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Abstract

Highly-constrained peptides such as the knotted peptide natural products are promising medicinal
agents because of their impressive biostability and potent activity. Yet, libraries of highly-
constrained peptides are challenging to prepare. Here we present a method which utilizes two
robust, orthogonal chemical steps to create highly-constrained bicyclic peptide libraries. This
technology was optimized to be compatible with in vitro selections by mRNA display. We
performed side-by-side monocyclic and bicyclic selections against a model protein (streptavidin).
Both selections resulted in peptides with mid nM affinity, and the bicyclic selection yielded a
peptide with remarkable protease resistance.

Introduction

Many bona fide therapeutic targets involve protein-protein interactions. While peptides are
attractive candidates for blocking these interactions, they have several drawbacks that have
thus far limited wide-scale clinical application, chief among them being low bio-stability
and lack of cell permeability. Cyclization of peptides has been shown to increase protease
resistance,!- 2- 3-4- 5 and as a result many techniques have been used to create these
macrocyclic peptides.® Cyclization’ has also been shown to lead to improved target

affinity, 8 9 10- 11 gpecificity,!2 13 and cell permeability.!#- 13- 16 17 Introduction of a second
macrocycle into a peptide is particularly advantageous and has been shown to further

21,22,23 pelative

increase both target affinity!8: 1° and bio-stability!!- 20 and cell permeability
to the linear and monocyclic versions. Highly-constrained bicyclic peptides are similar to the
highly potent knotted peptide natural products, an attractive and emerging class of
therapeutics with enhanced stability and bioavailability derived from their knotted

structures.2% 23- 26 Knotted peptides and miniproteins have displayed a wide scope of
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29,30 and as

biological activities, including uses as antimicrobials,2”- 28 protease inhibitors
highly potent modulators of a variety of ion channels.3! 32- 33 Furthermore, knotted peptides
and peptide conjugates have been adapted for use as imaging agents 3% 35 and drug delivery

vehicles 30.

While knotted peptides have exciting potential in these and other applications, difficulties in
synthesis have limited access to large libraries of these constrained peptides. In general,
cyclization reactions for creation of highly-constrained peptide libraries must be: (1) robust
and high-yielding to maximize enrichment, (2) mild enough to be compatible within the
selection system used for ligand discovery, and (3) orthogonal to prevent synthesis of
complicated, isomeric cyclic mixtures. Research focused on phage display has led to the
development of a few cyclization linkers that meet these criteria. The use of 1,3,5-
trisbromomethylbenzene (TBMB)?7 to generate bicyclic phage displayed libraries has been
used to develop high affinity ligands specific for human plasma kallikrein3® and human
urokinase-type plasminogen activator!®: 3%, Similar strategies involving 1,3,5-
triacryloyl-1,3,5-triazinane (TATA) and N,N',N”-(benzene-1,3,5-triyl)-tris(2-
bromoacetamide) (TBAB) have also been reported 40, While the size of each macrocycle can
be varied using these linkers, conformations are limited to two independent loops because of
the reliance on a central, trisubstituted linker. In addition, the formation of bicyclic peptides
with disulfide bond linkages has been reported,!!- 41- 42 but with this strategy comes the risk
of intracellular reductive cleavage that destroys the rings.43: 44

Herein we describe the development of a new strategy for making >10'3 member libraries of
highly-constrained bicyclic peptides with precisely directable topologies using mRNA
display.* 46 Unlike the previous approaches, we have utilized two orthogonal cyclization
steps which allow us to create theta-bridged bicyclic peptide libraries in which the size of
the 3 loops can be varied. We have used these libraries to find high-affinity mono- and
bicyclic binders to a model target, streptavidin.

Results and Discussion

We designed our bicyclization strategy around using two orthogonal cyclization chemistries.
The advantage of this strategy is that the attachment points for each loop are independent,
and this allows for the creation of either manacle or theta-bridged*” bicyclic peptides (Figure
1a). The two chemistries we pursued for this purpose were the bis-bromomethyl benzene
cysteine alkylation3” (Figure S1a) and copper-mediated azide-alkyne cycloaddition
(CuAAC-Figure S1b).#8-49 Both cysteine alkylation and CUAAC have been used together on
in vitro translated peptides,* but they have not been used in tandem for the generation of
peptide libraries.

Ribosomal incorporation of ‘clickable’ amino acids

In order to utilize CuAAC cyclization with our peptide libraries, it is necessary to
incorporate a-amino acids bearing an azide and an alkyne. We and others have previously
shown that L-B-azidohomoalanine (AzHA) and p-ethynyl-L-phenylalanine (F-yne, Figure
1b) act as substrates for aminoacylation onto their cognate tRNAs by methionyl-tRNA
synthetase (MetRS) and a mutant phenylalanyl-tRNA synthetase (PheRS A294G),
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respectively, and can be incorporated independently into peptides in the absence of the wild-
type amino acids.>0- 31-52.53. 54 To demonstrate the compatibility of click and the cysteine
bis-alkylation cyclization methods and to optimize conditions for the cyclization
chemistries, we designed a model peptide that would create a knotted peptide in the theta (0)
conformation*” when the cyclization chemistries were applied (Figure 1c). We measured the
yield and fidelity of incorporation of AzHA and F-yne within a PURE translation lacking
methionine and phenylalanine (Figure 1d-h); both were incorporated with good fidelity and
yield individually. Incorporation of both amino acids led to a slightly diminished yield and
fidelity (Figure 1d and le),.

Creation of bicyclic peptides using orthogonal chemistries

We next worked to ensure that we could perform both CuAAC and cysteine-bisalkylation on
this model peptide. We reasoned that performing the mild cysteine-bisalkylation first would
allow for complete conversion to the monocyclic peptide and minimize any potential
decrease in yield and/or fidelity from oxidative by-products generated during the click
reaction.*8- 55 We reacted the model peptide with a.,a’-dibromo-m-xylene and observed
complete conversion to the bisthioether benzene-bridged macrocyclic peptide via MALDI-
TOF (Supporting Figure S2). The generation of triazole-linked cyclic peptides does not
result in a mass change; therefore, we employed ‘clickable’ external reagents to optimize our
click conditions. We prepared a version of our peptide containing only F-yne. When we
titrated this peptide with an azide-functionalized sulforhodamine 101 (Texas Red-azide,
Figure 2a), we observed concentration-dependent labeling in the presence of click reagents
(Figure 2b). Similarly, an AzHA-labeled peptide could be successfully reacted with hex-5-
yne-oic acid (Supporting Figure S3a). We then prepared a peptide containing both the AZHA
and F-yne. When this peptide was treated with CuAAC reagents prior to addition of 250 uM
Texas Red Azide, very little labeling occurred (Figure 2b, lane 9). Similarly, we observed no
labeling when hex-5-yne-oic acid was added to the ‘pre-clicked’ peptide (Supporting Figure
S3b). These data, taken together, demonstrate that we can perform both CuAAC and
dibromoxylene cyclizations on in vitro translated peptides, resulting in the creation of
bicyclic peptides.

Compatibility of mRNA display with click chemistry

To create mRNA-displayed peptide libraries, it also is essential that the proposed chemistries
do not degrade mRNA. The dibromoxylene cyclization chemistry has already been shown to
be compatible with mRNA display.>® 57- 38 However, others have shown that CuAAC
reagents degrade nucleic acids over time and that RNA is particularly susceptible to
oxidation.’%- 90 The use of polytriazole ligands, such as tris[(1-benzyl-1H-1,2,3-triazol-4-
yl)methyl]amine (TBTA) or the water-soluble tris(3-hydroxypropyl-triazolylmethyl)amine
(THPTA), have been shown to protect Cu(I) from oxidation or disproponionation.(’l’ 62, 63
We tested the compatibility of library mRNA with each ligand and found that mRNA was
highly stable up to 2h using click reagents in the presence of TBTA with 33% DMSO

relative to the water soluble THPTA (Supporting Figure S4).

Finally, we verified that these optimized click conditions can be applied to an mRNA-
peptide fusion library (Figure 3). We first generated mRNA-displayed peptides using our
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mixed scaffold libraries designed for selection (Figure 4 and Supporting Table S1), which
encode AzHA, F-yne and two cysteines by in vitro translation initiated with mRNA
covalently linked to puromycin via a poly-A containing linker.*> The mRNA-peptide fusions
were first cyclized by cysteine-bisalkylation while immobilized on oligo(dT) magnetic
beads,® eluted, and subsequently bound to Ni-NTA resin. We then added 250 uM Texas
Red-azide, along with the optimized click reagents, and analyzed the reaction over time by
SDS-PAGE. Labeling of the mRNA-peptide fusion library without degradation occurred
after 2 h under inert atmosphere (Figure 3). Lastly, we ensured that azide-containing mRNA-
peptide fusions were not compromised during the most reductive step in the mRNA display
process, reverse transcription, which requires 5 mM DTT and elevated temperatures for 30
min. (Supporting Figure S5). Taken together these experiments show that mRNA displayed
peptide libraries are compatible with CuAAC chemistry.

Comparative scaffold-diverse in vitro selections

To assess the relative fitness of the bicyclic peptide library generation technology in an
mRNA display selection, we chose to perform a side-by-side in vitro selection with a
monocyclic bisalkylation-based library similar to those we generated previously. %57 We
designed five libraries, each containing two cysteine codons (one fixed at the 3" end of the
random region and one that was varied), and one Phe codon that was varied in position
between libraries (Figure 4a—c and Supporting Figure S6). The initiator Met codon fixed the
position of the azide to the N-terminus. This design resulted in the generation of five
libraries which, when cyclized solely with dibromoxylene, resulted in macrocycles with 7—
11 amino acids in the rings. However, when subsequently cyclized a second time with
CuAAQ, these libraries generate highly-constrained, overlapping, 6-bridged scaffolds
(Figure 4d).

In vitro selection

As the target for our selection we chose streptavidin, a highly studied protein with a well-
defined binding pocket which has been shown in previous selections to prefer constrained
peptides.8: 10- 64 For Round 1 of the parallel selections, we initiated a single translation with
an equimolar mix of the five library mRNAs pre-linked to the puromycin oligo; we used
incorporation of 3°S-cysteine for quantification. While immobilized on oligo(dT) resin, the
mRNA-peptide fusion pool was bis-alkylated with a,a.’-dibromo-m-xylene (Figure 5). At
this point, the fusions were split into monocyclic and bicyclic pools, reverse transcribed and
captured onto Ni-NTA agarose. The bicyclic pool was clicked to generate the second
triazole-containing cycle. The purified monocyclic and bicyclic fusions were independently
incubated for 4h with magnetic streptavidin beads. Bound fusions were competitively eluted
with D-biotin and separately PCR-amplified to initiate round 2. Stringency was increased by
using additional washes of the beads beginning in round 2. While we noted enrichment
beginning in round 4 and continuing through round 7 for the monocyclic selection
(Supporting Figure S7), we observed no global enrichment throughout the bicyclic selection,
despite two additional rounds. The purified PCR-amplified DNA from both selections was
then sequenced using the Illumina MiSeq platform.
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Sequence analysis

The raw sequencing data was analyzed using AptaTOOLS, a comprehensive software
collection designed specifically for the in silico processing of several types of in vitro
selections (Supporting Tables S3 and S4). First, the data was preprocessed using
AptaPLEX® by filtering out low quality reads and extracting the relevant sequence region.
Remaining sequences in each selection cycle were then computationally analyzed using
AptaCLUSTER®® by elucidating and tracking the behavior of aptamers and aptamer families
(clusters) throughout the sequenced portion of the selections. In conjunction with its
graphical user interface AptaGULY7 the algorithm also determined global properties of the
selections such as the convergence of the pool towards certain families of sequences, as well
as local characteristics including, but not limited to, the abundance and enrichment rate of
each individual sequence and cluster respectively. As expected based on the selection
enrichment measurement (Supporting Figure S7), the monocyclic selection showed a high
level of sequence convergence after 6 rounds (Figure 6a and Supporting Tables S5a and
S5b). Moreover, there was a clear scaffold preference—all of the most abundant sequences
came from the MXXXXCFXXXXC library. Surprisingly, 4 of the top 8 sequences from the
bicyclic selection were also abundant in the monocyclic selection (9.1b=7.1m, 9.2b=7.2m,
9.3b=7.3m, and 9.8b=7.4m), although the percentage of these peptides in the final pool was
significantly less (1-2% vs. 20-26%) (Figure 6b and Supporting Tables S6a and S6b). The
bicyclic selection also contained peptides that were not found at all in monocyclic selection
winners (9.4b and 9.6b) as well as a linear mutant which did not contain a F-yne or a second
cysteine (9.51in). Based on these results, we decided to further analyze peptides 7.1m—7.4m
in the linear, mono- and bicyclic configurations as well as peptide 9.4b, which was the most
abundant, unique bicyclic peptide. Finally, we also analyzed linear peptide 9.5lin as a point
of comparison.

Affinity for streptavidin

Each of the peptides was prepared with in vitro translation in the presence of 3°S-Cys, and
the pertinent cyclization steps were carried out while the peptide was immobilized on Ni-
NTA resin. The purity of the peptides was verified by MALDI-TOF (Supporting Figure S8).
As an initial screen for affinity, we chose to test each peptide in its linear, mono-, and
bicyclic forms for its ability to bind to 1 uM immobilized streptavidin. The four most
abundant monocyclic selection winners (7.1m-7.4m) all showed enhanced binding to
streptavidin in their monocyclic conformations relative to the linear and bicyclic forms
(Figure 7a). The unique 9.4b bicyclic peptide showed binding in both the monocyclic and
bicyclic configurations, although the bicyclic configuration bound to the greatest extent.
Since this peptide contained two F-yne residues (Figure 7b), there are two potential places
for the click cyclization to occur. To test the preference, we independently substituted each
of the F-yne residues with tyrosine giving 9.4b-7Y and 9.4b-10Y, to force the triazole-
containing ring sizes to 10 or 7 amino acid-sized rings respectively. The knotted peptide
containing the 10AA triazole cycle (9.4b-7Y) bound to a much greater extent than the 7AA
ring (Figure 8b). We next determined the absolute affinity of our top binding in vitro
translated peptides (7.2m, 7.3m, 9.4b, and 9.4b7Y) using a magnetic bead-based version of
the spin filter binding-inhibition assay®® (Figure 7c, Supporting Figure S9 and S10). Both
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7.2m and 7.3m had Kys of approximately 300—400 nM. 9.4b as well as the 9.4b7Y mutant
had Kgs in the 500-600 nM range.

The second cyclization enhances protease stability

Others have demonstrated that cyclic and knotted peptides from libraries are far more bio-
stable and remarkably resistant to enzymatic degradation,2% %9 qualities that increase their
therapeutic potential. To compare, we selected the linear (9.5lin), monocyclic (7.2m) and
bicyclic peptide (9.4b) variants and incubated them with immobilized chymotrypsin. At each
time point, we removed an aliquot of peptide and measured its ability to bind immobilized
streptavidin. As expected, the binding activity of the linear peptide was almost completely
abolished after 1h. The monocyclic peptide 7.2m displayed greater resistance to protease
degradation, retaining 57% of its binding activity after 24h relative to the control (Figure 8).
Interestingly, and in accordance with our hypothesis, 96% of bicyclic peptide 9.4b was able
to bind to streptavidin after 24h incubation with chymotrypsin. Furthermore, even after
extended incubation with the protease, the bicyclic peptide showed remarkable retention of
binding activity, despite the fact that it had an additional predicted cleavage site relative to
the monocyclic peptide (Supporting Figure S11).

The advent of Next Generation Sequencing (NGS) has proven to be a powerful tool in the
ligand discovery/DNA template-based selection field.”” When combined with software such
as AptaTools, which allows in-depth round-by-round analysis of enrichment rates, important
ligands which may have otherwise gone unnoticed can now be uncovered. For the
monocyclic selection, we observed high enrichment rates from round 4 to round 5 while the
subsequent increase in the remaining rounds for each of the monocyclic peptides was much
more moderate. This pairs nicely with our selection enrichment results based on
radioactivity (Supporting Figure S7) and suggests that the selection had plateaued after
round 5. At round 5 however, the abundance of the winner sequences was still quite low
(<4%)--too low to meaningfully detect these sequences by traditional Sanger sequencing.
Therefore, in principle, use of NGS and Aptatools could shorten the number of rounds
necessary to detect winners as compared to standard sequencing. For the bicyclic selection,
we did not see detectable global enrichment (Supporting Figure S7), yet after analysis by
NGS, certain individual sequences were enriched. Because they were still at low abundance
at the end of the selection, the use of NGS was essential for the identification of peptide 9.4b
as a streptavidin binder.

Our monocyclic streptavidin binding-peptides have unique sequence motifs as compared to
previous selections. For example, the HPQ motif revealed in numerous selections against
streptavidin!®- 71- 72. 73 was absent from our most abundant sequences in the monocyclic
selection. Instead, sequencing revealed a consensus binding motif that included portions of
the N-terminal linear and C-terminal cyclic regions (Supporting Figure S12). The only
significant variability in the top 8 monocyclic sequences was in the final randomized
position. The fact that these peptides showed much weaker affinity in their linear forms
leads us to conclude that cyclization of these sequences is essential for a high affinity
interaction with streptavidin. When we added a second cycle to these peptides, the binding
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was dramatically reduced (Figure 7a). This is to be expected, because the second cycle will
dramatically change the conformation of these peptides (Figure 4d).

Peptide 9.4b derived from the bicyclic selection, in contrast, did bind effectively in its
bicyclic form. This peptide has two F-yne residues as potential cyclization points. When we
removed each of these in turn, only the bicyclic peptide with the F-yne at position 10 led to
effective binding (Figure 7b). This is significant, because this F-yne was located in the
random region of the library, while the F-yne at position 7 was fixed. From a library design
standpoint, this is quite interesting; this peptide effectively “chose” a scaffold that was
underrepresented in the library. Our low enrichment rates from the bicyclic selection could,
therefore, be a consequence of our biased scaffold choice.

The peptide winners common to the two selections (Figure 6a,b) did not bind to streptavidin
in their bicyclic configurations (Figure 7a). It is therefore quite surprising that these
sequences were present in the bicyclic selection winners. First, we note that the enrichment
rates of these peptides are quite low in comparison to the enrichment values in the
monocyclic selection prior to its plateau. The low global enrichment explains why we did
not see significant convergence in sequences, even though we performed 2 additional rounds
relative to the monocyclic selection. While we demonstrated that the click cyclization results
in high conversion to the bicyclic peptide using our model peptide (Supporting Figures S2
and S3a,b), it is certainly possible that the cyclization efficiencies of these sequences under
selection conditions are less than 100%. If so, the low global enrichment could be due to the
presence of the monocyclic sequences during the bicyclic selection. Also, although we were
very careful to avoid this, we cannot definitively rule out that cross contamination could be
responsible for the presence of the monocyclic sequences in the bicyclic library since the
selections were performed side-by-side.

In summary, we have developed a technology to create highly-constrained bicyclic peptides
in situusing a cell-free translation system, and we have optimized the method to make it
compatible with mRNA display to generate mRNA-bicyclic peptide fusions for in vitro
selection. We designed our parallel selection strategy in order to evaluate the potential for
the mono- and bicyclic libraries to uncover peptide binders. We conclude that high-affinity
versions of both types of ligands are present in the diverse libraries we created; however, the
bicyclic peptides have the advantage of dramatically enhanced protease stability. Moreover,
because we have fixed the position of the cyclization residues to only a few possibilities, we
have only probed a very small subset of the potential diversity of these bicyclic libraries. It
should therefore now be possible to randomize these positions to create a whole host of
highly-constrained peptide libraries using mRNA display. We believe that the high level of
scaffold diversity generated using this strategy should enable the discovery of protease-
stable bicyclic ligands to not only targets already probed by bicyclic peptides (e.g.
kallikrein3® and human urokinase-type plasminogen activator!8:3%) but also many
therapeutic targets that do not currently have potent inhibitors.
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mRNA stability with click reagents (TBTA vs. THPTA)

CuAAC reagents (100 mM potassium phosphate pH 8, 500 mM NaCl, 1 mM CuSO,4) were
added to two 0.6mL microcentrifuge tubes along with 5 uM mRNA (202 bases). Tube 1
contained 2 mM TBTA ligand w/33% (v/v) DMSO; Tube 2, 10 mM THPTA ligand. Tubes
were degassed with argon, 10 mM sodium ascorbate was added and a small septum was
used to seal each tube. A blanket of argon was placed over each reaction mixture. Total
volume of each tube was 100 pL. At the indicated time points, 20 uL was removed from
each tube with a microsyringe, quenched with 5 uL. of 200 mM EDTA and frozen at —20°C.
Time points were analyzed by 10% urea-PAGE, stained with ethidium bromide and imaged
on a ChemiDoc MP imaging system (BioRad).

Preparation of mRNA-peptide fusion library

T7 in vitro transcription’* was performed with an equimolar mix of the five bottom strand
oligo libraries (see Table S1), following pre-annealing to the forward primer (70° C for
Smin, followed by cooling on ice for 1min.). Library mRNA was photo-crosslinked to the
linker containing puromycin at the 3" end as described previously.” For round 1 of the
parallel selections, a single 2 mL standard translation reaction was initiated with the addition
of the puromyocin-linked mRNA, incubated at 37° C for 1.25 h, supplemented with 550 mM
KCl and 55 mM MgCly, returned to the incubator for 1.5h and subsequently frozen
overnight at —80° C. The resulting mRNA-peptide fusions were diluted 6-fold with oligo-dT
binding buffer (20 mM Tris-HCI pH 7.8, 10 mM EDTA, 1 M NaCl, 0.2% Triton X-100, 0.5
mM TCEP), added to 1.5 mL of oligo-dT magnetic beads which were equilibrated thrice
with 5 mL of oligo-dT binding buffer, and rotated at 4° C for 30 min. The beads were
washed twice with 5 mL of oligo-dT wash buffer (20 mM Tris-HC1 pH 7.8, 0.3 M NaCl,
0.1% Triton X-100, 0.5 mM TCEP), and the first cyclization was performed on resin by the
addition of 5 mL of cyclization buffer (20 mM Tris-HCI pH 7.8, 0.66 M NaCl, 3 mM a,a’-
dibromo-m-xylene, 33% acetonitrile (v/v), 0.5 mM TCEP) and rotated at RT for 30 min. The
beads were washed once with 5 mL of oligo-dT wash buffer containing S mM BME (in lieu
of TCEP), to quench the unreacted linker. Beads were washed a second time with 5 mL of
wash buffer containing TCEP and eluted in 1 mL fractions with 0.5 mM TCEP. The five
elutions with the highest scintillation counts were pooled and precipitated with 4 vol of
ethanol, 0.1 vol of 3 M KOAc, pH 5.2 and 0.001 vol of 5 mg/mL glycogen. The pellet was
resuspended in 543.5 pL of water and split into two portions for the monocyclic and bicyclic
selections.

Monocyclic—One half of this solution was reverse transcribed in a final volume of 400 uL
in the presence of RT mix (0.5 uM RT primer, 0.5 mM dNTPs, 5 mM MgCl,, | mM DTT, 2
U/uL RNase inhibitor, 5 U/uL Superscript 111, 1x First Strand buffer) at 55° C for 30 min.
The RT reactions were subsequently diluted 5-fold with denaturing Ni-NTA binding buffer
(100 mM NaH,POy, 10 mM Tris-HCI, 6 M guanidinium hydrochloride, 0.2% Triton X-100,
5 mM BME, pH 8) and added to 100 pLL of Ni-NTA agarose resin (MCLab) in a 10 mL
BioRad disposable column. Columns were placed on a tumbler at 4° C for 1h. The
monocyclic fusions were washed four times with 3 mL of Ni-NTA wash buffer (100 mM
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NaH,POy, 300 mM NacCl, 0.2% Triton X-100, 5 mM BME, pH 8) and eluted in one column
volume fractions with Ni-NTA elution buffer (50 mM NaH;POy4, 300 mM NaCl, 350 mM
imidazole, 0.2% Triton X-100, 5 mM BME, pH 8). Fractions containing significant
radioactivity were pooled and dialyzed overnight against selection buffer (50 mM Tris-HCI
pH 8, 150 mM NaCl, 4 mM MgCl,, 0.25% Triton X-100).

Bicyclic—The second half of this solution was reverse transcribed in a final volume of 400
uL in the presence of RT mix (0.5 uM RT primer, 0.5 mM dNTPs, 5 mM MgCl,, 1 mM
DTT, 2 U/uL RNase inhibitor, 5 U/uL Superscript III, 1x First Strand buffer) at 55° C for 30
min. The RT reactions were subsequently diluted 5-fold with denaturing Ni-NTA binding
buffer (100 mM NaH,PO,, 10 mM Tris-HCI, 6 M guanidinium hydrochloride, 0.2% Triton
X-100, 5 mM BME, pH 8) and added to 100 pL of Ni-NTA agarose resin (MCLab) in a 10
mL BioRad disposable column. Columns were placed on a tumbler at 4° C for 1h. After
binding to the Ni-NTA agarose, bicyclic fusions were washed once with 3 mL of Ni-NTA
wash buffer, and 3 mL total volume of CuAAC cyclization reagents were added (100mM
phosphate pH 8, 1 mM CuSQOy4, 300 mM NacCl, 2 mM TBTA, 33% DMSO (v/v). The
solution was degassed with argon prior to the addition of 10 mM sodium ascorbate. An
argon blanket was placed over the solution, the tube was sealed and rotated at room
temperature for 2h. After incubation, the resin was washed once with 3 mL of Ni-NTA wash
buffer containing 10% DMSO (v/v). Following two additional washes with 3 mL of Ni-NTA
wash buffer, the purified fusions were eluted, pooled and dialyzed similarly to the
monocyclic fusions.

The translation volume was reduced to 500 uL for rounds 2—4, 250 L for rounds 5-7.
Purification reagent usage, wash and elution volumes were adjusted accordingly to coincide
with translation yield.

Selection against streptavidin

Two tubes containing 125 pL Dynabeads M-280 Streptavidin (Invitrogen #11205D) were
equilibrated twice with 1 mL selection buffer and 0.5 pmols (3.01 x 10! fusions, 11.75-fold
above theoretical library diversity) each of monocyclic or bicyclic dialyzed fusions (125 pL.
total volume) were added to the respective tubes (with 0.1% BSA) and rotated at 4° C for 1h.
The beads were then washed twice with 1 mL selection buffer and streptavidin-binding
fusions were competitively eluted for 4h (to account for slow off-rates) with 200 uL of 2
mM D-biotin in selection buffer. Eluted fusions (2.4% and 2.0% of monocyclic and bicyclic
input, respectively) were dialyzed overnight against 0.1% Triton X-100. Following PCR
amplification using ExtT7fwd and UniRev2 primers (2 min. at 94°C, followed by 24 rounds
of 94° C (30s), 65° C (30s), 72° C (45s), library DNA was extracted with 1 volume of
phenol:chloroform:isoamyl alcohol (25:24:1) and precipitated with 3 vol. ethanol and 0.1
vol 3 M KOAc pH 5.2. The resuspended DNA served as the templates for Round 2 of the
parallel selections. The bead-to-fusion volume ratio was kept constant throughout the
selection.
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Relative streptavidin binding

In vitro transcribed and radiolabeled peptides prepared as described in the Supporting
Information were diluted in SBB to 20 nM. 10 uL of M-280 streptavidin beads were
equilibrated three times each with 100 uL of SBB. The beads were bound to a magnetic
stand, the buffer was removed and 20 uLL was added to each tube. The beads were
resuspended with diluted peptide solution, resulting in approximate streptavidin-on-bead
concentration of 1 uM, calculated based on manufacturer’s reported biotin binding capacity.
Tubes were placed on a rotisserie at 4° C for 2h, then placed on the magnetic stand and the
supernatant was removed. The beads were washed twice each with four CV of SBB (with
mild vortex to ensure resuspension). Washes were combined with the flow through and a
portion was counted via scintillation and considered as the unbound fraction. 200 pL. of SBB
with 2.5 mM D-biotin was added to each tube and rotated at RT for 2h. The supernatant was
removed and a portion was counted as the bound fraction. Fractional, or % bound to
streptavidin and eluted with D-biotin, was calculated with the following equation: % bound
= [bound/(unbound + bound) x 100]. % bound was determined for each peptide and the
highest relative binders for each of the three conformations were selected for further study.

Determination of peptide Ky

In vitro translated, radiolabeled peptides prepared as described above were diluted in SBB to
8 nM and added 1:3 to streptavidin in SBB (1.2 nM — 20 uM final 4-fold serial dilution),
resulting in 2 nM peptide final concentration in 20 pL total volume. Reactions were
incubated at 4° C for 2h and added to 10 uL. washed and dried Dynabeads M-280
streptavidin magnetic beads, mixed and incubated for 1 min at RT. Tubes were then placed
on a magnetic stand for 1 min and the supernatant was removed. 17 uL of the supernatant
was added to 2 mL of Econo-Safe scintillation fluid (RPI) and counted on a Beckman
scintillation counter for 5 min. This was the fraction which bound the free streptavidin (B).
The beads were resuspended in 50 uL of SBB, vortexed vigorously and 40 uL. was counted
as above. This was the unbound fraction which was capable of binding the matrix (U).
Fractional binding was then calculated using the following equation: % bound = B/(B+U) x
100%. To account for the portion of the affinity purified peptide mixture incapable of
binding streptavidin (primarily unincorporated radiolabel which bound the nickel resin), the
assay containing no free streptavidin was subtracted from each streptavidin-containing assay,
effectively providing a baseline for % bound calculation. Data was then plotted using
SigmaPlot and a curve was generated using a hyperbolic dynamic fit with the following
equation: y =y, + [ax/(b+x)]. Experiments were done in at least duplicate.

Chymotrypsin stability assay

Linear, monocyclic and bicyclic labeled peptides, prepared as described in the Supporting
Information, which showed the highest relative streptavidin affinity were selected for the
protease stability experiment. Surface-activated magnetic beads (Dynabeads M-270 epoxy,
Invitrogen #14301) were decorated with a-chymotrypsin (Sigma, C4129) per
manufacturer’s instructions. Peptides were diluted to 8 nM with streptavidin binding buffer
(SBB, 40 mM Tris-HCI pH 7.4, 300 mM KCI, 2 mM EDTA, 5 mM BME, 0.013% Triton
X-100) and 350 pL (2.8 pmols) of each peptide was added to 1.4 U of chymotrypsin beads
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(unit calculation based on chymotrypsin functionalization input and assumes 100%
conjugation efficiency and retention of activity) in a 1.7 mL tube and placed on a tumbler at
RT. At the indicated time points the tube was placed on a magnetic stand and 25 pL was
removed from the tube and placed at —20° C. After 24 h the reaction was incubated for an
additional 24 h at 37°C. Each time point was thawed on ice, mixed and 10 uL was added to
5 pL of M-280 streptavidin beads pre-equilibrated three times with 200 pL. of SBB. The
solution was allowed to reach equilibrium on a rotisserie at 4° C for 2h. Tubes were bound
to the magnetic stand and the supernatant removed. The beads were washed twice each with
four CV of SBB. The washes were combined with the supernatant, mixed and a portion was
counted via scintillation as unbound peptide. 200 pL of SBB containing 2.5 mM D-biotin
was added to the beads and tubes were rotated at RT for 2 h to selectively elute the bound
labeled peptides. After binding to the magnet, the supernatant was removed, and a portion
was counted as bound peptide. Fractional, or % binding to streptavidin was calculated with
the following equation: % bound = [bound/(unbound + bound) x 100]. % bound for each
peptide was normalized to the no chymotrypsin (0 time) control and plotted as a function of
time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Scaffold confor mations and analog incor poration
a) Bicyclic peptide conformations obtained from two orthogonal chemistries; manacle (left)

and theta-bridged (right) b) Analogs B-azidohomoalanine (AzHA, left) and p-ethynyl
phenylalanine (F-yne, right) incorporated in place of methionine and phenylalanine,
respectively. ¢c) Model peptide sequence, indicating the knotted-like theta conformation used
for library design. d) Radiolabeled peptides were synthesized in sufficient quantities and
MALDI-TOF confirmed appropriate mass for peptides containing e) both analogs
(calc-2331.20), f) AzHA (calc-2306.98), g) F-yne (calc-2336.11), relative to h) All wild-type
amino acids (calc-2311.97). * Indicates a ubiquitous +16 peak, presumably an artifact of
sulfur oxidation during Zip-tip desalting.
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Figure 2. Click cyclization of peptides
a) Azide-functionalized sulfo-rhodamine-101 (Texas Red-azide or TR-N3) used for

fluorescent labeling. b) Concentration- dependent labeling of the (AzHA) peptide by TR-N3.
Negligible fluorescence is observed when the same reaction is performed on a ‘pre-clicked’
peptide containing both the azide and alkyne (far right lane), evidence that the
intramolecular click cyclization has already occurred. Lanes 1-7: Concentration-dependent
fluorescent labeling of alkyne-containing peptide with TR-N3, indicating that the click
reaction is compatible with Ni-NTA agarose-immobilized in vitro translated peptides. Lane
8: No mRNA template control reaction. Lane 9: TR-Nj click-reacted with ‘pre-clicked’
azide/alkyne-containing peptide

ACS Chem Biol. Author manuscript; available in PMC 2018 March 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hacker et al. Page 18

UV shadowing (mRNA-peptide stability) Fluorescence (dick-labeled fusion)
argon air g argon air g
rgo Q_ue-. rg qg.
& &
® &
o O a0 AT 2F o o AS A Qe

Figure 3. Click cyclization with mRNA-peptide fusions
Click reaction was performed with mRNA-(alkyne) peptide fusions immobilized on Ni-NTA

resin and 250uM Texas Red-azide. Aliquots of beads were removed at the noted time points,
fusions were washed and eluted with imidazole, and analyzed by 10% SDS-PAGE. Left, UV
shadowing of mRNA-peptide fusion libraries over time. Right, Fluorescence image (ex 532,
em 610) of the same gel.
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Figure 4. Design of cyclic libraries

‘clickable’ codons in red and bisalkylatable cysteine codons in blue. c) Peptide sequences
generated from the library mRNA (M = B-azidohomoalanine, F = p-ethynyl-phenylalanine,
C = cysteine) d) Depictions of scaffold diversity generated from the linear mRNA fusions
prepared by bisalkylation (monocyclic) and bisalkylation followed by CuAAC (bicyclic).
The sequences are color coded as in (c). Yellow dots denote bis-alkylation cyclization, and
purple dots represent CuAAC cyclization points.
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Figure 5. mRNA Display scheme
Comparative 7n vitro selections against streptavidin. PURE translation is initiated with

puromycin-linked mRNA. mRNA-peptide fusions are bisalkylated with a,a’-dibromo- -
xylene (green box) while immobilized on oligo (dT) resin to form the monocyclic peptides.
The monocyclic fusion pool is split after reverse transcription and bound to nickel resin,
where the CuAAC reaction is performed on the portion of the pool targeted for bicyclic
peptide formation (blue box). The monocyclic and bicyclic fusion pools are then used to
select for high affinity binders to streptavidin. Following competitive elution with biotin,
functional fusions were amplified via PCR to generate the enriched Round 2 DNA library.
All steps were performed independently for subsequent rounds.
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Figure 6. AptaT OOL S round-by-round sequence analysis
Results of Illumina NextGen sequencing of a) rounds 4-7 of the monocyclic selection and b)
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consensus residues within the random region (yellow). HPQ motif is in bold.

rounds 4-9 of the bicyclic version. Round-by-round analysis includes tracking of the

(freq %), and fold-increase in frequency from the previous round (enrich). Cluster ID

number of reads with that sequence (count), percentage of reads containing that sequence

denotes which Aptatools cluster the sequences were placed in. Highlighting indicates fixed
flanking cyclization residues (red), intra-random region cyclization residues (aqua), and
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Figure 7. Binding to Strepdavidin
a) in vitro translated, 35S-Cys-labeled peptides were created in linear, monocyclic, and

bicyclic conformations while immobilized on NI-NTA resin, bound to 1uM streptavidin
beads and eluted with 2.5mM D-biotin. Model peptide (OvLap) was used as an irrelevant
control and 9.5lin peptide was tested in only the linear form due to the absence of cyclizable
residues. b) Selected bicyclic peptide 9.4b, with two F-yne residues (left). Tyrosine
mutations to force the 10-member triazole cycle (middle) and the 7-member cycle (right). c)
Binding affinities of the winners of the mono- and bicyclic selections.
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Figure 8. Protease stability
a) Normalized protease degradation of each of the three scaffolded peptides shown to bind

streptavidin with the highest affinity (7.2m, 9.4b, 9.51lin). 5 nM peptide was added to 1.4U of
immobilized a-chymotrypsin. Aliquots were removed at the indicated time points and added
directly to 1 uM streptavidin beads, incubated for 2h, and eluted with biotin. Peptides were
quantified by scintillation of 33S-cysteine labeled peptides and normalized to the no protease
time point. Results are an average of duplicate trials.
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