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ABSTRACT: Targeting chemokine signaling is an attractive avenue for the treatment of inflammatory disorders. Tyrosine sulfation
is an important post-translational modification (PTM) that enhances chemokine−receptor binding and is also utilized by a number
of pathogenic organisms to improve the binding affinity of immune-suppressive chemokine binding proteins (CKBPs). Here we
report the display selection of tyrosine-sulfated cyclic peptides using a reprogrammed genetic code to discover high-affinity ligands
for the chemokine CCL11 (eotaxin-1). The selected cyclic sulfopeptides possess high affinity for the target chemokine (as well as
one or more of the related family members CCL2, CCL7 and CCL24) and inhibit CCL11 activation of CC chemokine receptor 3
(CCR3). This work demonstrates the utility of exploiting native PTMs as binding motifs for the generation of new leads for
medicinal chemistry.

Chemokines are a family of small cytokines (∼8−14 kDa)
that direct the trafficking of leukocytes during inflamma-

tion by activating G protein-coupled receptors on leukocyte
surfaces. Specifically, leukocytes are recruited to the site of
inflammation (in a process called chemotaxis) by following a
concentration gradient of secreted chemokines.1 In view of the
crucial role that chemokines play in orchestrating the
inflammatory response, modulation of chemokine signaling is
a promising approach for the treatment of inflammatory
disorders.2−5 A key example is the chemokine CCL11
(eotaxin-1), which functions as the primary chemoattractant
for eosinophils by activating the receptor CCR3. Targeting the
CCL11−CCR3 axis is of particular interest for treatment of
allergic asthma and eosinophilia.6−8 Most strategies for
therapeutic intervention of the chemokine system have focused
on blockade of chemokine receptors. However, targeting
chemokines is an attractive avenue for modulation of
inflammation, particularly in cases where one chemokine
signals through multiple receptors.9

The utility of targeting chemokines to modulate inflamma-
tion is exemplified by a number of chemokine binding proteins
(CKBPs) produced by pathogenic organisms to evade the host
immune response. Key examples include the evasins, a family
of tick salivary proteins each of which binds to several
chemokines and possesses potent anti-inflammatory activity in
vivo, as well as CKBPs produced by mammalian viruses.10−13

Activation of chemokine receptors by chemokines is strongly
modulated by tyrosine sulfation near the receptor N-terminus;
the modification is known to significantly increase chemokine
binding affinity and modulate selectivity.14−17 Accordingly,
CKBPs can also be sulfated to improve chemokine binding
affinity. For example, tyrosine sulfation of the human
cytomegalovirus protein UL22A resulted in a more than 300-
fold increase in affinity for the chemokine CCL5 (RANTES).18

The relatively featureless morphology of the surface of
chemokines has hindered the development of potent small-
molecule inhibitors. Indeed, only compounds with micromolar
affinity have been developed to date.19,20 Given that macro-
cyclic peptides have been shown to be effective in disrupting
protein−protein interactions and targeting proteins without
defined small-molecule binding sites,21−29 we sought to utilize
this chemotype for the development of chemokine inhibitors.
Specifically, we chose to use Random Nonstandard Peptide
Integrated Discovery (RaPID) mRNA display technology to
generate >1012 macrocyclic peptides that could be selected
against a chemokine of choice, with a view to discovering novel
leads for the treatment of inflammatory disorders (Figure
1A).30 Importantly, the RaPID system allows genetic code
reprogramming to incorporate noncanonical residues into the
peptide library.31,32 Commonly, this involves reassignment of
the initiating codon to incorporate an N-chloroacetylated
amino acid, thus facilitating spontaneous cyclization with the
thiol side chain of a downstream cysteine residue to afford
macrocyclic thioether scaffolds. Because of the importance of
tyrosine sulfation for the binding and recognition of chemo-
kines by native receptors and CKBPs, we hypothesized that
incorporation of sulfotyrosine (sTyr) into the peptide library
would afford privileged chemokine binders capable of
inhibiting signaling. Herein we report the incorporation of
the sTyr PTM via ribosomal translation together with RaPID
screening to generate sulfated macrocyclic inhibitors of CCL11
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to guide future medicinal chemistry efforts targeting allergic
inflammation. In a parallel set of selections (also against
CCL11), we also incorporated the hydrolytically stable
sulfonate mimic of sTyr, Phe(p-CH2SO3

−), as the stability of
sTyr (which is known to be acid-labile33−35) during the
selection process was uncertain.
We began with the synthesis of aminoacyl donors of sTyr

and Phe(p-CH2SO3
−) derivatized as 3,5-dinitrobenzyl esters

(DBEs) and cyanomethyl esters (CMEs), respectively (see the
Supporting Information). These were subsequently amino-
acylated onto synthetic tRNA using the corresponding
flexizymes. We next assessed the translation fidelity in a
flexible in vitro translation (FIT) reaction, whereby internal
methionine residues were replaced with either sTyr or Phe(p-
CH2SO3

−). Both amino acids were successfully incorporated
and translated into a model peptide template (see the
Supporting Information), and we therefore moved to perform-
ing RaPID selections under this reprogrammed genetic code.
For selection, a semirandom DNA library was transcribed into
mRNA, followed by covalent ligation to puromycin and
translation in a genetically reprogrammed reaction to yield a
cyclic peptide−mRNA fusion library in excess of 1012 unique
molecules. Following counterselection (to remove streptavidin
ligands), panning against biotinylated CCL11 immobilized on
streptavidin beads was used to enrich for CCL11 affinity, and
an enriched DNA library was subsequently recovered by RT-
PCR. After five iterations, the final DNA library was sequenced
to identify peptide ligands predicted to bind to CCL11 with
high affinity (see the Supporting Information). We performed
parallel selections incorporating either sTyr or Phe(p-

CH2SO3
−), each initiated by either N-chloroacetyl-L-tyrosine

or N-chloroacetyl-D-tyrosine, which yielded a variety of peptide
sequences predicted to be high-affinity binders. We chose 15
peptides, nine L-initiated (1−9) and six D-initiated (10−15),
from the selected pools for further evaluation (Figure 1B).
The 15 modified cyclic peptides were next synthesized by

Fmoc-strategy solid-phase peptide synthesis (SPPS). Since the
sulfonate analogue was utilized as a mimic of the native sTyr
PTM for the purpose of RaPID selection, we synthesized the
initial hits bearing native sTyr residues regardless of the
selection from which they were obtained. Peptides were
synthesized on Rink amide resin, cleaved, cyclized, and purified
by HPLC (Scheme 1). The sTyr residues were incorporated
using the neopentyl sulfate ester building block Fmoc-
Tyr[OSO3CH2C(CH3)3]-OH, which enabled the sTyr residue
to survive the acidic cleavage step.36 The binding affinities of
the peptides for CCL11 were assessed next using a competitive
fluorescence anisotropy assay with the fluorescently labeled
CCR3 N-terminal sulfopeptide Fl-R3D (see the Supporting
Information).37 Of the 15 hits identified, four peptidestwo L-
initiated (4 and 6) and two D-initiated (11 and 12)exhibited
exceptional affinity for CCL11, with Kd < 30 nM (see Figure 2
and Table 1 for data). We also assessed the binding affinities of
unsulfated variants of peptides 4, 6, 11, and 12, which
demonstrated the critical role of the sTyr modification for
binding affinity to CCL11 (see the Supporting Information).
Specifically, none of the unsulfated peptides showed binding to
CCL11 at a concentration of 1 μM (cf. Kd = 10.4−26.6 nM for
the sulfated homologues). Given that 4 and 11 were
discovered through the Phe(p-CH2SO3

−) selection, we also

Figure 1. (A) The RaPID system was used to translate a random DNA library (>1012 library members, 6−17 residues), affording a large peptide
library whose members were selected for binding affinity against CCL11. Selections initiated with either N-chloroacetyl-L-tyrosine or N-
chloroacetyl-D-tyrosine were performed because of the tendency of D-amino acids to alter peptide conformation, affording additional structural
diversity in the library. No preference for sTyr position was defined in the library. (B) Fifteen peptide sequences were selected for synthesis and
evaluation, nine initiated with N-chloroacetyl-L-tyrosine (1−9) and six initiated with N-chloroacetyl-D-tyrosine (10−15). NB: Peptides bearing C-
terminal S residues are C-to-S mutants of the originally selected peptides; 8 and 14 are truncated variants of selected sequences.
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synthesized and assessed the sulfonated variants of these
molecules. These were less potent binders of CCL11 (2−4-

fold lower affinity) than 4 and 11 bearing sTyr, likely because
of a significant difference in electronics of the sulfate moiety
versus the sulfonate moiety38 (see the Supporting Informa-
tion).
Redundancy in the chemokine system provides a significant

obstacle for the development of therapeutic modulators of
chemokine signaling.40 Natural CKBPs often circumvent this
by binding to multiple chemokines, which signal via a shared
receptor.41 As our peptides were inspired by naturally sulfated
CKBPs and receptor peptides, which can bind multiple
chemokines, we next investigated whether our lead peptides
could bind to other CCR3-activating chemokines, including
CCL24 (eotaxin-2), CCL2 (MCP-1), and CCL7 (MCP-3)
(Figure 2 and Table 1). The different sulfated cyclic peptides
exhibited varied selectivity profiles for the chemokines tested.
Peptide 6 was highly selective for CCL11 over CCL24 and
CCL2 with modest selectivity (2-fold) over CCL7. Peptide 11
showed a broader binding profile, with moderate selectivity
over CCL24 but an increase in potency against CCL2 and
CCL7 compared with CCL11. Similarly, 12 was significantly
less potent against CCL24 but exhibited an order of magnitude
increase in binding affinity for CCL2 and CCL7 relative to
CCL11. These results indicate that the RaPID platform, with
the incorporation of sTyr, can yield molecules with high
affinities for multiple chemokines. These selectivity profiles for
the cyclic peptides were not surprising given the substantial
sequence similarity among the family of chemokines and
because we chose to perform selections that were not biased
toward CCL11-specific binders, i.e., we did not perform
counterselections with other chemokines. It should be noted
that molecules that bind to several chemokines within a family
(as generated here) have been shown to be more advantageous
for therapeutic applications, as exemplified by the pan-
chemokine binding properties of natural CKBPs (vide
supra).41 Indeed, the redundancy within the chemokine-
receptor system has been recognized as a contributing factor
for the failure of selective chemokine binding and receptor
antagonist molecules to reach the clinic.42

Having identified peptides with high affinity, we next
investigated their ability to inhibit CCL11 signaling via the
chemokine receptor CCR3. This involved measuring the ability
of the peptides to prevent CCL11-induced inhibition of cAMP
production in CCR3-expressing human embryonic kidney
(HEK) cells.39,43 Peptides 4, 6, and 11 were all capable of
inhibiting chemokine signaling, with the most potent peptide,
11, inhibiting receptor activation with an IC50 of 160 nM
(Figure 3 and Table 2). On the other hand, peptide 12 was
ineffective at CCL11 inhibition at concentrations as high at 1
μM despite the fact that it binds to CCL11 with a Kd of 27 nM,
i.e., peptide 12 blocks binding of CCL11 to Fl-R3D but does
not prevent CCL11 from binding to native CCR3 on the cell
surface. This result is likely due to differences in the structural
and/or dynamic features of CCL11 binding to the FL-R3D-

Scheme 1. General Synthetic Scheme for the Preparation of
Sulfated Cyclic Peptides via Fmoc-SPPS; The Example
Shown is for a Head-to-Tail Cyclic Peptide with a C-
Terminal Cys Residue (see Table 1)

Figure 2. Fluorescence anisotropy competitive binding curves for
peptides 4, 6, 11, and 12 against a panel of chemokines: (A) CCL11,
(B) CCL24, (C) CCL2, and (D) CCL7. Experiments used 10 nM
fluorescent-receptor-derived peptide (Fl-R3D for CCL11 and Fl-R2D
for CCL24, CCL2, and CCL7) and 100 nM chemokine.37 Under
these conditions, the concentrations for half-maximal inhibition do
not necessary correspond to the Kd values.39 Data are reported as
mean ± SEM (n = 3, performed in duplicate). For 4, no binding was
observed at <250 nM against CCL7.

Table 1. Kd Values for Lead Peptides against CCL11 and Other CCR3-Activating Chemokines CCL24, CCL2, and CCL7a

peptide CCL11 CCL24 CCL2 CCL7

4 13.7 [7.86 ± 0.05] 120 [6.92 ± 0.08] 4.72 [8.33 ± 0.32] ND
6 25.2 [7.60 ± 0.04] >200 >200 59.8 [7.22 ± 0.03]

11 10.4 [7.98 ± 0.06] 53.0 [7.28 ± 0.14] 2.89 [8.54 ± 0.11] 5.04 [8.30 ± 0.11]
12 26.6 [7.58 ± 0.065] >200 6.53 [8.19 ± 0.42] 1.96 [8.71 ± 0.24]

aData are reported as Kd/nM [mean pKd ± SEM] (n = 3, performed in duplicate). Positive control: ACA-01 evasin (Kd = 188 nM).39
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receptor-derived peptide compared with the full-length
receptor.44,45 This result reinforces the importance of
investigating receptor signaling in addition to chemokine
binding for these molecules.
Finally, we assessed the plasma stabilities of peptides 4, 6,

and 11. Interestingly, despite the different topologies, each was
resistant to proteolytic degradation in human plasma over 90
min (see the Supporting Information for data). This suggests
that these molecules could also find application in vivo.
In summary, we have successfully incorporated sTyr into

RaPID selections against the chemokine CCL11 via flexizyme-
mediated genetic code reprogramming. While sTyr has been
incorporated into proteins through amber suppression
technologies,33,46,47 to our knowledge this is the first reported
incorporation of any native eukaryotic PTM into an mRNA
display selection. High-affinity chemokine binders were
generated that inhibited CCL11 signaling through the cognate
receptor CCR3. Chemokine binders with varied selectivity
profiles were discovered, including pan-CCR3 signaling
chemokine binders that mimic the activity of natural CKBPs.
This work highlights the utility of native PTMs to mimic
natural protein binding interactions. The potent chemokine
inhibitors that we have discovered in this work now serve as
starting points for the development of new lead compounds
targeting inflammatory disorders.
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Figure 3. Concentration−response curves for inhibition of CCL11
(100 nM) signaling via receptor CCR3 in HEK cells by 4, 6, 11, and
12. Receptor activation was measured using a BRET sensor to detect
forskolin (FSK)-induced production of cAMP. Data points are mean
± SEM (n = 3, performed in duplicate).

Table 2. IC50 Values of 4, 6, 11, and 12 for Inhibition of
CCL11 Signaling via CCR3

peptide IC50/nM [pIC50 ± SEM]a

4 1000 [5.98 ± 0.17]
6 900 [6.05 ± 0.17]
11 160 [6.78 ± 0.19]
12 ND

an = 3, performed in duplicate. ND = negligible inhibition observed
for concentrations at 1 μM. Positive control: ACA-01 evasin (IC50 =
1.9 μM).39 Negative control: cyclic sulfopeptide 3 (Figure 1B), which
showed no inhibition at a concentration of 500 nM.
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