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Abstract

The bacterial pathogen Staphylococcus aureus controls many aspects of virulence by using the
accessory gene regulator (agr) quorum sensing (QS) system. The agr system is activated by a
macrocyclic peptide signal known as an autoinducing peptide (AIP). We sought to develop
structurally simplified mimetics of AlIPs for use as chemical tools to study QS in S. aureus.
Herein, we report new peptidomimetic AgrC receptor inhibitors based on a tail-truncated AIP-11
peptide that have almost analogous inhibitory activities to the parent peptide. Structural
comparison of one of these peptidomimetics to the parent peptide and a highly potent, all-peptide-
derived, S. aureus agr inhibitor (AIP-111 D4A) revealed a conserved hydrophobic motif and overall
amphipathic nature. Our results suggest that the AIP scaffold is amenable to structural mimicry
and minimization for the development of synthetic agr inhibitors.
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Introduction

Quorum sensing (QS) allows bacteria to behave as a group at high cell densities and is
closely connected to virulence in many common pathogens.[!! This intercellular
communication system is mediated by small molecule or peptide signals that diffuse out of
or are secreted by bacteria into the local environment. As the population grows, the
concentration of QS signal likewise increases until a threshold is reached, whereupon the
signal productively binds to its cognate receptor. The activated receptor then modifies gene
expression levels to permit the bacteria to adopt a community lifestyle, whilst
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simultaneously increasing production of the QS circuitry, thus amplifying the QS
response.[1al

For many pathogens, QS allows bacteria to amass a sufficiently high population prior to
initiating virulence phenotypes, thereby increasing their chances to successfully infect a
host.[12.2] The close connection between QS and bacterial infection, and perhaps more
fundamentally, the chemical nature of QS signaling, has inspired considerable recent
research into the design of chemical strategies to intercept QS pathways.3! Many of these
efforts have focused on the development of synthetic mimics of QS signals that can inhibit
QS receptor:signal binding for use as chemical probes to block virulence phenotypes and to
delineate basic QS mechanisms. Our laboratory[4l and others[125] have contributed in this
area, and we recently have focused on the common pathogen Staphylococcus aureust4ti16]
and related species.[l]

In staphylococci, QS is controlled by the accessory gene regulator (agr) system.[5t7] In the
case of S. aureus, this QS system controls the expression of over 100 virulence factors.[?:8]
The S. aureus agr machinery is composed of four proteins, AgrA-D, and a signaling
molecule (derived from AgrD) termed an autoinducing peptide (or AIP; Figure 1 A).[°]

AgrD is the precursor to the QS signal, which is processed by AgrB and secreted as the
mature AIP (Figure 1 A).[547.92101 The S, aureus AIP is a small macrocyclic peptide (7-9
residues), containing a short N-terminal tail and a thiolactone bridge between an internal
cysteine side chain and the C terminus.[:92] To date, four specificity subgroups of S. aureus
have been characterized (groups I-1V), each defined by the unique peptide sequence of their
AIPs (shown in Figure 1 B) and their target transmembrane receptor and histidine kinase,
AgrC.[%111 When a threshold extracellular AIP concentration is reached, the peptide signal
binds and activates AgrC. AgrC then phosphorylates and thereby activates its partner
response regulator, the transcription factor AgrA.[5] AgrA subsequently targets several
promoters, including P2 and P3. P2 induces transcription of the agroperon and provides
positive feedback for the autoinduction circuit.[%! In turn, P3 drives transcription of RNA-
11, which is a major regulator of virulence factor production in S. aureus.[12]

Blocking AgrC:AlIP binding represents one strategy to attenuate QS signaling in S. aureus,
and this approach has been the focus of considerable research over the past ~ 15
years.[49.15t7a.0] The initial discovery that AIP-1 and AIP-11 inhibit AgrC activity in non-self
agr specificity groups was followed by studies of AIP derivatives with tail truncations,
sequential alanine scans, and other amino acid substitutions to identify key structure—activity
relationships (SARs) dictating ligand and receptor activity.[®-19.70] These early SAR studies
suggested that the AIP ligand-binding site on AgrC was a hydrophobic cleft that could be a
viable target for competitive inhibition with hydrophobic, peptidic ligands.[5m.13]
Additional screening with tail-truncated AIPs resulted in further refinement of the SARs for
AgrC activation and inhibition, thus suggesting that the presence of only two hydrophobic
C-terminal groups within ligands was required for AgrC binding, whereas additional
contacts on the N-terminal tail were essential for receptor activation.>""l Tail-truncated AIP-
I (£AIP-11) was found to be quite potent amongst this class.[5!"] Recently, we extended
similar SAR studies to S. aureus AIP-111 and found an analogous activity trend; namely,
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hydrophobic endocyclic residues were required for AgrC binding, whereas exocyclic tail
contacts, along with the hydrophobic motifs, were required for activation.[49-1 k!l Qur
studies with AIP-111 and mimetics thereof identified a number of highly potent, pan-group
AgrC inhibitors, with AIP-111 D4A being one of the most potent AgrC inhibitors reported to
date.[4d]

Despite their potency, however, peptidic AgrC modulators possess several qualities that limit
their utility as chemical tools. First, the AIP thiolactone bridges are hydrolytically
unstable.[4162.14] Second, although their macrocyclic framework renders AIPs more
proteolytically stable than linear peptides, they are still susceptible to proteolysis.[4!:15]
Third, AIP-type peptides have relatively low water solubilities due to their hydrophobic
structures. Fourth, these ligands are typically prepared by using solid-phase synthesis
techniques that do not lend themselves easily to large batch synthesis. We have begun to
address some of these limitations through the development of lactam-bridged AIP-I11
mimetics.[4!l However, for the long term, we also seek to explore non-peptide, small
molecule mimetics of AIPs that display enhanced stabilities and aqueous solubilities,
reduced immunogenicity, and are amenable to larger scale synthesis relative to peptides.
Indeed, identifying such compounds has recently been advanced as an important focus for
the futurel5t and was the motivation for the current study.

Herein, we report our initial steps toward the development of structurally simplified AIP
mimetics that inhibit AgrC activity in S. aureus. Starting with the scaffold of £AIP-I1, we
designed and synthesized a series of minimized AIP-11 peptidomimetics containing only
three natural amino acid residues linked by an aliphatic spacer group. Screening of these
compounds in the four groups of S. aureus for AgrC inhibition revealed three compounds
that were pan-group inhibitors, with the most potent new inhibitor maintaining potency
within a factor of seven of the parent peptide in each of the four groups. Structural analyses
of one of these peptidomimetics by solution-phase NMR spectroscopy indicated that it
possesses an overall amphipathic nature and a minimal hydrophobic motif similar to those of
both the parent peptide #AIP-11 and our potent AgrC inhibitor, AIP-111 D4A. Despite these
similar features, we found this AIP mimetic significantly more soluble in aqueous media
relative to AIP-111 D4A and the other lead peptidomimetics reported herein. Together, this
foundational work opens new avenues to the development of next-generation, small-
molecule mimics of the AlPs.

Results and Discussion

Library design and synthesis

To develop our minimized AIP scaffold, we selected the truncated AIP, ~AlIP-II, as our
model peptide due to its small size and concomitant high potency (i.e., ICsq values for AgrC
inhibition in the low nanomolar range for each S. aureus group).®!l A differentiating feature
of £AIP-11 (and its parent, AIP-11) is that it contains only two hydrophobic amino acids in
the macrocycle (Scheme 1 A), as opposed to the three present in the other AIPs (Figure 1 B).
We previously examined the solution-phase NMR structure of ~AlP-I1 and found that it
adopts a rigid structure in solution with the Leu4 and Phe5 side chains pointing in the same
direction and in close proximity to each other.[*K] This study, in conjunction with earlier
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mechanistic work, "] suggests that the presence and close positioning of these hydrophobic
residues is critical for AgrC binding. We thus sought to retain hydrophobic functionality at
these two positions in our minimized AIP-I1 scaffold, and systematically examined leucine,
phenylalanine, and isoleucine in each of these positions. To streamline the scaffold
thereafter, the two serine residues (Ser2 and Ser3) were replaced by a single aliphatic linker.
For peptidic AgrC ligands, the macrocycle has been shown to require a defined size for
AgrC recognition (16-17 atoms), with restrictions on the positions that can accept an extra
atom.[5P] However, with our proposed aliphatic linker, which should be much more flexible
than a peptidic amide backbone, we decided to explore different linker lengths, with a chain
of methylenes varying between 1-7 carbons in length (yielding macrocycles of 13-19
atoms). Cys1 was retained to create the thiolactone moiety that closes the macrocycle and is
known to be important for recognition by AgrC.[5t"l Our overall modifications of #AIP-11 to
create this new scaffold are summarized in Scheme 1 A.

We prepared a library of 63 peptidomimetics based on this simplified scaffold, with every
permutation of the desired hydrophobic residues and linker lengths (Scheme 1 A), by using
standard Fmoc solid-phase peptide synthesis (SPPS) methods.[16] Macrocyclization was
performed according to our previously reported procedure,[4d] followed by routine HPLC
purification and MS characterization (see the Experimental Section). This minimized AIP-11
scaffold was anticipated to remedy several shortcomings of fully peptidic ligands. Because
the number of natural amino acids was minimized, there was less opportunity for enzymatic
degradation, thus improving ligand stability. In addition, fewer coupling steps were required
to produce these peptidomimetics, thereby shortening synthesis times and increasing overall
product yields (~25 % on average). The small size of these mimetics also opens up the
possibility for larger scale production by using solution-phase synthesis.

Screening of peptidomimetic library

We screened the 63-compound library of AIP mimetics for AgrC modulatory activity in all
four groups of S. aureusby using strains containing y/#p reporter plasmids. These strains are
summarized in the Experimental Section and include the multidrug-resistant strain USA300
LAC.[Y7] In these S. aureus reporters, binding of the native AIP to AgrC activates YFP
production and can be measured by using fluorescence. Thus, compounds capable of
inhibiting native AIP binding produce a reduction in fluorescence. Preliminary compound
screening was performed at 10 pM in each strain; the full results of preliminary screening
are available in the Supporting Information (Figure S1). We summarize key findings from
these initial screens here. To simplify the discussion, the full library is described as three
smaller sub-libraries. In the first sub-library (termed r7,LX), there was a linker with 7= x
methylenes, residue 3 was leucine, and residue 4 (X) was leucine, isoleucine, or
phenylalanine (Scheme 1 A). The second and third sub-libraries (1, X and 77X,
respectively) were identical to the first sub-library except that residue 3 was an isoleucine or
phenylalanine, respectively.

In sub-library n,LX, there were no compounds that completely abolished AgrC activity in
group | S. aureus, but MLF reduced activity to 17 % relative to a DMSO control. In group
I, BLF completely inhibited AgrC activity. In group 111, i3LF, ni5LF, m6LF, and n7LF all
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reduced AgrC activity to minimal levels. 73LF completely inhibited AgrC activity in group
IV, highlighting the potential similarities between group I and group IV (which share almost
identical native AIP ligands, Figure 1 B). Notably, all of the AgrC inhibitors identified in
this sub-library contained Phe at residue 4.

In sub-library n,IX, the overall inhibitory activity observed was low. These results suggest
that the presence of lle at residue 4 on the minimized £AIP-I1 scaffold is detrimental to
AgrC binding. This sub-library was only active in the group 111 strain, with 7/51F, m61F, and
n7IF reducing AgrC activity to minimal levels at a concentration of 10 uM. Interestingly,
this set of active compounds contained the same Phe4 and had similar ring sizes as the group
I11 inhibitors identified in the 7, L X library.

In sub-library n,FX, the mimetics 75FF, n6FF, and n7FF were found to reduce AgrC activity
to minimal levels in all four groups of S. aureus, with n6FF displaying slightly less AgrC
inhibition in group Il than /5FF and 77FF. Conspicuously, these compounds all contained
phenylalanine at residues 3 and 4.

In determining which compounds to advance in this study, mimetics with the noted double
Phe3 and Phe4 motif and ring sizes of 7=5-7 were deemed the most promising. Thus, we
proceeded with 75FF, 76FF, and /77FF as our lead compounds from the peptidomimetic
library (shown in Scheme 1B), and measured their AgrC inhibition over a range of
concentrations to better gauge their relative activities using the four S. aureus reporter
strains. The assay results, shown in Figure 2, identify /i7FF as the top pan-group AgrC
inhibitor, based on statistically significant differences in activity.

Design of second-generation compounds and preliminary screening

We next scrutinized the structures of /5FF, m6FF, and 7i7FF to further delineate features that
were important for their activity profiles against AgrC and design additional ligands with
potentially enhanced activities. As the most active pan-group inhibitor (/#77FF) had the largest
macrocycle tested (19 atoms), we prepared the 1- and 2-carbon ring-expanded homologues,
mMFF and mMFF, to examine how further expanding the ring size impacted activity (Scheme 1
B). We found that m8FF demonstrated very similar activity relative to /#77FF and the parent
peptide £AIP-11, whereas mFF was less active than either /7FF or m8FF in groups I-III,
having estimated 1Cs values in the micromolar range (Figure S2).[18] These results indicate
that, at least for the n,FF series, the size of the flexible carbon linker can be varied only
slightly without impacting the observed activity, and optimally, the number of atoms in the
macrocycle should be three or four atoms greater than that in native AIP amide backbones
(i.e., 16). Further, these data suggest that—assuming these minimized ligands target the
same site on AgrC as native AlPs—all of the macrocycle amide contacts made by AIPs in
the AgrC binding pocket might not be essential for binding, as long as the requisite space in
the binding site is filled sufficiently.

Further study and manipulation of compounds /7FF and m8FF revealed that they had
relatively low water solubilities, limiting their study at concentrations over 100 uM. We thus
sought to explore related derivatives that were less hydrophobic to ease their routine
handling; such a characteristic should also enhance their utilities as eventual chemical
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probes. Beginning with the lead compound 7FF, we envisaged that the addition of two
oxygen atoms into the linker would be straightforward and increase its capacity to form
hydrogen bonds with solvent. This new compound, /77OFF (77 oxo-linker FF, Scheme 1 B),
was readily prepared by incorporating the linker amino acid 8-(Fmoc-amino)-3,6-
dioxaoctanoic acid (/770) into our standard SPPS route.

Synthetic manipulation quickly revealed /i7OFF to be approximately 100 times more soluble
in water than /7FF, with a solubility near 10 mM. This difference in solubility was also
apparent from calculated Clog P (r+octanol/water) values for these peptidomimetics (exact
values in the Supporting Information). Indeed, the Clog Pvalues for £AIP-11 and /77OFF are
very similar and relatively low (indicative of lower hydrophobicity); the Clog P values for
nrFF, MBFF, and AIP-111 D4A are also quite similar, albeit larger than those for £AIP-11 and
n7OFF (indicative of higher hydrophobicity; although in practice /77FF and m8FF are both
less soluble than AIP-111 D4A in water). In addition to possessing a desirable aqueous
solubility profile, preliminary screening of #7OFF in the four AgrC reporter strains indicated
that it was approximately as active as #AIP-Il, 7FF, and /8FF in groups | and 11 and
modestly active in groups 111 and IV (Figures S3-S6).

Next, we examined 7,~F derivatives that lacked the labile thioester bond, which is unstable
in agqueous media at pH values above 7.4.[14!] Derivatives of this type could exhibit prolonged
lifetimes and possibly enhanced activities in biologically relevant settings. Building on our
recent study of amide-linked analogues of AIP-111 D4A (in which the thiolactone was
replaced with an amide), we prepared three amide-linked analogues of /7FF, i8FF, and
n71OFF—termed ri7FF amide, mM8FF amide, and /77OFF amide (Scheme 1 B)—by
substituting L-2,3-diaminopropionic acid (Dap) for Cys1 during our SPPS protocol and a
final macrolactamization step (see the Experimental Section). These compounds were
markedly more soluble in water than their parent thiolactones (also apparent in their Clog P
values; Supporting Information), analogous to our observation for the AIP-111 D4A
amide.[*1] However, preliminary biological screening indicated that they were significantly
less active than their parent compounds (Figure S7). In all the S. aureus reporters, ri7fOFF
amide showed no significant activity at 10 pM. Although the #7FF and m8FF amides both
reduced AgrC activity to minimal levels in group 11 and group 111 at 10 uM, they were far
less active in group I, and there was virtually no inhibition in group IV at 10 uM. These
results suggest that the thioester bond is important for AgrC:ligand interactions in our
minimized +AIP-11 system. These data also could indicate that, as this class of AIP mimetics
becomes more hydrophilic, it becomes less effective at binding certain AgrC receptors.

Dose—-response analyses of lead compounds

Screening of the 63-member library, followed by the second-generation design studies
described above, identified /77FF, m8FF, and A7OFF as our most promising compounds for
further follow-up. To facilitate a more quantitative comparison of their relative activities, we
performed dose—response analyses on these three compounds by using the group I-1V S.
aureus reporter strains and calculated 1Cgq values for AgrC inhibition. As a key control, we
included the parent peptide, £AIP-11, on which the mimetics were based. Dose-response
data for i7FF amide, /8FF amide, and /#7OFF amide were also collected for comparison to
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nrFF, MFF, and n7OFF, respectively. The ICsg data are summarized in Table 1 (for a
complete compilation of all trials, see Figures S3-S7).

Dose-response analyses revealed that /77FF was the most consistent mimetic of ~AIP-II

with regard to potency, as it maintained 1Csq values within three- to sevenfold of those for #
AIP-I1 in all four groups of S. aureus. The homologue that was larger by one carbon, m8FF,
was largely equipotent to 777FF in groups | and Il but fourfold less potent in groups 111 and
IV. The more soluble mimetic, 77OFF, was almost two times more potent than /7FF in
group |, largely equipotent in group Il, and far less potent in groups 111 and V. Notably, the
potency of 77OFF in group | matched that of the parent truncated AIP, #AIP-11. This activity
profile in groups | and I1 (the two more common S. aureus groups in human infection),[?]
coupled with its heightened aqueous solubility, suggest that the /77OFF scaffold could prove
useful for QS probe development in S. aureus.

As we suspected from our single-concentration preliminary assays, the amide analogues of
nTFF and mBFF were far less potent than their parents (i.e., an approximately tenfold
increase in ICgq value; Table 1), and /#7OFF amide was essentially inactive at all
concentrations tested. Again, this loss in potency for the amide analogues relative to their
thioester parents suggests that the thioester motif is critical for the binding of these
simplified AIP-11 mimics to AgrC receptors (assuming that they target AgrC directly).

NMR structural studies

We next sought to characterize the structure of #7OFF in aqueous solution to gain further
insights into the origins of its biological activity. Such studies have been extremely valuable
in our prior analyses of AlIP-type derivatives that inhibit AgrC receptor activity.[4n k 11 As
n7OFF was based on the structure of ~AIP-II, a logical first step was to compare the
structures of these two compounds in water. In addition, we wanted to compare the structure
of n7OFF to that of our highly potent S. aureus AgrC inhibitor, AIP-111 D4A (sequence=I-N-
[C-A-F-L-L]), to gain insights into any structural similarities or differences that might affect
the activity profile for /7OFF. We previously reported NMR structures for both #AIP-11[4]
and AIP-111 D4A,[# albeit in a mixed solvent system (acetonitrile/water). By using a higher
field spectrometer equipped with a cryoprobe in the current study, we were able to obtain
solution-phase NMR structures of #AIP-11, AIP-111 D4A, and /7OFF in water without any
organic solvent added to improve solubility. The new structures were solved by using 2D
ROESY spectra with excitation sculpting solvent suppression, with accompanying 1 D
proton and 2 D TOCSY spectra to determine chemical shifts of proton resonances and aid in
sequential assignments (a 1H,13C HSQC spectrum was also used for /77OFF; Tables S2-S4).
Low-energy ensembles, created with MestReNova 10 NMR and Xplor-NIH91 software,
were used to find the most representative low-energy structures based on relative energy and
RMS differences from the ensemble averages as determined by PyMOL (Figures S8-S13).

Not surprisingly, the structures of #AIP-11 in water and in the mixed solvent system were
essentially identical, with a single amide bond contorted (Ser2 to Ser3) and the two serine
side-chains in slightly different rotational conformations (Figure 3 A; see overlay in Figure
S9). The relatively large number of ROE peaks observed in the ROESY spectrum and the
intensities of the inter-residue peaks suggested that #AIP-11 adopted a highly rigidified
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conformation, as we had observed previously (ensemble average RMSD for the amide
backbone atoms of only 0.05 A).[4Kl As before, the Leu4 and Phe5 side chains were
positioned adjacently and pointed directly outwards away from the macrocycle. Similar to #
AIP-I1, a comparison of the old and new solution structures for AIP-111 D4A revealed only
very subtle differences (Figure 3E; see overlay in Figure S13). The resolution of the newer
NMR solution structure was similar to the original structure, with an ensemble average
RMSD of 0.69 A for the amide backbone atoms (Figures S11-S12). These results indicated
that our previous conclusions drawn from the structures of #AIP-11 and AIP-I11 D4A in the
mixed solvent system should also apply in pure water.

Turning our attention to the /#7OFF structure in water, we noted that the two endocyclic
phenylalanine residues were well structured (Figures 3 C and S10), with multiple constraints
indicated during analysis. Conversely, there were relatively few constraints indicated for the
linker region; this suggests that movement of the linker atoms was sufficiently great to avoid
the build-up of magnetization required for ROEs to be observed during the NMR
experiment. The backbone atom RMSD from the ensemble was therefore relatively large
compared to £AIP-11 and AIP-111 D4A, at 0.96 A.

We next compared the NMR structures of £AIP-11, AIP-111 D4A, and ni7OFF in water. An
initial examination of the placement of heteroatoms and hydrophobic amino acid residues
suggested that all three structures were largely amphipathic (from observations using an
Eisenberg hydrophobicity scale; Figures 3 B, D, and F).[20] Each structure had a hydrophilic
face opposite a hydrophobic face, with aliphatic/aromatic groups clustered on the
hydrophobic face of the peptide. It is interesting to note that previous SAR studies provided
evidence that there is a hydrophobic binding pocket for AIP ligand recognition on AgrC
receptors.>™ I We speculated that the amphipathic nature of this trio of ligands allows the
hydrophobic face to insert in the proposed hydrophobic cleft of AgrC, while the hydrophilic
face engages in favorable solvent interactions. Although we do not demonstrate conclusively
here that the conformations adopted in aqueous solution are relevant to AgrC binding, there
is a high probability that these macrocyclic, constrained compounds spend a majority of the
time in a conformation in aqueous media that is favorable for AgrC binding. With this in
mind, we analyzed overlays of #AIP-1l and /#70OFF, and AIP-111 D4A and 7i7OFF, using
minimized RMS of similar atoms to gain further insights into the similarities and differences
between these three structures (Figure 4).

Overlays of the major solution conformations for £AIP-11 and #77OFF (Figure 4A), and AlP-
I11 D4A and ri7OFF (Figure 4 B), show that the two C-terminal residues and the bulk of the
macrocycles on the hydrophobic faces of each compound occupy very similar positions. The
RMS differences of the 19 atoms used for the fits of £AIP-11 with 77OFF and AIP-111 D4A
with 77OFF were 0.17 and 0.34 A, respectively; note, these 19 atoms were all on the
hydrophobic faces (additional views are available in Figure S14). Although the N-terminal
acetyl group and flexible linker of #7OFF point away from the other macro-cyclic elements
of £AIP-11 and AIP-111 D4A, these two motifs both lie in the region suspected as being
hydrophilic and therefore are likely to be positioned outside of the expected hydrophaobic
binding site on AgrC. When comparing the orientation of the macrocycle of #AIP-II to that
of n7OFF (Figure 4 A), we observed that the rigid macrocycle of ~AIP-11 extended above
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the flexible linker in the /77OFF structure. In addition, when studying both overlays in Figure
4 in relation to /77OFF, the space occupied by the N-terminal acetyl group, Cys1, and Ser2 of
the ~AIP-Il1 macrocycle (Figure 4 A, magenta) appeared to be positioned similarly to llel
and Asn2 in the exocyclic tail of AIP-111 D4A (Figure 4 B, green). In view of these
collective structural features, it is possible that both t-AlIP-11 and n7OFF have reduced
inhibitory activities relative to AIP-111 D4A because, although they each can occupy a
portion of space filled by AIP-111 D4A, neither can completely fill the AgrC ligand-binding
pocket quite as well as AIP-111 D4A. To address this potential insufficient filling of space,
exploring future AIP mimetics with a more rigidified bicyclic structure, complete with, for
example, an aliphatic linker to mimic the girth of the AIP-111 D4A llel side chain, could
prove fruitful. Of course, we acknowledge that the overlap of coinciding residues is not
proof of an AgrC binding orientation, but the approximate similarities of the backbone
conformations and hydrophobic side chains between /770FF and these two peptides is
certainly compelling and could prove to be important in understanding the mechanisms by
which these ligands, and potentially other derivatives, interact with AgrC receptors.

Conclusion and Outlook

The goal of this study was to develop and characterize structurally simplified AIP mimetics
as modulators of agr-type QS in the pathogen S. aureus. We have realized this objective.
Herein, we report the design, synthesis, and biological characterization of simplified
mimetics of the truncated native AIP, £AIP-11. A focused library of 63 peptidomimetics was
prepared by SPPS and evaluated for AgrC inhibition in the four agr groups of S. aureus by
using reporter gene assays. Follow-up studies of lead compounds and second-generation
mimetic design eventually revealed three peptidomimetics (/77FF, 8FF, and /7OFF) that
were capable of inhibiting AgrC activity in the clinically relevant group | S. aureus strain
with potencies similar to that of the parent peptide. In addition, /7FF maintained potencies
in all four S. aureus groups largely similar to those of £AIP-I1, whereas /77OFF displayed
enhanced water solubility relative to /77FF and n8FF.

Three structural features important for compound activity were identified through our
analyses of these ~AIP-I11 mimetics. First, Phe3 and Phe4 were conserved in each of the
most active peptidomimetics, thus suggesting that AgrC binding was optimized for this
compound set when such hydrophobic, aromatic residues were present on the macrocycle.
Second, the thioester moiety appeared important for ligand recognition, as modification to
an amide largely obliterated the activities of our lead compounds. Third, an aliphatic chain
of seven carbons in the mimetic macrocycle (7=7) appeared optimal for inhibitory activity
against AgrC receptors.

We performed a series of solution-phase NMR experiments to gain insights into the structure
of a lead mimetic, /77OFF, in aqueous solution. Structural comparisons of 770OFF with its
parent peptide, ~AIP-I1, and our previously reported potent AgrC inhibitor, AIP-111 D4A,
revealed a conserved amphipathic motif, with structural overlays emphasizing significant
similarity in the respective hydrophobic regions of each molecule. These similarities in the
hydrophobic region, which we posit to be important for AgrC binding, could prove useful in
the design of future AIP mimetics.
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Overall, the biological and structural results reported herein for peptidomimetics 77FF,
mMFF, and /77OFF show that such a minimized AIP scaffold retains activity as a viable AgrC
inhibitor. Ongoing studies are directed at further streamlining the AIP structure, using
insights garnered here, to generate small-molecule AgrC modulators that are highly soluble,
physically robust, and amenable to larger-scale synthesis relative to peptidic variants.
Molecules of this type would represent valuable tools to study fundamental aspects of QS in
S. aureus and its viability as a therapeutic target. For example, we are considering simple tail
mimetics to replace the acetyl cap of the N terminus in 7/7OFF, as well as exploration of
alternative amino acids and aromatic/hydrophobic groups beyond phenylalanine. In addition,
the role of electronics in ligand activity has yet to be investigated systematically and could
prove quite interesting. Lastly, we suspect that the simplified mimetics identified here might
also be active against other staphylococcal species. These and related studies will be
reported in due course.

Experimental Section

Reagents, instrumentation, and general methods

All chemical reagents and solvents were purchased from commercial sources (Chem-Impex
International or Sigma—Aldrich) and used without further purification, except for
dichloromethane (CH,Cl,), which was distilled and dried over activated molecular sieves.
Water (18 MQ) was purified by using a Thermo Scientific Barnstead Nanopure system.
Solid-phase resin was purchased from NovaBiochem. ~AlP-I1 and AIP-111 D4A were
sourced from our in-house stocks.[49: K]

All standard biological reagents were purchased from Sigma—Aldrich and used according to
enclosed instructions. Brain heart infusion (BHI) was purchased from Teknova and prepared
as instructed at pH 7.35.

Reversed-phase high performance liquid chromatography (RP-HPLC) was performed on a
Shimadzu system equipped with an SCL-10Avp system controller, a DGU-20Az degasser,
an LC-20AT solvent delivery unit, an SIL-10AF autosampler, a CTO-20A column oven
equipped with a manual injector, an SPD-M20A UV/Vis diode array detector, and an
FRC-10A fraction collector. Solvent A was 18 MQ water containing 0.1 % trifluoroacetic
acid (TFA), and solvent B was HPLC grade acetonitrile (AcN) with 0.1 % TFA. For
purification, a semi-preparative Kromasil Eternity Cqg column (10 mm x 250 mm, 5 ym
particle size with 100 A pore size) was used with a linear gradient of 38-48 % solvent B at a
flow rate of 5 mL per min for 30 min. For analytical samples, an analytical Kromasil
Eternity Cqg column (4.6 mm x 250 mm, 5 um particle size with 100 A pore size) was used
to determine purity with a linear gradient of 10-95 % solvent B at a flow rate of 1 mL per
min for 27 min. Peptide purities were assessed by integration of peaks detected at 220 nm.

MALDI-TOF mass spectrometry (MS) data were obtained on a Bruker Relex Il
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 either a Waters
(Micromass) LCT ESI-TOF mass spectrometer or a Thermo Q Exactive Plus ESI-Q-IT
(orbitrap) mass spectrometer.
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Nuclear magnetic resonance (NMR) spectroscopy experiments were performed on either a
750 MHz Bruker Avance 111 instrument equipped with a TCI cryogenic probe, or a 600 MHz
Varian Inova instrument equipped with a Bruker cryogenic probe.

Solid-phase peptide synthesis
The peptidomimetics were prepared on Dawson 3-(Fmoc-amino)-4-aminobenzoyl (Dbz)
AM resin (100-200 mesh) according to standard Fmoc SPPS methods described by Chan
and White.[16] All SPPS reactions were mixed by agitation on a shaker table. Briefly, the
resin (0.050 mmol equiv) was swelled in CH,ClI, for 30 min, and the solvent was exchanged
for dimethylformamide (DMF). Piperidine (20 % in DMF, 2 mL, 5 min x 3) was used to
effect standard Fmoc group deprotections. For each amino acid coupling, DMF (2 mL)
containing the Fmoc-protected amino acid (0.2 mmol), A-[(dimethylamino)-1A+-1,2,3-tri-
azolo-[4,5-b]pyridin-1-yImethylene]- A-methylmethanaminium hexafluorophosphate A-
oxide (HATU, 0.2 mmol), and diisopropylethylamine (DIPEA, 0.4 mmol) were preactivated
for 2.5 min, then added to the resin for 30 min. To acetylate the N-terminus, acetic anhydride
(0.5 mmol) and DIPEA (0.35 mmol) were dissolved in DMF (2 mL) and added to the resin
for 15 min. All couplings and deprotections were preceded by washing three times with an
appropriate solvent, and reaction completion was monitored by Kaiser test. To install the 77
oxo linker into n7FF, 8-(Fmoc-amino)-3,6-dioxaoctanoic acid was incorporated during
SPPS. To install the amide linkages into /#7FF amide, M3FF amide, and #77OFF amide, L-2,3-
diaminopropionic acid (Dap) was incorporated instead of cysteine during SPPS.

To activate the Dbz group prior to peptidomimetic cleavage, the resin was exchanged into
CH,Cl, and treated twice with 4-nitrophenylchloroformate (0.25 mmol) in CH,Cl, (2.5 mL)
for 30 min. The resin was then exchanged into DMF, and cyclic urea was formed by twice
adding DIPEA (216 pL, 1.24 mmol) in DMF (2 mL) for 10 min. The resin was washed
sequentially with DMF (2 x 2 mL), CH,Cl, (2 x 2 mL), and Et,0O (2 x 2 mL), dried under
N, and reduced for 18 h under vacuum. To cleave the linear peptidomimetic, the resin was
treated with a cleavage cocktail of TFA/CH,Cl,/H,O/triisopropyl silane (36:2:1:1; 3 mL) for
2 h. The mixture was filtered into a round-bottomed flask, and the resin was washed with
cleavage cocktail (2 x 3 mL).

The resulting solution was concentrated by rotary evaporation and precipitated in Et,O at
—20 °C overnight. The solid precipitate was dissolved in AcN/H,0 (1:1), frozen by using
/PrOH/dry ice, and lyophilized. The lyophilized linear peptidomimetic was purified by
semipreparative RP-HPLC according to the method outlined above. Collected fractions were
analyzed by MALDI-MS to isolate the desired product, frozen by using PrOH/dry ice, and
lyophilized.

Macrocyclization and final product isolation

Macrocyclization of the linear peptidomimetics (to give thiolactones) was performed
according to our previously reported method, 4Kl with minor modifications. Cyclization
buffer was prepared by dissolving guanidinium chloride (18.32 g, 192 mmol) to a final
volume of 32 mL in 0.1 M NayHPOy, adding AcN (8 mL), and adjusting the pH to 6.8. The
linear peptidomimetic was dissolved in cyclization buffer (4 mL) in a 15 mL conical tube
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and agitated on a shaker table at 50°C for 2 h. Macrocyclization of the linear
peptidomimetics (to give amides) was performed according to our previously reported
method, 4! with minor modifications. The deprotected linear peptide was dissolved in
anhydrous tetrahydrofuran (6 mL) with (7-azabenzotriazol-1-
yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyAQP, 2 equiv) and DIPEA (4
equiv). Reaction progress was monitored by RP-HPLC, and reaction completion was
observed within 6 h. The macrocyclic peptidomimetics were then purified by RP-HPLC, and
their masses were evaluated by MALDI-MS.

To verify product identity, exact mass determinations were obtained for final products by
using ESI-MS (Table S1). Peptidomimetic purities were checked by analytical RP-HPLC by
using the methods described above. All samples displayed purities in excess of 90% by peak
integration, with >95 % purity for #77FF, i8FF, and /i7OFF (traces available in the
Supporting Information). Isolated peptidomimetics were stored as 1 mM stock solutions in
DMSO at 4°C, with the exception of #77OFF, which was stored as a 4 mM stock DMSO
solution (used specifically for screening in group IV S. aureus).

Reporter gene assays

The peptidomimetics were assayed for AgrC I-1V inhibition with the four YFP reporter
strains listed in Table 2. Peptidomimetic stock solutions were serially diluted with DMSO,
and aliquots (2 uL) of the diluted solution were added to each of the wells in a black, clear-
bottom 96-well microtiter plate (Costar). An overnight culture of S. aureus strain was diluted
1:50 with fresh BHI (pH 7.35). A 198 pL portion of diluted culture was added to each well
of the microtiter plate containing peptide (resulting in a 1% DMSO solution). Plates were
incubated at 37°C with shaking at 200 rpm for 24 h. Fluorescence (Aegx = 500 nm/Agm, = 540
nm) and ODgqq of each well were then recorded by using a BioTek Synergy 2 plate reader.
ICsq values and 95% confidence intervals were determined by using GraphPad Prism 6
software with four-parameter variable slope dose—response curves. For full dose-response
curves for active compounds, see the Supporting Information.

NMR experimental protocols

NMR experiments on #AIP-11, 77OFF, and AIP-111 D4A were conducted at ambient
temperature in H,O/D,0 (95:5). The +AlP-I1 sample had a concentration >3 mM and a pH
~6, and NMR data were collected on a 600 MHz spectrometer. The 77OFF sample had a
concentration =1.5 mM and a pH ~7, and NMR data were collected on a 750 MHz
spectrometer. The AIP-111 D4A sample had a concentration =700 M and a pH %6.5, and
NMR data were collected on a 750 MHz spectrometer. Chemical shifts were referenced to
H,0 at 4.79 ppm. Dilutions were prepared to check for differences in proton chemical shifts
that would indicate aggregation issues; no such differences were observed.

Four standard NMR experiments were used. A proton NMR experiment was performed to
check for lock and shim quality. A 1D proton NMR experiment with excitation sculpting
(Bruker pulse sequence zgesgp) was performed to check the signal-to-noise ratio and aid in
sequential assignments. Parameters included a sweep width of 9 ppm, 4 s acquisition time, 3
s relaxation delay, 32 scans, 27 026 real points, and full spectral size of 65 536 points. A 2D
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TOCSY experiment (Bruker pulse sequence mlevesgpph) was used to identify the proton
resonances associated with each amino acid residue. The spin-lock mixing time was set to
80 ms for 77OFF and 120 ms for ~AIP-I1 and AIP-111 D4A. TOCSY parameters included a
sweep width of 9 ppm, a 3 s relaxation delay, 256 points in the indirect dimension, 1024
(r7OFF) or 2048 (£AIP-11 and AIP-111 D4A) points in the direct dimension, and 2 scans. To
obtain internuclear proton distances through dipolar couplings, 2D ROESY experiments
were performed (Bruker pulse sequence roesyesgpph). The ROESY spin-lock mixing time
was varied, with final experiments performed at 300 ms. Additional ROESY parameters
included a sweep width of 9 ppm, a 3 s relaxation delay, 1024 points in the indirect
dimension, 8192 points in the direct dimension, and 16 scans.

A 1H,13C HSQC experiment (Bruker pulse sequence hsgcetgpsisp2.2) was used to
differentiate the chemical shifts of several methylene protons in 777OFF. Parameters included
a sweep width of 7 ppm in the direct dimension and 165 ppm in the indirect dimension,
centered at 4.7 ppm in the direct dimension and centered at 90.0 ppm in the indirect
dimension, 2048 points in the direct dimension and 512 points in the indirect

dimension, 1H,13C coupling detection of 145 Hz, a 3 s relaxation delay, and 2 scans.

NMR spectra were analyzed by using MestReNova 10 NMR processing software.
Representative spectra are shown in the Supporting Information. Resonance assignments
were determined by using standard sequential methodology.[23] The ROESY crosspeak
volumes were integrated, and integral values were entered in a spreadsheet. The values were
calibrated to provide estimated distances for each crosspeak with a uniform +20% constraint
allowance to account for spin diffusion. The obtained distances were formatted for constraint
files compatible with the Xplor-NIH software suite (v2.31).[2%1 Summaries of the constraint
files are provided in the Supporting Information. Three-dimensional structure calculations
and refinements made use of the torsion angle molecular dynamics and the internal variable
dynamics modules!?4] of Xplor-NIH, with patches for the thioester bridge and ring
closure.l4" The minimized target function was composed of the experimental NMR
constraints (ROE-derived interproton distances and torsion angles), a repulsive van der
Waals potential for the non-bonded contacts,[2°! a torsion angle database potential of mean
force,[26] and a gyration volume potential.[27]

The structure RMSD determinations and image files were prepared by using PyMOL..[28] To
produce the topology and parameter files for the non-natural /77O amino acid, the structure
was inputted into the PRODRG online server to create topology and parameter files, and the
atoms in the output files were renamed to standard convention.[29] Ensembles of 20% of the
lowest-energy structures were averaged for each molecule, and a structure with a low RMS
difference relative to the average and low relative energy was selected for each ensemble as
a representative structure.
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Figure 1.
Schematic representation of the agr QS circuit in S. aureus. A) a: The agroperon is

expressed to produce the Agr proteins A-D. b and c: The AIP precursor AgrD is processed
by AgrB and the mature AIP is transported out of the cell. d: The AIP signal binds to and
activates AgrC, a transmembrane receptor and preformed dimer. e: AgrC phosphorylates and
activates AgrA, the response regulator. f: AgrA binds promoters P2 and P3 and initiates
transcription. See text. B) Structures of the four known S. aureus AlPs (1-1V). Single letter
abbreviations used for amino acid residues.
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Preliminary AgrC activity screening data for lead compounds. Compound activity data in A)
group 1, B) group 11, C) group 111, and D) group 1V S. aureus strains at concentrations
decreasing from 10 uM to 100 pM. Bar graphs indicate percent AgrC activity as measured
by YFP fluorescence using the S. aureus reporter strains (see text). Error bars represent 95 %
confidence intervals. The results of two-tailed t-tests indicate that at 1 uM in groups I, I1, and
IV, and at 100 nM in group 11, there is at least a significant statistical difference in
compound activity for /5FF and m6FF versus n7FF. ** p<0.01, *** p<0.001, and ****

p<0.0001.
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Figure 3.
Surface plots of ~AIP-I1, i7OFF, and AIP-111 D4A. A), C), and E) Hydrophobic atoms (i.e.,

carbons and hydrogens) are shown in light gray; the hydrophilic atoms are colored. Green
represents hydrogen-bonding hydrogens, gold represents sulfur, blue represents nitrogen,
and red represents oxygen. B), D), and F) Residue hydrophobicity is plotted on the surface
of molecules by using the Eisenberg hydrophobicity scale. Green indicates less
hydrophobicity, and yellow indicates more hydrophobicity. In #77OFF, the 770 linker is set
to green, as it is hydrophilic. Selected residues are labeled for clarity. In (A) and (B),
hydrophobic groups in £AIP-I1 are oriented down, with hydrophilic moieties on either side
oriented above, creating an overall amphipathic wedge. In (C) and (D), hydrophobic groups
in n7TOFF are oriented down, with hydrophilic moieties on either side oriented above,
creating an analogous amphipathic wedge to that observed in £AIP-11. In (E) and (F), the
hydrophobic front face of AIP-I11 D4A is shown, and a subsequent rotation of 180° results in
a back view with clustered hydrophobic groups.
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Figure 4.
Overlaid NMR solution structures of £AIP-11 and /i7OFF, and AIP-111 D4A and ni7TOFF. A)

EAIP-11 is shown in magenta; /77OFF is shown in white. B) AIP-111 D4A is shown in green;
n7OFF is shown in white. Residues are labeled and color coded according to the structure
for clarity.
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A) Structure of £AIP-11 and its reduction to the minimized scaffold examined in this study.

B) Selected £AIP-11 mimetics with potencies and/or structural features of interest.
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ICs values for selected peptidomimetics against S. aureus AgrC in groups I1-1V.247

Table 1

1Cxg [nm][b]

Inhibitor Group | Group Il Group Il Group IV

EAIP-NLC] 260 (95-695) 230 (190-270) 4 (3-5) 150 (90-260)

EAIP-1LET 101 (88-117) 97 (94-112) 9.3 (7.7-11.4) 140 (118-166)

HTEE 340 (308-376) 495 (435-564) 34.8(30.8-39.4) 985 (825-1176)

BFF 468 (422-518) 479 (410-559) 125 (109-142) 3486 (2301-5280)

ITTOFF 181 (154-213) 583 (468-725) 332(280-395) 5938 (4221-8352)

ATEF amide 3935 (3593-4309) 2200 (1727-2801) 573 (472-696) _[e]

/BFF amide 4742 (4335-5187) 1339 (1065-1683) 2613 (2180-3131) _fe]

n7OFF amide il _[f _f M
[a]See Experimental Section for details of strains and assay protocols.

[l
[c},
[d]Va
ey,
1/

% confidence interval provided in parentheses.

Inactive over the concentrations tested.

Values reproduced from ref. [51] with different S. aureus reporter strains.

lues differ slightly in groups 111 and IV from those previously reported in ref. [4k] due to day-to-day assay variations.

ata not shown due to non-sigmoidal curves in group IV, with maximal inhibition not reached at the highest concentration tested.
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Table 2

Bacterial reporter strains used for AgrC inhibition assays.

Bacterium

Strain Parent strain

S. aureus group |
S. aureus group 11
S. aureus group 111

S. aureus group 1V

AH16771211  USA300 LAC
AH430[21-22]  SA502A
AH174721  MW2
AH1872[21  MN EV
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