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Cyclic peptide scaffolds provide excellent starting points for the
combinatorial design of high affinity ligands. Natural and synthetic
cyclic peptides, including the commercially developed octreotide
(Sandostatin),1 cyclosporin A (Sandimmune),2,3 eptifibatide (Inte-
grilin),4,5 and Vancomycin,6 exhibit conformational rigidity and
potent therapeutic effects. Cyclization typically results in a 10-
1000-fold increase in affinity relative to a corresponding linear
sequence.7 Biological display libraries (e.g., phage display) enable
natural peptides to be cyclized via a disulfide bond.8-10 While these
libraries have high sequence diversity, the disulfide bonds used to
cyclize the peptide are substantially less stable than the amide
backbone and are reduced inside the cell.11 Chemical libraries (e.g.,
one-bead-one-compound12) can incorporate unnatural residues and
alternate cyclization chemistries,13,14 but they are limited in
complexity and cannot be evolved through iterative selection. A
general strategy to create chemically diverse, evolvable, cyclic
peptide libraries would, therefore, be a powerful tool for the design
of novel, conformationally constrained molecular therapeutics.

mRNA display15 is a combinatorial platform combining high
complexity (>1013 individual sequences), evolvability, and ex-
panded chemical complexity well beyond the 20 natural amino
acids.16 For example, unnatural chemical functionalities can be
incorporated into mRNA display libraries co-translationally17-19 or
post-translationally by chemical modification.20 Here, we demon-
strate that high-diversity mRNA display libraries can be covalently
cyclized via post-translational cross-linking of the N-terminal amine
and theε-amine of a lysine side chain.

We first explored cyclization using the Phe(K) template to
generate the model peptide fusion shown in Figure 1A. Following
purification, the reactive amino groups were cross-linked at pH)
8 with disuccinimidyl glutarate (DSG). Under these conditions, NHS
esters react quantitatively with the model peptide fusion (Supporting
Information). The RNA was removed, and the peptide-DNA
conjugate was purified and analyzed by MALDI-TOF MS (Figure
1B). The DSG-reacted fusion material (red) shows one major peak
in this region of the mass spectrum ([M+ H]+ ) 9497.75)
corresponding to the cyclic product (∆mobserved) 96.67 Da versus
∆mpredicted) 96.02 Da, relative to the linear starting material). This
number is clearly distinguishable from the mass shift predicted for
the noncyclic monoacylated product (∆m ) 114.03 Da) or the
bismodified product (∆m ) 228.06 Da). Our data also confirm that
the peptide component of RNA-peptide fusions can include all of
the amino acids encoded in the template.15

Having confirmed the cyclization reaction in the model fusion
by mass spectrometry, we next sought to quantify its efficiency. It
was previously shown that the incorporation of an ester linkage
into disulfide loops could be used to map disulfide bond connectiv-
ity by NH4OH hydrolysis.21 Following this strategy, we constructed
a variant of the Phe(K) template containing a UAG amber codon
at position 4 (Figure 2A). The resulting UAG(K) template was
suppressed with THG73 amber suppressor tRNA22 bearingR-hy-

droxy phenylalanine (AhF), resulting in the incorporation of a base-
labile ester linkage.23 The UAG(V) template, which lacks a reactive
lysine, was constructed as a negative control. Following fusion
formation,35S-labeled fusions were reacted with DSG as described
above, followed by RNase treatment and NH4OH cleavage of the
ester. The resulting products were separated by urea-PAGE and
analyzed by autoradiography (Figure 2B).

In the absence of a cross-linker, fusions treated with NH4OH
will be cleaved and the N-terminal tripeptide bearing the radio-
label will be lost, while fusions that are cyclized will retain the
radio-labeled tripeptide after ester hydrolysis. UAG(V) showed no
detectable cyclization, demonstrating the selectivity of the cross-
linking chemistry. However, 55% of the UAG(K) fusion band
intensity remained following DSG reaction and hydrolysis, corre-
sponding to the cyclization efficiency of the model fusion.

Finally, we used this methodology to construct and analyze
highly diverse cyclic libraries. Five libraries were assembled
(MK2-MK10) having 2, 4, 6, 8, and 10 random positions (X)
between the N-terminal methionine and the C-terminal constant
region (Figure 2C). Cyclization via the constant lysine will generate
macrocycles with 24, 30, 36, 42, and 48 atoms, respectively. In
these libraries, cyclization can be followed using AhF incorporation
as described above. As can be seen, the cyclization efficiencies
range from 55 to 31% and gradually decrease as the number of
intervening residues increases. A similar trend has also been
reported in disulfide-mediated cyclizations.24

Figure 1. (A) Cyclization of mRNA display libraries. RNA (black), DNA
linker (gray), puromycin (blue). (B) MALDI-TOF MS of Phe(K) (blue)
and DSG-reacted Phe(K) (red).
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Our macrocycle libraries rely on amine-based cross-linking. In
the size range we have examined, the majority of cycles will be
bridged between the fixed lysine and the N-terminus, as in Figure
1A. Lysine residues within the NNS cassettes also enable two
different types of cycles: (i) those with linkages between a cassette
side chain and the fixed lysine, and (ii) those where a cassette lysine
is linked to the N-terminus. The second product will not be detected
in our cyclization assay (Figure 2C), and therefore, the overall
cyclization efficiency we report does not include this contribution
(see the Supporting Information for additional discussion).

The cross-linking chemistry we used is efficient, mild, peptide-
specific, and compatible with almost any bifunctional NHS cross-
linker, affording a facile route for the introduction of chemical
diversity incompatible with the translation machinery. The incor-
poration ofR-hydroxy acids gives a general, quantitative method
to evaluate any cross-linking or cross-coupling methodologies

compatible with mRNA-peptide fusion stability. Additionally,
MALDI-TOF MS was found to be a powerful analytical tool for
the analysis of mRNA-peptide fusions and their reaction products.

To our knowledge, the MK10 library represents the most diverse
cyclic library assembled in a biological display format (>1013

sequences) as well as the largest to contain an unnatural amino
acid (AhF). We believe these complex, conformationally constrained
libraries have enormous potential to generate high affinity ligands
to any number of biologically relevant targets.
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Figure 2. (A) The UAG(K) template contains the UAG amber codon which
directs the incorporation of AhF (red). Cyclization prevents the loss of the
radio-label after treatment with NH4OH. (B) Urea-PAGE of hydrolyzed
reaction products. (C) Cyclization of MK libraries. The efficiency of
cyclization was determined by the extent of radio-label retention following
NH4OH hydrolysis. The bars represent the average of two experimental
values (see Supporting Information).
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