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In contrast to native chemical ligation,1 which has defined an
elegant new strategy for protein synthesis via peptide bond
formation at specific sites, there is a paucity of methods for site-
specific cleavage of proteins. The cleavage of (semi)synthetic
proteins at predetermined sites2 would facilitate protein engineer-
ing, and studies of protein structure and function.3 Reported herein
is a novel strategy for cleaving the protein amide backbone at a
single, predetermined site with a simple chemical reagent.

The strategy relies on our recent finding that the 4-pentenoyl
group and certain derivatives can be used as protecting groups
for NR of the aminoacyl moiety in misacylated tRNAs.4 Depro-
tection occurs readily by treatment with aqueous iodine at 25°C
via a presumed iodolactone intermediate. We reasoned that
analogous cleavage should take place in proteins containing
allylglycine (Figure 1), thus permitting site-specific protein
cleavage. While not normally a protein constituent, allylglycine
is not dramatically different in physicochemical properties than
leucine, isoleucine, and valine; its incorporation into specific sites
in proteins may be envisioned by readthrough of a nonsense
codon5 with a misacylated suppressor tRNA6 activated with
allylglycine.

Presently we demonstrate (i) site-specific cleavage ofE. coli
dihydrofolate reductase (DHFR)7 analogues containing allylgly-
cine at each of three predetermined sites and (ii) iodine-induced
conversion of a zymogen (rat trypsinogen8,9) to its mature form
(trypsin).

DHFR analogues having allylglycine (AGly) at predetermined
sites were prepared by in vitro protein synthesis in the presence
of DHFR mRNAs5e having a UAG codon in lieu of the codons
for Asp27, Val10, or Glu-1. Inclusion of allylglycyl-tRNACUA
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was essential for the synthesis of full length protein (Figure 2),
indicating that allylglycine must be incorporated specifically into
DHFR at the site of each UAG codon.5e

The ligand binding and catalytic properties of the DHFR
analogues were determined.11 Analogues Val10AGly and Glu-1
AGly had the same specific activity and chromatographic proper-
ties as wild type, while Asp27AGly was dysfunctional as
anticipated.5e,7Thus allylglycine could be incorporated into DHFR
at positions-1 and 10 without any obvious effect on ligand
binding capability or catalytic competence (Supporting Informa-
tion).

Treatment of the three DHFR analogues containing allylglycine
with I2 afforded cleavage products having the expected sizes
(illustrated in Figure 3 for Asp27AGly).12 The cleavage site was
established both by gel and capillary electrophoresis.13 The
cleavage products could be separated readily from unreacted
protein by Ni-NTA chromatography (Figure 3B). While I2-induced
cleavage efficiency was expected to vary from site to site based
on solvent accessibility of the allyl group, protein secondary
structure at the allylglycine site seems to be a more important
determinant of cleavage efficiency (Table 1). Presumably, the ease
of formation of the cyclic intermediate (Figure 1) is critical to
the success of the overall cleavage reaction and certain peptide
conformations (e.g.R-helix) are more conducive to the requisite
cyclization.14

Allylglycine was also introduced into rat trypsinogen at the
site at which it is normally cleaved to afford mature trypsin.8 I2
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treatment should thus result in the chemical activation of trypsin
from its inactive precursor. In common with wild-type rat
trypsinogen, the in vitro synthesized trypsinogen containingAGly
(AGly-Tg) had similar minimal tryptic activity. However, the
trypsinogen containingAGly could not be converted to active
trypsin through proteolysis mediated either by enteropeptidase
or trypsin since the zymogen activation sequence was not present.8

Wild-type trypsinogen and trypsinogen analogues containing
either allyl-
glycine or valine at the normal cleavage site were assayed for
trypsin activity,15 before and after I2 treatment. As shown (Table
2), only the allylglycine-containing trypsinogen could be activated
with I2. The kinetic parameters of this trypsin were measured and
were comparable to that of wild type. The presence of trypsin
activity following iodine treatment supports the chemical mech-
anism proposed in Figure 1, since a free N-terminal amino group
in trypsin at the authentic cleavage site16 is a prerequisite for
enzymatic activity.17 Additionally, a synthetic tripeptide having
the same sequence as trypsinogen analogueAGly-Tg at the
putative cleavage site (GlyAGlyIle) was shown explicitly to
undergo the anticipated cleavage reaction in good yield (Sup-
porting Information).

These experiments establish the feasibility of a novel strategy
for site-specific cleavage of protein backbones by elaboration of
proteins containing allylglycine at predetermined sites. The
activation of trypsin from trypsinogen by I2 treatment is the first
report of activation of a zymogen by a chemical treatment; this
approach has potential utility for the study of time-dependent
processes mediated by trypsin or other proteins having inactive
precursors. Other possible applications include the systematic
removal of individual protein domains of putative higher order
structures.
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Figure 1. Scheme illustrating how treatment of an allylglycine-containing protein with I2 can lead to site-specific cleavage of the protein backbone.

Figure 2. Autoradiogram of a 15% SDS-polyacrylamide gel illustrating
the in vitro synthesis of DHFR analogues containing allylglycine at
predetermined sites. Protein synthesis5 was carried out using [35S]-
methionine with wild-type mRNA (lane 1), or mRNA containing UAG
at position 27 (lanes 2 and 3) or position 10 (lanes 4 and 5) and suppressor
tRNAs as noted. Lane 1, no suppressor tRNA; lane 2, unacylated
tRNACUA; lane 3, allylglycyl-tRNACUA; lane 4, unacylated tRNACUA; lane
5, allylglycyl-tRNACUA. Suppression efficiencies are shown below each
lane; the yield of wild type was approximately 20µg/mL of incubation
mixture.

Figure 3. Iodine-induced cleavage of DHFR analogue Asp27AGly. The
purified protein was treated with I2 in 100:15 water-THF at 25°C for
30 min. Panel A: lane 1, Asp27AGly without I2 treatment; lane 2, Asp27
AGly + 1.0 mM I2; lane 3, Asp27AGly + 1.5 mM I2; lane 4, wild-type
DHFR + 1.5 mM I2; lane 5, wild-type DHFR without I2 treatment. Panel
B: Asp27AGly was treated with 1.2 mM I2 (lane 1), then applied to a
Ni-NTA column. The (uncleaved) protein that was retained by the column
was analyzed in lane 2; the nonretained cleavage product appears in lane
3. Cleavage efficiencies are shown below each lane. The N-terminal
peptide cleavage product could not be observed, plausibly due to
peptidases present in the protein-synthesizing system.

Table 1. Iodine-Induced Backbone Cleavage Efficiency of DHFR
Analogues with Allylglycine (AGly) Located in Different Secondary
Structure Contexts

DHFR
analogue

optimal [I2]
for cleavage

(mM)

optimal
cleavage
eff (%)

secondary structure
in which AGly was

incorporated

solvent
acces-

sibilityb

wild type nda

Asp27AGly 1.2 62 R-helix +
Val10AGly 2.0 11 hydrogen bonded turn++
Glu-1AGly 1.5 41 extended strandb +++
Glu-1Val nda +++

a Not detectable.b Inferred from the crystal structure of DHFR,7c,d

assuming that the modified protein structures are fundamentally
analogous to those of wild type. Increased solvent accessibility is
denoted by increasing numbers of pluses.

Table 2. Comparison of Kinetic Parameters Obtained from
Trypsin Generated by Iodine Treatment of Trypsinogen Containing
Allylglycine (AGly-Tg) and Wild-type Trypsin (Tna)

sample kcat(S-1) KM (µM) kcat/KM (µM-1 s-1)

Tna 44.1( 1.6 12( 2 3.7( 0.8
Tn + Lb 42.3( 1.3 10.5( 1.4 4.0( 0.4
Tn + L + THF 42.5( 2.4 14.1( 2.8 3.0( 0.5
Tn + L + THF + I2 41.2( 2.7 11.6( 2.9 3.5( 0.7
AGly-Tg + THF + I2 42.1( 1.7 11.4( 1.6 3.7( 0.5

a Synthesized in vivo as rat trypsinogen and subsequently activated
with enterokinase (1:20, w/w). Active Tn was purified by sequential
hydrophobic and affinity column chromatography methods.b Wild-type
Tn was combined with rabbit reticulocyte lysate (L) and subjected to
the same treatment used to prepareAGly-Tg.
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