein, A.; Eshhar, Z.; ShaiCancer Res2004 64, 5779~

to encompass not only the lipophilicities of the constituent (50) Hong, J.; Oren, Z.; Shai, Biochemistry1999 38, 16963-16973.

; _ ; ; ; P (51) Papo, N.; Shai, YBiochemistry2003 42, 9346-9354.
residues of amﬁ peptlde, but also the contribution of primary 52) Chen, Y.; Mant, C. T.; Farmer, S. W.; Hancock, R. E.; Vasil, M. L.; Hodges,

sequence and conformation to the behavior of the molecule. R. S.J. Biol. Chem2005 280, 12316-12329.
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o-peptides, we suspect that the creation of heterochiral diaster-have to be sufficiently flexible to allow the adoption of globally
eomers or scrambled sequence isomers can be viewed asmphiphilic conformations regardless of the specific sequence
complementary design strategies for diminishing hemolysis or configurational pattern of the subunits along the backbone.
while retaining bacterial growth inhibition, if one starts from Second, the backbone would have to be sufficiently “neutral”
an oligomer for which both activities are strong and that adopts in terms of hydrophilic/lipophilic balance that the biological
a globally amphiphilic conformation. activity would be determined largely by side chains. Efforts to

How can scrambledo/8 sequences and heterochiral test this hypothesis are underway in several laboratétiés.
sequences display significant antimicrobial activity? One pos-
sibility is that such oligomers could, under appropriate circum-
stances, adopt irregular, nonhelical conformations that resultin ~ /f-Peptide Synthesis and Purification.;-Amino acids (Fmoc-
a global segregation of lipophilic and cationic side chains. ACPC and Fmoc-APC(Boc)) were Sgnthes'zed frfrketo esters via
Adoption of irregular but globally amphiphilic conformations reductive amination as .des_cr'b&i Fmoca-amino acids were

. . . . . . purchased from EMD Biosciences/f-Peptides were synthesized
might be induced by interaction with a membrane, as adoption

Lo . . . A manually in parallel using HBTU activation on NovaSyn TGR resin
of globally amphiphilica-helical conformations is often induced (EMD Biosciences) in Alltech solid-phase extraction tubes. Coupling

by this type of interaction. This possibility would require a high eactions were allowed to proceed at room temperature for 2 h;
level of backbone flexibility, a feature that is intrinsicdeamino deprotection reactions were allowed to proceed at room temperature
acid residues. This hypothesis predicts that more rigid backbonesfor 30 min. After synthesis was complete, N-termini were acetylated
would make it difficult for oligomers that had been designed with acetic anhydride/ DIEA/CKCI, for 2 h with rocking.o/3-Peptides

not to form globally amphiphilic secondary structures to undergo were cleaved from resin with 95% TFA/5% water (v/v) for£h with
conformational excursions necessary for clustering of lipophilic rocking. Theo/s-peptide solution was filtered away from the resin,
and cationic side chains. Previous findings with antibacterial @nd the TFA was removed under a stream gt o/5-Peptides were
helix-forming -peptides are consistent with this prediction: prec!p!tated by the qddltlon of ice cold anhyc_jrous_dlethyl ether. The
when thesé-peptides are constructed largely or entirely from precipitatedo/s-peptide was pelleted by centrifugation, and the ether

. . . . was decanted. The precipitation/centrifugation process was repeated a
conformationally restricted cyclic residues, scrambled sequences . of three times. The crude/f-peptide pellet was dried undenN

are completely inactiv&:1%In contrast, for-peptides that form (g) and dissolved in 5 mL of 50% @/50% acetonitrile (v/v) and
globally amphiphilica-helices, scrambled sequence isomers |yophilized. Cruden/s-peptides were purified by RP-HPLC on a-C
retain substantial antibacterial activit/Our hypothesis regard-  silica column using a linear gradient of acetonitrile in water. Solvents
ing nonhelical but globally amphiphilic conformations has were prepared as follows: solvent A;® with 0.1% TFA; solvent B,
recently received strong support from work of Wang et al., who 80% acetonitrile and 20% water (v/v) with 0.1% TFA. Masses of
carried out two-dimensional analysis of a heterochirgleptide purified peptides were confirmed by MALDI-TOF mass spectrometry.
in the presence of micellar SI¥8.The results reveal a a/ﬁ-Pe_ptide concentra.t?ons for all gxperiments were determined from
fascinating and irregular peptide conformation that segregatest® Weight of the lyophilizedJj3-peptide powder calculated as the TFA
lipophilic side chains on one side and cationic side chains on salt (assuming association of 1 TFA molecule per cationic residue).

the other. It is interesting that earlier structural analysis of a Nuclear Magnetic Resonance (NMR)Samples were prepared by

N s . ; " dissolving lyophilized peptides in methardyor 9:1 H,O:D,0, 100 mM
heterochiral mellttln Fﬂastereomer under micellar condlyqns acetic acidds, pH 3.8. Peptide concentrations were usualy32mm
revealedo-helical folding comparable to that seen for melittin - \ith trace amounts of 2,2-dimethyl-2-silapentane-5-sulfonate (DSS)

Experimental Section

itself (homochiral* added as an internal reference. Fully dissolved peptides were syringe-
] filtered into a 3 mm NMRtube and sonicated to ensure homogeneity.
Conclusions Total sample volume was approximately 2:0.

NMR experiments were acquired on a Varian Inova-600 spectrometer
at 4, 14, or 24°C as required for best spectral resolution. CG3Y,

It is .nOt. .necessary to deSIQn_ toward a regular, QIOba"y TOCSYS$! and rotating frame Overhauser spectroscopy (ROESY)
amphiphilic secondary structure in order to generate oligomers g, neriments were performed for chemical shift and structure assignment.

with favorable antibacterial/hemolytic activity profiles. To our Mixing times for TOCSY experiments were 80 and 200 ms for ROESY
knowledge, all previous efforts to create unnatural oligomers experiments. Standard Varian pulse sequences were used, and data were
intended to display antibacterial activity (including our own) processed using Varian VNMR 5.3 software and Sparky (a PC-based
have focused on specific and generally regular globally am- NMR spectra viewing program; T. D. Goddard and D. G. Kneller,
phiphilic conformationg0-17.19,20 SPARKY 3 University of California, San Francisco). Chemical shift
our findings raise the prospect of developing cell type- assignments were made on the basis of COSY and TOCSY cross-peaks

selective antibacterial materials that should be relatively inex- as CV\ilfc"ulz\sr %ﬁgﬁfg}gﬂ'??g;e ug:ssu:gr;h:nzovfesrg sgﬁ‘gtrrr:g]d on an
pgnsive to produce on large scgle (in cl:ontrast.to discrEteAVIV model 202SF spectroheter w5 s averaging times dra 1 nm
pllgomers SUCh. as-, -, OfF’Jﬁ'PePt!quv which require Iab(?r- step size. Spectra were acquired in methanol, aqueous 10 mM Tris,
intensive stepwise synthesis). Specifically, as we have previously

proposed? it seems likely that random copolymers containing (56) liker, M. F.; Nusslein, K.; Tew, G. N.; Coughlin, E. B. Am. Chem. Soc.
; " P ; ; 2004 126, 15870-15875.
both lipophilic and cationic appendages could display the desired s7) roda, K ; DeGrado, W. F. Am. Chem. So@005 127, 4128-4129.
properties if two conditions are met. First, the backbone would (58) LePlae, P. R.; Umezawa, N.; Lee, H.-S.; Gellman, SJHOrg. Chem.
2001, 66, 5629-5632.
(59) Lee, H.-S.; LePlae, P. R.; Porter, E. A.; Gellman, SJHOrg. Chem.

The behavior of the/s-peptides described here indicates that

(53) Li, X.; Li, Y.; Han, H.; Miller, D. W.; Wang, GJ. Am. Chem. So2006 2001, 66, 3597-3599.
128 5776-5785. (60) Aue, W. P.; Bartholdi, E.; Ernst, R. R. Chem. Phys1976 64, 2229~
(54) Sharon, M.; Oren, Z.; Shai, Y.; Anglister Biochemistry1999 38, 15305~ 2246.
15316. 61) Bax, A.; Davis, D. GJ. Magn. Reson1985 65, 355-360.
(55) Gelman, M. A.; Weisblum, B.; Lynn, D. M.; Gellman, S. Brg. Lett. (62) Bothner-By, A. A.; Stephens, R. L.; Lee, J.; Warren, C. D.; Jeanloz, R. W.

2004 6, 557-560. J. Am. Chem. S0d.984 106, 811-813.
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pH 7.2, 5 mM DPC, and 25 mM SDS at 26. Peptide concentrations  each well. The plate was incubated at°&for 1 h, and then the cells
were 0.1 mM. Samples were analyzed in a quartz cuvetteavit mm were pelleted by centrifugation at 3500 rpm for 5 min The supernatant
path length. Data were corrected for baseline absorbance and normalized80 «L) was diluted with Millipore water (8Q:L), and hemoglobin

for path length, number of amide chromophores, and concentration. was detected by measuring the OD at 405 nm. The OD of cells

RP-HPLC Analysis of o/f-Peptides.Net hydrophobicity ofa//3- incubated with melittin at 40@g/mL defines 100%; the OD of cells
peptides was analyzed by RP-HPLC on as@ica analytical column incubated in Tris buffer defines 0%.
using a linear gradient of acetonitrile in water (As®iwith 0.1% TFA, Protease Susceptibility.The effect ofe-chymotrypsin (Sigma, EC
B, acetonitrile with 0.1% TFA) from 20% to 60% over 40 mu/3- 3.4.21.1), trypsin (Sigma, EC 3.4.21.4), or pronase E (Sigma, EC

Peptide samples were made at a concentration of 2 mg/mL in water. 3.4.24.31) on three different 15-mefj-peptides was determined by
The gradient begins after elution of the solvent front, which occurs using RP-HPLC to monitor solutions containing thé8-peptide and
about 5 min after injection. Reported retention profiles represent the one enzyme. Enzyme activity was confirmed by the use of standard
average of at least two separate experiments and were highly reproducsubstratesN-a-benzoyl arginine (for trypsin and pronase) aNeb-

ible. benzoyl tyrosine (forr-chymotrypsin). Each assay contained 2.4 mL
Antibacterial Activity of o/f-Peptides.The bacteria strains used ~ of appropriate buffer (10 mM Tris, pH 7.5 for trypsin and pronase; 10
in these assays werEscherichia coliJM109% Bacillus subtilis mM Tris, pH 8.0 for chymotrypsin), 0.1 mL of protease solution (0.1
BR151% Staphylococcus aureus206 (methicillin-resistan®? and mg/mL for trypsin and chymotrypsin and 1.0 mg/mL for pronase), and
Enterococcus faecium634 (vancomycin-resistanty. The antibacterial 0.5 mL of a 2 mg/mL solution o/ S-peptide. A solution containing

activity for the a/B-peptides was determined in sterile 96-well plates only a/B-peptide in buffer without any protease was used as a negative
(Falcon 3075 microtiter plate) by a microdilution method. A bacterial control. The enzyme concentrations used in these assays were sufficient
suspension of approximately .GFU/mL in BHI medium was added ~ to cleave the standard substrate completely within 30 min. dijie

in 50 uL aliquots to 50uL of medium containing theu-peptide in peptide was incubated with protease at room temperature, and the assay
2-fold serial dilutions for a total volume of 1QL in each well. The was monitored by RP-HPLC using a-ilica analytical column using
plates were incubated at 37C for 6 h. Growth inhibition was a linear gradient of 595% organic solvent in water (v/v) over 45 min
determined by measuring the OD at wavelengths ranging from 595 to (solvent A, HO with 0.1% TFA; solvent B, 80% acetonitrile and 20%
650 nm. Each MIC is the result of at least two separate trials; each water (v/v) with 0.1% TFA).

trial is the result of an assay run in duplicate. MIC determinations were .
reproducible to within a factor of 2 and are reported as the highest _ Acknowledgment. This work was supported by NSF grant
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cells (NRBC, blood type A) were washed several times with Tris buffer SPectrometers were purchased with partial support from NIH
(pH 7.2, 150 mM NacCl) and centrifuged at 3500pm until the and NSF. CD data were obtained in the Biophysics Instrumenta-
supernatant was clear. Two-fold serial dilutions af3-peptide in tion Facility at UW—Madison, which is supported by the NSF.

Millipore water were added to each well in a sterile 96-well plate

(Falcon 3075 microtiter plate), for a total volume of 20 in each Supporting Information Available: NMR data and circular
well. A 1% v/v hRBC suspension (8. in Tris buffer) was added to dichroism (CD) data. This material is available free of charge
via the Internet at http://pubs.acs.org.
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