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Reacting a 65 536 member combinatorial library of octapep-

tides on TentaGel beads with various proteases followed by

selective staining of the free amino termini at the reacted bead

surface and sequence determination by amino acid analysis

allowed the rapid identification of protease substrates.

Protease substrates are used for tracking and studying proteases in

relation to their role in biological processes and for screening

inhibitors towards drug development.1–3 Protease substrates may

be discovered through profiling experiments, such as the MS-based

identification of cleavage sites in reference proteins and peptides,4,5

the selection of reactive peptides from phage-displayed peptide

libraries,6 activity measurements with synthetic fluorogenic peptide

substrates7 including combinatorial libraries of FRET substrates

on a solid support,8 series of positional scanning mixtures,9 PNA-

tagged libraries,10 microarray displayed substrates,11 and active-

site directed probes.12 Although efficient, all of these protease

profiling methods involve complex experiments in terms of

synthesis and analysis and remain inaccessible to most labora-

tories. Herein, we report a protease profiling experiment based on

the direct reaction of the protease with a combinatorial library of

peptides on TentaGel beads.13 The method is simpler than

previously reported profiling experiments and provides rapid

access to protease substrates.

We envisioned a simple assay in which protease substrates

would be identified by surface proteolysis (‘bead shaving’)14,15 of

the synthesis beads of a split-and-mix combinatorial peptide

library,16 followed by selective staining of beads carrying a

proteolysed peptide with an amine-selective reagent, and bead

decoding.17 Because reactive sequences are often found in even

relatively small series of peptides for any given protease,18,19 a

typical assay with 50 mg of solid support, corresponding to

approximately 65 000 beads, should be sufficient for such an

experiment.

A small combinatorial library AcL of octapeptides, a suitable

length for peptide substrates of proteases,1 was prepared by split-

and-mix synthesis using four different amino acids per variable

position, resulting in 48 5 65 536 octapeptides (Fig. 1). Sixteen

different amino acids were used including hydrophobic (Val, Leu,

Ile, Met, Pro, Hyp), aromatic (Phe, Tyr), positively charged (Arg,

His), negatively charged (Asp, Glu), and small and polar amino

acids (Gly, Ala, Ser, Thr). Each amino acid appeared at only two

variable positions in this library, allowing sequence determination
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Fig. 1 Protease profiling on TentaGel beads. A. Library composition

and bead shaving protocol with aldehyde 3. B. Microscope pictures of

resin beads after reductive alkylation conditions with AcL, L (non-

acetylated library), and AcL after tryptic digest. The zoom in the picture

on the right shows the surface stain typical for bead shaving. The beads are

90 mm in diameter. C. Synthesis of aldehyde 3.

COMMUNICATION www.rsc.org/chemcomm | ChemComm

This journal is � The Royal Society of Chemistry 2007 Chem. Commun., 2007, 4453–4455 | 4453



by amino acid analysis as described previously for dendritic

peptides,20 which allows sequence determination at low cost.21

Aromatic residues and arginine were placed near the center to offer

optimal cleavage for trypsin and chymotrypsin as model proteases.

Lysine was omitted and the N-terminus was acetylated, to allow

identification of cleaved beads by an amine-selective tagging

reagent (see below). The library was synthesized by Fmoc-solid

phase split-and-mix peptide synthesis using carbodiimide couplings

(2.5 equiv. Fmoc amino acid and 2.5 equiv. DIPCDI–HOBt in

DMF) on a 1.0 g batch of TentaGel HL resin (Rapp Polymere,

0.63 mmol g21). After removal of the last Fmoc protecting group

(20% piperidine in DMF) and acetylation (Ac2O–DCM (1 : 1,

v/v)), the side-chain protecting groups were removed by acidic

treatment (TFA–TIS–H2O (95 : 2.5 : 2.5, v/v/v)).

Staining of the free N-terminus liberated by proteolysis was

tested by comparing library AcL as negative control with the non-

acetylated library (L) and a sample of the N-acetylated library

treated with trypsin (AcLTrypsin) as positive controls. Standard

amine-staining reagents for peptide coupling or a biotinylation

procedure with biotin N-hydroxysuccinimide ester at neutral pH22

stained all three test samples equally well, probably due to the

presence of reactive unprotected side chains (Thr, Ser, Tyr, His).

To our delight, reaction of aldehyde 3, prepared by coupling of

4-carboxybenzaldehyde (1) with Disperse Red 1 (2), in the presence

of NaBH3CN produced the desired chemoselective staining of L

and AcLTrypsin against AcL (Fig. 1). Reductive alkylation is known

as a preparative procedure in solid-supported synthesis,23 but has

not been used previously for staining as shown here.

The protease profiling experiment was carried out for the serine

proteases trypsin, chymotrypsin and subtilisin, and the aspartic

protease pepsin. Analysis of stained beads gave octapeptide

sequences consistent with the known specificity of the proteases

(Table 1).24 In the case of trypsin, all stained beads contained at

least one arginine residue in their sequence, while non-stained

beads had arginine only at Arg-Pro and Arg-Hyp dyads. Arginine

next to proline is indeed known to be resistant to tryptic digestion.

In the case of a-chymotrypsin all sequences contained Phe or Tyr,

following the well-known selectivity of this enzyme. For subtilisin,

Thr was often found in position X8 as well as Phe in X7 and Arg in

X5/X4. The pepsin assay was rather unspecific, but Asp in X7 and

Leu in X5 might be important.

The data from the on-bead cleavage assays were confirmed by

resynthesis of seven selected octapeptides and determination of

their cleavage pattern in solution against each of the four

proteases. The cleavage sites were determined using MS analysis

of the protease digest mixture. This assay confirmed the results of

the on-bead assays with cleavage sites corresponding to the known

protease specificities (Fig. 2).24 Several proteases also hydrolyzed

peptides stemming from screening with a different protease, as

Table 1 Protease-reactive sequences with library AcL identified by amino acid analysis (AAA) of stained beads21

Trypsina Negative trypsina a-Chymotrypsina Subtilisinb Pepsinc

AAA giving single sequences:
PDGLRIVD PDISPXHS HDESEIYG TFERRMYG TDELFXVT
XDERFSYD TVEAPSVG HFGAESHT TFERRMVG TFERRMAG
TMGLRSHL HMGRFIHG TDILPXAT TDILEXAT
TVGRFSHT HFGAESVG TDYARSAG TDEAPIYT
XMILRSHL HFGAEMAT TFYSEXVS XDELPMAT
XDERFMVD TFYRFMYG TFGRESAD
TDEARMHD TFIAPSHT TDERFSAG
PFGRRXHG TFERFMAL TFGRESVD

TFELFXYT TDERFSVG
TVESFXYD

AAA giving double sequences:d

TDELRMVG PVYSRXAG TFEARIHG TDESPIHL TVGAPIYD
TDGREMVG XVYRPSAG HFGREIAT PDILESHT TDYAPIVG
XDELRIYG TFYLPSAG TDILPSYG TMGLFXVD
XDGREIYL TFGAPSYL TDGSPIYL XDELFMVT

XVYLGIAG TFERPIHG
XVGAEIYL PFGREIHT
TFYRPXAG TFYARSHD
PFGARXYT HDYRFSAT

a Conditions: aq. pH 8.0, protease (1 mg mL21), 25 uC, 24 h, then 10 mM 3 in THF–H2O–AcOH (90 : 5 : 5, v/v/v), 1 h, then NaBH3CN.
b Same as a using aq. pH 6.5. c Same as a with aq. pH 4.0. All experiments gave 30–40% stained beads. The surface proteolysis did not
significantly alter bead composition for amino acid analysis (, 10% conversion of the material on the bead). d See ref. 21 for details of the
sequencing method. Sequences in bold were re-synthesized.

Fig. 2 Color-coded protease activity with peptides 4–10. The percentage

cleavage relative to the parent peptide is shown by coloring the P1 position

of each detected fragment according to the scale indicated. Standard one-

letter amino acid codes are used. X 5 hydroxyproline; B 5 b-alanine. The

solution assays were run with 1 mM peptide and 50 mg mL21 protease in

the same buffer as the on-bead assay. The reactions were followed by RP-

HPLC at 214 nm for 2 h, and the cleavage sites were determined using MS

analysis.
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could be expected due to the presence of multiple cleavage sites in

their sequence.

The experiments above demonstrate that direct proteolysis of

combinatorial peptide libraries on a solid support followed by

selective tagging of free N-termini and decoding by amino acid

analysis provides a rapid entry into protease substrates. The survey

of a 65 536-member tags-free library, although only covering a

very limited sequence space, is sufficient to provide reactive

substrates for each case studied. The library composition can be

adapted for specific needs depending on the targeted protease

family.
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