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CYCLIC PEPTIDES HAVING BROAD SPECTRUM ANTIMICROBIAL ACTIVITY

1. FIELD OF THE INVENTION

The present invention is directed to cyclic peptides
having broad spectrum antimicrobial activity. The cyclic
peptides are biocidal against a wide variety of pathogens,
including clinically relevant vancomycin resistant
Enterococcus faecium, methicillin resistant Staphylococcus
aureus -and penicillin—resistant Streptococcus pneumoniae.
The cyclic peptides of the invention have improved efficacy,
bioavailability and/or serum half-life as compared to non-
cyclized analogues.

2. BACKGROUND OF THE INVENTION

With the recent dramatic rise of antibiotic-resistant
pathogens and infectious diseases, the need for new _
antimicrobial agents is urgent (Cohen et al., 1992, Science
257:1050-1055). For example, recently strains of
Enterococcus faecium that are resistant to vancomycin have

been observed (Moellering, 1990, Clin. Microbiol. Rev. 3:46-

65). As vancomycin is considered to be the antibiotic of
last resort for several pathogens, strains resistant to
vancomycin pose a serious health threat to society. Despite
this urgency, in more than ten years only one completely
different type of anf?bidfic;"a streptogramin mixture called
Synercid (Rhone—Poulenc Rorer, Collegeville, PA), has reached
Phase III clinical trials (Pfeiffer, 1996, "New Anti-
Microbial Therapies Described,'" Genetic ﬁngineering News
16(8):1).

Recently, a new class of antimicrobial or antibiotic
agents based on naturally-occurring antimicrobial peptides
produced within plants, animals and insects have been
discovered. These peptides include, among others, cecropins

(Hultmark et al., 1980, Eur. J. Biochem. 106:7-16; Hultmark

~et al., 1982, Eur. J. Biochem. 127:207-217), apidaecins

(Casteels et al., 1989, EMBO J. 8:2387-2391), magainins
(zasloff, 1987, Proc. Natl. Acad. Sci. U.S.A. 84:5449-5453;

Zasloff et al., 1988, Proc. Natl. Acad. Sci. U.S.A. 85:910-

-1 -
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913), tachyplesins and analogues of tachyplesins such as
polyphemusins (Nakamura et al., 1988, J. Biol. Chem.
263:16709-16713; Miyata et al., 1989, J. Biochem. 106:663-
668), defensins (Lehrer et al., 1991, Cell 64:229-230; Lehrer

et al., 19293, Ann. Rev. Immunol. 11:105-128; U.S. Patent No.
4,705,777; 'U.S. Patent No. 4,659,692; U.S. Patent No.

4,543,252), f(-defensins (Selsted et al., 1993, J. Biol. Chem.
288:6641-6648; Diamond et al., 1991, Proc. Natl. Acad. Sci.

U.S.A. 88:3952-3958), insect defensins (Lambert et al., 1989,
Proc. Natl. Acad. Sci. U.S.A. 88:262-265; Matsuyama and

Natori, 1988, J. Biol. Chem. 263:17112-17116), and protegrins

(Kokryakov et al., 1993, FEBS 337:231-236; Zhao et al., 1994,
FEBS Letters 346:285-288; Migorodskaya et al., 1993, FEBS

330:339-342; Storici et al., 1993, Biochem. Biophys. Res.
Commun. 196:1363-1367; Zhao et al., 1994, FEBS Lett. 346:285-
288; Manzoni et al., 1996, FEBS Lett. 383:93-98; U.S. Patent

No. 5,464,823). The discovery of these new classes of
antimicrobial peptides offers hope that some might be
developed into agents that can be used against microorganisms

of medicinal importance. Those of animal origin are of

. particular importance, as these antimicrobial peptides

generally exhibit activity against antibiotic-resistant
bacterial strains and have a lower frequency of resistance as
compared to conventional antibiotics (Steinberg etval., 1996,
"Protegrins: Fast Acting Bactericidal Peptides," presented

at: Intl. Symposium on Staphvlococci and Staphvlococcus

Infections, Aix les Bains, France). At least one of these
peptides, magainin MSI-78, is currently in Phase III clinical
trials for infections associated with diabetic foot ulcers

(Craig, Aug. 17, 1995, BioWorld Today 6(158):1).

The use of peptides as therapeutic agents in general,
however, has not been completely satisfactory. Peptides
composed of L-amino acids undergo rapid proteolysis in the
gut, making oral administration, thé—méthod generally
associated with the highest patient compliance, extremely
difficult. -Additiohaiiy, peptidés degrade fairly rapidly in
serum and therefore must be administered in large doses which

often can cause numerous adverse side effects and serious

-2 -
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toxicity. As peptides are expensive to manufacture, high
dosage levels contribute significantly to the overall cost of
peptide therapeutics. Furthermore, the flekibility of thé
peptide structure in solution is often associated with low
biological .activity and/or selectivity.

It has now been discovered that cyclic peptides related
to the tachyplesin and protegrin classes of antimicrobial
peptides exhibit broad spectrum antimicrobial activity
typically associated with these classes of peptides while
overcoming many of the disadvantages of peptide therapeutics
discussed above. Thus, the cyclic peptides are ideally
suited for use as antimicrobial therapeutic agents. For
example, cyclic peptides are more resistant to proteolytic
degradation and therefore have a greater potential for oral
administration and/or lower dosage levels than non-cyclized
peptides. Cyclization also confers structural stability
without interfering with the side chains necessary for
bioactivity, potentially leading to greater efficacy.

Cyclic analogues of the various known classes of
antimicrobial peptides have not been reported in the
literature. The only cyclic antibiotic peptide described in
the literature are gramicidin-S (Tamaki et al., 1995, Int. J.
Peptide Protein Res. 45:299-302; Gause, 1994, Lancet 247:715;
Battersby et al., 1951, J. Am. Chem. Soc. 73:1887; Schwyzen
et al., 1957, Helv. Chim. Acta 40:624), grastatin (Zharikova

et al., 1972, Vestn. Mosk. Univ. Biol. Pochivoved 27:110;
Myaskovskaya et al., 1973, Vestn. Mosk. Univ. Biol.
Pochivoved 28:123) and tyrocidines (Laiken et al., 1969, J.

" Biol. Chem. 244:4454; Gibbons et al., 1975, Biochemistry

14:420) . sSignificantly, these cyclic peptides are known to
be toxic and do not contain positively-charged amino acid

residues in loop or turn regions of the molecules-- a feature

of the novel class of cyclic peptides described herein

thought to be important for broad-spectrum antimicrobial

activity and improved efficacy towards antibiotic-resistant
microbes.
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3. SUMMARY OF THE INVENTION

In one aspect, the present invention provides cyclic

peptides having antimicrobial activity. The cyclic peptides
of the invention are generally compfised of about 10-30 amino
acid residyes and may contain regions or segments of
peptidomimétic moieties. The cyclic peptides are
characterized by a structure containing three main elements
or domains: an amphiphilic anti-parallel (-sheet region, a
f-turn region and a loop region.

Each strand of the amphiphilic anti-parallel f-sheet
region comprises about 3 to 11 amino acid residues, with each
strand having the same number of residues. The B-sheet is
amphiphilic, i.e., one surface of the [(-sheet has a net
hydrophobic character and the other surface has a net
hydrophilic character. The amphiphilic B-sheet region may
optionally contain zero, one or two interstrand disulfide
interlinkages.

The B-turn region reverses the direction of the
pqupeptide chain so as to allow a portion of the polypeptide

chain to adopt an anti-parallel (B-sheet secondary structure.

Typically, the fB-turn region comprises a four amino acid

residue peptide segment. Preferably, the two internal amino
acid residues of the fB-turn are not involved in the hydrogen-
bonding of the [-sheet; the two amino acid residueé on either
side of the interhaiﬁfeSIGUeS’are included in the hydrogen-
bonding of the B-sheet. Alternatively, the f-turn region may
comprise an organic molecule that mimics the structure of a
peptide B-turn. ”

Like the B-turn reqibh} the loop region links the anti-
parallel strands comprising the B-sheet region. Typically,
the loop region comprises a two to four amino acid residue
reverse-turn such as a y-turn or a -turn. Alternatively,
the loop region may comprise an organic molecule that mimics
the structure of a peptide reverse-turn.

Lastly, the cyclic peptides of the invention are basic,
i.e., they have a net positive charge at physiological pH. .
Typically, about 15% to 50% of the amino acid residues

comprising the peptide are basic amino acid residues. At

-4 -
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least one amino acid residue in the loop or @-turn region of
the peptide is a basic amino acid residue.
Thus, in one illustrative embodiment the invention is
directed to cyclic peptides having the formula:
,X26™X277X28721 “Xy (X3 =X4 I~ (X5 )n=Z%g ~Xy —Xg ~Xg
(1) X25 }|(10

{
X X
24 S11

\
X337X227X2172207 X197 (X157X17) m™ (X16) n=2157 X147 X3 37X 15

wherein m=0,1,2 and n=0,1 with the proviso that when
m=2, n=0; ;

Xo10 Xoor Xp4, X5, X9 @and Xog are each independently
present or absent;

X, and X,, are either both present or both absent;

Xg and Xi3 are either both present or both absent;

Xar X30 Xq0 Xgo X9, Xgo X300 Xigs X160 X190 Xyg0 Xi90 X34
X,5, X597 and X,g are each independently a hydrophobic amino
acid, a hydrophilic amino acid or a small amino acid, with
the provisos that (i) when X, is a hydrophobic amino acid X,
X114, X39, X517 and X,z are each independently a hydrophobic
amino acid or a small amino acid and X3, Xg, X;3, X;g, X5, and
X,, are each independently a hydrophilic amino acid or a
small amino acid; and (ii) when X, is a hydrophilic amino
acid X;, X;4, X35, X, and X,g are each independently a
hydrdphilic'amiﬁb acid or a small amino acid and X3, Xg, Xjj3,
X,8/ X,, and X,, are each independently a hydrophobic amino
acid or a small amino acid;

X553, Xy4. X5 and X, taken together are a loop;

Z,, 2¢, 2,5 and Z,, are each independently a hydrophilic
amino acid, a small amino acid or a cysteine-like amino acid;

Xg, Xj9: X;; and X,, taken together are a gB-turn;

‘at least one of Xq, Xio, X131: X2/ X253, X554, Xpg OF X;¢ is
a basic amino acid; and

wherein the peptide has a net positive charge at
physiological pH.

The cyclic peptides of the invention exhibit broad

spectrum antimicrobial activity, being biocidal against a

-5-
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wide range of microbial targets, including gram-positive
bacteria, gram-negative bacteria, yeast, fungi and protozoa.
Accordingly, the peptides can be used as ahtimicrobial agents
in a wide variety of applications. For example, the peptides
can be used to preserve or disinfect a variety of materials,
including medical equipment, foodstuffs, cosmetics,
medicaments or other nutrient-containing materials. The
peptides are also useful for prophylaxis or treatment of
microbial infections or diseases related thereto in both
plants and animals.

In another aspect, the present invention is directed to
compositions comprising one or more of the above-described
cyclic peptides and a carrier or excipient. Such
compositions are biostatic or biocidal against a wide range
of microbial targets.

In yet another aspect, the present invention is directed
to methods of using the above-described cyclic peptides, or
compositions thereof, to inhibit microbial growth. The
method generally involves contacting a microbe with an
antimicrobially effective amount of one or more of the cyclic
peptides or compositions of the in&ention. In a preferred
embodimént, a bacteria is contacted with a bactericidally
effective amount of peptide or composition. _

In a finalpaspéct, the present invention is directed to
methods of using the above-described cyclic peptides, or
compositions thereof, to prevent or treat microbial
infections or diseases related thereto in both plants and
animals. The method generally involves administering to a
plant or animal a therapeutically effective amount of one or
more of the cyclic peptides or compositions of the invention.
In a preferred embodiment, the cyclic peptides or

compositions of the invention are used to treat or prevent

systemic infections caused by multi-drug resistant pathogens

such as vancomycin-resistant Enterococcus faecium,
methicillin-resistant Staphylococcus aurets and penicillin-

resistant Streptococcus pneumoniae.

-6 -



10
S. DETAILED DESCRIPTION OF THE INVENTION
5.1 Definitions
"Peptidomimetic Moietvy:" As used herein,
"peptidomimetic moiety" refers to an organic molecule that
15 mimics the secondary structure of a polypeptide chain.
"Primaryv Structure:" As used herein, "primary
structure" refers to the amino acid sequence of a polypeptide
:"‘} chain or the chemical formula of a peptidomimetic moiety.
3250
f..i "Secondarv Structure:" As used herein, '"secondary
EER. structure" refers to the regular local structure of segments
&-i: of polypeptide chains including, but not limited to, helices .
Eoo: such as a-helices, extended strands such as S-strands and
"..25 sheets of extended strands such as (-sheets.
i::: _ "Anti-Parallel (-Sheet:" As used herein "“anti-
?'": parallel (-sheet" refers to a secondary structure of a
?'J: polypeptide chain characterized by intermolecular backbone-
;;x:BO backbone hydrogen bonding between anti-parallel peptide
,3:} strands. A According to the usage herein, an
.o anti-parallel B-sheet may contain as few as six amino acid
residues (three amino acid residues per strand), and may
optionally contain interstrand disulfide linkages.
35 '
As used

"Amphiphilic Anti-Parallel (B-Sheet:"

herein, "amphiphilic anti-parallel pB-sheet" refers to an

anti-parallel (G-sheet wherein one surface has a net

-7 -
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hydrophobic character and another surface has a net
hydrophilic character. According to the usage herein, anti-
parallel B-sheets having a pair of amino acid residues
flanked by disulfide bridges are explicitly included in the
definition of "amphiphilic anti-parallel B-sheet." Thus,
sequences having the following formula are explicitly
included in the definition of "amphiphilic anti-parallel
B-sheet:"

ﬁl —X3 “ﬁs
| 2307%197215

wherein 2,, 2¢, Z,5 and Z,, are each_ independently a cysteine-
like amino acid; X, is a hydrophobic amino acid; X;q is a
hydrophobic or small amino acid; and |- is a disulfide
linkage. '

"Reverse-Turn:" As used herein, '"reverse-turn"

refers to a characteristic secondary structure that links
adjacent strands of an anti-parallel [(-sheet. Typically, a
"'reverse-turn" is a two to four amino acid residue peptide
segment that reverses the direction of a polypeptide chain so
as to allow a single polypeptide chain to adopt an anti-
parallel B-sheet conformation. Such peptide segments are
well known in the art and include, by way of example and not
limitation, three amino acid residue y-turns (Rose et al.,
1985, Adv. Protein Chem. 37:1-109; Wilmer-white et al., 1987,
Trends Biochem. Sci. 12:189-192; Wilmot et al., 1988, J. Mol.

'Biol. 203:221-232; Sibanda et al., 1989, J. Mol. Biol.

206:759-777; Tramontano et al., 1989, Proteins: Struct.

Funct. Genet. 6:382-394) and four amino acid residue B-turns,

as described below.
~ The term "reverse-turn" also includes peptidomimetic

moieties that mimic the structures of peptide reverse-turns.

"Reverse-Turn Sequence:" As used herein, '"reverse-

turn sequence" refers to the primary structure of a
reverse-turn. Thus, for a peptide reverse-turn, ‘“reverse-
turn sequence" refers to the primary structure of the

reverse—-turn peptide segment. For a peptidomimetic reverse-

-8 -
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turn, "reverse-turn sequence" refers to the chemical formula

of the reverse-turn peptidomimetic moiety.
“"f-Turn:'" As uéed herein, "fS-turn" refers to a
recognized sub-class of reverse-turns. Typically, a "gB-turn"
is a four amino acid residue peptide segment that reverses
the direction of a polypeptide chain so as to allow a single
polypeptide chain to adopt an anti-parallel f-sheet secondary
structure. Generally, the two internal amino acid residues
of the (-turn are not involved in the hydrogen-bonding of the
B-sheet; the two amino acid residues on either side of the
internal residues are included in the hydrogen-bonding of the
B~-sheet.

all types of peptide f-turns commonly known in the art

The term "B-turn" expressly includes

including, but not limited to, type-I, type-II, type-III,
type-1‘, type-II’ and type-III1‘’ fB~turns (see, Rose et al.,
1985, Adv. Protein Chem. 37:1-109; Wilmer-White et al., 1987,
Trends Biochem. Sci. 12:189-192; Wilmot et al., 1988, J. Mol.
Biol. 203:221-232; Sibanda et al., 1989, J. Mol. Biol.
206:759-777; Tramontano et al., 1989, Proteins: Struct.
Funct. Genet. 6:382-394), as well as peptidomimetic [-turns,
including, among other, those described in Giannis and
Kolter, 1993, Agnew. Chem. Intl. Ed. Eng. 32:1244-1267; Kahn
et al., 1988, J. Molecular Recognition 1:75-79; and Kahn anc

Chen, 1987, Tetrahedron Lett. 28:1623-1626).

“"S—Turn Sequence:'" As used herein, "fB-turn
sequence" refers to the primary structure of a B-turn. Thus,
for a peptide (-turn, "B-turn sequence" refers to the primary

structure of the peptide (-turn segment. For a

peptidomimetic (-turn, "fB-turn sequence" refers to the

chemical formula of the (-turn peptidomimetic moiety.

As used

"Antimicrobially Effective Amount:"
herein, "antimicrobially effective amount" refers to an
amount of cyclic peptide (or composition thereof) that 1is
biostatic or biocidal against a target microbe. More

specifically, an antimicrobially effective amount of peptide

-9
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refers to an amount of peptide that inhibits the growth of,
or is lethal to, a target microbe.

"Therapeutically Effective Amount" As used herein,
"therapeutically effective amount" refers to an amount of

cyclic peptide (or composition thereof) effective to 4
ameliorate the symptoms of, or ameliorate, treat or prevent

microbial infections or diseases related thereto in both

plants and animals.

"Pharmaceutically Acceptable Salt:" As used
herein, "pharmaceutically acéeptable salt" refers to those
salts which substantially retain the antimicrobial activity
of the free bases and which are obtained by reaction with
inorganic acids.

5.2 Detailed Description of the Preferred Embodiments

A The present invention provides cyclic peptides
having antimicrobial activity, compositions comprising the
cyclic peptides, methods of using the cyclic peptides (or
compositions thereof) to inhibit the growth of or kill a wide
variety of microbial targets and methods of using the cyclic
peptides (or compositions thereof) to treat or prevent

microbial infections and diseases related thereto in both

‘plants and animals.

The peptides of the invention exhibit broad spectrum

“antimicrobial activity, being biostatic or biocidal against a

wide range of microbial. targets, including but not limited
to, Gram-negative bacteria such as Escherichia coli,
Pseudomonas aeruginosa, Klebsiella ssp., and Hemophilus
influenza; Gram-positive bacteria such as Enterococcus
faecium, Staphylococcus aureus, the viridans group of
streptococ¢ci including Streptococcus salivarius and
Streptococcus mitis; Streptococcus pneumonia; and yeast such
as Candida albicans, Candida glabrata and Candida kruseil.
Significantly, the cyclic peptides described herein are
biostatic or biocidal against clinically relevant pathogens

exhibiting multi-drug resistance such as, among others,

- 10 -
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vancomycin-resistant Enterococcus faecium ("VRE"),
penicillin-resistant Streptococcus pneumoniae ("PRSP") and
methicillin-resistant Staphylococcus aureus (“MRSA").

The cyclic peptides of the invention (or compositions
thereof) are useful as biocidal or biostatic agents in a wide
variety of applications. For example, the peptides can be
used to disinfect or preserve a variety of materials
including medical instruments, foodsfuffs, medicaments,
cosmetics and other nutrient-containing materials. The
cyclic peptides of the invention are particularly useful as
bacteriostatic or bactericidal agents against multi-~-drug-
resistant pathogens such as VRE and MRSA in a variety of
clinical settings.

The cyclic peptides, or compositions thereof, are also

useful for the prophylaxis or treatment of microbial

infections and diseases related thereto in both plants and
animals. Such diseases include, but are not limited to,
Gram—-negative and Gram-positive bacterial infections,
endocarditis, pneumonia and other respiratory infections,

urinary tract infections, systemic candidiasis, oral

_mucositis, etc.

. The peptides described herein provide significant
advantages over traditional antibiotics and/or nonfcyclized
antimicrobial peptides. For example, as the cyclic peptides
described herein are related to antimicrobial peptides found
naturally in plants, insects and animals, it is believed that
the relatively high frequency of resistance observed for

traditional antibiotics will not be observed for the cyclic

peptides described herein. Additionally, the cyclic peptides

- described herein are more resistant to proteolytic cleavage

and therefore have a longer serum and/or gut half-life than
non-cyclized antimicrobial peptides, thereby providing
greater potential for oral administration and lower dosage
levels. Lastly, cyclization confers structural stability to
the peptide, oftentimes leading to improved efficacy and
concomitant lower théfébeutic costs as compared to non-

cyclized analogues.

-1 -
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5.2.1 The Peptides
Generally, the cyclic peptides of the
invention have the formula:

K26 X277 X872 ~Xp (X3 Xy )n~ (X5 ) n~Zg ~Xq -Xg ~Xg\

(1) X35 ) %10
%24 - 11
X237X227X217 2207 X197 (X187 X17) m~ (X16) n=215X147%X137X7 5

The designation X, in each case represents an amino acid
at the specified position in the peptide. Similarly, the
designation Z, represents an amino acid at the specified
position and further represents those positions in the
peptide which may optionally contain amino acid residues
capable of forming disulfide interliﬁiages.

As will be discussed in more detail below, certain
residues X,, X, ;1 etc. taken together comprise specified
secondary structures. Some of these structures can be
obtained with organic molecules that mimic the peptide
secondary structure ('"peptidomimetic moieties'"). In these
cases, the specified designations X, X,,;, etc. may also
refer, when taken together, to the peptidomimetic moieties.

As the peptides of the invention are cyclic and
therefore do not have amino or carboxy termini, it is to be
understood that the relative positions of X, and Z; in the

peptides of formula I have been arbitrarily assigned:for

‘purposes of illustration and ‘discussion only. The specified

positions do not carry independent significance.

The amino acid residues denoted by X, or z, may be the
geneticélly encoded L-amino acids, naturally occurring non-
genetically encoded L-amino acids, synthetic L-amino acids or
D-enantiomers of all of the above. The amino acid notations
used herein for the twenty genetically encoded L-amino acids
and common. non—-encoded amino acids are conventional and are
as follows: '

=12 -
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One-Letter Common
Amino Acid Symbol Abbreviation

Alanine A Ala
Arginine R Arg
Asparagine ~ N Asn
Aspartic'acid D Asp
Cysteine C Cys
Glutamine Q Gln
Glutamic acid E Glu
Glycine G Gly
Histidine H His
Isoleucine I Ile
Leucine L Leu
Lysine K Lys
Methionine M Met
Phenylalanine 'F Phe
Proline P Pro
Serine S Ser
Threonine T Thr
Tryptophan W Tro
Tyrosine Y Tyr
Valine v Val
3-alanine bala
2,3~-diaminopropionic Dpr
acid
a-aminoisobutyric acid Aib
N—methylglycine MeGly
(sarcosine)
Ornithine o Oorn
Citrulline Cit
t-butvlalanine t~BuAi
t-butvlglvcine t-BuG
N-methylisoleucine Melle
ohenyvlglycine Phg
cyclohexylalanine' Cha
Norleucine Nle
2-naphtnylalanine 2-Nal
4-chlorophenylalanine Phe(4-Cl)
2-fluorophenvlalanine Phe(2~7)

- 13 -
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One-Letter Common
Amino Acid Symbol Abbreviation
3—fluo:opﬁénylalanine Phe(3-F)
4-fluorophenylalanine Phe(4-F)
Penicillamine Pen
1,2,3,4—tet}ahydro— Tic
isoquinoline-3-
carboxvlic acid
B-2-thienylalanine Thi
Methionine sulfoxide MSO
Homoarginine hArg
V'N?acétyl lysine AcLys
2,4-diamino butyric A,BU
acid ,
p—aminophenylalanine Phe (pNH, )
N-methylvaline MeVal
Homocysteine hCys
Homoserine hSer
e~amino hexanoic acid Aha
S—-amino valeric acic Ava
2,3-diaminobutyric acid DBU

The cyclic peptides described herein are partially

defined in terms of amino acid residues of designated

classes. The amino acids are generally categorized into

three main classes, hydrophilic amino acids, hydrophobic

amino acids, and small amino acids, depending primarily on

.Lthe characteristics of the amino acid side chain. These main
‘classes are further divided into subclasses. Hydrophilic
amino acids include amino acids having acidic, basic or polar
side chains and hydrophobic amino acids include amino acids
having‘aroﬁatic or apolar side chains. As will be discussed
more thoroughly below, the class of small amino acids
includes amino acids having either polar or apolar side
chains, but wherein the side chain does- not contribute
significantly to the net properties of the peptide. The
definitions of the classes of amino acids as used herein are
as follows: R
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"Hydrophobic Amino Acid" refers to an amino acid having
a side chain that is uncharged at physiological pH and that.
is repelled by aqueous solution so as to seek the inner
positions in the conformation of a peptide in which it is

contained when the peptide is in agqueous medium.

"Aromatic Amino Acid" refers to a hydrophobic amino acid
having a side chain containing at least one ring having a
conjugated m-electron system (aromatic group). Genetically
encoded aromatic amino acids include phenylalanine, tyrosine
and tryptophan. Non-genetically encoded aromatic amino acids
include phenylglycine, 2-naphthylalanine, ﬁ—z-thienylalanine,
1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid, 4-chloro-
phenylalanine, 2-fluorophenylalanine, 3-fluorophenylalanine
and 4-fluorophenylalanine.

"Apolar Amino Acid" refers to a hydrophobic amino acid
having a side chain that is uncharged at physiological pH.
Genetically encoded apolar amino acids include leucine,
valine, isoleucine and methionine. Non-genetically encoded
apolar amino acids include t-butylalanine, t-butylglycine,
N-methylisoleucine, norleucine, N-methyl valine and
cyclohexylalanine. i

 "Hydrophilic Amino Acid" refers to an amino acid having
a side chain that is attracted by aqueous solution so as to
seek the surface positions in the conformaﬁion of a peptide
in which it is contained when the peptide is in aqueous
medium at physiological pH. ‘

"Acidic Amino Acid" refers ‘to a hydrophilic amino acid

having a side chain pK value of less than 7. Acidic amino

acids typically have negatively charged side chains at

- physiological pH due to loss of a hydrogen ion. Genetically

encoded acidic amino acids include aspartic acid (aspartate)
and glutamic acid (glutamate).
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“"Basic Amino Acid" refers to a hydrophilic amino acid
having a side chain pK value of greater fhan 7. Basic amino
acids typically have positively charged side chains at
physiological pH due to association with hydronium ion.
Genetically encoded basic amino acids include the non-cyclic
amino acids arginine and lysine and the cyclic amino acid
histidine. Non-genetically encoded basic amino acids include
the non-cyclic amino acids ornithine, 2,3-diaminopropionic

acid, 2,4-diaminobutyric acid and homoarginine.

"Polar Amino Acid" refers to a hydrophilic amino acid

having a side chain that is uncharged at physiological pH,
but that is not sufficiently repelled by aqueous solutions so
as to seek inner positions in the conformation of a peptide
in which if is contained when the peptide is in aqueous
medium. Genetically encoded polar amino acids include
asparagine and glutamine. Non-genetically encoded polar
amino acids include citrulline, N-acetyl lysine'and

methionine sulfoxide.

"Small Amino Acid" refers to an amino acid having a side

chain which is not sufficiently large to confer significant
hydrophobicity or hydrophilicity to the peptide. Small amino

acids are those with side chains having four or fewer carbons

when the side chain contains at least one polar group, and
three or fewer carbons when the side chain does not contain a
polar group. Genetically encoded small amino acids include
glycine, serine, alanine and threonine. fhe gene—-encoded
secondary imino acid proliné is also designated as a small
amino acid, although it 1s known to affect the secondary
conformation of peptide chains. Non-genetically encoded
small amino acids include (-alanine, N-methyl glycine

(sarcosine) and c—-aminoisobutyric acid.

"Cysteine-Like Amino Acid" refers to an amino acid

‘having a side chain capable of participating in a disulfide

linkage. Thus, cysteine~lig¢ amino acids generally have a
side chain containing at least one thiol (SH) group.
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Genetically encoded cysteine-like amino acids include
cysteine. Non-genetically encoded cysteine-like amino acids

include hbmocysteine and penicillamine.

As will be appreciated by those having skill in the art,
the degree of attraction or repulsion required for
classification as polar, apolar or small is somewhat
arbitrary. For example, while both serine and threonine
contain polar hydroxyl groups these residues are classified
as small amino acids, as their side chains do not confer
significant overall hydrophilicity to the peptides of the
invention. Amino acids not specificéily named herein can be
readily classified into the above-defined categories on the
basis of known behavior as compared with amino acids
specifically identified. - .

Certain commonly encountered amino acids which are not
genetically encoded of which the peptides of the invention
may be composed include, but are not limited to, B-alanine
(b-Ala) and other omega-amino acids such as 3-aminopropionic
acid, 2,3-diaminopropionic acid (Dpr), 4-aminobutyric acid
and so forth; e—-aminoisobutyric acid (Aib); e-aminohexanoic
acid (Aha); é§-aminovaleric acid (Ava); N-methylglycine or
sarcosine (MeGly); ornithine (Orn); citrulline (Cit);
t-butylalanine (t-Bud); t-butylglycine (t-BuG);
N¥methy1isoleuciﬂe (MeIle); phenylglycine (Phg);
cyclohexylalanine (Cha); norleucine (Nle); 2-naphthylalanine
(2-Nal); 4-chlorophenylalanine (Phe(4-Cl)); )
2-fluorophenylalanine (Phe(2-F)); 3-fluorophenylalanine
(Phe (3-F)); 4-fluorophenylalanine (Phe(4-F)); penicillamine
(Pen); 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid
V(Tic); B-2-thienylalanine (Thi); methionine sulfoxide (MSO);
homodarginine (hArg); N-acetyl lysine (Aclys); -2,3-
‘diaminobutyric acid (DBU); 2,3-diaminobutyric acid (A,BU);
p-aminophenylalanine (Phe(pNH,)); N-methyl valine (MeVal);
homocysteine (hCys) and homoserine (hSer). These amino acids
also fall conveniently into the categories defined above.

The classifications of the above-described genetically -

encoded and non=encoded amino acids are summarized in Table
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1, below. It is to be understood that Table 1 is for
illustrative purposes only and does not purport to be an
exhaustive list of amino acid residues that may comprise the
cyclic peptides described herein.

Table 1
Classification Genetically Encoded Non-Genetically
Encoded
Hydrophobic
Aromatic F, Y, W Phg, Nal, Thi, Tic, Phe(4-
Cl), Phe(2-F), Phe(3-F),
Phe(4-F)
Apolar L, vV, I, M t-BuA, t-BuG, Melle, Nle,
MeVal, Cha
Hydrophilic
Acidic D, E
Basic H, K, R Dpr, Orn, hArg, Phe(p-NH,),
DBU, A,BU
Polar Q, N Cit, AcLys, MSO
Small 's, T, G, A, P bAla, MeGly, Aib, hSer
Cysteine-Like B c - Pen, hCys
In the peptides of formula I, the symbol "—" between

amino acid residues A, and/or Z, generally designates a
backbone interlinkage. Thus, the symbol "-" usually
designates an amide linkége (—C(O)—NH). It is to be
understood, however, that in all of the cyclic peptides of
the invention one or more amide-linkages may optionally be
replaced with a linkage other than amide. Such linkages
include, but are not limited to, -CH,NH-, -CH,S-, -CH,CH,,
-CH=CH- (cis and trans), -C(O)CH,-, —CH(OH)CH,- and -CH,SO-.
- Peptides having such linkages and methods for preparing
such peptides afe well-known in the art (see, e.g., Spatola,
1983, Vega Data 1(3) (general review); Spatola, 1983,
"Peptide Backbone Modifications" In: Chemistry and

Biochemistry of Amino Acids Peptides and Proteins (Weinstein,

ed.), Marcel Dekker, New York, p. 267 (general review);

Morley, 1980, Trends Pharm. Sci. 1:463-468; Hudson et al.,

1979, Int. J. Prot. Res. 14:177-185 (-CH,NH-, —CHZCHz—);

Spatola et al., 1986, Life Sci. 38:1243-1249 (-CH,-S); Hann,
1982, J. Chem. Soc. Perkin Trans. I. 1:307-314 (-CH=CH-, cis
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and trans); Almquist et al., 1980, J. Med. Chem. 23:1392-1398
(-COCH,~-); Jennings-White et al., Tetrahedron. Lett. 23:2533

(-COCH,-); European Patent Application EP 45665 (1982)

CA:97:39405 (~CH(OH)CH,-); Holladay et al., 1983, Tetrahedron
Lett. 24:4401-4404 (-C(OH)CH,~); and Hruby, 1982, Life Sci.
31:189-199 (-CH,-S-). ' -

As will be discussed in more detall below, in the loop
region of the peptide the interlinkage designated by "—'" may
also be a linker. Typically, a linker is a bifunctional
molecule that spaces one amino acid residue from another
amino acid residue in the peptide. Such linkers, which may
be flexible, semi-rigid or rigid, are well-known in the art
and include polypeptides such as poly-Gly and poly-Pro,
bifunctional hydrocarbons such as aminocaproic acid, é-
aminovaleric acid and f-alanine, carbohydrates, nucleic
acids, and the like. |

Generally, the cyclic peptides of the invention are
comprised of about 10 to 30 amino acid residues. As will be
described in more detail below, certain amino acids or
segments of amino acids may optionally be replaced by
peptidomimetic moieties. The cyclic peptides are
characterized by three main structural elements or domains:
an amphiphilic anti-parallel (-sheet region, a f-turn region
and a loop region. The amphiphilic
anti-parallel (-sheet region comprises anti-parallel N- and
C-strands non—covalentiy linked together via backbone-
backbone hydrogen-bonds. Typically, alternating amino acid
residues on each strand participate in interstrand hydrogen-
bonds (for a detailed description of the structure of f-

sheets the reader is referred to Creighton, 1993, Proteins:

Structures and Molécular Properties, W.H. Freeman and
Company, New York, and references cited therein). 1In thé
peptides of formula I, amino acid residues X27:X28—21—X2*(X3—
X4)m— (Xg) ,~Z¢—X;-Xg cCOmprise the N-strand and residues X,,-X,,-
250 %X19= (X137 X19) m~ (X16) a=2,5-X14-X,3 comprise the C-strand.
Each strand is composed of about 3 to 11 amino acids
residues, with‘each strand having the same number of

residues. Bs will be discussed in more detail below, the N-
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and C-strands may optionally be covalently linked via one or
two disulfide bridges.

The [-sheet region of the cyclic peptides described
herein is generally amphiphilic, 1i.e., one surface of the
f-sheet has a net hydrophobic character and the other surface
has a net hvdrophilic character. The B-sheet
structure can have = the side chains of L-amino

acid residues adjacent to one another intrastrand-wise

" (residues n, n+l, n+2, etc.) point in opposite directions so

as to be positioned on opposite surfaces of the f-sheet. The
side chains of L~amino acid residues adjacent to one ‘another
interstrand-wise (residues n and ¢, n+l and c+l1, etc.) point
in the same direction so as to be positioned on the same
surface of the (-sheet. Using this general structural motif
an amphiphilic antiparallel fB-sheet is obtained by selecting
amino acids at each residue position so as to yield a fB-sheet
having hydrophobic side chains positioned on one surface of
the sheet and hydrophilic side chains positioned on the
other. . *

Of course, it will be appreciated that as the surfaces
of the amphiphilic anti-parallel pB-sheet region need only
have net hydrophobic or net hydrophilic character, each side
chain comprising a particular surface need not be hydrophobic
or hydrophilic. The surfaces may contain side chains that do
not significantly alter the net character of the surface.

For example, both the hydrophobic and hydrophilic surfaces
may contain small amino acid side chains, as these side
chains do not significantly contribute to the net character .
of the surface.

In the peptides of formula I the amphiphilic anti-
parallel @-sheet region preferably has a characteristic
pattern of alternating hydrophobicAand hydrophilic amino
acids, such that when X, is a hydrophobic amino acid X5, X,
X,9. X,; and X,g are each independently a hydrophobic amino
acid or a small amino acid and X3, Xg, Xy3, Xig/ Xy and X,,
are each independently a hydrophilic amino acid or a small
amino acid and when X, is a hydrophilic amino acid X, Xp,,

X9, X5, and X,g are each independently a hydrophilic amino
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acid or a small amino acid and Xj, Xg, X;3, X;5, X5, and X4
are ceach indepehdently a hydrophobic amino acid or a small
amino acid. 2,, 24, 2,5 and Z,5 are each independently a
hydrophilic amino acid, a small amino acid or a cysteine-like
amino acid. Using this general structural motif one having
ordinary skill in the art can easily select amino acid
residues within the above-described classifications to obtain
an amphiphilic anti-parallel f-sheet region as defined
herein.

The (-sheet secondary structure can be
composed entirely of L-amino acids. Those having skill in
the art will recognize that substituting an L-amino acid with
1ts corresponding D-enantiomer at a specific residue position
may disrupt the structural stability or aﬁphiphilicity of
amphiphilic anti-parallel f-sheet region. The degree to
which any particular enantiomeric substitution disrupts the
structural stability or amphiphilicity depends, in part, on
the size of the amino acid side chain and position of the
residue within the [(-sheet. Preferably, the f-sheet region
of the peptides of formula I will contain mixtures of L- and
D-amino acids that do not significantly affect the stability
or amphiphilicity of the f-sheet region as compared to
peptides containing the corresponding all D- or all
L-enantiomeric forms of the sheet. Enantiomeric
substitutions that do not substantially affect the stability
or amphiphilicity of the f-sheet region will be readily
apparent to those having skill in the art.

In a preferred embodiment of the invention, hydrophobic,
hydrophilic and cysteine-like amino acids comprising the
B-sheet region are either all L-enantiomers or all
D-enantiomers. Small amino acids comprising the B-sheet
region may be either. L-enantiomers or D-enantiomers.

The (3-sheet region of the cyclic peptides of formula I
may contain from one to four cysteine-like amino acids.
Preferably, when present, cysteine—like amino acids occur in
pairs and participate in disulfide linkages or bridges.
Accordingly, the cyclic peptides of formula I may be mono-

cyclic, bi-cyclic or tri-cyclic. Tri-cyclic peptides of the
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invention contain two disulfide linkages, bi-cyclic peptides
contain one disulfide linkage and mono-cyclic peptides
contain no disulfide linkages. While the tri- and bi-cyclic
peptides of the invention include all poésible permutations
of disulfide bond formation, it is preferred that, when
present, disulfide linkages are formed between residues Z,
and Z,, and/or residues Z¢ and Z,;, respectively.

The sulfur atoms involved in an interstrand disulfide
bridge in a B-sheet are not positioned within the plane
defined by the interstrand backbone-backbone hydrogen-bonds;
the sulfur atoms are at an angle with respect to the
B-carbons of the bridged'amino acid residues so as to be
positioned on a surface of the fB-sheet. Thus, the sulfur
atoms of the disulfide linkages contribute to the net
hydrophilicity of a surface of the B-sheet. It is to be
understood that in the peptides of formula I a f-sheet region
defined by the following formula is specifically contemplated
to fall within the definition of amphiphilic antiparallel
sheet as described herein:

ﬁl R “ﬁs
2307%X197 215 :
wherein Z,, 24, Z,5 and Z,, are each independently a cysteine-
like amino acid; X, is a hydrophobic amino acid; X,q is a
hydfophobic or a small amino acid; and | is a disulfide
linkage. _

The B-turn region of the peptides of formula I (residues
Xg—X;9—X;;-X;, taken together) links the strands of the
amphiphilic anti-parallel B—shéet. The (-turn region may
comprise a peptide (-turn or a peptidomimetic fS-turn. Thus,
the B-turn region comprises a peptide or peptidomimetic
structure that reverses the direction of the polypeptide
chain so as to allow a region of the peptide to adopt an
anti¥parallel B-sheet secondary structure.

Wnen the (-turn region is a peptide B-turn, the B-turn
region may comprise any four amino acid residue peptide
segment known to adopt a fB-turn secondary structure in
proteins or peptides. In such structures, the two internal

amino acid residues of the turn are usually not involved in
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the hydrogen-bonding of the anti-parallel (-sheet; the two
amino acid residues on elther side of the internal residues

are usually included in the hydrogen-bonding of the f-sheet.

The conformations and sequences of many peptide B-turns
have been well-described in the art and include, by way of
example and not limitation, type-I, type-I’, type-II,
type-II’, type-I1I1I, type-III’, type-IV, type-V, type—V’,
type-VIa, type-VIb, type-VII and type-=VIII (see, Richardson,
1981, Adv. Protein Chem. 34:167-339; Rose et al., 1985, Adv.
Protein Chem. 37:1-109; Wilmot et al., 1988, J. Mol. Biol.

203:221-232; Sibanda et al., 1989, J. Mol. Biol. 206:759-777;

Tramontano et al., 1989, Proteins: Struct. Funct. Genet.

6:382-394). All of these types of peptide f-turn structures
and theif corresponding seguences, as well as later
discovered peptide (B-turn structures and segquences, are
specifically contemplated by the invention. 4

The specific conformations of short peptide turns such
as f-turns depend primarily on the positions of certain amino
acid residues in the turn (usually Gly, Asn or Pro).
Generally, the type-I f-turn is compatible with any amino
acid residue at positions Xg through X12/ except that Pro
cannot occur at position X;,. Gly predominates at position
X;, and Pro predominates at position Xio of both type-I and
type-II turns. Asp, Asn, Ser and Cys residues frequently
occur at position Xg, where their side chains often hydrogen-
bond to the NH of residue Xj;.

In type-II turns, Gly and Asn occur most frequently at

" position X,,, as they adopt the required backbone angles most

easily. Ideally, type-I’ turns have Gly at positions X,, and
Xy1, and type-II’ turns have Gly at position X,;. Type-III
turns generally can have most amino acid residues, but type-
IIT’ turns usually require Gly at positions X, and Xj;.
Type-VIa and VIb turns generally have a cis peptide bond and
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For a review of the different

types and sequences of B-turns in proteins and peptides the
reader is referred to Wilmot et al., 1988, J. Mol. Biol.

203:221-232.

Preferred peptide f[-turn sequences of the invention

include those typically found in the defensin and (-defensin

‘classes of peptides.

Such peptide fB-turn sequences incld&é?

but are not limited to, the following (sequences are listed

ARTE
GFRE
GNRG
LPRE
RFGE
SYRE
AFLK
AGIR
APRV
FONR
GFRS
HFGG
IFGR
- IGGR
IPIR
IRGV
ISGR
IWGR
LWGR
RFPY
RFYL
RGFL
RGGI
RGWI
RGWV
RIGA
RIPA
RIPI
RIPV
RLVF
RTSS
TTRT
VPIR
VWGR
GPRI
GPRV

GRAV

GRPV
INRG
LLNR

~ LNGR
LPNR
RNGG

(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ

(SEQ.

(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ
(SEQ

ID
ID
ID
1D
ID
ID
iD
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
ID
1D
ID
ID
ID

NO:1)
NO:2)
NO:3)
NO:4).
NO:5)
NO:6)
NO:7)
NO:8)
NO:9)
NO:10)
NO:11)
NO:12)
NO:13)
NO:14)
NO:15)
NO:16)
NO:17)
NO:18)
NO:19)
NO:20)
NO:21)
NO:22)
NO:23)
NO:24)
NO:25)
NO:26)
NO:27)
NO:28)
NO:29)
NO:30)
NO:31)
NO:32)
NO:33)
NO:34)
NO:35)
NO:36)
NO:37)
NO:38)
NO:39)
NO:40)
NO:41)
NO:42)
NO:43)
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RNPL (SEQ ID NO:44

)
YQGR (SEQ ID NO:45)
FQHR (SEQ ID NO:46)
KGRE (SEQ ID NO:47)
RARG (SEQ ID NO:48)
RRTE (SEQ ID NO:49)
IRGR (SEQ. ID NO:50)
KGHL (SEQ ID NO:51)
RFHL (SEQ ID NO:52)
RKSG (SEQ ID NO:53)
RPRV (SEQ ID NO:54)
RRAL (SEQ ID NO:55)
RRFS (SEQ ID NO:56)
RRGS (SEQ ID NO:57)
RSRG (SEQ ID NO:58)
RSTR (SEQ ID NO:59)
RTGR (SEQ ID NO:60)
RTRG (SEQ ID NO:61)
YRGR (SEQ ID NO:62)
RKNG (SEQ ID NO:63)
RNKG (SEQ ID NO:64)
KRRE (SEQ ID NO:65)
RKRG (SEQ ID NO:66)
" RRRF (SEQ ID NO:67)
RRTR (SEQ ID NO:68)

Alternatively, the B-turn region may comprise an organic
molecule or moiety that mimics the structure of a peptide
f-turn. Such B-turn peptidomimetic moieties, as well as
methods for synthesizing peptides contalning such moieties,
are well known in art, and include, among others, those

described in Giannis and Kolter, 1993, Agnew. Chem. Intl. Ed.

Eng. 32:1244-1267; Kahn et al., 1988, J. Molecular

Recognition 1:75-79; and Kahn et al., 1987, Tetrahedron Lett.
28:1623-1626.

Like the B-turn region, the loop region of the peptides
of formula I'(residues4X23—X24—X25—X26 taken together)
connects the anti-parallel strands of the anti-parallel
B-sheet region. The loop region may be comprised of amino
acids or peptidomimetic moieties.

Typically, the loop region comprises a peptide segment
that is two, three or four amino acid residues in length
(residues X,, and X, are each independently present or
absent). Each amino acid residue'XQE, Xo4: Xpg5 and X, 1s

independently a hydrophilic, awpydrophobic or a small amino
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acid. Preferably, the loop region comprises a two, three or
four amino acid residue reverse-turn seqguence. Such
reverse-turns are well-known in the art and include, by way
of example and not limitation, three amino acid residue

Y-turns (Rose et al., 1985, Adv. Protein Chem. 37:1-109;

Wilmer-White et al., 1987, Trends Biochem. Sci. 12:189-192;
Wilmot et al., 1988, J. Mol. Biol. 203:221-232; Sibanda et
al., 1989, J. Mol. Biol. 206:759-777; Tramontano et al.,
1989, Proteins: Struct. Funct. Genet. 6:382-394) and four

amino acid residue 3-turns, as described above.

In addition to the f-turn sequences listed above (SEQ ID
NOS: 1-68), preferred amino acid sequences for the loop
region of the peptides of the invention include, but are not

limited to the following (listed in the order X,;-X;,-X5c-

X28)
GFGE (SEQ ID NO:70)
GSGE (SEQ ID NO:71)
IAGE (SEQ ID NO:72)
LPLE (SEQ ID NO:73)
PWSE (SEQ ID NO:74)
VSGE (SEQ ID NO:75)
YSTE - (SEQ ID NO:76)
IGGV (SEQ ID NO:77)
IPIS (SEQ ID NO:78)"
- TWGV (SEQ ID NO:79)
VWGA (SEQ ID NO:80)
VWGI (SEQ ID NO:81)
VWGV (SEQ ID NO:82)
INGV (SEQ ID NO:83)
TNGG (SEQ ID NO:84)
VNGA (SEQ ID NO:85)
VNGV (SEQ ID NO:86)
WNMG (SEQ ID NO:87)
GPQI (SEQ ID NO:88)
VPW (SEQ ID NO:89)
VGW (SEQ ID NO:90)
LPF , (SEQ ID NO:91)
RGW (SEQ ID NO:92)
WAL (SEQ ID NO:93)
VRW - (SEQ ID NO:94)
VRL (SEQ ID NO:95)

Alternatively, the loop region may comprise
peptidomimetic moieties -that mimic -the structures of reverse-
turns. Such péptidomimetics include, e.g., structures that
minic peptide fB-turns, as previously described.
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As previously mentioned, in the loop region of the
peptides of formula I the designation "-" may represent, in
addition to a backbone interlinkage, a linker. Such linkers
may be useful in situations where amino acid reéidues
comprising the loop region are under significant
conformational strain when connected via an amide bond or
where they are relatively far apart, such as when residues
X,4 and/or X,5; are absent. When present, preferred linkers
are flexible bifunctional hydrocarbons and ethers such as
HO,C- (CH,) ,~X and HO,C- (CH,-0-CH,) -X where X is NH,, OH or SH
and n is 3, 4 or 5. Other suitable linkers and methods for
synthesizing peptides containing such linkers will be
apparent to those having skill in the art.

The cyclic péptides of the invention are generally
basic, i.e., they have a net positive charge at physiological
pH. It is understood that in a statistical collection of
individual amino acid residues in a structure such as a
peptide some of the amino acid residues will be positively
charged, some negatively charged and some uncharged. Thus,
some of the peptides will have a net charge and some not. To
‘fit the definition of "basic," an excess of amino acids in
the peptide molecule are positively charged at physiological
pH. 1In preferredAembodimenté, at least about 15% to 50% of
the amino acid residues comprising the peptides of formula I
are basic amino acids.

while not intending to be bound by theory, it is
believed that the presence of a positively charged amino acid
residue in either the fB-turn region or loop region of the
molecule is important for antimicrobial activity. It is also
believed that having a positively charged amino acid residue
in either of these regibhs of the molecule provides the
peptides with improved efficacy against antibiotic-resistant
strains of bacteriai Thus, at least one amino acid residue
in either the loop region or the f-turn region of the peptide
is a basic amino acid residue. 1In preferred embodiments,
both the f-turn region and the loop region contain at least
one basic amino acid residue.
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Oof course, it is to be undexrstood that in embodiments
containing peptidomimetic moieties in both the B-turn and
loop regions of the molecﬁle, either or both-of the
peptidomimetic moieties will have a net positive charge at
physiological pH. '

Thus, "in one illustrative embodiment, the peptides of
formula I are defined as follows:

K267 X297 X272y Xy —(X3 =Xy )= (X5 )n=25 —X5 ~Xg -Xg,

(1) X2s | X10
X24 - X11
MXp3-X227X51-%90 X109~ (X18=X17) n~ (X16) n=215X14~X13-X1 5

wherein m=0,1,2 and n=0,1 with the proviso that when
m=2, n=0;

Xo1s X9, Xg4, Xp5, Xp9 and X,g are each independently
present or absent; )

X, and X,, are either both present or both absent;

Xg and X;; are either both present or both absent;

Xor X30 Xgo Koo X9, Xgy Xiys Xyae e X190 Xyge Xyor oy
X505, X, and X,g are each independently a hydroppobic amino
acid, a hydrophilic amino acid or a small amino acid, with
the provisos that (i) when X, is a hydrophobic amino acid X5,
Xi4, X19, X5p and Xég are each independently a hydrophobic
amino acid or a small amino acid and Xj3, Xg, Xj3, X;g, X5, and
X,7 are each independently -a.hydrophilic amino acid or a
small amino acid; and (ii) when X, is a hydrophilic amino
acid X%, X14, Xj19. X351 @and X,g are each independently a
hydrophilic amino acid or a small amino acid and X;, Xg, Xj3,
Xi8+ X5, and X,, are each- independently a hydrophobic amino
acid or a small amino acid;

X53, X94, Xp5 and X,; taken together are a loop;

2y, 2¢, 2,5 @and Z,, are each independently a hydrophilic
amino acid, a small amino acid or a cysteine-like amino acid;

Xg, X0, X;; and X,, taken together are a f-turn;

at least one of Xq, Xjg, Xy3. X135, Xp3, Xg4, Xpg Or X,¢ iS
a basic amino acid; and '

wherein the peptide has a net positive charge at

physiological pH.
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Preferred peptides of formula I are as follows:

cyclo (SVRGFRVRGF) (SEQ ID NO:100)
cyclo (SVR*GFSVR*GF) (SEQ ID NO:101)
cyclo (FVRSYVLRSV) (SEQ ID NO:102)
cyclo (FVPRYVLPRV) (SEQ ID NO:103)
cyclo (YVRGFVFGRV) (SEQ ID NO:104)
cyclo [CVRRYCLWRGV) (SEQ ID NO:105)
cyclo (CVTRYCLWRGV) (SEQ ID NO:106)
cyclo (CVRTYCLRGW) (SEQ ID NO:107)
cyclo (CVPRYCLWRGV) (SEQ ID NO:108)
cyclo (CVRRYCLGRW) (SEQ ID NO:109)
cyclo (CVRRYCLGW) (SEQ ID NO:110)
cyclo (CVR*RYCLWRGW) (SEQ ID NO:111)
cyclo (CRRRFCYDLWRGV-Dpr-V) (SEQ ID NO:112)
cyclo (CV-Dpr-RPRFDYCLWRGV) (SEQ ID NO:113)
cyclo (CV-Dpr-RPRFDYCLPRW) (SEQ ID NO:114)
cyclo (Dpr—-VDRPRF-Dpr-YDLWRGV) (SEQ ID NO:115)
cyclo (SVOGFSVOGF) (SEQ ID NO:116)
cyclo (FVGOYVLGOV) (SEQ ID NO:117)
cyclo (FVGOYVWPOV) (SEQ ID NO:118)
cyclo (YVRGFVFGOV) (SEQ ID NO:119)
cyclo (YVOGFVFOGV) (SEQ ID NO:120)
cyclo (CYSOYCLWOGV) (SEQ ID NO:121)
cyclo (CVPOYCLWOGV) (SEQ ID NO:122)
cyclo (CVOOYCLWOGF) (SEQ ID NO:123)
cyclo (SVKGFKVKGF) (SEQ ID NO:124)
cyclo (FVGKYVLGKV) (SEQ ID NO:125)
cyclo (FVGKYVWPKV) (SEQ ID NO:126)
cyclo (YVKGFVFGKV) (SEQ ID NO:127)
cyclo (YARGFVFGKV) (SEQ ID NO:128)
cyclo (CVKKYCLWKGV) (SEQ ID NO:129)
cyclo (CVSKYCLWKGV) (SEQ ID NO:130)
cyclo (CVSKY¥CLGW) (SEQ ID NO:131)
cyclo (CVPKYCLKGW) (SEQ ID NO:132)
cyclo (CGFRSCVGRWL) (SEQ ID NO:133)
cyclo (CIRGVCLWKGY) (SEQ ID NO:134)
cyclo (CGFRSCVGRW) (SEQ ID NO:135)
cyclo (CRGVCWRGY) (SEQ ID NO:136)

The sequences are presented from residue Z; to X;g. The
prefix "cyclo" indicates the peptides are cyclic. Residues
followed with an asterisk (e.g., R") are D-enantiomers.

In a preferred embodiment of the invention the peptides
of formula I are characterized by a f-sheet region having two

- disulfide linkages and an odd number of amino acid residues
between the cysteine-like amino acids on each strand.

Thus, in one preferred embodiment, the cyclic peptides
of formula I are characterized by a  f-sheet region containing
an invariant conformation of two disulfide linkages (between’
residues Z, and Z,, and residues Z; and Z,, respectively) and
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a segment of ten amino acid residues (fiQe amino acids per
B-sheet strand) between the disulfide linkages. The ten-
amino acid segment is chafacterized by an altérnating pattefn
of hydrophobic and hydrophilic amino acids. In this
preferred embodiment, the cyclic peptides of the invention
have the formula:

s X267X277 X287 21 ~Xp ~(X3 =Xy Jn26 g\
(11) X2s | X10
X24 | RS
T X337Xp27 X217 2207 X197 (X187 X17) m~ 2157 X1

wherein m=2;

E designates a disulfide linkage;

X510 X9y, X54, X535, X549 and X,g are each ipdependentlyv
present or absent;

X, 1s a hydrophobic amino acid;

X3, X718, X5, and X,; are each independently a hydrophilic
amino acid or a small amino acid;

Xar X997, X19, X5y and X,g are each independently a
hydrophobic amino acid or a small amino acid;

X3, X4+ ¥55 and X,g taken together are a loop;

Z,, Zg, 2,5 and Z,, are each cysteine, homocysteine or
penicillamine;

X9, Xq0. X;; and X,, taken together are a B—tufn;

at least one of Xg, Xy Xy1/ X33/ X33, X4, X5g Or Xy¢ is
a basic amino acid; and

wherein the peptide has a net positive charge at
physiological pH.

In another preferred embodiment, the cyclic peptides of
formula I are characterized by a B-sheet region containing an
invariant conformation of two disulfide linkages (between
residues 2z, and 2,5 and residues 2 and Z,5, respectively) and
a segment of siXx amino acid residues (three amino acids per

. B?sheet strand) between the disulfide linkages. The six-
amino acid segment is characterized by an alternating pattern

of hydrophobic and hydrophilic amino acids.
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" Thus, in another preferred embodiment the cyclic
"peptides of the invention have the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>