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Macrocyclic peptides result from chemical cross-linking
between amino-acid residues separated by several peptide
bonds. Their structures comprise at least one polypeptide ring
and are both more constrained and more complex than the
structure of linear peptides.[1] The molecular weight of
macrocyclic peptides covers the range between small mole-
cules and proteins, approximately 1 to 10 kDa. The preorga-
nization and the semi-rigid character of macrocycles enable
specific, high-affinity binding to protein targets, as well as
inhibition of protein-protein interactions.[2–4]

Key to the discovery of novel macrocycles with desired
properties are technologies that produce and screen a large
number of diverse cyclic peptides. In vitro display methods,
such as mRNA display[5, 6] and RaPID,[7] are particularly
powerful due to their libraries of up to 1012 unique peptides,
each linked to an RNA tag that encodes it. These libraries are
synthesized using purified components of the ribosomal
translational machinery.[7,8] In addition to the standard,
natural amino acids, this in vitro system can incorporate
non-natural amino acids into peptide libraries, expanding the
available chemical diversity, and, consequently, expanding the

range of desirable properties surveyed. For example, N-
methyl-, D-, and a, a’- di-substituted amino acids confer
proteolytic stability of macrocycles,[1, 5, 9] and N-methyl amino
acids hold the promise of improved oral bioavailability.[10]

To include non-natural amino acids in ribosomally
translated peptide libraries, some codons need to be reas-
signed from encoding natural amino acids to encoding non-
natural amino acids. Flexizymes, engineered ribozymes capa-
ble of charging a variety of non-natural amino acids onto
a tRNA substrate, make possible such genetic reprogram-
ming.[11, 12] Traditionally, for each codon reassigned to a non-
natural amino acid, the corresponding cognate natural amino
acid and its aminoacyl-tRNA synthetase (aaRS) are removed
from the system, and the resultant genetic blank is filled with
a non-natural amino acid that is charged by a flexizyme onto
the tRNA.[11] Due to this direct swap, the total number of
different amino acids that can appear in a peptide library
remains unchanged.

Alternatively, the size of the alphabet can be expanded by
taking advantage of codon degeneracy. In this approach, some
of the degenerate codons that encode the same natural amino
acid are reassigned to multiple non-natural amino acids. Suga
et al pioneered this approach by splitting the three degenerate
codons for arginine (CGC, CGG, AGG) and assigning them
to three different amino acids, resulting in an alphabet of 23
amino acids.[13–16] We have expanded this approach by
simultaneously splitting three sets of degenerate codons,
which encode Arg, Ser, and Thr in nature. We reassigned
these codons to eight different amino acids, resulting in
a library with an alphabet of 25 amino acids, comprised of 19
natural and six non-natural amino acids. To test the feasibility
of extensive codon splitting, we designed two model peptides,
each containing three degenerate Arg codons (CGU, CGG,
AGG) or three degenerate Ser codons (UCU, AGU, UCG).
We used two types of chemically synthesized tRNA
(Table S2) to incorporate the chosen amino acids into these
peptides during in vitro translation:
a) tRNA with primary nucleotide sequences identical to

aaRS substrates, for charging natural amino acids (Gly,
Ser, Arg), and

b) tRNA with engineered anti-codon loops, which nucleo-
tides 32–38 were identical to those of the natural substrate
tRNA for E. coli aaRS, for flexizyme-mediated acylation
of reassigned amino acids.

The flexizyme charging efficiency, quantified by LC/MS of
tRNA 3’- trinucleotide fragments, was found to be more than
10% for all amino acids tested (Figure S1). In vitro trans-
lation of the two mRNA templates yielded model peptides
bearing one serine or arginine residue and two additional
non-natural amino-acid residues (Figure 1b,c), all of which
conformed to the design, confirming the intended genetic
reprogramming (Figure S2). The in vitro translation took
place with high fidelity, with no observable by-products due to
mis-incorporation of unwanted amino acids.

Having confirmed the appropriate incorporation of reas-
signed amino acids at split-codon sites, we used this approach
to make a complex library of macrocycles. The initiator codon
(AUG) was reprogrammed to encode the non-natural amino
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Abstract: Recent improvements in mRNA display have
enabled the selection of peptides that incorporate non-natural
amino acids, thus expanding the chemical diversity of macro-
cycles beyond what is accessible in nature. Such libraries have
incorporated non-natural amino acids at the expense of natural
amino acids by reassigning their codons. Here we report an
alternative approach to expanded amino-acid diversity that
preserves all 19 natural amino acids (no methionine) and adds
6 non-natural amino acids, resulting in the highest sequence
complexity reported to date. We have applied mRNA display to
this 25-letter library to select functional macrocycles that bind
human STING, a protein involved in immunoregulation. The
resulting STING-binding peptides include a 9-mer macrocycle
with a dissociation constant (KD) of 3.4 nM, which blocks
binding of cGAMP to STING and induces STING dimeriza-
tion. This approach is generalizable to expanding the amino-
acid alphabet in a library beyond 25 building blocks.
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acid ClAcF, which reacts with a cysteine further downstream
in the sequence to cyclize each peptide.[17] The randomized
amino-acid positions were encoded by NNK where N stands
for any nucleotide and K stands for U or G. The redundant
codons for Arg, Ser, and Thr were split simultaneously to
sample a total of 25 amino acids, including six non-natural
amino acids (ClAcF as an initiator, Bip, mA, mG, mF, and
mNle) (Figure 1a). We retained 19 of the 20 natural amino
acids, removing only methionine, due to its sensitivity to
oxidation. Thus, our library composition is dramatically
different from the library reported by Suga et al., who
eliminated all hydrophilic natural amino acids, for the
combination of 12 natural and 11 non-natural amino
acids.[14,16] To demonstrate the utility of our NNK-based, 25-
amino-acid mRNA display library, we used it to select
macrocyclic peptides that bind human STING (Stimulator
of Interferon Genes), an immune stimulator and a target of
interest for cancer immunotherapy.[18] Much of the effort to
discover novel STING activators has focused on cyclic
dinucleotides, designed to imitate the natural STING ligand,
cyclic GMP-AMP (cGAMP).[19,20] The recent discovery of
a small-molecule class of STING activators, amidobenzimi-
dazoles, demonstrates that this target can be activated by
molecules with structure dramatically different from the
natural ligand.[21]

We selected STING-binding macrocycles from libraries of
thioether-linked monocyclic peptides with rings of 5 to 12
randomized amino-acid residues, followed by 0 to 2 random-
ized amino-acid residues, and by a C-terminal FLAG epitope
(Figure 2a). Library DNA was transcribed in vitro into

mRNA, which in turn was translated in vitro into peptides,
yielding mRNA-peptide fusions associated with their com-
plementary DNA. The fusion molecules were purified using
an anti-FLAG antibody. The diversity of each purified library
was approximately 5 � 1012, as estimated by quantitative PCR.

We set up three parallel arms of selection to compare the
performance of macrocycles of different size (10–14 mer vs. 7–
9 mer) using two different forms of human STING (disulfide-
linked protein that resembles the active signaling dimer vs.
untethered STING monomer that can undergo dimerization;
Figure 2b).

In each round of selection, mRNA-displayed peptide
libraries were incubated with biotinylated human STING.
The mRNA-displayed peptides that bound STING were
captured on streptavidin beads. Next, the DNA encoding the
captured peptide was recovered, amplified by PCR (Fig-
ure S4a), and used as template for the mRNA-peptide fusions
to start the next round. By round four, the enriched
populations showed detectable, STING-dependent binding
(Figure 2b).

The enriched populations were tested for binding against
additional proteins, including a human STING variant[22]

(STING-AQ) and murine STING. The protein-bound frac-
tions were recovered and analyzed by next-generation DNA
sequencing (NGS) (Figure S4b). Individual sequences were
triaged by their prevalence under different binding conditions
and clustered into families based on sequence.

NGS of populations enriched during the three parallel
arms of selections revealed peptide sequences with a wide
range of length and amino-acid composition, some of which

Figure 1. Splitting of degenerate codons to encode additional amino acids. a) Comparison of the natural codon table and the codon table de-
signed for the NNK library. The degenerate codons of Arg, Ser, and Thr have been split and reassigned to different amino acids, shown in color.
Non-natural amino acids are shown in green, and the reassigned natural amino acids are shown in brown. The chemical structures of the six non-
natural amino acids are listed on the right. b) MALDI detection of a model peptide, in which R, mG, and mA were simultaneously assigned to
three codons resulting from the split of the natural codons for Arg. c) MALDI detection of a model peptide, in which S, mA, and Bip were
simultaneously assigned to codons resulting from the split of the natural codons for Ser.
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clustered in highly homologous families (Figure S4c). For
example, the library of small macrocycles (7–9 mer) yielded
a family of related 9-mer peptides, with members in popula-
tions that were selected against each of the two forms of
STING (Arm B and Arm C). The peptides in this series,
named NNK-1 to NNK-7 (Figure 3, Table 1, Figure S4c),
consisted of an 8-mer macrocycle and a one-amino-acid
overhang. In addition, peptides in this family shared a stretch
of hydrophobic residues between positions 3 and 5, and one or
two charged residues (H, R, K, D) near the C-terminal
cysteine. In contrast, the longer peptides enriched from the
10–14 mer library, e.g., NNK-8 to NNK-13, shared no obvious
sequence motifs with the peptides selected from the library of
9-mers.

We chose thirteen individual sequences, which included
the most highly enriched sequences, as well as several
moderately enriched peptides representing different lengths,
for chemical synthesis and detailed characterization. The
peptides were synthesized by standard Fmoc chemistry and
mass-confirmed using LC-MS (Table S3). The synthetic
peptides were screened using two different biochemical
assays: displacement of cGAMP, an endogenous ligand of
STING, and induction of STING dimerization, which is
critical for STING signaling.[23] The ten peptides with the
highest potency in the cGAMP-displacement assay (NNK-
1 to NNK-10, Table 1) were characterized further by a thermal
shift assay, and surface plasmon resonance (SPR). We found
that the binding affinity of these peptides correlated closely
with their potency in the two assays (Figures S6,7). For
example, NNK-2, which binds to human STING with the
highest affinity (SPR KD = 3.4 nM), was also the most potent
in both the cGAMP- displacement assay (IC50 = 7.5 nM) and
in the dimerization assay (EC50 = 105 nM) (Figure 3).

The other members of the 9-mer family with high
sequence homology to NNK-2 (peptides NNK-1 and NNK-3
to NNK-7) had higher affinity for STING than unrelated

peptides, with KD between 14 and 250 nM (Table 1 and
Figures S8,9). In addition, when bound to human STING,
peptides NNK-1 to NNK-7 raised the STING melting
temperature by more than 5 8C (Figure S10). In contrast, the
larger macrocycles, NNK-8 to NNK-13, showed lower activity
in the ligand displacement assay (IC50> 300 nM) and no

Figure 2. Selection from macrocyclic peptide libraries yielded peptides with high affinity for human STING. a) Structure of the macrocyclic peptide
libraries, showing the covalent cross-link between the initiator residue (ClAcF) and the C-terminal Cys. b) The selection profile of the three parallel
selection arms. Arm A and Arm B were selected for binding to human STING monomer, and Arm C was selected for binding to disulfide-linked
STING dimer. All three arms showed enriched target binding by round 4. Streptavidin-only binding was monitored as a negative control.

Figure 3. Characterizations of the synthetic peptide, NNK-2. a) The
molecular structure with the non-natural amino acids highlighted in
red. b) HTRF assay showing NNK-2 in competition of cGAMP ligand
binding to human STING. c) NNK-2 induced dimerization of human
STING, using cGMAP as the control.
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observable activity in the dimerization assay (Figure 2). For
NNK-8 to NNK-13, direct binding to STING could not be
observed by SPR or in temperature shift assay (Figures S5a,
S7, S10).

The 9-mer peptide family showed similar potency against
the two forms of human STING (STING and STING-AQ,
98.9% sequence identity) in both assays (Figure S5a). In
contrast, these peptides exhibited lower potency against
murine STING (81.8 % sequence identity with human
STING; Figures S3, S5a).

At first glance, it is surprising that the macrocycles
selected from the 9-mer library outperformed those selected
from the 10–14 mer library, since a peptide with a larger loop
presents a larger surface area that may be available for
binding to the target. This may be due to a more thorough
sampling of sequence space by the library with the fewer
randomized positions. Alternatively, the shorter peptides
might bind the target with higher affinity due to a smaller loss
of conformational entropy upon binding.

The sequences of the macrocycles with the highest affinity
for STING validate the utility of degenerate-codon splitting
in large libraries. In particular, NNK-1 and NNK-2 each
contain two amino-acid residues that were encoded by codons
split from the degenerate codons for serine, i.e., serine, in
position 2 (encoded by AGU), and mF, in position 9 (encoded
by UCU). The presence of these two amino-acid residues in
the STING-binding peptides was first inferred from the
sequence of the DNA encoding the peptides, and then
confirmed when the peptides with the inferred sequence
were synthesized chemically and shown to have high affinity
for STING.

We used an NGS positional scan[24] to compare STING
binding between 184 single-substitution variants of NNK-2

and the wild-type. The experiment shows that positions 2 and
6 allow a wide range of substitutions without impacting
STING binding. By contrast, mF in position 9 could be
replaced by only two structurally similar amino acids (Bip and
F), demonstrating the importance of the mF side chain for
binding to STING (Figure S11).

In summary, the high affinity, potency, and specificity of
the 9-mer cyclic peptides selected in this study demonstrate
that a 25-amino-acid alphabet (19 natural and 6 non-natural
amino acids) provides sufficient chemical and structural
diversity for selected macrocycles to disrupt protein-protein
interactions. These nonapeptides are the first reported
peptidic binders to STING. The dissociation constant
between NNK-2 and STING, 3.4 nM, is comparable to that
of the natural ligand cGMAP (3.79 nM),[25] despite their
drastically different structures. To the best of our knowledge,
the 3.4 nM KD for binding of NNK-2 to human STING is the
highest reported affinity between a protein and a 9-mer (or
smaller) cyclic peptide. Such high affinity binding had been
reported for in vitro selected macrocycles with rings in the
range of 13 to 16 amino-acid residues.[1, 26]

Whereas the libraries described here split three degener-
ate codons to introduce six non-natural amino acids, this
approach can be expanded. Splitting all available degenerate
codons in the 32-codon NNK codon table would generate
a maximal alphabet complexity of 32 amino acids (in addition
to the initiator amino acid, ClAcF), enabling in vitro libraries
of macrocyclic peptides with an even broader diversity of
structure and function.

Table 1: Sequence and function of the chemically synthesized peptides NNK-1 to NNK-13. *: thioether linkage between the initiator and the cysteine.
Non-natural amino acids are shown in bold text. Since NNK-3 showed non-1:1 binding by SPR, the affinity of this peptide for STING was determined by
ITC.
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