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Abstract

Performing sequential reactions for the orthogonal derivatization of peptides in solution often
requires intermediate handling and purification steps. To solve these problems, we have exploited
the distinct adsorption kinetics of peptides towards particulate reversed-phase (RP) C18 silica
material, enabling consecutive reactions to be performed without intermediate elution. To illustrate
this approach, sequential CUAAC/click reactions were used to modify an analog of the bicyclic
peptide Sunflower Trypsin Inhibitor 1 (SFTI-1), a potent scaffold for trypsin and chymotrypsin-
like enzyme inhibitors. The SFTI-1 scaffold was synthesized containing both B-azido alanine and
propargyl glycine residues. Despite the mutual reactivity of these groups, site isolation on RP
silica enabled consecutive click reactions and associated washing steps to be performed while the
peptide remained immobilized. Importantly, this approach eliminated side products that could
form between two peptides or within a single peptide. These studies suggest a broad utility for RP
silica in solving both peptide handling problems and in improving synthetic workflows.
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Introduction

Sunflower Trypsin Inhibitor 1 (SFTI-1) is a 14 amino acid bicyclic peptide that operates as a
Bowman-Birk type inhibitor of trypsin and trypsin-like serine protease enzymes (Figure 1).1
The hyper-exposed P1 lysine residue (following Schechter-Berger nomenclature?) interacts
with the S1 cavity of the target enzyme, accounting for up to 50% of the inhibitor-enzyme
contacts and affording its specificity and sub-nanomolar Kjfor trypsin (1.1x10719). In
addition to its head-to-tail cyclization and disulfide bridge, the structure features a dense
network of intramolecular hydrogen bonds which contribute to its compact rigidity.34
Together, these properties promise its utility as a bioscaffold for inhibitor engineering and
pharmaceutical development.

For all protease substrates and inhibitors, specificity arises from residues at the scissile bond
as well as their proximal interactions. These regions of the SFTI-1 inhibitor are named the
binding loop (Thr#-11e19) and the secondary loop (Gly!-Arg?, Phel2-Aspl4).1 A typical
combinatorial chemistry exercise would call for the diversification of at least two residues
from these distal regions to generate new inhibitors.® This strategy would call for a number
of split syntheses and tedious purifications to build a peptide library of even a moderate size.
Inspired by previous work on peptide and protein modifications using solid supports, namely
peptide sequencing by membrane-supported Edman degradation,® hydrophobic column-
supported chemical and enzymatic digestions,’ protein bioconjugation reactions,8° and
sortase-mediated ligations,10 we have developed an RP silica-supported, click-chemistry-
based approach to rapidly construct a library of inhibitors from a single parent peptide. This
approach leverages the polyvalent immobilization of the peptide to facilitate washing of
small molecule reagents and buffers and enable selective elution of the dual-modified
product. The copper-catalyzed azide-alkyne cycloaddition (CUAAC) “click” reaction was
chosen for its selectivity in azide and alkyne conjugation, ease of setup, high yields, short
reaction times, and broad compatibility with peptides and other biomolecules.11:1213 To
validate the synthetic approach, the SFTI-1 P4 arginine of the secondary loop and the P2’
isoleucine of the binding loop were substituted to propargyl glycine and -azido alanine,
respectively.

In addition to peptide modification, click chemistry has been used for the intermolecular
cyclodimerization of peptides containing azide and alkyne groups on-resin, without the
occurrence of intramolecular cycloaddition.1* In another example, a head-to-tail peptide
cyclization was achieved.® This approach has also been used for the generation of side
chain tethered peptides for helical peptide stabilization.1® The CUAAC reaction is a flexible
method that is compatible with numerous product profiles and can be tailored to solid
support chemistries as well.

Silica and reversed-phase silica-supported approaches have been used previously in a variety
of applications, including methane couplings with covalently-supported tantalum catalysts,
asymmetric hydrogenation reactions with supported iridium catalysts, asymmetric Aldol
reactions in water with supported prolinamide organocatalysts, and palladium-catalyzed
Heck reactions and enantio selective allylic substitution reactions.17-18.19.20 These
approaches all rely on covalent attachment of the catalyst to the solid support. For our
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system, RP C18 silica was chosen to non-covalently immobilize peptide reactants, inspired
by previous work using solution-solid mixed phase derivitization for proteomics.21:22 The
silica surface offers the unique conditions of site isolation of peptides, thereby disfavoring
undesirable intermolecular reactions while favoring products labeled with the small
molecule. In addition, the silica surface provides a unique reaction environment by co-
localizing the peptide and reagents through adsorption. Importantly, the peptide is a
macromolecule that makes multivalent hydrophobic interactions with the RP C18 material,
while the small molecule reactants are in rapid equilibrium and move on and off the silica
more evenly (Figure 2). As a result, peptides are effectively immobilized while small
molecules can be washed away using aqueous / organic mixtures that are below the critical
elution window for the polyvalent peptide. This can be illustrated by the isocratic elution of
small molecules from an RP-HPLC column while macromolecules such as peptides require
gradient elution.23

Results and Discussion

The P4/P2’ doubly-substituted SFTI-1 peptide was chain assembled by the Boc/BzI-
protection strategy for solid phase peptide synthesis (SPPS), cleaved from the resin support
by anhydrous HF,24 head-to-tail cyclized by Native Chemical Ligation,2%26:27 and oxidized
in solution to yield the disulfide peptide product (Supporting Information). From this parent
peptide, a library of 16 doubly-modified peptides was generated by using a non-covalent,
silica-supported, sequential-click reaction approach. To illustrate the approach, the first click
reaction of picolyl azide (molecule X1, Figure 4) to P4/P2’ SFTI-1 peptide is described in
detail. RP-C18 silica (20 mg) was swelled overnight in 1:1 H,O:EtOH (500 pL). Following
centrifugation and removal of the supernatant, the reaction was set up as detailed in Figure 3.
The peptide and small molecule were combined in the reaction tube containing the silica,
while the ligand and copper were mixed separately. Following the mixing of these
components, sodium ascorbate was added to start the reaction.13

After 4 hours, the silica was rinsed with 100 pL 18% acetonitrile (ACN) in H,O containing
0.05% trifluroacetic acid (TFA). The elution point of the peptide from RP-C18 silica is 40%
ACN, leaving the peptide immobilized. Therefore, this wash selectively removes only the
excess reactants, as evidenced by the RP-HPLC trace of Figure 3-3. To fully elute a sample
of peptide for analysis, an aliquot of silica was rinsed with 90% ACN in H,O with 0.05%
TFA, revealing the singly-modified peptide shown in the RP-HPLC trace of Figure 3-4. Note
that no intra- or intermolecular peptide triazole products were observed, likely due to
conformational restriction and site isolation on the silica, respectively. Following three
additional wash cycles with 100 pL 18% acetonitrile (ACN) in H,O with 0.05% TFA, the
second click reaction was set up in the same manner as the first for the functionalization of
the peptide azide.

Using this approach, reactants can be removed without eluting the peptide (Figure 3-3 and
3-4), and a second reaction to the immaobilized singly-modified peptide can be set up in
minutes. Percent completion by RP-HPLC peak area of each reaction step and
corresponding ESI-MS data for all 16 reactions are shown in Figure 4. Final eluted peptide
products (prior to RP-HPLC purification) from representative reaction series X1Y1-X4Y1
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are shown in Figure 5. As a representative example, RP-HPLC traces showing the entire
workflow for reaction X1Y1 as well as RP-HPLC traces of the eluted products for all 16
reactions are presented in the Supporting Information (Figures S1 and S2a-S2d).

Conclusion

We have developed an efficient, peptide-economical method to perform subsequent click
reactions on a peptide to build a library of diverse compounds. The application of reversed-
phase C18 silica contributes a number of properties which make this possible. Monovalent-
binding, isocratic-eluting small molecules move off the silica at low ratios of ACN to H,0
while multivalent-binding, gradient-eluting peptides remain bound for subsequent reactions.
These contrasting modes of non-covalent adsorption of the peptide and reactants to silica
affords a distinct reactivity profile favoring small molecule CUAAC peptide labeling
reactions over non-productive intermolecular peptide side reactions. In addition, the silica
allows us to set up and effectively handle small reactions (0.2 mg peptide), a problem
universal to solution methodology.

Beyond generating a small, chemically diverse library of protease inhibitors in a short
period, we have established that the application of reversed-phase silica to mainstay
bioorganic solution reactions allows for highly selective product profiles and greatly
enhanced peptide handling and recovery. We envision the expansion of this methodology to
peptide labeling, bioconjugation, Native Chemical Ligation and other prevalent reactions.
The application of these techniques and their implicit handling advantages to derivitization-
ready macrocyclic peptide scaffolds, which are enjoying renewed interest as therapeutic
candidates, as well as macromolecular natural products as a whole would be of high
utility.28.29

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

RP reversed-phase

SFTI-1 sunflower trypsin inhibitor 1

CuAAC copper-catalyzed azide alkyne cycloaddition

RP-HPLC reversed-phase high-performance liquid chromatography
ESI-MS electrospray ionization mass spectrometry

SPPS solid-phase peptide synthesis

TFA trifluoroacetic acid

ACN acetonitrile
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Figure 1.
SFTI-1 wild-type structure and sequence organization. The P2’ (Ile-7) and P4 (Arg-2) sites

for library substitution to propargyl glycine and p-azido alanine are highlighted in blue. PDB
accession code: 1SFI.
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Figure2.
Gradient-eluting versus isocratic-eluting binding behavior. Binding of SFTI-1 peptide to the

RP C18 silica surface is multivalent, leading to a higher population of bound peptide. This
localization and site isolation prevents intermolecular peptide reactions. In contrast, small
molecule reactants bind in a monovalent manner and exhibit more equivalent silica and
solution occupancies. This allows the peptide to react exclusively with the small molecule
via CUAAC.
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Figure 3.
SFTI-1 sequential click reaction setup. The elution requirement of the peptide of greater

than 18% ACN in H,O affords a facile wash protocol (3) to prepare the silica-bound single-
clicked peptide (4) for the second click reaction in situ.
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Figure 4.

P4/P2’ SFTI-1 peptide library results. Percent conversion by HPLC presented as (X1%,
Y1%). Mass observed by ESI-MS in bold, expected mass in brackets. Most reactions
exhibited a high conversion rate (>90%) across two sequential steps.
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Figure5.

Final eluted peptide products for representative reaction series X1Y1-X4Y1. A dual-clicked
peptide product can be obtained without an intermediate purification step between CUAAC
reactions. RP-HPLC traces monitored at 214 nm, on a 30 min gradient from 100% H,0O with
0.05% TFA (Buffer A) to 90% ACN, 10% H,0 with 0.05% TFA (Buffer B).
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