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PEPTIDE-BASED QUORUM SENSING
INHIBITORS FOR THE ATTENUATION OF
VIRULENCE IN STAPHYLOCOCCUS AUREUS

STATEMENT REGARDING GOVERNMENT
SUPPORT

This invention was made with government support under
N00014-07-1-0255 awarded by the NAVY/ONR. The gov-
ernment has certain rights in the invention.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of and claims the benefit
of copending U.S. application Ser. No. 13/792,977, filed Mar.
11, 2013, which is hereby incorporated by reference in its
entirety to the extent not inconsistent with the disclosure
herewith.

BACKGROUND OF THE INVENTION

Many bacteria utilize small molecule or peptidic signals to
assess their local population densities in a process termed
quorum sensing (QS). [1-3] This chemical signaling process
effectively allows bacteria to “count” themselves and behave
as a group at high cell number. While the specifics may vary
between species, QS circuits share general organizing prin-
ciples: bacteria produce, secrete, and detect signal molecules
referred to as autoinducers. At high population densities in a
given environment, the autoinducers will reach a sufficiently
high concentration to bind and activate their cognate (intrac-
ellular or extracellular) receptors. Signal:receptor binding
then alters the expression of genes involved in bacterial group
behaviors, such as swarming, sporulation, bioluminescence,
conjugation, biofilm formation, and virulence factor produc-
tion. [4-6] These phenotypes can have widespread and some-
times devastating effects on human health, agriculture, and
the environment.[7, 8] For example, pathogenic bacteria uti-
lize QS to launch synchronized attacks on their hosts only
after they have achieved a high cell density, thereby over-
whelming the defense mechanisms of the host.[9-11] As sev-
eral prevalent human pathogens (e.g., Staphylococcus
aureus) use QS to control virulence, QS has received consid-
erable recent attention as a new anti-infective target.[12]
There has been significant interest in the development of
non-native ligands (e.g., small molecule and peptides)
capable of blocking QS pathways. In contrast to antibiotics,
which target bacterial pathways that are essential for survival,
QS antagonists provide an alternative anti-infective therapy
that does not place selective pressure on the bacterial popu-
lation to develop resistance.[13, 14] This is especially impor-
tant in the case of S. aureus, which rapidly develops resistance
to antibiotics, including resistance to the once last-resort anti-
biotic vancomycin.[15]

S. aureus is a Gram-positive bacterium that uses QS to
establish both acute and chronic infections.[16, 17] This
pathogen produces an impressive arsenal of virulence factors,
including tissue-degrading enzymes, immune evasion fac-
tors, and pore-forming toxins (hemolysins), all of which are
regulated by the accessory gene regulator (agr) QS system.
[18-20] The agr system has four components, termed AgrA-
D, as illustrated in FIG. 1A, and is centered on the autoinduc-
ing peptide (AIP) QS signal. AgrB is an integral membrane
endopeptidase that converts the precursor of the AIP signal,
AgrD, to the mature AIP. This conversion involves cyclization
of AgrD via a cysteine sulfhydryl group and its C-terminus to
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2

form the AIP as a 16-atom thiolactone macrocycle with an
N-terminal exocyclic tail (shown in FIG. 1B). AgrB is also
involved in the secretion of AIP across the cell membrane.
Once a threshold concentration of AIP is reached in a given
environment, the AIP ligand binds to its target receptor AgrC,
a transmembrane histidine kinase. The AIP:AgrC complex
acts to phosphorylate the response regulator, AgrA. Phospho-
rylated AgrA then binds to the P2 and P3 promoters to auto-
induce the agr system and upregulate RNAIII transcription.
[21] RNAIII thus represents the main effector of the agr
system and regulates the expression of many virulence factors
and surface proteins associated with biofilm production.[22]

There is a hypervariable region within the S. aureus agr
operon that has led to the classification of four agr specificity
groups of S. aureus (I-1IV) with distinct AIP and AgrC
sequences.[23-25] The structures of the four AIP signals
(I-IV) are shown in FIG. 1B. The four AIP signals have a
conserved 16-atom thiolactone macrocycle, and AIPs I and
IV share a nearly identical primary sequence, while AIP-I1
and AIP-IIT have more dissimilar primary sequences.

The four different agr groups have been correlated with
specific disease types: group-I and -1I are associated with the
majority of invasive infections,[26-28] while group-IV is
considered rare and limited to exfoliative toxin-related syn-
dromes8 26] Group-II1 S. aureus has recently been reported to
be the most abundant group in nasal carriage cases and to be
predominately responsible for toxic shock syndrome (TSS) in
humans.[26, 27] Toxic shock syndrome toxin-1 (TSST-1) is
the causative agent all cases of menstrual TSS and most cases
of nonmenstrual TSS.[26, 29] Notably, TSST-1 production is
directly regulated by the agr-I11 QS system (FIG. 1A).[18, 29,
30] Methods to inhibit the agr-III system in S. aureus could
provide new insights into and therapeutic strategies for this
deadly disease.

QS is dependent on autoinducer:receptor binding, and the
development of chemical agents capable of blocking this
binding event have been a focus of considerable research.[31-
33] Both small molecules and macromolecules have been
utilized to block native autoinducer binding, largely in Gram-
negative bacteria.[34, 35] Such abiotic agents can be useful in
anti-infective treatments.[36-38] The development of small
molecules that affect AgrC signaling in S. aureus has pro-
ceeded more slowly.

Janda et al. [35, 44] have recently reported a complimen-
tary strategy based on antibodies that sequester the AIP ligand
away from AgrC and effectively “quench” QS in group-1V S.
aureus. McCormick and co-workers have reported that natu-
rally occurring cyclic dipeptides produced by Lactobacillus
reuteri can modulate the agr system in S. aureus.[29]

Early studies of the AgrC systems reported that each of'the
native AIPs were capable of cross-inhibiting the other three,
non-cognate receptors.[23, 45-47] This activity was sug-
gested to provide each group some competitive advantage
when establishing an infection, and to explain in part the
predominance of a single S. aureus group in many infection
types.[23, 48] Given the prevalence of group-I and -II systems
in clinically relevant infections, AIP-1 and AIP-II have so far
received the most scrutiny for the design of AgrC modulators.
[24, 45, 46, 49-52]

Studies by Muir, Novick, Williams, and co-workers exam-
ined the structure activity relationship (SAR) of AIP-I and
AIP-II, [53-55] and reported certain non-native mimetics of
these peptides that were capable of inhibiting both their cog-
nate and non-cognate AgrC receptors in S. aureus. There are
two components to AIP: AgrC interactions: initial recognition
and induction of an allosteric response that drives activation.
The core AIP-II macrocycle was reported to be important for
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recognition because linear native peptides and mimetics of
AIP-II were completely inactive.[45] In addition, these stud-
ies reported that the two structural elements of AIPs, the
macrocycle and the exocyclic tail, are responsible for AgrC:
AIP recognition and AgrC activation, respectively. [ 55] Inter-
actions of AIPs with non-cognate AgrC receptors were
reported to be inhibitory, namely through AIP: AgrC recogni-
tion, alterations to the exocyclic tails did not significantly
affect cross-inhibition. The AIP macrocycle alone is reported
sufficient for cross-group inhibitory activity. Within the AIP-I
and AIP-II macrocycles, the hydrophobic residues at the
C-termini were reported to be essential for cognate and non-
cognate AgrC recognition.[24, 45, 49] Consistent with these
observations, Muir et al. reported several potent and global
inhibitors of all four AgrC receptors.[49] The most active
inhibitor was reported to be a truncated version of AIP-I that
lacked an exocyclic tail and had an aspartic acid to alanine
mutation in the macrocyclic core (tAIP-1 D2A):

tAIP-I D2A

Peptidomimetics are a powertul tool for studying and under-
standing SARs of peptides and proteins. [67] Modifications
can be introduced to gather information regarding the impor-
tance of specific amide and hydrogen bonds within a peptide
backbone and to identify conformational restrictions and
structural elements important to overall activity while simul-
taneously enhancing pharmacological properties. [68-73]
Peptidomimetics, with enhanced metabolic stability and per-
meability, can be useful as drug leads. [67, 74] For instance,
N-methyl amino acids and N-substituted glycine derivatives
(peptoids) can be inserted into or formed into peptides gen-
erating fully or partially N-methylated peptides, peptoids or
peptide-peptoid (peptomer) hybrids which can be used to
provide valuable SAR insights.
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-continued
Ry

Ry (€]
I
N
N
H
peptomer

For example, Muir and co-workers [51] performed a N-me-
thyl scan of the truncated version of AIP-II pointing to the
utility of such studies for AIP SAR.

The SARs that dictate the activity of AIP-I1I remain largely
unknown, and mimetics thereof are yet to be reported.

AIP-III

exocyclic tail macrocycle

Molecules which affect QS in group-1I1 S. aureus are of
particular interest because of the prevalence of infections of
these group-I1I species in human TSS.

SUMMARY OF THE INVENTION

This invention provides compounds that are useful for
bacterial interference. The invention provides compounds
that are useful in the treatment of bacterial infection and
related conditions. More specifically the invention provides
compounds that are useful in the treatment of “staph” infec-
tions (infections caused by Staphylococcus bacteria) and par-
ticularly infections of Staphylococcus aureus.

The invention provides compounds that affect quorum
sensing (QS) in Staphylococcus aureus and related Staphylo-
coccus species (e.g., S. epidermidis). More specifically the
invention provides compounds which modulate one or more
of the four AgrC receptors of Staphylococcus species, par-
ticularly of Staphylococcus aureus. Modulation includes
inhibition or activation of one or more of these four AgrC
receptors.

The invention provides compounds which inhibit one or
more of the four AgrC receptors of Staphylococcus species,
particularly of Staphylococcus aureus. In specific embodi-
ments, compounds which inhibit three or four of the AgrC
receptors are provided. In additional embodiments, com-
pounds which inhibit all four of the AgrC receptors are pro-
vided. In yet additional embodiments, compounds which
inhibit all four of the AgrC receptors with picomolar IC,,
values are provided.
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The invention provides compounds which activate one or
more of the four AgrC receptors of Staphylococcus species,
particularly of Staphylococcus aureus. In specific embodi-
ments, the invention provides compounds which activate
AgrC-111.

Certain compounds of the invention block hemolysis by
wild-type Staphylococcus aureus, which is a virulence phe-
notype under the control of QS. Certain compounds of the
invention block hemolysis by wild-type Staphylococcus
aureus at picomolar levels. Certain compounds of the inven-
tion reduce TSST-1 production levels in a wild-type Staphy-
lococcus aureus group-111 strain. Certain compounds of the
invention reduce TSST-1 production levels in a wild-type
Staphylococcus aureus group-111 strain by over 80%.

In specific embodiments, compounds of the invention are
useful for the treatment of infections involving Staphylococ-
cus aureus group-111 strains and particularly for the treatment
of Toxic shock syndrome.

In specific embodiments, compounds of the invention
modulate biofilm formation by Staphylococcus species, par-
ticularly Staphylococcus aureus and more particularly Sta-
phylococcus aureus group-111 strains.

The invention provides compounds of formula I:

Ry

0 /]\
)j\ Iz NR¢
Rs N Y
Ryo
0 7—N Ry
Ry

and salts thereof where:

L is a divalent linker moiety 3 to 10 atoms in length;

Z. is a divalent linker moiety 3 to 14 atoms in length;

R, and R, are independently selected from hydrogen, an
optionally substituted alkyl group having 1-6 carbon atoms,
an optionally substituted aryl group or an optionally substi-
tuted heteroaryl group;

R and R, are independently selected from hydrogen, an
optionally substituted alkyl group having 1-8 carbon atoms,
an optionally substituted aryl group or an optionally substi-
tuted heteroaryl group; where, when R, is a group other than
hydrogen or a methyl group, R, is a hydrogen or a methyl
group and when R, is a group other than hydrogen or a methyl
group, R is a hydrogen or a methyl group;

R,, is hydrogen or a methyl group;

Rs is an optionally substituted alkyl group having 1-8 carbon
atoms, an optionally substituted aryl group, an optionally
substituted heteroaryl group, an optionally substituted het-
erocyclic or Ry is:

H,N—CHR,,—, H,N—CHR ,—CO—NR, ,—, H,N—
CHR,,—CO—NR,,—CHR,,—, R;s—CO—NR ,—,
orR;s—CO—NR,,—CHR,, where each R, , is hydro-
gen, an optionally substituted alkyl group having 1-6
carbon atoms, an optionally substituted aryl group or an
optionally substituted heteroaryl group; R, is hydro-
gen, an optionally substituted alkyl group having 1-8
carbon atoms, an optionally substituted aryl group or an
optionally substituted heteroaryl group; and R 5 is an
optionally substituted alkyl group having 1-8 carbon
atoms, an optionally substituted aryl group or an option-
ally substituted heteroaryl group where, when R is
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H,N—CHR,,—CO—NR, ,— and R, , is a group other
than hydrogen or a methyl, R, is hydrogen or a methyl
group.

The term “atoms in length” refers to the shortest number of
atoms directly bonded between the points of attachment of L
and 7 in the formulas herein. If there are two or more possible
ways to calculate the number of atoms bonded between the
attachment points, the shortest number of atoms is that which
is intended to be limited by the recited range.

Substitution when present includes substitution with one or
more non-hydrogen groups selected an from halogen,
hydroxyl, alkyl having 1-3 carbon atoms, amino-substituted
alkyl having 1-4 carbon atoms, alkoxy having 1-3 carbon
atoms, amino, alkylamino having 1-3 carbon atoms, dialkyl
amino where the alkyl group has 1-3 carbon atoms, aryl,
haloalkyl having 1-3 carbon atoms, phenyl, benzyl, phenoxy,
benzyloxy, oxo (—O), sulthydryl, alkylthio having 1-3 car-
bon atoms, —CO,R where R is hydrogen or an alkyl having
1-3 carbon atoms, —COR, where R is H or an alkyl having
1-3 carbon atoms, —CO—NR,, where each R is indepen-
dently hydrogen or alkyl having 1-3 carbon atoms, azido
(N;—), nitro, cyano, isocyano, thiocyano, or isothiocyano.
Substitution of aryl or heteroaryl groups include substitution
in which substituents on two ring atoms together with the ring
atom or atoms to which they are attached form a 5-8 member
ring which can contain 0 (carbocyclic) or 1-3 heteroatoms
(particularly N, O or S).

Substitution of alkyl groups includes substitution with one
ormore optionally substituted aryl groups, heteroaryl groups,
carbocyclic groups or heterocyclic groups, where substitution
if present includes substitution with one or more halogens,
hydroxyls, alkyl groups, amino, alkylamino or dialkyl amino
groups.

In specific embodiments, L is a divalent moiety —(CH,),,
where 1 is 3-8 and one, two or three of the —CH,— moieties
therein are optionally replaced with O, S, CO, or —NH—,
and/ora—CH,—CH,—therein is optionally replaced with a
double bond, a phenylene moiety or a cyclohexylene moiety.

In specific embodiments, [. is —(CH,), ,—S—CO—,
*(CH2)1-4404CO*5 *(CH2)1.4*NH4CO*5
—(CH,), ,—O—(CH,), ,—CO—, —(CH,), +—CO—,
—CO—(CH,), ,—CO—, or —CH,—NHCONH—CH,—.

In more specific embodiments, [ is —CH,—X—CO—,
where X is, S, O or NH.

In more specific embodiments, L is —CH,—S—CO—, or
—CH,—CH,—S—CO—.

In specific embodiments, Z is selected from:

(1) a—NRy—(CH,),—CO— linker, where n is 1 to 9;

(ii) a —NRy—(CH,),—CO—NR,—CH(R,)—CO—
linker; or

(i) a —NRy—CH[R,)—CO—NR,—CH(R,)—CO—
linker,

wherein R; is hydrogen, an optionally substituted alkyl group
having 1-6 carbon atoms, an optionally substituted aryl
group, an optionally substituted heteroaryl group or an
optionally substituted heterocyclic group;

R, is hydrogen, or an optionally substituted alkyl group hav-
ing 1-3 carbon atoms;

R, and R, are independently selected from hydrogen, an
optionally substituted alkyl group having 1-8 carbon atoms,
an optionally substituted aryl group, an optionally substituted
heteroaryl group, or an optionally substituted heterocyclic
group; wherein

when R is a group other than hydrogen or a methyl group, R
is a hydrogen or a methyl group and when R, is a group other
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than hydrogen or a methyl group, R, is a hydrogen or a methyl
group. In specific embodiments, n is 1-7 or n is 2-6, n is 5-8,
nis 5-7 ornis 3.

In specific embodiments R is an aryl-substituted alkyl
group. In specific embodiments R, is an aryl-substituted
methyl group. In specific embodiments R; is an optionally
substituted benzyl group. In specific embodiments R; is a
4-OH-substituted benzyl group. In specific embodiments, R
is a heteroaryl-substituted alkyl group. In specific embodi-
ments, R; is an indoyl-substituted alkyl group. In specific
embodiments R, is an aryl-substituted alkyl group. In specific
embodiments Ry is an aryl-substituted methyl group. In spe-
cific embodiments Ry is an optionally substituted benzyl
group. In specific embodiments Ry is a 4-OH-substituted
benzyl group. In specific embodiments, Ry is a heteroaryl-
substituted alkyl group. In specific embodiments, Ry is an
indoyl-substituted alkyl group.

In specific embodiments, Z is —NH—(CH,)—CO—,
where nis 1-7, nis 1-5, nis 1 or n is 2. In specific embodi-
ments, Z is —NR,—CHR,)—CO—NR,—CH(R;)—
CO—. In specific embodiments, R, is a hydrogen and Ry is a
group other than a hydrogen. In specific embodiments, R, is
a hydrogen and R, is a group other than a hydrogen. In
specific embodiments, Rg is a hydrogen or a methyl group and
R, is an optionally substituted aryl group or an optionally
substituted heteroaryl group. In specific embodiments, Ry is a
hydrogen or a methyl group and R, is an optionally substi-
tuted alkyl group having 1-3 carbon atoms.

In specific embodiments, Z is:

e

In specific embodiments, R, is hydrogen and Ry is inde-
pendently selected from an optionally substituted alkyl group
having 1-8 carbon atoms, an optionally substituted aryl group
or an optionally substituted heteroaryl group. More specifi-
cally Ry is an optionally substituted aryl group. More specifi-
cally Ry is an optionally substituted phenyl group. More spe-
cifically Ry is an aryl or heteroaryl-substituted alkyl group.
More specifically Ry is an aryl or heteroaryl-substituted
methyl group. More specifically, Ry is an unsubstituted alkyl
having 1-6 carbon atoms, a benzyl, a 4-OH benzyl, a (1H-
indo-3-yl)methyl, or a (5-OH-1H-indo-3-yl)methyl. In spe-
cific embodiments, Rg or R, can be a substituted phenyl ring
or benzyl ring in which two ring substituents together form a
5- or 6-member saturated or unsaturated ring having 1 or 2
nitrogens, oxygens or both. In specific embodiments, Rg or R,
can independently be piperonyl groups.

In specific embodiments, R, is hydrogen, or an optionally
substituted alkyl group having 1-3 carbon atoms; and R, is an
optionally substituted alkyl group having 1-8 carbon atoms,
an optionally substituted aryl group or an optionally substi-
tuted heteroaryl group. In an embodiment, Rg and R, are both
hydrogens. In an embodiment, R, is hydrogen or methyl and
R, is hydrogen, methyl, or —CH,—COOH. In an embodi-
ment, R, is hydrogen, methyl or —CH,—COOH and R, is
hydrogen or methyl. In an embodiment, R, and R, are inde-
pendently alkyl groups having 2-6 carbon atoms and R, and
R, are hydrogens.

The invention provides a method for regulating virulence
in Staphylococcus which comprises the step of contacting the
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bacterium or a biofilm of said bacterium with one or more
compounds of formulas I, IA or II. In specific embodiments,
virulence is attenuated.

In a specific embodiment, the invention provides a method
of inhibiting biofilm formation or for dispersing an already
formed biofilm by contacting the bacterium or biofilm with a
compound of formula I. In a specific embodiment, the inven-
tion provides a method of inhibiting biofilm formation or for
dispersing an already formed biofilm by contacting the bac-
terium or biofilm with a compound of formula III.

In another aspect, the invention provides an improved
solid-phase synthesis protocol for the synthesis of certain
cyclic peptides that involves a chemoselective thiol-thioester
exchange in the macrocyclization step. This method is illus-
trated in examples herein and is useful for the synthesis of
compounds of this invention.

The invention provides pharmaceutical compositions com-
prising a pharmaceutically effective amount of one or more of
the compounds of formulas herein and a pharmaceutically
acceptable carrier. In specific embodiments, the one or more
compounds exhibit activation of an AgrC receptor. In specific
embodiments, the one or more compounds exhibit activation
of the AgrC receptor. In specific embodiments, the one or
more compounds exhibit inhibition of an AgrC receptor. In
specific embodiments, the invention provides pharmaceutical
compositions comprising a pharmaceutically -effective
amount of two or more of the compounds of formulas herein
and a pharmaceutically acceptable carrier. In a specific
embodiment, the invention provides pharmaceutical compo-
sitions comprising a pharmaceutically effective amount of
two or more of the compounds of formulas herein and a
pharmaceutically acceptable carrier wherein the two or more
compounds exhibit differences in inhibition or activation of
the AgrC receptors. More specifically, in such compositions
the two or more compounds exhibit group-selective inhibi-
tion for one or more of the AgrC receptors.

Other embodiments and aspects of the invention will
become apparent on review of the following detailed descrip-
tion, drawings and examples.

BRIEF DESCRIPTION OF THE FIGURES

FIGS. 1A-B provides a schematic illustration of the agr
quorum sensing circuit in S. aureus. (FIG. 1A) (a) The pre-
cursor peptide AgrD is processed by AgrB. (b) The mature
AIP signal is secreted across the cell membrane. (¢) AIP binds
the extracellular domain of AgrC. (d) The histidine kinase
domain of AgrC phosphorylates AgrA. (e) AgrA binds the P2
and P3 promoters to autoactivate the agr system and upregu-
late RNAIII transcription. (f) In selected S. aureus strains,
RNAIII promotes the production of toxic shock syndrome
toxin-1 (TSST-1). FIG. 1B provides the structures and
sequences of the four AIP signals (IIV) corresponding to the
four S. aureus groups.

FIGS. 2A-2D provides a set of four competition dose
response agonism curves (A-D) for the native AIPs (I-IV) in
the presence of AIP-III D4A at 2 nM (group-I (2A) and
group-11 (2B)) or 0.3 nM (group-111 (2C) and group-IV (2D))
in the group-I-IV fluorescence reporter strains. Error bars
indicate standard error of the mean of triplicate values.

FIG. 3 is a graph illustrating attenuation of TSST-1 pro-
duction in wild-type group-IIl S. aureus (MNS8) using
selected compounds of the invention. Bacteria were either
untreated (black bar, 1), treated with AIP analogs at 10 nM
(light gray bars, 2) or 1 nM (white bars, 3), or treated with
previously reported cyclic dipeptides at 100 uM (dark gray
bars, 4). TSST-1 concentrations are presented as percentage
of the TSST-1 concentration in untreated cultures.

FIG. 4 illustrates exemplary peptidomimetics of this inven-
tion.

FIG. 5 illustrates exemplary compounds of this invention
of formula V.
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DETAILED DESCRIPTION OF THE INVENTION

This invention is based at least in part on the synthesis of
structural variants of the AIP-III cyclic peptide and assess-
ment of the activity of API-III structural variants for modu-
lation of one or more of the four AgrC receptors of Staphy-
lococcus aureus. Structural variants include those generated
by alanine, D-amino acid, N-methylated amino acid and pep-
toid scans of AIP-I1I. Additional structural variants examined
include double- and triple mutated variants, amino-truncated
and amino-elongated variants. Compounds have been identi-
fied which inhibit one or more of the AgrC receptors and more
specifically which inhibit all four of the AgrC receptors at
picomolar IC,, values. Compounds which inhibit AgrC
receptors also blocked hemolysis by wild-type S. aureus
group I-IV strains. AgrC receptor inhibitors were also iden-
tified which attenuated the production of toxic shock syn-
drome toxin-1 (TSST-1), a QS phenotype in group III S.
aureus infections. Compounds which exhibit group-selective
inhibition of only one or two agr QS groups were also iden-
tified. Additionally, compounds which activate the AgrC-III
receptor were identified.

The invention provides compounds of formula I:

R,

o )\
)I\ 17 NRg
R N 0.
Ryo
O 7—N R,
R;

and salts thereof where:

L is a divalent linker moiety 3 to 6 atoms in length;

Z. is a divalent linker moiety 3 to 10 atoms in length;

R, and R, are independently selected from hydrogen, an
optionally substituted alkyl group having 1-6 carbon atoms,
an optionally substituted aryl group or an optionally substi-
tuted heteroaryl group;

R¢ and R, are independently selected from hydrogen, an
optionally substituted alkyl group having 1-8 carbon atoms,
an optionally substituted aryl group or an optionally substi-
tuted heteroaryl group; where, when R, is a group other than
hydrogen or a methyl group, R, is a hydrogen or a methyl
group and when R, is a group other than hydrogen or a methyl
group, R is a hydrogen or a methyl group;

R,, is hydrogen or a methyl group; and

Rs is an optionally substituted alkyl group having 1-8 carbon
atoms, an optionally substituted aryl group, an optionally
substituted heteroaryl group or Ry is:

H,N—CHR, ,—, H,N—CHR ,—CO—NR,,—, H,N—
CHR,,—CO—NR,,—CHR,,—, R;—CO—NR, ,—,
or R;s—CO—NR,,—CHR,,—, where each R, is
hydrogen, an optionally substituted alkyl group having
1-6 carbon atoms, an optionally substituted aryl group or
an optionally substituted heteroaryl group; R, , is hydro-
gen, an optionally substituted alkyl group having 1-8
carbon atoms, an optionally substituted aryl group or an
optionally substituted heteroaryl group; and R, is an
optionally substituted alkyl group having 1-8 carbon
atoms, an optionally substituted aryl group or an option-
ally substituted heteroaryl group where, when R is
H,N—CHR,,—CO—NR, ,— and R, is a group other
than hydrogen or a methyl, R, is hydrogen or a methyl
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In specific embodiments, Ry is an alkyl having 1-3 carbon
atoms. In specific embodiments, R, is hydrogen, a methyl
group or a —CH,—CO—NH, group. In specific embodi-
ments, R, is amethyl group. R, , is hydrogen, a methyl group
ora—CH,—CO—NH, group and R, is methyl. In specific
embodiments, R, is the dipeptidyl moiety A-A-, I-A-, A-N-,
or I-NMeN.

The term “atoms in length” refers to the shortest number of
atoms directly bonded between the points of attachment of L
and 7 in the formulas herein. If there are two or more possible
ways to calculate the number of atoms bonded between the
attachment points, the shortest number of atoms bonded
between the two points is that which is intended to be limited
by the recited range. For example, the linker —CO—
(CH,);—CO— is 7 atoms in length (the —O atoms are not
directly bonded between the points of attachment.

Compounds of the invention do not include the naturally
occurring AIP-1, AIP-II, AIP-III or AIP-IV peptides. Com-
pounds of the invention do not include tAIP-I D2A. In a
specific embodiment, the compound of the invention is not
the cyclic thioester (C-A-F-LL).

The invention also provides compounds of formula [A:

NR6
R10 S f

and salts thereof, where variable are as defined for formula I
above.

In a specific embodiment, of formula I or IA, Rgand R, are
both H and R, and R, are alkyl groups having 3 to 6 carbon
atoms. In a specific embodiment of formula IA, Z is

Y

More specifically in this embodiment, R; is hydrogen, an
optionally substituted alkyl group having 1-6 carbon atoms,
an optionally substituted aryl group or an optionally substi-
tuted heteroaryl group; R, is hydrogen, or an optionally sub-
stituted alkyl group having 1-3 carbon atoms; and R, and Ry
are independently selected from hydrogen, an optionally sub-
stituted alkyl group having 1-8 carbon atoms, an optionally
substituted aryl group or an optionally substituted heteroaryl
group; wherein when R is a group other than hydrogen or a
methyl group, Ry is a hydrogen or a methyl group and when
R, is a group other than hydrogen or a methyl group, R, is a
hydrogen or a methyl group. More specifically in this
embodiment, Ry and R, are both hydrogens. More specifi-
cally in this embodiment, R, is hydrogen or methyl and R, is
hydrogen, methyl, or —CH,—COOH. More specifically in
this embodiment, R, is hydrogen, methyl or —CH,—COOH
and R, is hydrogen or methyl. More specifically in this
embodiment, R, is hydrogen or methyl and R is hydrogen, an
unsubstituted alkyl having 1-6 carbon atoms, a benzyl, a
4-OH benzyl, a (1H-indo-3-yl)methyl, or a (5-OH-1H-indo-

.||IZCJ
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3-yDmethyl. More specifically in this embodiment, Ry is an
unsubstituted alkyl having 1-6 carbon atoms, a benzyl, a
4-OH benzyl, a (1H-indo-3-yl)methyl, or a (5-OH-1H-indo-
3-yDmethyl, and R; is hydrogen or methyl. More specifically
in this embodiment, R, and R, are independently alkyl groups
having 2-6 carbon atoms and R, and R, are hydrogens.

The invention provides compounds of formula ITA:

where L, Rs, and R, are as defined above;

Rg, R, Ry and R, are independently selected from hydrogen
or methyl;

R, and R, are selected from unsubstituted alkyl groups having
3-6 carbon atoms;

R, is an unsubstituted alkyl group having 1-3 carbon atoms;
and

R, is an optionally substituted aryl group, an optionally sub-
stituted heterocyclic group or an alkyl having 1-3 carbon
atoms substituted with an optionally substituted aryl or an
optionally substituted heteroaryl or optionally substituted
heterocyclic group, where substitution if present is substitu-
tion with one or more halogens, or —OH groups.

In specific embodiments of formula ITA, L is —CH,—X—
CO—, where X is S, N or O.

In specific embodiments of formula IIA, L is —CH,—S—
CO—.

In specific embodiments of formula IIA, R, is a methyl
group.

In specific embodiments of formula IIA, R, is an alkyl
having 1-3 carbon atoms substituted with an optionally sub-
stituted aryl or an optionally substituted heteroaryl or option-
ally substituted heterocyclic group.

In specific embodiments of formula I[IA, R is an unsubsti-
tuted alkyl having 1-6 carbon atoms, a benzyl, a 4-OH benzyl,
a (1H-indo-3-yl)methyl, or a (5-OH-1H-indo-3-yl)methyl
group.

The invention provides compounds of formula IIB:

Rio
07 rN ReN
K O

where [, Rs, and R, are as defined above for formulas I and
IA;

R, R, and R, are independently selected from hydrogen or
methyl;
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R, and R, are selected from alkyl groups having 3-6 carbon
atoms;

R, is an optionally substituted alkyl group having 1-3 carbon
atoms, where substitution if present is substitution with one or
more halogens, —OH, or —COON; and

Ry is an optionally substituted aryl group, an optionally sub-
stituted heterocyclic group or an alkyl having 1-3 carbon
atoms substituted with an optionally substituted aryl or an
optionally substituted heteroaryl or optionally substituted
heterocyclic group, where substitution, if present, is substi-
tution with one or more halogens, or —OH groups.

In specific embodiments of formula IIA or IIB, Ry is an
alkyl having 1-3 carbon atoms. In specific embodiments, R,
is hydrogen, a methyl group or a—CH,—CO—NH, group.
In specific embodiments, R, , is a methyl group. R, , is hydro-
gen, a methyl group ora—CH,—CO—NH, groupand R , is
methyl. In specific embodiments, Ry is the dipeptidyl moiety
A-A-, I-A-, A-N-, or -lNMeN.

In specific embodiments of formula 1B, L. is —CH,—X—
CO— where X is S, N or O.

In specific embodiments of formula IIB, L is —CH,—S—
CO—.

In specific embodiment of formula IIB, Ry is an alkyl
having 1-3 carbon atoms substituted with an optionally sub-
stituted aryl or an optionally substituted heteroaryl or option-
ally substituted heterocyclic group.

In a specific embodiment of formula IIB, Ry is an alkyl
group having 1-3 carbon atoms, Ry and R, are independently
hydrogen or methyl, and R is an optionally substituted aryl or
an optionally substituted heteroaryl and more specifically R,
is benzyl, 4-OH-benzyl, or indoyl.

The invention provides compounds of formula III:

R,
o )\
)I\ - NR¢
R N 0.
Ryg
(@) 7—N Ry
Ry

wherein R, R, L and Z are as defined as above; and
R,, R,, R4 or R, selected from hydrogen or an alkyl group
having 3-6 carbon atoms, wherein one or both of R, and Rg
are an alkyl group having 3-6 carbon atoms and if Ry is an
alkyl group, then R, is hydrogen and if R, is an alkyl group
then R, is hydrogen.

In specific embodiments of formula III, L is —CH,—S—
CO—.

In specific embodiments of formula III, R or R, is a 2-me-
thyl propyl group.

In specific embodiments of formula II1, Z is:

(1) a—NRy—(CH,),—CO— linker, where n is 1 to 7;

(i) a —NRy,—CH,),—CO—NR—CH(R;)—CO—

linker; or
(i) a —NRs—CH(R,)—CO—NR—CH(R;)—CO—
linker,

wherein R; is hydrogen, an optionally substituted alkyl group
having 1-6 carbon atoms, an optionally substituted aryl group
or an optionally substituted heteroaryl group;
R, is hydrogen, or an optionally substituted alkyl group hav-
ing 1-3 carbon atoms; and
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R, and Ry are independently selected from hydrogen, an
optionally substituted alkyl group having 1-8 carbon atoms,
an optionally substituted aryl group or an optionally substi-
tuted heteroaryl (or heterocyclic?) group; wherein when R is
a group other than hydrogen or a methyl group, Ry is a hydro-
gen or a methyl group and when R, is a group other than
hydrogen or a methyl group, R, is a hydrogen or a methyl
group.

In specific embodiments of formula III, Z is —NR,—CH
(R)—CO—NRz—CH(R;)—CO—; where
R, and R, are hydrogen or methyl groups; and
R; is an alkyl group having 1-3 carbon atoms optionally
substituted with an optionally substituted aryl, heterocyclic or
heteroaryl group; an optionally substituted aryl group, an
optionally substituted heteroaryl group or an optionally sub-
stituted heterocyclic group.

Inspecific embodiments of formula II1, one or both of R or
R, is a 2-methylpropyl group; and R; is a methyl or ethyl
group substituted with a phenyl, 5-OH-phenyl, a 1H-indo-3-
yl or a 5-OH-1H-indo-3-yl group.

In specific embodiments of formula III, L is —CH,—S—
CO—; R; is a benzyl or a 4-OH benzyl group; and R, is a
methyl or a —CH,—COOH group.

In specific embodiments of formula III, Ry is an alkyl
having 1-3 carbon atoms. In specific embodiments, R, is
hydrogen, a methyl group or a —CH,—CO—NH, group. In
specific embodiments, R, , is a methyl group. R, is hydro-
gen, a methyl group ora—CH,—CO—NH, groupandR, , is
methyl. In specific embodiments, R is the dipeptidyl moiety
A-A-, I-A-, A-N-, or I-NMeN.

The invention provides compounds of formula IV and IVA:

Ry Rge 0
N
0 Ro
)I\ y
Rs N NR;
- A
@) (@]
N (CHa)y
Rg
VA
Ry Re O
% _N
O / = Ra,
)I\ y ‘
Rs N NR,
Ryg
(@) @]

N (CHa),

8

where variables are as defined for formula I above andn is 1
to 7. In specific embodiments L. is [ is —CH,—X—CO—,
where X is S, O or NH. In more specific embodiments, L is
—CH,—S—CO—, or —CH,—CH,—S—CO—. In spe-
cific embodiments, R is an alkyl group having 1-3 carbon
atoms.

In specific embodiments of formula IV and IVA, n is 3,
R¢-Rg are hydrogen or methyl, R, is an alkyl having 1-6 or 4-6
carbon atoms, and R, is an alkyl group, particularly a methyl
group substituted with an optionally substituted aryl, an
optionally substituted heteroaryl, or an optionally substituted
heterocyclic group. In more specific embodiments, R, is a
methyl group substituted with an optionally substituted aryl
group. In more specific embodiments, R, is a methyl group
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substituted with an optionally substituted phenyl group. In
more specific embodiments, R, is a benzyl group. In specific
embodiments R is an alkyl group having 1-3 carbon atoms.

In specific embodiments of formula IV and IVA, n is 2,
R¢-Rg are hydrogen or methyl, R, is an alkyl having 1-6 or 4-6
carbon atoms, and R, is an alkyl group, particularly a methyl
group substituted with an optionally substituted aryl, an
optionally substituted heteroaryl, or an optionally substituted
heterocyclic group. In more specific embodiments, R, is a
methyl group substituted with an optionally substituted aryl
group. In more specific embodiments, R, is a methyl group
substituted with an optionally substituted phenyl group. In
more specific embodiments, R, is a benzyl group. In specific
embodiments R is an alkyl group having 1-3 carbon atoms.

In specific embodiments of formula IV and IVA, n is 5-7,
R¢-Rg are hydrogen or methyl, R, is an alkyl having 1-6 or 4-6
carbon atoms, and R, is an alkyl group, particularly a methyl
group substituted with an optionally substituted aryl, an
optionally substituted heteroaryl, or an optionally substituted
heterocyclic group. In more specific embodiments, R, is a
methyl group substituted with an optionally substituted aryl
group. In more specific embodiments, R, is a methyl group
substituted with an optionally substituted phenyl group. In
more specific embodiments, R, is a benzyl group. In specific
embodiments R is an alkyl group having 1-3 carbon atoms.

In specific embodiments of any formulas herein, Ry is an
alkyl group having 1-3 carbon atoms which is substituted
with an optionally substituted carbocyclic or heterocyclic
group. In a specific embodiment, the carbocyclic or hetero-
cyclic group has a 5- or 6-member ring which is saturated or
unsaturated and in which one or two ring carbons are —CO—
moieties. In a specific embodiment, Ry is:

where X is carbon or nitrogen and if X is carbon an additional
hydrogen is present to satisfy valence; and R20 is an option-
ally substituted alkyl group having 1-6 carbon atoms where
optionally substitution is substitution with one or more
hydroxyl, halogen, alkoxy, amino, alkylamino or dialky-
lamino groups.

In specific embodiments of any formula herein, R is the
dipeptidyl moiety A-A-, I-A-, A-N-, or [-NMeN.

In specific embodiments of any formula herein, R, is
hydrogen or methyl and R, is hydrogen, methyl, or —CH,—
COOH. In specific embodiments of any formula herein, R, is
hydrogen, methyl or —CH,—COOH and R, is hydrogen or
methyl. In specific embodiments of any formula herein, Ry is
hydrogen or methyl and R; is hydrogen, an unsubstituted
alkyl having 1-6 carbon atoms, a benzyl, a 4-OH benzyl, a
(1H-indo-3-y)methyl, or a (5-OH-1H-indo-3-yl)methyl. In
specific embodiments of any formula herein, R is an unsub-
stituted alkyl having 1-6 carbon atoms, a benzyl, a 4-OH
benzyl, a (1H-indo-3-yl)methyl, or a (5-OH-1H-indo-3-yl)
methyl, and R; is hydrogen or methyl. In specific embodi-
ments of any formula herein, R, and R, are independently
alkyl groups having 2-6 carbon atoms and Ry and R, are
hydrogens.
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The terms alkyl or alkyl group refer to a monoradical of a
straight-chain or branched saturated hydrocarbon. Alkyl
groups include straight-chain and branched alkyl groups.
Unless otherwise indicated alkyl groups have 1-8 carbon
atoms (C1-C8 alkyl groups) and preferred are those that con-
tain 1-6 carbon atoms (C1-C6 alkyl groups) and more pre-
ferred are those that contain 1-3 carbon atoms (C1-C3 alkyl
groups). Alkyl groups are optionally substituted with one or
more non-hydrogen substituents as described herein. Exem-
plary alkyl groups include methyl, ethyl, n-propyl, iso-pro-
pyl, cyclopropyl, n-butyl, s-butyl, t-butyl, n-pentyl,
branched-pentyl, n-hexyl, branched hexyl, all of which are
optionally substituted. Substituted alkyl groups include fully
halogenated or semihalogenated alkyl groups, such as alkyl
groups having one or more hydrogens replaced with one or
more fluorine atoms, chlorine atoms, bromine atoms and/or
iodine atoms. Substituted alkyl groups include fully fluori-
nated or semifluorinated alkyl.

Cycloalkyl groups herein preferably have 1 ring having 5-8
carbon atoms and preferably have 5 or 6 carbon atoms.
Cycloalkylene refers to divalent moieties derived formally
from cycloalkyl groups as described above by removal of an
additional hydrogen e.g., —(CsH,,)—, a cyclohexenyl.
Cycloalkylene, particularly cyclohexylene groups are often
employed in linkers.

An carbocyclic group is a group having one or more satu-
rated or unsaturated carbon rings. Carbocyclic groups, for
example, contain one or two double bonds. One or more
carbons in an carbocyclic ring can be —CO— groups. car-
bocyclic ¢ groups include those having 3-12 carbon atoms,
and optionally replacing 1 or 2 carbon atoms with a —CO—
group and optionally having 1, 2 or 3 double bonds. Carbocy-
clic groups include those having 5-6 ring carbons. Carbocy-
clic groups can contain one or more rings each of which is
saturated or unsaturated. Carbocyclic groups include bicyclic
and tricyclic groups. Preferred carbocyclic groups have a
single 5- or 6-member ring. Carbocyclic groups are option-
ally substituted as described herein. Specifically, carbocyclic
groups can be substituted with one or more alkyl groups.
Carbocyclic groups include among others cycloalkyl and
cycloalkenyl groups.

A heterocyclic group is a group having one or more satu-
rated or unsaturated carbon rings and which contains one to
three heteroatoms (e.g., N, O or S) per ring. These groups
optionally contain one, two or three double bonds. To satisfy
valence requirement, a ring atom may be substituted as
described herein. One or more carbons in the heterocyclic
ring can be —CO— groups. Heterocyclic groups include
those having 3-12 carbon atoms, and 1-6, heteroatoms,
wherein 1 or 2 carbon atoms are replaced with a —CO—
group. Heterocyclic groups include those having 3-12 or 3-10
ring atoms of which up to three can be heteroatoms other than
carbon. Heterocyclic groups can contain one or more rings
each of which is saturated or unsaturated. Heterocyclic
groups include bicyclic and tricyclic groups. Preferred Het-
erocyclic groups have 5- or 6-member rings. Heterocyclic
groups are optionally substituted as described herein. Specifi-
cally, heterocyclic groups can be substituted with one or more
alkyl groups. Heterocyclic groups include those having 5-
and 6-member rings with one or two nitrogens and one or two
double bonds. Heterocyclic groups include those having 5-
and 6-member rings with an oxygen or a sulfur and one or two
double bonds. Heterocyclic group include those having 5- or
6-member rings and two different heteroatom, e.g., N and O,
O and S or N and S. Specific heterocyclic groups include
among others among others, pyrrolidinyl, piperidyl, piperazi-
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nyl, pyrrolyl, pyrrolinyl, furyl, thienyl, morpholinyl,
oxazolyl, oxazolinyl, oxazolidinyl, indolyl, triazoly, and tri-
azinyl groups.

Heterocyclene refers to a divalent species formally derived
from a heterocylic group as described above by removal of a
hydrogen.

Aryl groups include groups having one or more 5- or
6-member aromatic rings. Aryl groups can contain one, two
or three, 6-member aromatic rings. Aryl groups can contain
two or more fused aromatic rings. Aryl groups can contain
two or three fused aromatic rings. Aryl groups are optionally
substituted with one or more non-hydrogen substituents. Sub-
stituted aryl groups include among others those which are
substituted with alkyl or alkenyl groups, which groups in turn
can be optionally substituted. Specific aryl groups include
phenyl groups, biphenyl groups, and naphthyl groups, all of
which are optionally substituted as described herein. Substi-
tuted aryl groups include fully halogenated or semihaloge-
nated aryl groups, such as aryl groups having one or more
hydrogens replaced with one or more fluorine atoms, chlorine
atoms, bromine atoms and/or iodine atoms. Substituted aryl
groups include fully fluorinated or semifluorinated aryl
groups, such as aryl groups having one or more hydrogens
replaced with one or more fluorine atoms.

Heteroaryl groups include groups having one or more aro-
matic rings in which at least one ring contains a heteroatom (a
non-carbon ring atom). Heteroaryl groups include those hav-
ing one or two heteroaromatic rings carrying 1, 2 or 3 het-
eroatoms and optionally have one 6-member aromatic ring.
Heteroaryl groups can contain 5-20, 5-12 or 5-10 ring atoms.
Heteroaryl groups include those having one aromatic ring
contains a heteroatom and one aromatic ring containing car-
bon ring atoms. Heteroaryl groups include those having one
or more 5- or 6-member aromatic heteroaromatic rings and
one or more 6-member carbon aromatic rings. Heteroaro-
matic rings can include one or more N, O, or S atoms in the
ring. Heteroaromatic rings can include those with one, two or
three N, those with one or two O, and those with one ortwo S,
or combinations of one or two or three N, O or S. Specific
heteroaryl groups include furyl, pyridinyl, pyrazinyl, pyrim-
idinyl, quinolinyl, and purinyl groups. In specific embodi-
ments herein aryl groups contain no heteroatoms in the aryl
rings. Aryl including heteroaryl groups are optionally substi-
tuted.

Heteroatoms include O, N, S, P or B. More specifically
heteroatoms are N, O or S. In specific embodiments, one or
more heteroatoms are substituted for carbons in aromatic or
carbocyclic rings. To satisty valence any heteroatoms in such
aromatic or carbocyclic rings may be bonded to H or a sub-
stituent group, e.g., an alkyl group or other substituent.

Arylalkyl groups are alkyl groups substituted with one or
more aryl groups wherein the alkyl groups optionally carry
additional substituents and the aryl groups are optionally
substituted. Exemplary arylalkyl groups are benzyl groups.

Heteroarylalkyl groups are alkyl groups substituted with
one or more heteroaryl groups wherein the alkyl groups
optionally carry additional substituents and the aryl groups
are optionally substituted.

Alkylaryl groups are aryl groups substituted with one or
more alkyl groups wherein the alkyl groups optionally carry
additional substituents and the aryl groups are optionally
substituted. Specific alkylaryl groups are alkyl-substituted
phenyl groups such as methylphenyl.

Alkylheteroaryl groups are heteroaryl groups substituted
with one or more alkyl groups wherein the alkyl groups
optionally carry additional substituents and the aryl groups
are optionally substituted.
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An alkoxy group is an alkyl group, as broadly discussed
above, linked to oxygen (R ;,,-O—). An aryloxy group is an
aryl group, as discussed above, linked to an oxygen (R, -
O—). A heteroaryloxy group is a heteroaryl group as dis-
cussed above linked to an oxygen (Ry,..c,0ur—0—)

An acyl group is an R'—CO group where R' in general is a
hydrogen, an alkyl, alkenyl or alkynyl, aryl or heteroaryl
group as described above. In specific embodiments, acyl
groups have 1-20, 1-12 or 1-6 carbon atoms and optionally
1-3 heteroatom, optionally one double bond or one triple
bond. In specific embodiments, R is a C1-C6 alkyl, alkenyl or
alkynyl group. cyclic configuration or a combination thereof,
attached to the parent structure through a carbonyl function-
ality. Examples include acetyl, benzoyl, propionyl, isobu-
tyryl, or oxalyl. The R' group of acyl groups are optionally
substituted as described herein. When R' is hydrogen, the
group is a formyl group. An acetyl group is a CH;—CO—
group. Another exemplary acyl group is a benzyloxy group.

An alkylthio group is an alkyl group, as broadly discussed
above, linked to a sulfur (R ;4,,—S—) An arylthio group is an
aryl group, as discussed above, linked to a sulfur (R, -S—).

The term amino group is refer to the species —N(H),—.
The term alkylamino refers to the species —NHR" where R"
is an alkyl group, particularly an alkyl group having 1-3
carbon atoms. The term dialkylamino refers to the species
—NR", where each R" is independently an alkyl group, par-
ticularly an alkyl group having 1-3 carbon atoms.

Groups herein are optionally substituted most generally
alky, alkenyl, alkynyl, and aryl, heteroaryl groups can be
substituted with one or more halogen, hydroxyl group, nitro
group, cyano group, isocyano group, oxo group, thioxo
group, azide group, cyanate group, isocyanate group, acyl
group, haloakyl group, alkyl group, alkenyl group or alkynyl
group (particularly those having 1-4 carbons), a phenyl or
benzyl group (including those that are halogen or alkyl sub-
stituted), alkoxy, alkylthio, or mercapto (HS—). In specific
embodiments, optional substitution is substitution with 1-12
non-hydrogen substituents. In specific embodiments,
optional substitution is substitution with 1-6 non-hydrogen
substituents. In specific embodiments, optional substitution
is substitution with 1-3 non-hydrogen substituents. In specific
embodiments, optional substituents contain 6 or fewer carbon
atoms. In specific embodiments, optional substitution is sub-
stitution by one or more halogen, hydroxy group, cyano
group, oxo group, thioxo group, unsubstituted C1-C6 alkyl
group or unsubstituted aryl group. The term oxo group and
thioxo group refer to substitution of a carbon atom witha—0O
or a—S to form respectively —CO— (carbonyl) or —CS—
(thiocarbonyl) groups.

Specific substituted alkyl groups include haloalkyl groups,
particularly trihalomethyl groups and specifically trifluorom-
ethyl groups. Specific substituted aryl groups include mono-,
di-, tri, tetra- and pentahalo-substituted phenyl groups;
mono-, di, tri-, tetra-, penta-, hexa-, and hepta-halo-substi-
tuted naphthalene groups; 3- or 4-halo-substituted phenyl
groups, 3- or 4-alkyl-substituted phenyl groups, 3- or
4-alkoxy-substituted phenyl groups, 3- or 4-RCO-substituted
phenyl, 5- or 6-halo-substituted naphthalene groups. More
specifically, substituted aryl groups include acetylphenyl
groups, particularly 4-acetylphenyl groups; fluorophenyl
groups, particularly 3-fluorophenyl and 4-fluorophenyl
groups; chlorophenyl groups, particularly 3-chlorophenyl
and 4-chlorophenyl groups; methylphenyl groups, particu-
larly 4-methylphenyl groups, and methoxyphenyl groups,
particularly 4-methoxyphenyl groups.

As to any of the above groups which contain one or more
substituents, it is understood, that such groups do not contain
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any substitution or substitution patterns which are sterically
impractical and/or synthetically non-feasible. In addition, the
compounds of this invention include all stereochemical iso-
mers arising from the substitution of these compounds.

Compounds of the invention, particularly compounds of
formulas 1, IA, I1A, 1IB, III, IV and IVA can be prepared by
one of ordinary skill in the art in view of the descriptions
provided herein and what is known in the art from commer-
cially or otherwise readily available starting materials and
reagents. As described herein in the Examples, standard
solid-phase methods of peptide synthesis can be readily
adapted for synthesis of the compounds of the formulas
herein. Methods for insertion of peptoids, and N-methylated
amino acids into such compounds are known in the art and
can, as described herein, be readily adapted to such prepara-
tion. Among others references [67], [70], and [75]-[80] pro-
vide methods useful in synthesis of the compounds herein.
Each of these references is incorporated by reference herein
in its entirety for description of such methods.

Well-known methods for assessment of drugability can be
used to further assess active compounds of the invention for
application to given therapeutic application. The term
“drugability” relates to pharmaceutical properties of a pro-
spective drug for administration, distribution, metabolism
and excretion. Drugability is assessed in various ways in the
art. For example, the “Lipinski Rule of 5” for determining
drug-like characteristics in a molecule related to in vivo
absorption and permeability can be applied (C. A. Lipinski, F.
Lombardo, B. W. Dominy, P. J. Feeney, Experimental and
computational approaches to estimate solubility and perme-
ability in drug discovery and development settings, Adv. Drug
Del. Rev., 2001, 46, 3-26 and Arup K. Chose, Vellarkad N.
Viswanadhan, and John J. Wendoloski, 4 Knowledge-Based
Approach in Designing Combinatorial or Medicinal Chem-
istry Libraries for Drug Discovery, J. Combin. Chem., 1999,
1, 55-68.) In general a preferred drug for oral administration
exhibits no more than one violation of the following rules:
(1) Not more than 5 hydrogen bond donors (e.g., nitrogen or
oxygen atoms with one or more hydrogens);

(2) Not more than 10 hydrogen bond acceptors (e.g., nitrogen
or oxygen atoms);

(3) Molecular weight under 500 g/mol and more preferably
between 160 and 480; and

(4) log P less than 5 and more preferably between —0.4 to +5.6
and yet more preferably —1<log P<2.

Compounds of this invention preferred for therapeutic
application include those that do not violate one or more of
1-4 above.

Compounds of this invention preferred for therapeutic
application include those having log P less than 5 and more
preferably between -0.4 to +5.6 and yet more preferably
-1<log P.

Compounds of the invention may contain chemical groups
(acidic or basic groups) that can be in the form of salts.
Exemplary acid addition salts include acetates (such as those
formed with acetic acid or trihaloacetic acid, for example,
trifluoroacetic acid), adipates, alginates, ascorbates, aspar-
tates, benzoates, benzenesulfonates, bisulfates, borates,
butyrates, citrates, camphorates, camphorsulfonates, cyclo-
pentanepropionates, digluconates, dodecylsulfates, ethane-
sulfonates, fumarates, glucoheptanoates, glycerophosphates,
hemisulfates, heptanoates, hexanoates, hydrochlorides
(formed with hydrochloric acid), hydrobromides (formed
with hydrogen bromide), hydroiodides, 2-hydroxyethane-
sulfonates, lactates, maleates (formed with maleic acid),
methanesulfonates (formed with methanesulfonic acid),
2-naphthalenesulfonates, nicotinates, nitrates, oxalates, pec-
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tinates, persulfates, 3-phenylpropionates, phosphates,
picrates, pivalates, propionates, salicylates, succinates, sul-
fates (such as those formed with sulfuric acid), sulfonates
(such as those mentioned herein), tartrates, thiocyanates,
toluenesulfonates such as tosylates, undecanoates, and the
like.

Exemplary basic salts include ammonium salts, alkali
metal salts such as sodium, lithium, and potassium salts,
alkaline earth metal salts such as calcium and magnesium
salts, salts with organic bases (for example, organic amines)
such as benzathines, dicyclohexylamines, hydrabamines
[formed with N,N-bis(dehydro-abietyl)ethylenediamine],
N-methyl-D-glucamines, N-methyl-D-glucamides, t-butyl
amines, and salts with amino acids such as arginine, lysine
and the like. Basic nitrogen-containing groups may be quat-
ernized with agents such as lower alkyl halides (e.g., methyl,
ethyl, propyl, and butyl chlorides, bromides and iodides),
dialkyl sulfates (e.g., dimethyl, diethyl, dibutyl, and diamyl
sulfates), long chain halides (e.g., decyl, lauryl, myristyl and
stearyl chlorides, bromides and iodides), aralkyl halides (e.g.,
benzyl and phenethyl bromides), and others. Salt of the inven-
tion include “pharmaceutically acceptable salts” which refers
to those salts which retain the biological effectiveness and
properties of the free bases or free acids, and which are not
biologically or otherwise undesirable. Pharmaceutically
acceptable salts comprise pharmaceutically-acceptable
anions and/or cations.

Compounds of the present invention, and salts thereof, may
exist in their tautomeric form, in which hydrogen atoms are
transposed to other parts of the molecules and the chemical
bonds between the atoms of the molecules are consequently
rearranged. It should be understood that all tautomeric forms,
insofar as they may exist, are included within the invention.
Additionally, inventive compounds may have trans and cis
isomers and may contain one or more chiral centers, therefore
exist in enantiomeric and diastereomeric forms. The inven-
tion includes all such isomers, as well as mixtures of cis and
trans isomers, mixtures of diastereomers and racemic mix-
tures of enantiomers (optical isomers). When no specific
mention is made of the configuration (cis, trans or R or S) of
acompound (or of an asymmetric carbon), then any one of the
isomers or a mixture of more than one isomer is intended. The
processes for preparation can use racemates, enantiomers, or
diastereomers as starting materials. When enantiomeric or
diastereomeric products are prepared, they can be separated
by conventional methods, for example, by chromatographic
or fractional crystallization. The inventive compounds may
be in the free or hydrate form.

With respect to the various compounds of the invention, the
atoms therein may have various isotopic forms, e.g., isotopes
ot hydrogen include deuterium and tritium. All isotopic vari-
ants of compounds of the invention are included within the
invention and particularly included at deuterium and '*C
isotopic variants. It will be appreciated that such isotopic
variants may be useful for carrying out various chemical and
biological analyses, investigations of reaction mechanisms
and the like. Methods for making isotopic variants are known
in the art.

The invention expressly includes pharmaceutically usable
solvates of compounds according to formulas herein. The
compounds of formula I can be solvated, e.g. hydrated. The
solvation can occur in the course of the manufacturing pro-
cess or can take place, e.g. as a consequence of hygroscopic
properties of an initially anhydrous compound of formulas
herein (hydration).

Compounds of the invention can have prodrug forms. Pro-
drugs of the compounds of the invention are useful in the
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methods of this invention. Any compound that will be con-
verted in vivo to provide a biologically, pharmaceutically or
therapeutically active form of a compound of the invention is
a prodrug. Various examples and forms of prodrugs are well
known in the art. Examples of prodrugs are found, inter alia,
in Design of Prodrugs, edited by H. Bundgaard, (Elsevier,
1985), Methods in Enzymology, Vol. 42, at pp. 309-396,
edited by K. Widder, et. al. (Academic Press, 1985); A Text-
book of Drug Design and Development, edited by Krosgaard-
Larsen and H. Bundgaard, Chapter 5, “Design and Applica-
tion of Prodrugs,” by H. Bundgaard, at pp. 113-191,1991); H.
Bundgaard, Advanced Drug Delivery Reviews, Vol. 8, p. 1-38
(1992); H. Bundgaard, et al., Journal of Pharmaceutical Sci-
ences, Vol. 77, p. 285 (1988); and Nogrady (1985) Medicinal
Chemistry A Biochemical Approach, Oxford University
Press, New York, pages 388-392).

Pharmaceutically acceptable carriers are those carriers that
are compatible with the other ingredients in the formulation
and are biologically acceptable. Carriers can be solid or lig-
uid. Solid carriers can include one or more substances that can
also act as flavoring agents, lubricants, solubilizers, suspend-
ing agents, fillers, glidants, compression aids, binders, tablet-
disintegrating agents, or encapsulating materials. Liquid car-
riers can be used in preparing solutions, suspensions,
emulsions, syrups and elixirs. The active ingredient can be
dissolved or suspended in a pharmaceutically acceptable lig-
uid carrier such as water (of appropriate purity, e.g., pyrogen-
free, sterile, etc.), an organic solvent, a mixture of both, or a
pharmaceutically acceptable oil or fat. The liquid carrier can
contain other suitable pharmaceutical additives such as, for
example, solubilizers, emulsifiers, buffers, preservatives,
sweeteners, flavoring agents, suspending agents, thickening
agents, colors, viscosity regulators, stabilizers or osmo-regu-
lators. Compositions for oral administration can be in either
liquid or solid form.

Suitable solid carriers include, for example, calcium phos-
phate, magnesium stearate, talc, sugars, lactose, dextrin,
starch, gelatin, cellulose, methyl cellulose, sodium car-
boxymethyl cellulose, polyvinylpyrrolidine, low melting
waxes and ion exchange resins. Suitable examples of liquid
carriers for oral and parenteral administration include water
of appropriate purity, aqueous solutions (particularly contain-
ing additives, e.g. cellulose derivatives, sodium carboxym-
ethyl cellulose solution), alcohols (including monohydric
alcohols and polyhydric alcohols e.g. glycols) and their
derivatives, and oils. For parenteral administration, the carrier
can also be an oily ester such as ethyl oleate and isopropyl
myristate. Sterile liquid carriers are used in sterile liquid form
compositions for parenteral administration. The liquid carrier
for pressurized compositions can be halogenated hydrocar-
bon or other pharmaceutically acceptable propellant. Liquid
pharmaceutical compositions that are sterile solutions or sus-
pensions can be administered by, for example, intramuscular,
intraperitoneal or subcutaneous injection. Sterile solutions
can also be administered intravenously. Compositions for
oral administration can be in either liquid or solid form. The
carrier can also be in the form of creams and ointments,
pastes, and gels. The creams and ointments can be viscous
liquid or semisolid emulsions of either the oil-in-water or
water-in-oil type. Pastes comprised of absorptive powders
dispersed in petroleum or hydrophilic petroleum containing
the active ingredient can also be suitable.

Staphylococcal infections, particularly S. aureus infec-
tions, can affect various parts of the body and can include skin
infection and more serious conditions such as osteomyelitis,
endocarditis, septic arthritis, and toxic shock syndrome. S.
aureus strains are considered the leading cause of nosocomial
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infections in the United States. Staphylococcal infections,
particularly S. aureus infections, caused by a strain that is
resistant to commonly used antibiotics are particularly seri-
ous and life-threatening. Of particular concern are strains that
exhibit increased resistance to vancomycin.

Compounds of the invention are useful in the treatment of
such infections. Administration of one or more compounds of
the invention can be combined with antibiotic regimens used
for the treatment of staphylococcal infections. Various known
antibiotics and various known antibiotic regimens can be
employed in combination with one or more of the compounds
of this invention. One of ordinary skill in the art can select
form a variety of known antibiotics, which may be used alone
or in combination, and which can specifically include, van-
comycin, linezolid, and oxacillin. For example, one or more
compounds of the invention can be used in combination with
intravenous or oral antibiotics.

In another embodiment, the invention provides a medica-
ment for treatment of an infectious disease, particularly a
staphylococcal infection. The medicament comprises a thera-
peutically effective amount of one or more compounds of this
invention as illustrated in one or more formulas herein which
compounds exhibit antivirulence and/or antibacterial activity.
In a specific embodiment, the medicament of this invention
can also comprise a therapeutically effective amount of one or
more antibiotics. The invention also provides a method for
making this medicament which comprises combining a thera-
peutically effective amount of one or more compounds of this
invention having anti-virulence activity with a selected phar-
maceutical carrier appropriate for a given method of admin-
istration. In a specific embodiment, the method for making a
medicament can additional include combining a therapeuti-
cally effective amount of one or more antibiotics in the medi-
cament. The medicament may be an oral dosage form, an
intravenous dosage form or any other art-recognized dosage
form.

The present invention also provides methods of increasing
or reducing the virulence of Staphylococcus species and spe-
cifically Staphylococcus aureus. In one aspect, the method
comprises contacting a bacterium with an effective amount of
a compound of the present invention. In another aspect, the
method comprises contacting a bacterium with a therapeuti-
cally effective amount of a pharmaceutically acceptable salt
of the compounds of the present invention. In yet another
aspect, the method comprises contacting a bacterium with a
precursor which can form an effective amount of a compound
of the present invention.

Methods of this invention comprise the step of administer-
ing a “therapeutically effective amount” of the present thera-
peutic formulations containing the present compounds, to
treat, reduce or regulate a disease state in a patient, including
a disease state involving one or more infectious agents such as
bacteria. The term “therapeutically effective amount,” as used
herein, refers to the amount of the therapeutic formulation,
that, when administered to the individual is effective to treat,
reduce or regulate a disease state in a patient, including a
disease state involving one or more infectious agents such as
bacteria and more specifically Staphylococcus. As is under-
stood in the art, the therapeutically effective amount of a
given compound or formulation will depend at least in part
upon, the mode of administration (e.g. intravenous, oral, topi-
cal administration), any carrier or vehicle employed, and the
specific individual to whom the formulation is to be admin-
istered (age, weight, condition, sex, etc.). The dosage require-
ments need to achieve the “therapeutically effective amount™
vary with the particular formulations employed, the route of
administration, and clinical objectives. Based on the results
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obtained in standard pharmacological test procedures, pro-
jected daily dosages of active compound can be determined as
is understood in the art.

Compounds of the invention are useful in therapeutic
methods, particularly for treating infections. Any suitable
form of administration can be employed in the method herein.
The compounds of this invention can, for example, be admin-
istered in oral dosage forms including tablets, capsules, pills,
powders, granules, elixirs, tinctures, suspensions, syrups and
emulsions. Oral dosage forms may include sustained release
or timed release formulations. The compounds of this inven-
tion may also be administered topically, intravenously, intra-
peritoneally, subcutaneously, or intramuscularly, all using
dosage forms well known to those of ordinary skill in the
pharmaceutical arts.

Compounds of this invention can also be administered in
intranasal form by topical use of suitable intranasal vehicles.
For intranasal or intrabronchial inhalation or insulation, the
compounds of this invention may be formulated into an aque-
ous or partially aqueous solution, which can then be utilized
in the form of an aerosol. Administration includes any form of
administration that is known in the art and is intended to
encompass administration in any appropriate dosage form
and further is intended to encompass administration of a
compound, alone or in a pharmaceutically acceptable carrier.
Pharmaceutical carriers are selected as is known in the art
based on the chosen route of administration and standard
pharmaceutical practice.

The compounds of this invention can also be administered
to the eye, preferably as a topical opthalmic formulation. The
compounds of this invention can also be combined with a
preservative and an appropriate vehicle such as mineral oil or
liquid lanolin to provide an opthalmic ointment. The com-
pounds of this invention may be administered rectally or
vaginally in the form of a conventional suppository. The
compounds of this invention may also be administered trans-
dermally through the use of a transdermal patch containing
the active compound and a carrier that is inert to the active
compound, is non-toxic to the skin, and allows delivery of the
agent for systemic absorption into the blood stream via the
skin.

The compounds of the invention may be administered
employing an occlusive device. A variety of occlusive devices
can be used to release an ingredient into the blood stream such
as a semipermeable membrane covering a reservoir contain-
ing the active ingredient with or without a carrier, or a matrix
containing the active ingredient. Other occlusive devices are
known in the literature.

Pharmaceutical compositions and medicaments of this
invention comprise one or more compounds in combination
with a pharmaceutically acceptable carrier, excipient, or dilu-
ent. Such compositions and medicaments are prepared in
accordance with acceptable pharmaceutical procedures, such
as, for example, those described in Remingtons Pharmaceu-
tical Sciences, 17th edition, ed. Alfonoso R. Gennaro, Mack
Publishing Company, Easton, Pa. (1985), which is incorpo-
rated herein by reference in its entirety. The invention also
encompasses method for making a medicament employing
one or more compounds of this invention which exhibit a
therapeutic effect.

In another aspect, the present invention provides pharma-
ceutical and therapeutic preparations comprising a therapeu-
tically effective amount of one or more compounds of the
present invention of Formula I optionally in combination with
a pharmaceutically acceptable carrier. In particular, pharma-
ceutical and therapeutic preparations of this invention com-
prise an amount or combined amount of one or more com-
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pounds of this invention effective for bacterial interference,
particularly of a Staphylococcus species and more particu-
larly of Staphylococcus aureus and including a Staphylococ-
cus aureus group 111 strain and more particularly a bacterial
human or veterinary pathogen. Compounds useful in the
methods of this invention include pharmaceutically-accept-
able salts of the compounds of formulas herein. Compounds
useful in the methods of this invention include pharmaceuti-
cally-acceptable prodrugs of the compounds of formulas
herein. Salts include any salts derived from the acids of the
formulas herein which are acceptable for use in human or
veterinary applications. Bacterial interference includes
attenuation of virulence.

In another aspect, the present invention provides a method
of treating an infectious disease comprising administering to
an individual in need of treatment, a composition comprising
one or more compounds of the present invention. In an
embodiment, the infectious disease relates to that associated
with an infectious agent comprising a bacterium. In a specific
embodiment, the bacteria are Staphylococcus. In a specific
embodiment, the bacteria are one or more selected from the
group consisting of S. aureus, S. epidermidis. In a specific
embodiment, the bacteria are one or more drug resistant Sta-
phylococcus. Compounds of the invention can be employed
in human treatment or in veterinary treatment. All references
throughout this application, for example patent documents
including issued or granted patents or equivalents; patent
application publications; and non-patent literature docu-
ments or other source material; are hereby incorporated by
reference herein in their entireties, as though individually
incorporated by reference. All patents and publications men-
tioned in the specification are indicative of the levels of skill
of those skilled in the art to which the invention pertains.
References cited herein are incorporated by reference herein
in their entirety to indicate the state of the art, in some cases
as of their filing date, and it is intended that this information
can be employed herein, if needed, to exclude (for example, to
disclaim) specific embodiments that are in the prior art. For
example, when a compound is claimed, it should be under-
stood that compounds known in the prior art, including cer-
tain compounds disclosed in the references disclosed herein
(particularly in referenced patent documents), are not
intended to be included in the claim.

When a group of substituents is disclosed herein, it is
understood that all individual members of those groups and
all subgroups, including any isomers and enantiomers of the
group members, and classes of compounds that can be formed
using the substituents are disclosed separately. When a com-
pound is claimed, it should be understood that compounds
known in the art including the compounds disclosed in the
references disclosed herein are not intended to be included.
When a Markush group or other grouping is used herein, all
individual members of the group and all combinations and
subcombinations possible of the group are intended to be
individually included in the disclosure.

Every formulation or combination of components
described or exemplified can be used to practice the inven-
tion, unless otherwise stated. Specific names of compounds
are intended to be exemplary, as it is known that one of
ordinary skill in the art can name the same compounds dif-
ferently. When a compound is described herein such that a
particular isomer or enantiomer of the compound is not speci-
fied, for example, in a formula or in a chemical name, that
description is intended to include each isomers and enanti-
omer of the compound described individual or in any combi-
nation.
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One of ordinary skill in the art will appreciate that methods,
device elements, starting materials, and synthetic methods
other than those specifically exemplified can be employed in
the practice of the invention without resort to undue experi-
mentation. All art-known functional equivalents, of any such
methods, device elements, starting materials, and synthetic
methods are intended to be included in this invention. When-
ever a range is given in the specification, for example, a
temperature range, a time range, or a composition range, all
intermediate ranges and subranges, as well as all individual
values included in the ranges given are intended to be
included in the disclosure.

Asused herein, “comprising” is synonymous with “includ-
ing,” “containing,” or “characterized by,” and is inclusive or
open-ended and does not exclude additional, unrecited ele-
ments or method steps. As used herein, “consisting of”
excludes any element, step, or ingredient not specified in the
claim element. As used herein, “consisting essentially of”
does not exclude materials or steps that do not materially
affect the basic and novel characteristics of the claim. Any
recitation herein of the term “comprising”, particularly in a
description of components of a composition or in a descrip-
tion of elements of'a device, is understood to encompass those
compositions and methods consisting essentially of and con-
sisting of the recited components or elements. The invention
illustratively described herein suitably may be practiced in
the absence of any element or elements, limitation or limita-
tions which is not specifically disclosed herein.

Without wishing to be bound by any particular theory, there
can be discussion herein of beliefs or understandings of
underlying principles relating to the invention. It is recog-
nized that regardless of the ultimate correctness of any
mechanistic explanation or hypothesis, an embodiment of the
invention can nonetheless be operative and useful.

The terms and expressions which have been employed are
used as terms of description and not of limitation, and there is
no intention in the use of such terms and expressions of
excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that various
modifications are possible within the scope of the invention
claimed. Thus, it should be understood that although the
present invention has been specifically disclosed by preferred
embodiments and optional features, modification and varia-
tion of the concepts herein disclosed may be resorted to by
those skilled in the art, and that such modifications and varia-
tions are considered to be within the scope of this invention.

THE EXAMPLES
Example 1
Synthetic Methods

Linear peptides were synthesized on Boc-protected, amino
acid pre-loaded 4-hydroxymethyl-phenylacetamidomethyl
(PAM) resin (0.6-0.8 mmol/g) using standard solid-phase
synthesis protocols.

All chemical reagents were purchased from commercial
sources (Alfa-Aesar, Sigma-Aldrich, and Acros) and used
without further purification. Solvents were purchased from
commercial sources (Sigma-Aldrich and J. T. Baker) and
used as obtained, with the exception of anhydrous dichlo-
romethane (CH,Cl,), which was stored over molecular
sieves. Water (18 MQ) was purified using a Millipore Ana-
lyzer Feed System. Solid-phase resin was purchased from
Chem-Impex International. Cyclic dipeptides (cyclo-(Tyr-
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Pro) and cyclo-(Phe-Pro)) controls were synthesized accord-
ing to a previously reported method.[57]

Reversed-phase high performance liquid chromatography
(RP-HPLC) was performed using a Shimadzu system
equipped with an SCL-10Avp controller, an LC-10AT pump,
an FCV-10ALvp solvent mixer, and an SPD-10MAvp UV/vis
diode array detector. An analytical Phenomenex Gemini C18
column (5 um, 4.6 mmx250 mm, 110 A) was used for ana-
Iytical RP-HPLC work. A semi-preparative Phenomenex
Gemini C18 column (5 Am, 10 mmx250 mm, 110 A) was
used for preparative RP-HPLC work. Standard RP-HPLC
conditions were as follows: flow rates=1 mL. min~" for ana-
lytical separations and 5 mL min~! for semi-preparative sepa-
rations; mobile phase A=18 MQ water+0.1% trifluoroacetic
acid (TFA); mobile phase B=acetonitrile (ACN)+0.1% TFA.
Purities were determined by integration of peaks with UV
detection at 220 nm. Peptide thioesters were purified using a
linear gradient (75%—45% A over 30 min). Cyclic peptides
were purified using a linear gradient (70%—55% A over 27
min). Overall sample purity was determined using a linear
gradient (90%—5% A over 27 min). MALDITOF mass spec-
trometry (MS) data were obtained on a Bruker RELEX II
spectrometer equipped with a 337 nm laser and a reflectron.
In positive ion mode, the acceleration voltage was 25 kV.
Exact Mass (EM) data were obtained on a Waters (Micro-
mass) LCT ESI-TOF spectrometer. The samples were
sprayed with a sample cone voltage of 20 V.

Peptide Synthesis.

Two solid-phase synthesis approaches have been imple-
mented in the past to construct native AIPs and their analogs.
The first approach utilizes chemoselective cleavage of the
linear, protected peptide from the solid support with con-
comitant unmasking of the cysteine sulthydryl group. The
protected peptide can then be macrocyclized via a carbodi-
imide coupling and subsequently deprotected. [24, 50, 61]
This approach, however, is limited in part by the (i) poor
solubilities of the protected peptides and (ii) low macrocy-
clization efficiencies due to the steric bulk of the protecting
groups. The second synthetic approach addresses these chal-
lenges by incorporating an initial global deprotection step
prior to a solution phase, chemoselective thiol-thioester
exchange to form the macrocyclic products.[45, 49] This
latter approach is generally more efficient and has the poten-
tial for even further improvement. This general strategy was
used to synthesize compounds of Table 1 herein. First, stan-
dard Fmoc/tBu solid-phase peptide synthesis methods to gen-
erate the linear peptides on 4-hydroxymethyl-phenylaceta-
mido methyl (PAM) polystyrene resin (Scheme 1). Cleavage
and global deprotection according to the method of Hilvert et
al. gave the linear peptide thioesters,[51, 62, 63] which were
then purified to homogeneity by semi-preparative RP-HPLC
and isolated in acceptable yields (25-50%).

Scheme 1: Solid phase synthetic route to AlPs and analogs.

PAM resin

1. TFA:CH,Cl, (1:1), 4 min, 1t
2. Fmoc/tBu SPPS
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-continued
S—Trt

o

H,N

Protected Peptide

@]

1. Me>AICL BtSH, CH,Cly, 1t, 5 h
2. TFA:H,O (95:5), 1t, 30 min

H,N

6M GndHCl in 0.1M
phosphate buffer:ACN (3:2)
pH=6.8,50°C,,2h

S
I
Unprotected Peptide C

TFA = trifluoroacetic acid; SPPS = solid-phase peptide synthesis; GndHCI =
guanidinium chloride.

LN

Intramolecular thiol-thioester exchange reactions in a
range of buffers was assessed to Studies were then undertaken
to develop macrocyclization conditions. It was found that
found that performing the macrocyclization reaction in 6 M
guanidinium chloride in 0.1 M phosphate buffer: ACN (3:2,
vol:vol) at a pH=6.8 gave quantitative macrocyclization
within 24 h at room temperature. Elevating the 50° C. reduced
reaction times to less than 2 h. These conditions were used to
effect macrocyclization of all the AIP analogs prepared in this
study (Table 1). This synthesis protocol was also used to
generate AIPs I-IV and the known global AgrC inhibitor,
tAIP-1 D2A, for use as controls. Overall, this synthetic route
represents an improvement over previously reported meth-
0ds.[45, 49, 51] Further, the thiol-thioester exchange reaction
conditions described herein can also be used in other con-
texts, for example, in the total synthesis of proteins using
native chemical ligation. [64] Dawson et al. (1994) [64] is
incorporated by reference herein in its entirety for a descrip-
tion of the synthesis of polypeptides by native chemical liga-
tion.

These synthetic methods were employed to prepare the
compounds of Table 1. Initially a set of 13 compounds were
prepared in which the amino acids of AIP-III were evaluated
through systematic alanine and p-amino acid point mutations.
This initial set of 13 peptides (Table 1) was designed to
identify key residues and stereocenters for AIP-III:AgrC
interactions. Six of the seven residues were modified in the
alanine scan with Cys3 maintained for thiolactone formation.
All seven residues were evaluated in the p-amino acid scan. A
second set of compounds was synthesized to include two and
three alanines, alternate aromatic residues in place of Phe5,
and to truncate and elongate exocyclic tails.
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TABLE 1

Structures of the peptides synthesized in this study.”

Peptide name Sequence

AIP-I Y-S-T-(C-DEFILM)
AR G-V-N-A(C-88-1.F)
tAIP-1 D2A Ac(CAFLM)
AIP-THI INGCDEL LY
AIP-1V YS TG Y ELM)

2nd

1% Generation analogues Generation analogues

AIP-III D-11 DI-N-(C-D-F-L-L) AIP-IIII1A/N2A
AIP-III D-N2 I-DN-(C-D-F-L-L) AIP-IIIT1A/D4A
AIP-ITII D-C3 I-N-(DC-D-F-L-L) AIP-III N2A/D4A
AIP-III D-D4 I-N-(C-DD-F-L-L) AIP-IIT

A-A-(C-D-F-L-L)
A-N-(C-A-F-L-L)
I-A-(C-A-F-L-L)
A-A-(C-A-F-L-L)

I1A/N2A/D4A

AIP-TII D-F5 I-N-(C-D-DF-L-L) tAIP-IIT Ac-(C-D-F-L-L)
AIP-III D-L6 I-N-(C-D-F-DL-L)  tAIP-IIl D2A Ac-(C-A-F-L-L)
AIP-III D-L7 I-N-(C-D-F-L-DL) tAIP-IIl D2A/F3Y  Ac-(C-A-Y-L-L)
AIP-IITI1A  A-N-(C-D-F-L-L) tAIP-III D2A/F3W  Ac-(C-A-W-L-L)
AIP-IIIN2A  I-A-(C-D-F-L-L) Ac-AIP-TII Ac-I-N-(C-D-F-L-L)
AIP-III D4A I-N-(C-A-F-L-L) G-AIP-III G-I-N-(C-D-F-L-L)
AIP-IIFSA I-N-(C-D-A-L-L) A-ATIP-TII A-I-N-(C-D-F-L-L)
AIP-IIIL6A I-N-(C-D-F-A-L) Y-AIP-IIT Y-I-N-(C-D-F-L-L)
AIP-IIIL7A I-N-(C-D-F-L-A)

“See Supporting information for MS and HPLC characterization data. Shaded cells represent
control peptides.
Representative Peptide Synthesis

To deprotect the resin, a portion of resin (50 mg) was first
swelled by suspension in CH,Cl, (2 mL) for 30 min at rt and
then drained. The resin was then treated with TFA (50% in
CH,Cl,, 2 ml., 2x2 min, rt) and washed with dimethylforma-
mide (DMF; 3x2 mL). To couple each amino acid, Fmoc-
protected amino acids (2 equiv. relative to resin), 2-(1Hben-
zotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU; 2 equiv.), and diisopropylethy-
lamine (DIPEA; 2 equiv.) were dissolved in DMF (2mlL). The
solution was allowed to pre-activate for 1 min prior to being
added to the resin and agitated for 1 h at rt. After each cou-
pling step, the resin was drained and washed with DMF (2x2
mL). To remove the Fmoc-protecting group after each cou-
pling, the resin was treated with piperidine (2 mL of 20% in
DMTF, 2x10 min) and washed with DMF (3x2 mL). To acety-
late the amino terminus, acetic anhydride (10 equiv.) and
DIPEA (7 equiv.) were dissolved in DMF (2 mL), and the
solution was added to the resin and agitated for 15 min. The
resin was then drained and washed with DMF (2x2 mlL).
Upon synthesis of a complete linear peptide sequence, the
resin was washed with diethyl ether (1x2 mL) and dried under
vacuum for 48 h.
Peptide Cleavage Protocol

The linear peptidyl-resin (70-90 mg) was placed in a dry,
three-neck round bottom flask and suspended in anhydrous
CH,Cl, under argon at rt for 15 min. Me,AlC1 (20 equiv., 1
mL of 1 M hexane solution) and anhydrous CH,Cl, (3 mL)
were stirred in a separate, dry round bottom flask under argon
for 5 min at 0° C. Ethanethiol (EtSH) (60 equiv.) was added
drop-wise at 0° C., and the solution was stirred for 15 min at
0° C. This solution was then added to the suspended resin and
stirred under argon for 5 h at rt to effect cleavage of the linear
peptide as a thioester. The cleavage product solution was
transferred into a new round bottom flask containing a TFA
solution (95% (aq.), 3 mL) and the solvents were removed in
vacuuo to yield a yellow or orange oil. The resulting oil was
subjected again to TFA solution (3 mL, 30 min) and filtered
from the resin. The resin was washed with TFA solution (1x2
mL) to collect any additional peptide. A cooled solution of
diethyl ether:hexane (1:1, 40 mL, 0° C.) was added to the
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filtrate, and the peptide was allowed to precipitate overnight
in a freezer at —20° C. The precipitated peptide solution was
centrifuged and the supernatant removed to yield a white
solid. This solid was dissolved in acetonitrile (ACN) (50%
(aq.)), lyophilized, redissolved in ACN (50% (aq.)) and puri-
fied by semi-preparative RP-HPLC. Collected HPLC frac-
tions were lyophilized to yield the linear peptide thioester as
a white powder (25-50% isolated yields).

Representative Peptide Macrocyclization Protocol

Purified peptide thioester was dissolved in a 60% guani-
dinium chloride (6 M solution in 0.1 M phosphate buffer):
40% ACN solution to a final concentration ranging from 100
uM to 2 mM. The pH of the solution was then adjusted to 6.8.
The peptide was gently agitated using a multi-purpose rotator
at 50° C. and cyclization was monitored by analytical RP-
HPLC. Upon completion, cyclic peptide was purified by
semi-preparative RP-HPL.C and lyophilized. The resulting
white powder was then dissolved in 1Mhydrochloric acid
(400 pL) and lyophilized prior to bioanalysis.

Example 2

Peptidomimetics

Two sets of peptidomimetics, resulting from an N-methyl
scan and a peptoid scan of AIP-III, were prepared to assess
backbone-amide hydrogen bond interactions and conforma-
tional restrictions of the AIP-III scaffold. These peptidomi-
metics are illustrated in FIG. 4. The method of Example 1
involving initial synthesis of linear peptidyl thioesters using
Fmoc peptide assembly on PAM resin followed by chemose-
lective cyclization was not suitable for the synthesis of pep-
tides containing N-alkylated amino acids at the C-terminus. It
is well-known that a side reaction, diketopiperazine (DKP)
formation, is observed for C-terminal proline-containing
peptides and N-methylated peptides.[51, 76, 77] To circum-
vent this side reaction and minimize DKP formation, the
linear peptidomimetic thioesters were synthesized in a Boc/
Fmoc hybrid peptide assembly: the three C-terminal residues
(Phe-Leu-Leu) were introduced using Boc chemistry and the
four N-terminal residues (Ile-Asn-Cys-Asp) were introduced
using Fmoc chemistry (Scheme 2). To introduce peptoid resi-
dues, a sub-monomer protocol was used, [ 75] while commer-
cially-available N-methylated amino acids were introduced
through standard protocols. Zuckermann et al. 1992 [75] is
incorporated by reference herein in its entirety for methods of
synthesis of compounds of this invention. This hybrid syn-
thetic route provided all of the compounds of FIG. 4 in accept-
able yields, with the exception of AIP-III nN2 that was found
to further react in aqueous solutions. All products were puri-
fied to homogeneity by RP-HPL.C and obtained in ~mg scale.

Scheme 2: Synthetic route for peptidomimetics;

X PAM resin

Boc/Fmoc
[—N—C—D—F—L—L | tgybrid SPPS
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-continued
S—Trt

PAM resin

e}
|
NH2—| Protected Peptidomimetic l—C

1. Me,AlCI + EtSH
(dry CHC)
2. TFA:L0 (95:5)

SH

[

NH2—| Unprotected Peptidomimetic |— C—S—Et

60% 6M GndHCl in 0.1M
Phosphate buffer, 40% ACN
pH=6.8,50°C,2h

S
I

TFA = trifluoroacetic acid; SPPS = solid-phase peptide synthesis; GndHCI =
guanidinium chloride.

Synthetic Methods

Peptidomimetic AIP-III derivatives that were not modified
atthe C-terminus residue (Leu7) were synthesized using Boc-
protected, L-leucine pre-loaded PAM resin (0.8 mmol/g).

To synthesize the AIP-III N-Me-L7 derivative, Fmoc-N-
Me-Leu-OH was manually loaded on aminomethyl polysty-
rene (AM) resin: AM resin (100 mg, 1.17 mmol/g) was
swelled in diisopropylethylamine (DIPEA; 10% in CH,Cl,; 2
mL) for 10 min. The resin was washed with DIPEA (10% in
CH,Cl,; 3x1 mL) and dimethylformamide (DMF; 3x2 mL).
4-(bromomethyl) phenyl acetic acid (1.4 equiv.) and N,N'-
diisopropylcarbodiimide (DIC; 1.7 equiv.) were dissolved in
CH,Cl,. The solution was added to the resin for overnight
agitation at rt. The resin was washed with DMF (3x2 m[) and
CH,Cl, (3x2 mL), then suspended in DMF. Fmoc-N-Me-
Leu-OH (2 equiv.) and DIPEA (4 equiv.) were dissolved in
DMF and added to the resin for overnight agitation at rt. The
resin was washed with DMF (2x2 mI) and CH,Cl, (2x2 mL),
then treated with a solution of acetic anhydride (10 equiv.)
and DIPEA (7 equiv.) in DMF for 15 min. The resin was then
washed with DMF (2x2 mL) and CH,Cl, (2x2 mL), followed
by chloranil test to determine the absence of free amines (see
procedure below).

To synthesize the AIP-III nl.7 analog, bromoacetic acid
was manually loaded on PAM resin: PAM resin (100 mg, 0.85
mmol/g) was swelled in minimal amount of DMF (1 mL) for
30 min. Bromoacetic acid (10 equiv.) was dissolved in dry
CH,Cl, at 0° C. DIC (5 equiv.) was added, the reaction was
stirred at 0° C. for 20 min and the solvent was removed in
vacuo. The resulting solid was dissolved in minimal amount
of DMF (1 mL) and 4-dimethylaminopyridine (DMAP; 0.1
equiv.) was added. The solution was added to the resin and
agitated for 1 hatrt. The solvent was drained and the resin was
washed with DMF (2x2 mL) and CH,Cl, (2x2 mL).

To swell the resins: the resin (50 mg) was first suspended in
CH,Cl, (2 mL) for 30 min at rt and then drained.

To remove the Boc-protecting group: the resin was treated
with TFA (50% in CH,Cl,, 2 ml., 2x2 min, rt) and washed
with DMF (3x2 mL). To couple each amino acid after Boc
removal: the standard in situ neutralization/activation proto-
col was used. [78] Boc/Fmoc-protected amino acids (4
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equiv.), 2-(1H-benzotriazole-1-y1)-1,1,3,3-tetramethyluro-
nium hexafluorophosphate (HBTU; 4 equiv.), and DIPEA (6
equiv.) were dissolved in DMF (2 mL). The solution was
allowed to pre-activate for 2 min prior to being added to the
resin and agitated for 30 min at rt. After each coupling step,
the resin was drained and washed with DMF (2x2 mL).

To remove the Fmoc-protecting group: the resin was
treated with piperidine (2 mL 0f20% in DMF, 2x10 min) and
washed with DMF (3x2 mL). To couple each amino acid after
Fmoc removal: Boc/Fmoc-protected amino acids (2 equiv.),
HBTU (2 equiv.), and DIPEA (2 equiv.) were dissolved in
DMF (2 mL). The solution was allowed to pre-activate for 1
min prior to being added to the resin and agitated for 1 hat rt.

To couple bromoacetic acid:bromoacetic acid (10 equiv.)
was dissolved in DMF (2 mL). DIC (10 equiv.) was added and
the solution was pre-activated for 20 min. The solution was
added to the resin and the reaction was agitated for 30 min.
The resin was drained and the procedure was repeated. The
resin was washed with DMF (2x2 mI) and CH,Cl, (2x2 mL),
followed by chloranil test to determine the reaction comple-
tion (see procedure below). To couple primary amines to the
bromoacetic acid: the amine (10 equiv.) was dissolved in
DMF (2 mL). DIPEA (10 equiv.) was added and the solution
was allowed to pre-activate for 1 min prior to being added to
the resin and agitated overnight using a multi-purpose rotator
at 50° C. The resin was washed with DMF (2x2 mL) and
CH,CI, (2x2 mL), followed by chloranil test to determine the
presence of free amines (see procedure below).

To couple amino acids to secondary amines: Boc/Fmoc-
protected amino acids (4 equiv.), 2-(7-Aza-1H-benzotriaz-
ole-1-y1)-1,1,3,3-tetramethyluronium hexatluorophosphate
(HATU; 4 equiv.), and DIPEA (4 equiv.) were dissolved in
DMF (2 mL). The solution was allowed to pre-activate for 1
min prior to being added to the resin and agitated for 2h at rt.
The resin was washed with DMF (2x2 mL) and CH,Cl, (2x2
mL), followed by chloranil test to determine the reaction
completion (see procedure below). If the test indicated that
free amines are still present, the procedure was repeated and
the reaction was left overnight at 50° C. After the second
coupling cycle, peptide elongation was continued even if the
chloranil test indicated that free amines are still present.

To carry out the chloranil test: A sample containing 1-3 mg
of'the resin was withdrawn and placed into a test tube. Acetal-
dehyde (2% in DMF; 2 drops) and chloranil (2% in toluene; 2
drops) were added to the sample. The solution was agitated at
rt for 5 min. A green or blue color of the beads is a positive
indication for the presence of free amines, indicating depro-
tection of the protecting group or incomplete coupling reac-
tion.

PAM Resin Cleavage Protocol

Upon synthesis of a complete linear peptide sequence, the
resin was washed with diethyl ether (1x2 mL) and dried under
vacuum for 48 h. The linear peptidyl-resin (90 mg) was
placed in a dry, three-neck round bottom flask and suspended
in anhydrous CH,Cl, under argon at rt for 15 min. Me,AlCl
(20 equiv., 1 mL, of 1 M hexane solution) and anhydrous
CH,CI, (3 mL) were stirred in a separate, dry round bottom
flask under argon for 5 min at 0° C. Ethanethiol (EtSH) (60
equiv.) was added drop-wise at 0° C., and the solution was
stirred for 15 min at 0° C. This solution was then added to the
suspended resin and stirred under argon for 5 h at rt to effect
cleavage of the linear peptide as a thioester. The cleavage
product solution was transferred into a new round bottom
flask containing a TFA solution (95% (aq.), 3 mL) and the
solvents were removed in vacuo to yield a yellow or orange
oil. The resulting oil was subjected again to TFA solution (3
ml, 30 min) and filtered from the resin. The resin was washed
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with TFA solution (1x2 mL) to collect any additional peptide.
A cooled solution of diethyl ether:hexane (1:1, 40 mL, 0° C.)
was added to the filtrate, and the peptide was allowed to
precipitate overnight in a freezer at —20° C. The precipitated
peptide solution was centrifuged and the supernatant
removed to yield a white solid. This solid was dissolved in
ACN (50% (aq.)), lyophilized, redissolved in ACN (50%
(aq.)) and purified by semi-preparative RP-HPL.C. Collected
HPLC fractions were lyophilized to yield the peptide
thioester as a white powder (5-20% isolated yields).
Peptide Cyclization Protocol

Purified peptidomimetic thioester was dissolved in a 60%
guanidinium chloride (6 M solution in 0.1 M phosphate
buffer):40% ACN solution to a final concentration ranging
from 100 uM to 2 mM. The pH of the solution was then
adjusted to 6.8. The peptide was agitated using a multi-pur-
pose rotator at 50° C. for 2 h. The cyclic peptide was purified
by semi-preparative RP-HPLC and lyophilized. The resulting
white powder was then dissolved in 1M hydrochloric acid
(400 pL) and lyophilized.
ATP-TIT nN2

The AIP-III nN2 thioester reacted immediately after puri-
fication to quantitatively generate an alternative product 17
mass units lower than expected. MS/MS analysis of the final
product confirmed that DKP is formed between the N-termi-
nus and the amide of the nAsn residue side chain. A recent
study by Brase and co-workers [79] also reported the forma-
tion of DKP when nAsn-type residues were introduced at a
position adjacent to the N-terminal residue. The formation of
DKP did not hinder the AIP thioester cyclization and pro-
duced a bicyclic AIP-III analog after purification.

Ay
Y%
JL(QLTQ

COOH
AIP-III nN2DKP

Furthermore, in the AIP-III nD4 analog, where the Asp4
residue was replaced with its peptoid residue counterpart (see
FIG. 4), DKP formation was not observed despite common
understanding that basic conditions enhance amine nucleo-
philicity and that ester bonds are more susceptible to cleavage
than amide bonds.[74, 75, 76].

Example 3
Biological Reagents and Strain Information

All standard biological reagents were purchased from
Sigma-Aldrich and used according to enclosed instructions.
Suspended rabbit blood cells (10%, washed and pooled) were
purchased from Lampire Biological Laboratories and stored
at 4° C. until use in the hemolysis assay. Reagents for the
TSST-1 enzyme-linked immunosorbent assay (ELISA) were
purchased from Toxin Technology, Inc. Tryptic soy broth
(TSB) and brain heart infusion (BHI) were prepared as
instructed with pH=7.35.
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The bacterial strains used in this study are listed in Table 2.
Bacterial cultures were grown in a standard laboratory incu-
bator at 37° C. with shaking (200 rpm) unless noted other-
wise. The bacterial dilutions and incubation periods were
chosen in each assay to provide the greatest dynamic range
between positive and negative controls for each bacterial
strain. Absorbance and fluorescence measurements were
obtained using a Biotek Synergy 2 microplate reader using
GenS data analysis software. All biological assays were per-
formed in triplicate. ICs,, values were calculated using Graph
Pad Prism software (v. 4.0) using a sigmoidal curve fit.

TABLE 2

S. aureus strains used in the biological
assays listed according to group.

Assay-type Strain Reference
Fluorescence
group-1 AH1677 58
group-II AH430 58,59
group-IIT AH 1747 58
group-IV AH1972 58
Hemolysis
group-1 RN6390B 22
group-II RN6923 23
group-IIT MN8 60
group-IV RN4850 25
B-Lactamase
group-1 RNG9222 49
group-II RNG9372 49
group-IIT RN9532 49
group-IV RN9371 49

Compound Handling Protocol.

Stock solutions of synthetic AIP compounds (1 mM) or
cyclic dipeptides (10 mM) were prepared in DMSO and
stored at 4° C. in sealed vials. The amount of DMSO used in
biological screens did not exceed 2% (v/v). Polystyrene
96-well microtiter plates (Costar) were used for screening.

Example 4
Fluorescence-Based Reporter Gene Assays

The ability of compounds (e.g. of Table 1 or FIG. 4) to
modulate the activity of the AgrC I-IV receptors was assessed
using a fluorescence-based reporter gene assays (described
below). Each compound was tested in group I-IV methicillin-
resistant S. aureus (MRSA) strains harboring P3-gfp reporter
plasmids.[58, 59] In these reporter plasmids, the agr P3 pro-
moter, typically upstream of the main QS effector RNAIIL is
positioned upstream of gfp. Thus, when bacterial cell densi-
ties and AIP concentrations are high, the AIP:AgrC com-
plexes will phosphorylate AgrA, which will then bind P3 and
transcribe gfp. GFP fluorescence can then be quantified to
determine the extent of AgrC activation, and in these wild-
type strains, will be observable in the absence of an exog-
enous AgrC modulator. Compounds capable of reducing
fluorescence levels (or increasing these levels over back-
ground), therefore, can be classified as AgrC inhibitors (or
activators).

In order to validate the reporter assay conditions and have
controls for comparison to the new compounds, the activities
of the native AIPs I-IV and the previously reported global
inhibitor tAIP-I D2A [49] in also evaluated in each S. aureus
reporter strain. The inhibitory trends for these peptides in
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each of the four AgrC receptors were comparable to previous
reports using alternate S. aureus AgrC I-IV reporter strains.
[49] Table 3 summarizes the activities of these control pep-
tides and the compounds of the alanine and p-amino acid
scans of AIP-I1I against AgrCs I-1V.

The reporter gene assay data revealed several interesting
SAR trends for AIP-III, and a number of new, global AgrC
inhibitors were uncovered with either comparable if not more
potent activities than the known inhibitor tAIP-1 D2A. There
are two components to AIP:AgrC interactions: the initial
recognition of an AIP by an AgrC receptor and the resultant
induction of allosteric changes within AgrC that drives acti-
vation. To explore these components, two different SAR
trends were examined: (i cross-inhibition of AgrC-I, -1, and
-IV (namely AIP:AgrC recognition), and (ii) activation of
AgrC-111 (via allosteric changes).

D-amino acid and alanine replacement of either of the
exocyclic tail residues (Ilel or Asp2) of AIP-III resulted in
compounds with similar cross-inhibitory activities to the par-
ent AIP-III (Table 3, IC,, values within error or <10-fold
change). In addition, replacement of any one of the three
hydrophobic, endocyclic residues in AIP-III (PheS5, Leu6, or
Leu7) with alanine resulted in a significant loss of inhibition
in groups-1, -11, and -1V (>10-fold change relative to AIP-III).
Replacement of Phe5 and Leu6 with their p-amino acid coun-
terparts displayed a >20-fold loss in inhibition in almost every
case. However, AIP-111 p-1.7 displayed analogous inhibitory
activities as the parent AIP-II1 in groups-1, -1l and -1V (within
error), suggesting that Leu7 may not enforce stereo defined
interactions of AIP-I1I with AgrC receptors. This observation
is congruent with previous findings for AIP-I by Williams and
co-workers.[24] Two exceptions to these activity trends are
noted. Replacing the endocyclic Phe5 or Leu6 with their
p-isomers (in AIP-III p-F5 and AIP-III p-L.6) neither main-
tained nor simply abolished inhibitory activity against one
receptor, AgrC-I1. These two analogs appeared to activate
AgrC-Il instead. The extent of this activation relative to native
AIP could not be fully explored using the gfp-reporter assay,
however, as the native AIP signals are produced at normal
background levels in the S. aureus AgrC reporter strains (and
thus an additive agonistic effect is measured).

The remaining two residues of AIP-III, Cys3 and Asp4,
were found to contribute significantly to cross-receptor inhi-
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bition. The replacement of Cys3 with its p-isomer signifi-
cantly reduced inhibition (>20-fold change relative to native
AIP-IIT; Table 3). This reduction may be due to a conforma-
tional change caused by the reversed stereogenic center of
cysteine, forcing a change in the orientation of the key hydro-
phobic residues in the macrocyclic backbone, thereby pre-
venting AIP: AgrC recognition interactions.

Replacement of Asp4 with its p-isomer also reduced inhi-
bition relative to AIP-III against AgrC-I by 28-fold, yet
reduced inhibitory activity to a lesser degree against AgrC-I1
and AgrC-1V (4- and 3-fold relative to AIP-I11, respectively).
This result suggests that the stereochemistry of this residue
could reinforce optimal orientations of PheS and Leu6 for
interactions with AgrC-1.

The remaining two residues of AIP-III, Cys3 and Asp4,
were found to contribute significantly to cross-receptor inhi-
bition. The replacement of Cys3 with its p-isomer signifi-
cantly reduced inhibition (>20-fold change relative to native
AIP-IIT; Table 3). This reduction may be due to a conforma-
tional change caused by the reversed stereogenic center of
cysteine, forcing a change in the orientation of the key hydro-
phobic residues in the macrocyclic backbone, thereby pre-
venting AIP:AgrC recognition interactions. Replacement of
Asp4 with its p-isomer also reduced inhibition relative to
AIP-IIT against AgrC-I by 28-fold, yet reduced inhibitory
activity to a lesser degree against AgrC-II and AgrC-1V (4-
and 3-fold relative to AIP-I1I, respectively). This result sug-
gests that the stereochemistry of this residue could reinforce
optimal orientations of Phe5 and Leu6 for interactions with
AgrC-1.

Perhaps more notable, however, was that the replacement
of Asp4 with alanine (AIP-III D4A) increased the inhibitory
activity of AIP-I1I by atleast 10-fold in each group, delivering
apicomolar global AgrC inhibitor. Interestingly, AIP-III D4A
contains the identical mutation as the previously reported
global inhibitor, tAIP-I D2A (residue numbering shifted
(4—2) due to truncated structure), yet is a ~10-fold more
active inhibitor in each group (Table 3). AIP-III D4A repre-
sented not only the most active inhibitor identified in this first
series of AIP-II1 derivatives, but is also, to our knowledge, the
most potent AgrC inhibitor to be reported.

TABLE 3

IC5q values of the alanine, D-amino acid, N-methyl and peptoid scan derivatives of AIP-
11T against AgrC I-IV determined using S. aureus fluorescence reporter strains.®

AgrC-I AgrC-II AgrC-III AgiC-IV

Compound name Sequence ICso (nM)® ICso (nM)? IC5o (nM)? 1Cs0 (nM)?
ATP-TII D-T1 DI-N-(C-D-F-L-L) 8.42 16.4 78.3 71.7
AIP-TII D-N2 [-DN-(C-D-F-L-L) 2.15 2.45 17.8 6.23
AIP-TII D-C3 I-N-(DC-D-F-L-L) >200 >200 >200 >200
AIP-TII D-D4 I-N-(C-DD-F-L-L) 138 24.5 >200 29.2
AIP-TII D-F5 [-N-(C-D-DF-L-L) >200 >200 ¢ ¢ >200 174
AIP-TII D-L.6 I-N-(C-D-F-DL-L) >200 — >200 >200
AIP-TII D-1.7 I-N-(C-D-F-L-DL) 12.0 5.36 — 10.5
AIP-TIL I1A A-N-(C-D-F-L-L) 17.9 4.26 194 7.85
ATP-TII N2A I-A-(C-D-F-L-L) 3.60 0.732 oe 3.53
ATP-TII D4A [-N-(C-A-F-L-L) 0.485 0.429 0.0506 0.0349
AIP-TII F5A [-N-(C-D-A-L-L) >200 >200 ¢ >200 118
ATP-TII L6A [-N-(C-D-F-A-L) >200 >200 >200 >200
AIP-III L7A [-N-(C-D-F-L-A) >200 >200 >200 >200
AIP-TII N-Me-11?!  NMeI-N-(C-D-F-L-L) 60.8 12.8 >1000 ¢ 49.2
AIP-III N-Me-N2*!  [-NMeN-(C-D-F-L-L) 8.04 3.19 —n 9.54
AIP-TII N-Me-C3%!  I-N-(NMeC-D-F-L-L) 137 134 —n 106
AIP-TII N-Me-D4%!  [-N-(C-NMeD-F-L-L) 172 7.98 90.2 36.9
AIP-III N-Me-F5%!  [-N-(C-D-NMeF-L-L) 4.49 1.95 —n 6.59
AIP-III N-Me-L6%"  I-N-(C-D-F-NMeL-L)  >1000 ¢ —n 162 81.6
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IC5q values of the alanine, D-amino acid, N-methy! and peptoid scan derivatives of AIP-
11T against AgrC I-IV determined using S. aureus fluorescence reporter strains.”

AgrC-1 AgrC-TI AgrC-TII AgrC-TV
Compound name Sequence ICso (nM)? ICso (nM)” ICso (nM)? ICso (nM)?
AIP-TII N-Me-L7%'  I-N-(C-D-F-L-NMeL) —n —n >1000 © —n
ATP-TII nl1 %! n-N-(C-D-F-L-L) 44.0 425 >1000 ¢ 222
AIP-TII nN2 DKP?!  (I-nN)-(C-D-F-L-L) 126 428 25.1 84.8
ATP-TII nD4%! I-N-(C-nD-F-L-L) 162 28.3 206 53.2
ATP-TII nF5%! I-N-(C-D-nF-L-L) 13.8 75.6 >1000 ¢ 0.839
AIP-TII nL6%! I-N-(C-D-F-nL-L) —n — >1000 © >1000 ©
AIP-III nL7%! I-N-(C-D-F-L-nL) —n —n —n —n
AIP-F¥ Y-S-T-(C-D-F-I-M) — 8.00 0.522 oe
ATP-TIE G-V-N-A-(C-S-S-L-F) 1.62 — 0.532 0.396
ATP-TII8 I-N-(C-D-F-L-L) 5.05 5.63 — 8.53
AIP-IVE Y-S-T-(C-Y-F-I-M) od 0.373 0.460 —
tAIP-1 D2A® Ac-(C-A-F-I-M) 3.06 10.1 0.260 0.353

“See Examples for details of reporter strains and methods. All assays performed in triplicate.

bIC50 values determined by testing AIPs over a range of concentrations (200 fM-10 pM) or
21(2.5 pM-10 M),

¢ Dose response curve did not reach 100% inhibition over the concentrations tested.

4 ICs values are between 100 nM-1 uM.

¢ Inhibition dose response curve upturned at higher concentrations.

Dose response curve revealed agonism and no antagonism.

2Control compound.

"No inhibition was observed at the concentrations tested.

Analysis of the gfp screening data for the AIP-III analogs
also provided valuable SAR trends for the activation of AgrC-
11T by AIP-III (Table 3). The exocyclic residue Ilel of AIP-1I1
appeared to play an important role in receptor activation.
Replacing this residue with either alanine or the p-amino acid
counterpart converted AIP-III to a weak antagonist (IC,,
values=194 nM and 78.3 nM, respectively). Converting the
exocyclic residue Asn2 to its p-isomer yielded an even stron-
ger AgrC-III antagonist (IC,, value=17.8 nM). However,
replacing Asn2 with alanine maintained agonistic activity,
suggesting that the stereochemical presentation (and con-
comitant conformational constraints) of the peptide backbone
may be more essential for AgrC-III activation relative to the
composition of the Asn2 side chain. Within the AIP-III mac-
rocycle, the two hydrophobic residues Phe5 and Leu6 proved
to be crucial for AgrC-III activation, as p-isomer or Ala
replacements at either of these residues gave relatively inac-
tive analogs that only weakly inhibited AgrC-III activity
(ICs, values>200 nM). In contrast, AIP-III p-L.7 maintained
the agonistic activity of the parent AIP-I11, while AIP-TII L7A
was largely inactive, similar to the AIP-III F5A and AIP-III
L6A mutants. This disparate activity trend suggests that L.eu7
may not play as a major of a role in AIP-I11: AgrC-III inter-
actions as Phe5 and Leu6.

Replacement of the AIP-III Cys3 with its D-isomer gave a
weakly active inhibitor (IC,, value >200 nM; Table 3), indi-
cating that the stereochemistry of this residue is important to
AIP-IIT: AgrCIII interactions. Similarly, substitution of Asp4
with D-Asp also yielded an inactive analog (IC5, value >200
nM). As discussed above, however, replacing this same resi-
due with alanine (AIP-III D4A) produced the most potent
AgrC-111 inhibitor in this series (IC;, value=0.0506 nM).

Together, these SAR trends indicate that Asp4, adjacent to
the conserved Cys3 residue, plays a major role in AgrC acti-
vation, but not in recognition by the receptor. Throughout
these SAR analyses, it was assumed that the AIP-IIT analogs
were eliciting their activity through directly binding AgrC
receptors and outcompeting the native AIP signals. This is a
reasonable assumption in view of the structural relationship
of these mutants to the native AIP signals, and has been made
in prior studies of AIP-I and -II analogs. However, to provide
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further support for this hypothesis, we performed a competi-
tion assay between the native AIPs and our most potent AgrC-
1T inhibitor, AIP-III D4A, using the gfp reporter strains. The
native AIP signals could be added in a dose-dependent man-
ner to completely eliminate AIP-III D4A inhibition and
recover gfp production in each of the four S. aureus groups
(see FIGS. 2A-D). These data serve to support a competitive
mechanism by which AIP-1II D4A and the related analogs in
this study modulate AgrC activity.

Table 3 also summarizes the activities of these control
peptides and the peptidomimetics of FIG. 4. As noted above,
exocyclic residues of AIPs are required for cognate activation
but not receptor recognition. Consistent with previous obser-
vations, peptidomimetics with modifications to the exocyclic
tail residues had activities similar to the parent AIP-III. AIP-
IIT nN2 could not be directly evaluated, but note that the
bicyclic AIP-III nN2 DKP significantly lost ability to inhibit
AgrC-1 (>20-fold change).

With respect to changes in the macrocycle, the importance
of'the conserved cysteine and three hydrophobic residues was
confirmed as most of such modifications resulted in signifi-
cant reduction of potency (>9-fold change). Furthermore,
modifications of Leu6 resulted in AgrC-II agonists, an obser-
vation similar to that observed on its replacement with the
p-amino acid. While, Phe5 could not be mutated to a p-amino
acid or alanine without loss of activity, Phe5 could be mutated
with peptidomimetics. For example, the replacement of Phe5
with the N-methyl analog had no effect on inhibition relative
to AIP-III (ICs, values within error) and the insertion of a
peptoid residue resulted in a picomolar group-1V inhibitor.
AIP-III nF5 was the most potent inhibitor identified for any
group in these studies and displayed enhanced potency for
AgrC-1V only (versus AIP-III: 10-fold increased potency for
AgrC-1V, within error for AgrC-1, and 13-fold reduction for
AgrC-1I). In contrast replacement of Leu7 with the N-methy-
lated or peptoid analog abolished inhibition where peptoid
insertion resulted in an AgrC-II agonist. The combined results
indicate that the side chain of Phe5 (but not the backbone) is
the important component of this residue, and the backbone is
the important component of Leu7. Based on these results, the
AIP segment spanning from the Phe5 a.-carbon to the nitro-
gen atom of Leu7 appears to be the basis for AgrC recogni-
tion.
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The SAR analysis also provided information related to
AgrC-111 activation by AIP-I1I. Agonism of AgrC-II1 was not
detected for any of the backbone-modified analogs, indicat-
ing that hydrogen bonding throughout the entire sequence is

38

four S. aureus gfp-reporter strains for inhibitory activity
against AgrC-1-IV. The results of these assays are shown in
Table 4; data for AIP-III D4A, and the previously reported
inhibitor, tAIP-I D2A, are included for comparison.

TABLE 4

IC;50 values of the second-generation AIP-III analogues against AgrC
LIV determined using S. aureus fluorescence reporter strains.”

AgrC-1 AgrC-1I AgrC-1IT AgrC-IV
Compound name Sequence ICso (MM)?  ICso (M) IC5o(aM)®  ICsq (nM)?
AIP-TIT TIA/N2A A-A-(C-D-F-L-L) 7.40 4.38 2.60 5.41
AIP-TII T1A/D4A A-N-(C-A-F-L-L) 0.328 2.35 0.280 0.101
AIP-TII N2A/D4A I-A-(C-A-F-L-L) 0.331 0.204 0.0657 0.0221
AIP-TII TIA/N2A/D4A  A-A-(C-A-F-L-L) 0.304 0.604 0.0734 0.0161
tATP-III Ac-(C-D-F-L-L) 26.7 1.53 >200 255
tAIP-ITI D2A Ac-(C-A-F-L-L) 0.257 0.900 0.329 0.0957
tAIP-ITI D2A/F3Y Ac-(C-A-Y-L-L) 0.279 1.15 0.387 0.0306
tAIP-ITI D2A/F3W Ac-(C-A-W-L-L) 0.909 1.90 0.509 0.0363
Ac-AIP-IIT Ac-I-N-(C-D-F-L-L)  >200 44.3 >200 >200
G-AIP-1II G-I-N-(C-D-F-L-L) 29.9 13.7 >200° 104
A-ATP-IIT A-I-N-(C-D-F-L-L) 26.1 6.40 27.59 28.59
Y-AIP-IIT Y-I-N-(C-D-F-L-L) 8.92 3.75 39.2 78.2°¢
AIP-TII D4A° I-N-(C-A-F-L-L) 0.485 0.429 0.0506 0.0349
tAIP-I D2A® Ac-(C-A-F-I-M) 3.06 10.1 0.260 0.353

“See Experimental Section for details of reporter strains and methods. All assays performed in triplicate.
bIC50 values determined by testing AIPs over a range of concentrations (200 fM-10 pM).
“Dose response curve did not reach 100% inhibition over the concentrations tested.

dAntagonism dose response curve upturned at higher concentrations.

°Data included for comparison.

important for activation. However, the utilization of wild-type
bacteria in our assay prevents accurate assessment of this
phenomenon. Furthermore, ofthe 13 peptidomimetic analogs
of FIG. 4, only AIP-I11 nN2 DKP was found to be an AgrC-II1
inhibitor. This analog also significantly reduced TSST-1 pro-
duction by a group-111 S. aureus strain in low pM concentra-
tions.

Examination of the peptidomimetics of FIG. 4 identified
group-selective inhibitors. Two selective inhibitors were
identified after replacement of Asp4 with either the N-methyl
amino acid or the corresponding peptoid: AIP-III N-Me D4
and AIP-IIT nD4, respectively. These compounds were both
selective AgrC-II and -1V inhibitors (ICs,, values for AgrC-1
and -III were greater than 100 nM). This result is consistent
with observation regarding the replacement of Asp4 with its
D-stereoisomer, which only exhibited weak inhibition activ-
ity against AgrC-I, but maintained antagonism activity
against AgrC-II and -1V in the gfp reporter assay. The intol-
erance of AgrC-Ito changes at Asp4 may be attributable to the
sequence of the cognate AIP that has an Asp residue at the
same position. Additionally an AgrC-IV selective inhibitor,
AIP-IIT N-Me-L.6, was identified on N-methylation of Leu6
of AIP-III. The selectivity obtained through this subtle
change in the AIP structure emphasizes the specificity of the
interactions between the AIPs and the AgrC receptors. Fur-
ther, two partially selective inhibitors, AIP-III nF5 and AIP-
IIT nN2 DKP (IC,, values vary significantly between the
groups) were identified. Group-selective inhibitors, for
example, are useful as research reagents to study the agr QS
circuit of S. aureus in mixed bacterial milieu. Group-selective
inhibitors provide a method to temporally evaluate mixed
strains to probe not only strain-strain competition, but also to
assess the role of QS timing on a strain’s success or failure in
such competition.

Compounds of Table 1 with double and triple alanine
changes, alternate aromatic residues in place of Phe5, and
truncated and elongated exocyclic tails were evaluated in the
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The analogs with double and triple alanine mutations
(Table 4, Rows 1-4) were designed to examine whether simul-
taneously replacing multiple amino acid residues with ala-
nine would result in an additive effect on compound activity.
Replacing both exocyclic residues (Ilel and Asn2) in AIP-1I1
with alanine yielded an analog (AIP-III I1A/N2A) with an
1C,, value between those of the parent single alanine mutants
for AgrC-1, -11, and -IV (see Tables 3 and 4). In contrast,
ATP-IIT I1A/N2A was a much more potent inhibitor against
AgrC-III (IC5,=2.60 nM) relative to the single alanine
mutants (I1A, IC5,=194 nM; N2A=weak agonist). Introduc-
ing a D4A mutation along with these exocyclic alanine muta-
tions (Table 4, Rows 2-4) yielded analogs with antagonistic
activities analogous to the AIP-III D4A parent mutant,
regardless of other mutations (within error for all except
AIP-IIT I1A/D4A against AgrC-II, with a <5-fold change),
indicating that the inclusion of D4A may convert every AIP-
11T mutant to cross-group AgrC inhibitor.

Four truncated AIP-III derivatives lacking exocyclic tails
were prepared to explore whether this modification, as shown
for AIP-1, -1I and -IV,[49] could broaden their inhibitory
scope against cognate and non-cognate AgrC receptors
(Table 4, Rows 5-8). Such an analysis of the native AIP-1I1 is
yet to be reported. It was found that the truncated AIP-III
(tAIP-IIT) was largely inactive in its cognate receptor, AgrC-
II1. Moreover, no significant activity change between tAIP-111
and native AIP-IIT against AgrC-II and -1V was observed, and
slightly diminished activity for tAIP-III relative to native
AIP-IIT against AgrC-1 (26.7 nM v. 5.05 nM, respectively)
was observed. These data suggest that the exocyclic tail of
ATP-III does not play a major role in cross-group inhibition.
The inclusion of the D4A mutation in the truncated AIP-III
produced a potent global AgrC inhibitor (termed tAIP-III
D2A; <1 nM for all groups; note, residue numbering shifted
due to truncation), with activity within error of its full-length
analog (AIP-II1 D4A) in AgrC-1, -1, and -1V and only some-
what reduced for group-I1I (0.329 nM v. 0.0506 nM, respec-
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tively). This truncated AIP-I1I analog represents a more struc-
turally streamlined, peptide-based AgrC inhibitor.

To explore SARs for the potent inhibitor tAIP-III D2A,
Phe3 was replaced with other aromatic amino acids (Tyr or
Trp) to determine the role of this residue in inhibitory activity.
These two analogs (tAIP-III D2A/F3Y and tAIP-III D2A/
F3W) displayed similar inhibitory activities in the gfp-re-
porter assays as the parent analog. These data, along with the
alanine scan data above, suggest that bulky, aromatic residues
are important at the Phe3 (or Phe5) position for AgrC inhibi-
tion by AIP-III analogs, but that the residue identity is not
critical.

Four elongated AIP-III analogs with either an acetyl, gly-
cine, alanine, or tyrosine extension at the N-terminus of AIP-
II1. The tyrosine-extended AIP-III (Y-AIP-III) was a moder-
ate antagonist of AgrC-III in the gfp-reporter assay. In
contrast, the acetylated and glycine variants (Ac-AIP-1II and
G-AIP-III) were largely inactive in AgrC-I11, and the alanine-
extended AIP (A-AIP-III) was actually a partial agonist of
AgrC-111 instead. When evaluated for modulatory activity in
the non-cognate AgrC receptors, Ac-AlIP-I1I was the least
active (>200 nM for group-1 and -IV and 44.3 nM for group-
1I), implying that a free N-terminus is important for recogni-
tion. None of the amino acid AIP-III analogs showed
improved inhibition compared to the parent AIP-III, and
G-AIP-III was the least potent extended amino acid analog
overall. Interestingly, the A-AIP-III, but not Y-AIP-III-(Tyr
being first amino acid in the native AIP-IV octapeptide
sequence), actually displayed partial agonism in AgrC-IV.
Representative Assay Protocol.

Peptide stock solutions were diluted with DMSO in serial
dilutions (either 1:3, 1:5, or 1:10), and 2 uL of the diluted
solution was added to each of the wells in a black 96-well
microtiter plate. An overnight culture of S. aureus gfp strain
was diluted 1:50 with fresh TSB (pH 7.35). A 198-uL. portion
of diluted culture was added to each well of the microtiter
plate containing peptide. Plates were incubated at 37° C. for
24 h. Fluorescence (EX 500 nm/EM 540 nm) and ODy, of
each well was then recorded using a plate reader and ICg,
values were calculated. For the competition assays, 2 pl, of
AIP-III D4A stock solution was added to wells in a black
96-well microtiter plate to final concentrations of 2 nM
(group-I and -1I strains) or 0.3 nM (group-I1I and -1V strains).
Native AIP (I-IV) stock solutions were diluted with DMSO in
serial dilutions (1:3 dilutions) and added to the wells contain-
ing AIP-IIT D4A. The fluorescence assay was carried out as
described above in the four respective S. aureus reporter
strains.
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Example 5

Hemolysis Assays

The response of S. aureus gfp-reporters may not accurately
reflect physiologically relevant QS phenotypes. Previous
studies have established that the production of hemolysins is
regulated by the agr QS system.[18-20] Therefore, analogs
that inhibit the agr system should also block the production of
hemolysins in S. aureus. Inhibition of the agr system should
then be readily quantitated by hemolysis assays using red
blood cells. To this end, a standard bacterial hemolysis assay
was modified to a 96-well microtiter plate format to expedite
compound screening [65, 66] All 13 compounds evaluated in
Table 3 were further evaluated for their ability to inhibit
hemolysis by S. aureus. Wild-type strains of S. aureus
groups-I-1V were treated with compounds to be tested and the
cultures were then assessed for hemolysin activity. Rabbit red
blood cells were incubated with peptide-treated bacterial cul-
tures (~15 min) in a microtiter plate, after which the samples
were pelleted by centrifugation. The culture supernatant was
then transferred to new plates, and the concentration of free
heme (directly correlated with red blood cell lysis) was quan-
tified by measuring absorbance at 420 nm. Similar to the
gip-reporter assays outlined above, the native AIPs (I-IV) and
the previously reported global inhibitor tAIP-I D2A as con-
trols inthe hemolysis assays. Table 5 summarizes the hemoly-
sis assay data.

With a few minor exceptions, the relative IC,, value trends
for the controls and AIP analogs in the hemolysis assay were
largely identical to those in the gfp-reporter assays. Note that
the two sets of assay data came from different bacterial
strains, and thus strain-to-strain variations could account for
the slight deviations observed. The most potent AgrC inhibi-
tors identified in the gfp-reporter assays were capable of
completely inhibiting hemolysis in the S. aureus strains at
nanomolar concentrations or lower. For example, the global
S. aureus QS inhibitor identified in the gfp-reporter assay,
AIP-III D4A, inhibited hemolysis in all four groups at sub-
nanomolar concentrations (ICs, value <0.2 nM). This peptide
was three-fold more active than the previously reported glo-
bal inhibitor, tAIP-1 D2A, in the hemolysis assay in the group
1V strain; more strikingly, it was 40-fold more active in the
group-1I strain. These data are significant, as they indicate
that AIP-III D4A and other compounds of this invention are
capable of blocking an important QS phenotype directly
linked to virulence in wild-type S. aureus strains.

TABLE §

ICsq values of the alanine and D-amino acid scan analogs of AIP-

IIT against AgrC I-IV determined using the hemolysis assay.”

AgrC-1 AgrC-1I AgrC-1II AgrC-IV
Compound Sequence ICso (MM)®  ICso (nM)? ICso (aM)” ICso (nM)”
AIP-III D-11 DI-N-(C-D-F-L-L) 18.4 2.67 >200° >200
AIP-IIID-N2  I-DN-(C-D-F-L-L) 5.31 0.222 —d 23.1
AIP-IIID-C3  I-N-(DC-D-F-L-L) >200 122 >200 >200
AIP-IIID-D4  I-N-(C-DD-F-L-L) 77.0 1.15 >200 >2009
AIP-TIID-F5  I-N-(C-D-DF-L-L) >200 >200 >200 >200
AIP-IIID-L6  I-N-(C-D-F-DL-L) >200 >200 >200 >200
AIP-TIID-L7  I-N-(C-D-F-L-DL) 29.3 1.96 —* 47.8
AIP-TITT1A A-N-(C-D-F-L-L) 4.61 1.29 — 12.5
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TABLE 5-continued
ICsq values of the alanine and D-amino acid scan analogs of AIP-
11T against AgrC I-IV determined using the hemolysis assay.”
AgrC-1 AgrC-II AgrC-TII AgrC-IV
Compound Sequence ICso (MM)?  ICsq (nM)? ICso (nM)? ICso (nM)?
AIP-TIT N2A I-A-(C-D-F-L-L) 1.02 0.137 —d 2.64
AIP-TIT D4A I-N-(C-A-F-L-L) 0.0820 0.0596 0.163 0.106
AIP-TIT F5A I-N-(C-D-A-L-L) >200 44.7 >200 >200
AIP-TIT L6A I-N-(C-D-F-A-L) >200 >200 >200 >200
AIP-TITL7A I-N-(C-D-F-L-A) >200 >200 >200 >200
AIP-FE Y-S-T-(C-D-F-I-M) — 3.34 6.12 189
ATIP-TI¥ G-V-N-A-(C-8-S-L-F) 0.890 — 3.59 1.19
AIP-II1# I-N-(C-D-F-L-L) 8.07 0.456 — 23.8
AIP-IVE Y-S-T-(C-Y-F-I-M) —d 0.0897 1.49 —
tAIP-I D2A® Ac-(C-A-F-I-M) 1.45 2.50 0.853 0.361
“See Experimental Section for details of reporter strains and methods. All assays performed in triplicate.
bIC50 values determined by testing AIPs over a range of concentrations (200 fM-10 pM).
“Dose response curve did not reach 100% inhibition over the concentrations tested.
9Dose response curve upturned at higher concentrations.
“Dose response curve revealed agonism and no inhibition.
No activity at any concentration tested up to at least 10 pM.
2Control compound.
The most potent AgrC inhibitors from Table 4 (ICs, Value?s TABLE 7
less than 1 nM) were also evaluated in the S. aureus hemolysis 25
assay (Table 6). The trends for these compounds analogs in Conditions for hemolysis assay
the hemolysis and gfp-reporter assays are largely consistent.
The hemolysis assay did unmask variances between certain - . Culture + red
C e Dilution of Bacteria + AIPs blood cells

potent compounds. For example, AIP-II1 I1A/D4A inhibited culture with  Incubation time  incubation time
hemolysis in group-I at eightfold lower concentrations than 30 S aureus strain TSB (0 (min)
the original AIP-IIT D4A analog (0.0103 nM v. 0.0820 nM,
respectively), a discrepancy that was not observed in the gfp ggzggB (groufﬁl) ggo g g
reporter assays (0.328 nM v. 0.485 nM), suggesting that (group-IT) :
doubl o he inhibi LS FAIP-IIT MNB8 (group-III) 1:10 6 25

ouble mutants may enhance the 1 1tory activity o - RN4850 (group-IV) 1:10 6 15

analogs. AIP-I1I p-D4 was a strong AgrC-IV antagonist in the
gfp assay (IC,, value=29.2 nM), but displayed partial ago-
nism in the hemolysis assay (IC,, value >200 nM).

TABLE 6

35
TSB = tryptic soy broth.

IC5, values of selected second-generation AIP-IIT analogues
against AgrC I-IV determined using the hemolysis assay.”

AgrC-1 AgrC-1I AgrC-1II AgrC-IV

Compound Sequence ICso(mM)?  IC5o(nM)?  ICso (nM)®  ICs, (nM)®
AIP-TII IIA/D4A A-N-(C-A-F-L-L) 0.0103 0.793 0.551 0.284
AIP-III N2A/D4A [-A-(C-A-F-L-L) 0.0362 0.0661 0.216 0.122
ATP-IIT A-A-(C-A-F-L-L) 0.0411 0.0606 0.243 0.140
T1A/N2A/D4AA

tATP-TII D2A Ac-(C-A-F-L-L) 0.332 0.711 0.197 0.306
tAIP-II D2A/F3Y  Ac-(C-A-Y-L-L) 0.279 0.204 0.265 0.134
tAIP-II D2A/F3W  Ac-(C-A-W-L-L) 0.468 0.126 1.08 0.194

“See Experimental Section for details of reporter strains and methods. All assays performed in triplicate.

bICSO values determined by testing AIPs over a range of concentrations (200 fM-10 pM).

Representative Assay Protocol.

Peptide stock solutions were diluted with DMSO in serial
dilutions (either 1:3, 1:5, or 1:10 dilutions). For hemolysis
assays, 2 ulL of diluted peptide solution was added to each of
the wells in a 96-well microtiter plate. An overnight culture of
S. aureus wild-type strain was diluted with fresh TSB (pH
7.35) (1:10, 1:25 or 1:100, assay conditions dependent on

strain (see Table 7). A 198-uL portion of the diluted culture 45

was added to each well of the microtiter plate containing
peptides.

60

Plates were incubated statically at 37° C. for 6-8 h. The
cultures were then assayed for hemolytic activity. Suspended
rabbit red blood cells (1 mL) were centrifuged (2,000 rpm, 2
min, 25° C., 450 g), the supernatant was removed, and the
cells were resuspended in saline phosphate buffer (PBS,
pH=7.35, 1 mL). After the OD,, of each well of the 96-well
microtiter plate was recorded, a 13-ulL portion of the sus-
pended red blood cells was added to each well. After 15-25
min (see Table 7) of static incubation at 37° C., the microtiter
plates were centrifuged to pellet the cells (4 min, 25° C., 450
g). A 150-uL portion of supernatant from each well of culture



US 9,227,996 B2

43

was transferred to a fresh 96-well microtiter plate. Absor-
bance at 420 nm was measured for each well using a plate
reader and IC, values were calculated.

Example 6
Attenuation of TSST-1 Production

The production of TSST-1 is a hallmark QS phenotype S.
aureus group-111. The four most potent AgrC inhibitors iden-
tified above (AIP-ITI D4A, tAIP-1I1 D2 A, AIP-III N2A/DA4A,
and AIPIIII1A/N2A/D4A) were evaluated for the capability
of reducing the production of TSST-1 in group-III S. aureus.
A wild-type group-1I1 S. aureus strain (MN8) known to pro-
duce TSST-1 in the presence of each AIP-III analog (at 1 and
10 nM), and quantitated toxin production using a standard
sandwich-type ELISA assay with a commercially available
anti-TSST-1 antibody. The results of these assays are shown
in FIG. 3, and show that all four AIP-III analogs are capable
of strongly inhibiting TSST production (by >80%) in this
group-111 S. aureus strain at 10 nM. Moreover, two analogs,
AIP-III D4A and tAIP-I11 D2 A, maintained 80% reduction of
TSST-1 levels at 1 nM.

These ELISA data are significant, as they demonstrate that
compounds ofthis invention are capable of inhibiting TSST-1
production in S. aureus. Previously, bacterial supernatants
containing the naturally occurring cyclic dipeptides (cyclo-
(Tyr-Pro) and cyclo-(Phe-Pro)) were reported by McCormick
and co-workers.[29] to reduce TSST-1 production levels by
~80% using an analogous ELISA assay. The purified cyclic
dipeptides, however, were not tested in the ELISA. To per-
form a more quantitative comparison of the most potent AIP-
IIT analogs to these cyclic peptides, pure samples of cyclo-
(Tyr-Pro) or cyclo-(PhePro) were subjected to the ELISA
protocol, and it was found that 100 uM concentrations were
required to reduce TSST production by ~50% or 80%, respec-
tively (see FIG. 3). These data indicate that the compounds of
this invention tested are at least 1000-fold more potent than
the cyclic dipeptides in the ELISA, and thus represent some
of the most potent inhibitors of TSST-1 production in S.
aureus 10 be reported.

TSST-1 ELISA Assay Protocol

The TSST-1 ELISA protocol was based in part on the
procedure supplied by the toxin producer (Toxin Technolo-
gies, Inc.), with some modifications. Peptide stock solutions
(AIP-III analog or cyclic dipeptide control) were diluted with
DMSO to the desired concentration, and 20 uLL of the diluted
solutions was added to 15-mL Falcon tubes. An overnight
culture of S. aureus MNS8 was diluted 1:100 with fresh BHI
(pH 7.35), and a 1-mL portion of diluted culture was added to
each Falcon tube containing peptide. The cultures were incu-
bated at 37 C for 24 h. Simultaneously, rabbit polyclonal
anti-TSST-1 IgG (100 ul, 10 pg/ml. in coating buffer (0.01 M
sodium carbonate, pH 9.6)) was added to a 96-well ELISA
plate and incubated with shaking (200 rpm) in a humid cham-
ber at 37° C. for 18 h. The ELISA plate was then washed 3x
(300 pL. each, PBS solution containing 0.05% Tween-20,
PBS-Tween). To block the plate, bovine serum albumin
(BSA, 1% in PBS-Tween, 100 uL.) was added to each well and
incubated for 15 min at rt, after which it was washed 3x again
with PBS-Tween (300 pulL each). The bacterial cultures were
centrifuged to pellet the cells (10 min, 25° C., 450 g), and the
supernatants were sterile filtered. The supernatants were
diluted 1:10 in normal rabbit serum (NRS, 1% in PBS-
Tween) and incubated for 15 min at rt. The incubated solu-
tions were further diluted using PBS-Tween to a total dilution
0f'1:100t0 1:2,000. The diluted supernatant samples (100 uL.)
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and TSST-1 standards with known concentrations (ranging
from 10 ng/mL to 0.32 ng/ml,, 100 pl.) were added to the
ELISA plate and incubated with shaking (200 rpm) in a
humid chamber at 37° C. for 2 h. After incubation, the plate
was washed 3x with PBS-Tween, and anti-TSST-1 IgG horse-
radish peroxidase conjugate (100 ul, 3.33 pg/ml.) was added
and incubated with shaking (200 rpm) in 2a humid chamber at
37° C. for 1 h. The plate was washed 5x with PBS-Tween,
after which 2,2'-azinobis(3-ethylbenzthiazoline-sulfonic
acid) (ABTS solution, 100 pL.) was added and incubated at rt
for 15 min. Absorbance at 405 nm was measured using a plate
reader, and a TSST-1 standard curve was constructed for each
assay plate using the data of the TSST-1 reference standards.
(The R2 of linear regression analysis for these data was
20.99.) The TSST-1 concentration in the test samples were
then determined from the regression equation and presented
as a percentage of the TSST-1 concentration in the untreated
cultures.

Example 7
Activation Assay-fp-Lactamase Assay

Peptidomimetic compounds of FIG. 4 that displayed
<100% inhibition of gfp production in the wild-type strains
were assessed for agonistic activity using a set of S. aureus
group-I agr-null strains each carrying a plasmid containing a
P3-blaZ fusion (to confer §-lactamase activity in response to
AgrC activation) and agrCA from groups-I, -1I, -III, or -IV.
[46, 49]. None of peptidomimetics of FIG. 4 were able to
activate the non-cognate AgrC receptors in the activation
assay. Only the ability of the N-methyl and peptoid scans of
AIP-III to activate the AgrC-III receptor is presented in Table
8.

Four ofthe compounds tested were found to activate AgrC-
III. N-methylation of Asn2 produced an analog with
enhanced activity compared to AIP-III (Table 8), combined
with the relatively high antagonistic activity of AIP-IIT nN2
DKP, this result suggests that N-alkylation of Asn2 is benefi-
cial for AgrC-Ill interactions. N-methylation of Cys3 resulted
in an analog with reduced activity compared to AIP-III (>10-
fold change, Table 5), further highlighting the importance of
this residue for effective AgrC receptor recognition. Modify-
ing Phe5 did not hamper the ability of the resulting analogs to
activate AgrC-III (Table 8). This result is consistent with the
hypothesis that the AIP segment spanning from the Phe5
a-carbon to the nitrogen atom of Leu7 is the basis for AgrC
recognition.

TABLE 8

EC5q values for the N-methy! and peptoid scan analogs of AIP-III
against AgrC-IIT determined using a $-lactamase reporter strain.”

AgrC-III
Peptide name Sequence ECso (aM) ®
AIP-TIT I-N-(C-D-F-L-L) 102
AIP-IIT N-Me-N2 I-NMeN-(C-D-F-L-L) 19.0
AIP-III N-Me-C3 I-N-(NMeC-D-F-L-L) >1000
AIP-III N-Me-F5 I-N-(C-D-NMeF-L-L) 49.6
AIP-TII nF5 I-N-(C-D-nF-L-L) 202

“Example 7 for details of reporter strains, and experimental procedures. All assays per-
formed in triplicate.
EC;s values determined by testing AIPs over a range of concentrations (2.5 pM-10 uM).

p-Lactamase Assay Protocol

Peptide stock solutions were diluted with DMSO in serial
dilutions (1:5), and 2 pL. of the diluted solution was added to
each of the wells in a clear 96-well microtiter plate. An
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overnight culture of S. aureus f-Lactamase strain was diluted
1:50 with fresh BHI (pH 7.35) and the bacteria was incubated
in a shaker until it reaches early exponential phase
(OD¢np=0.16). A 50-uL portion of culture was added to each
well of the microtiter plate containing peptide. Plates were
incubated at 37° C. for 1 h. ODy, of each well was recorded
using a plate reader, followed by the addition of sodium azide
(5 uL. of 50 mM solution) and Nitrocefin solution (50 pL. of
132 pg/ml. in 0.1 M sodium phosphate buffer, pH 5.8). The
plate was shaken in an incubator at 37° C. in the dark for 20
min, the absorbance (495 nm) of each well was then recorded
and EC5,, values were calculated.

Example 8

Synthesis of Compounds of Formula V and
Biological Assessment of Inhibition of AgrC
Receptor Groups

Synthetic methods described above were employed to pre-
pare compounds of Formula V, and VA-C which are illus-
trated in FIG. 5. Scheme 3 illustrates the application of these
methods to the synthesis of these compounds.

Scheme 3: Synthetic method of synthesis of exemplary compounds of Formula V.

20

46

FIG. 5 illustrates the naming scheme for certain com-
pounds of Formula V which is used in Table 9. Table 9
provides a comparison of activity of certain compounds of
formula V for inhibition of AgrC Receptor Groups of S.
aureus. Table 9 lists % activation for each listed compound for
AgrC groups I-IV. Percent activation is a comparison of fluo-
rescence measurements (performed essentially as described
in Example 4) of treated bacteria to non-treated wild-type
bacteria (S. Aureus) which produce native-ligand which acti-
vates QS in the absence of an inhibitor; a lower % activation
indicates more potent inhibition. This study identifies several
compounds which potently inhibit AgrC receptors at the nM
level. Specifically compound designated n3LF is a global
inhibitor of all four AgrC receptors. Specifically, the com-
pound designated n2LF is a selective group-1I inhibitor. Spe-
cifically, the compounds d designated nSLF and n7LF are
selective group-III inhibitors. Structures of certain com-
pounds of formula V are listed below indicating IC;,, values
for inhibition of listed AgrC receptors:

PAM resin

1. Boc removal
2. Fmoc/tBu Peptide assembly

S—Trt

(€] (€]
I I

Ac—NH—CH—C— NH— (CH,),—C— AA,— AA,—C

2. TFA H,0 (95:5)

PAM resin

l 1. Me,AlCI + EtSH, (dry DCM)

SH

(€] (6]
I I

(€]
I

Ac— NH—CH—C— NH—(CH,),—C—AA,— AA—C—S—Et

60% 6M GndHCl in 0.1M
Phosphate buffer, 40% ACN

pH=6.8,50°C.,2h

(€] (6]
I I

Ac—NH—CH—C—NH—(CH,),— C—AA,—AA—C=0

AA), AA) =Leu, Phe, len=1-7
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-continued
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N NH
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O
¢}
AgrC-TII ICso = 1073 nM
TABLE 9
Comparison of Relative Inhibition of Compounds
of Formula V for AgrC groups
Compound AgrC-I* AgrC-117 AgrC-I1I* AgrC-IV®
designation % Activation % Activation % Activation % Activation
nlLF 114 21 117 £25 13714 115+9
n2LF 104 =15 20 1389 99 =14
n3LF 17«7 28 + 10 137 6=3
n4LF 99 =30 88 =52 120+ 28 110 = 14
n5LF 76 =42 78 £37 6x3 120 £19
n6LF 69 =20 30 6x3 80 =21
n7LF 54 +34 43 £25 7=3 98 =14
nllLL 108 = 14 72 £20 139+ 35 119 £17
n2LL 87 =20 83 =30 88+9 110+ 7
n3LL 86 =24 62 =14 113 =10 11911
n4LL 80 =9 75 £22 83+ 16 102 £10
n5LL 87 =10 88 + 24 105 = 40 119 £17
n6LL 81 =18 82 =40 107 =23 129 £ 15
n7LL 103 = 64 76 28 117 =28 122 15
nlLI 90 =13 82 22 141 =32 141 =18
n2L1 89 x 61 44 £23 135+42 130 £17
n3LI 7219 64 =18 106 = 13 126 £ 18
n4L1 55«8 36+18 106 = 48 132 18
n5LI 60 £6 3112 43+9 70 =28
n6LI 68 =16 4113 93+ 26 133 17
n7LI 126 £ 57 9272 109 = 19 103 £ 4

%% Activation is a comparison of fluorescence of treated bacteria to non-treated wild-type
bacteria (S. Aureus) which produce native-ligand which activates QS in the absence of an
inhibitor; a lower % activation indicates more potent inhibition.
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The invention claimed is:
1. A compound of formula:

R, H Ry
N
0,
NH
g 0
R’ 0
12 R3
N N
HN N e
N
O Rz O H O
R,

or salts thereof where:

R, and R, are iso-butyl groups;

R; is a benzyl group;

R, is selected from a C1-C3 alkyl group or a —CH,—

COOH group, and
R,,and R’ , areindependently selected from a C1-C4 alkyl
group, a —CH,—CO—NH, group or a —CH,—
CH,—CO—NH, group; and
wherein each amino acid is an L-amino acid.

2. The compound or salt of claim 1, wherein R, is a
—CH,—COOH group.

3. The compound or salt of claim 1, wherein R, is a methyl
group.

4. The compound orsaltofclaim 1, whereinR', , isaC1-C4
alkyl group.

5. The compound or salt of claim 1, wherein R';, is a
methyl group.

6. The compound or salt of claim 1, wherein R, is a
sec-butyl group.

7. The compound or salt of claim 1, wherein R';, is a
—CH,—CH,—CO—NH, group.

8. The compound or salt of claim 1, whereinR |, is a C1-C4
alkyl group.

9. The compound or salt of claim 1, wherein R, , is amethyl
group.

10. The compound or salt of claim 1, wherein R, is a
sec-butyl group.

11. The compound or salt of claim 1, wherein R, is a
—CH,—CH,—CO—NH, group.

12. The compound or salt of claim 1, wherein R',, is sec-
butyl, and R, is a—CH,—CH,—CO—NH, group.

13. The compound or salt of claim 1, wherein R', is
methyl, and R, is a—CH,—CH,—CO—NH, group.

14. The compound or salt of claim 1, wherein R',, is sec-
butyl group, and R, , is a methyl group.

15. The compound or salt of claim 1, whereinR', and R,
are both methyl groups.

16. The compound or salt of claim 1, wherein R', , is sec-
butyl, R,, is a—CH,—CH,—CO—NH, group, and R, is a
—CH,—COOH group.

17. The compound or salt of claim 1, wherein R';, is a
sec-butyl group, R,, is a —CH,—CH,—CO—NH, group,
and R, is a methyl group.

18. The compound or salt of claim 1, wherein R';, is a
methyl group, R, , is a—CH,—CH,—CO—NH, group, and
R, is a methyl group.

19. The compound or salt of claim 1, wherein R'}, is a
sec-butyl group, R, is a methyl group, and R, is a methyl
group.
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20. The compound or salt of claim 1, wherein R';, is a
methyl group, R |, isamethyl group, and R, is a methyl group.

21. A pharmaceutical composition which comprises a
therapeutically effective amount of one or more compounds
or salts of claim 1 and a pharmaceutically acceptable carrier.

22. A method for attenuating virulence in Staphylococcus
which comprises the step of contacting the bacterium with
one or more compounds or salts selected from the compounds
or salts of claim 1.

23. The method of claim 22, wherein the production of
toxic shock syndrome toxin-1 is attenuated.

24. A method of treating staphylococcal infection which
comprises administering to an individual in need of treatment
atherapeutically effective amount of one or more compounds
or salts of claim 1.

25. The method of claim 24, wherein the staphylococcal
infection is a Staphylococcus aureus infection.

26. The method of claim 25, wherein the infection is toxic
shock syndrome.
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