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The peptide ligase subtiligase, derived from subtilisin, has been employed in the identification of protein
N-termini in complex mixtures. Here, the peptide ester substrates for the ligation reaction were opti-
mized with respect to solubility, resulting in greater incorporation of the N-terminal tags. Additionally,
the quantitation of the incorporated tags was explored, and a ‘click’ chemistry-based derivatization pro-
vided the ability to quantitate the tag to low nanomolar concentrations by sandwich ELISA. These new
tags should expand the utility of subtiligase for the proteomic study of N-termini.

� 2008 Elsevier Ltd. All rights reserved.
The study of the proteome is aided by tools that can separate tag and a TEV protease11,12 cleavage site. Tagged proteins are sep-

specific subsets of proteins. For example, in studying post-transla-
tional modifications (PTM), methods for enriching phosphopro-
teins and phosphopeptides have been developed.1 One common
PTM in biology is the production of new N-termini by proteolysis;
another is the modification of N-termini through acetylation2,3 or
myristoylation.4 Several laboratories have described indirect
means for isolation or enrichment of N-terminal peptides. These
techniques include strong cation exchange chromatography of
tryptic peptides,5 and the chemical labeling of amine-containing
functionality in the proteome6 followed by either diagonal chro-
matography7 or affinity purification.8 Alternatively, our laboratory
has developed a direct enzymatic method to affinity tag and enrich
for the subset of proteins with free N-termini in order to character-
ize cellular substrates of proteolysis, or, more generally, character-
ize the ensemble of native N-termini. A recent study using this
method identified nearly three hundred caspase substrates and
their precise cleavage sites from apoptotic Jurkat cells.9

This method utilizes subtiligase, a variant of the protease subtil-
isin BPN’ that contains a cysteine residue in place of the active site
serine-221 and an alanine residue replacing proline-225.10 Unlike
the wild-type enzyme, the resulting double mutant has negligible
protease activity, yet it can efficiently acylate free N-termini of
peptides or proteins using ester substrates. The workflow for the
application of subtiligase to the study of the proteome is outlined
in Scheme 1. A complex mixture of proteins is N-terminally labeled
with subtiligase using a peptide ester containing a biotin affinity
All rights reserved.
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arated from the unincorporated tag and digested with trypsin.
Tagged N-terminal peptides are captured on avidin beads, cleaved
off the beads by TEV protease treatment, and analyzed by LC–MS/
MS. While approximately 80% of N-termini are blocked in mamma-
lian cells, mostly due to acetylation,13,14 certain populations of pro-
teins are believed to have a greater fraction of free N-termini.
These include signal-sequence-dependent proteins transported
across membranes, such as nuclear-encoded mitochondrial
proteins.15,8

While this approach is a powerful and sensitive tool for identi-
fying free protein N-termini and the precise sites of proteolysis, it
has limitations. Subtiligase will hydrolyze the ester substrate and
ligation yields vary depending on the accessibility and, to some ex-
tent, on the nature of the N-terminal residues.16 In principle,
increasing amount of peptide ester will increase the extent of the
ligation reaction by providing more ester for ligation before it is
consumed by hydrolysis. TEVest2 (1, Table 1), the prototypical
peptide ester, is somewhat insoluble in aqueous solution and can-
not be used at concentrations higher than 1 mM.

Here, we explored whether it would be possible to improve the
yield of the tagging reaction and increase proteomic coverage by
producing more soluble peptide esters. The general strategy in
these designs was to add basic or acidic residues such that the
net charge of the ester would be strongly positive or negative at
neutral pH. Some of the esters were conjugated to biotin using a
PEG-type linker instead of the two aminohexanoic acid residues
in 1. In addition, to facilitate the routine quantitation of the tagged
proteins in complex mixtures by sandwich ELISA, the incorporation
of 3-nitrotyrosine and propargylglycine residues into the esters
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Scheme 1. (A) Structure of peptide ester 1 with ligation and TEV protease cleavage
sites annotated. (B) Proteomics workflow for N-terminal labeling using subtiligase.
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was also investigated. The primary structures of the peptide esters
and their solubilities are listed in Table 1.

Ester 2, a derivative of TEVest2 (1) that contained an additional
four glutamic acid residues at the N-terminus of the peptide por-
Table 1
Peptide ester structures and solubilities

Ester Sequence Solubility (mM)

1 Biotin-AhxAhxGGTENLYFQSY-glc-Y-NH2 �1–2
2 Biotin-AhxAhx-EEEE-GGTENLYFQSY-glc-Y-NH2 �10
3 Biotin-Linker-dRdRdRdR–prG-TENLYFQSY-glc-R-NH2 >40
4 Biotin-Linker-dRdRdRdR-GTENLYFQS-prG-glc-R-NH2 >50
5 Biotin-Linker-dRdRdR-prG-TENLYFQSY-glc-RR-NH2 >40

Ahx = 6-aminohexanoyl
prG = L-propargylglycinyl 
glc = glycoloyl
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3

O O
Biotin-Linker =
tion, showed improved solubility. However, a much greater in-
crease in solubility was observed with analogs that instead
contained additional arginine residues (3–5). We chose to incorpo-
rate D-arginine in order to preserve the integrity of the tag during
the trypsin digest step of the proteomic workflow.

We also wished to produce peptide analogs that could be used
to introduce functionality for quantitation and labeling post-TEV
protease cleavage. Quantitation would be an important new fea-
ture allowing users to analyze how much labeling one has in the
sample prior to any further fractionation and LC–MS/MS. We chose
to test incorporating 3-nitrotyrosine since this single residue can
be used in very quantitative and sensitive ELISA assays.17 Peptides
containing this residue, however, were significantly less soluble.
Alternatively, we found that propargylglycine could be incorpo-
rated without loss in solubility. The terminal alkyne side chain of
propargylglycine provides a ‘click’-able handle for derivatization
with a variety of functional groups post-subtiligase labeling using
the copper-catalyzed alkyne–azide cyclization reaction18,19 with
an azide-bearing chemical tag. Ester 4 was thus designed to com-
bine some of the features of a highly soluble peptide ester and con-
tain a propargylglycine residue immediately N-terminal to the
ester group. Since non-b-branched hydrophobic residues at this
position are good substrates for subtilisin20,21 it was anticipated
that the propargyl side chain would be well tolerated. At this posi-
tion, the propargylglycine residue can function in two roles. First, it
can function as a tag for derivatization and quantitation, in
principle along the entire workflow and not only prior to the TEV
protease cleavage step as with 3. Second, as a non-natural amino
Figure 1. Avidin blots of ligation reactions in Jurkat cell lysates. (A) Comparison of
peptide esters at 1 mM and 10 mM. The limited solubility of 1 precludes its use at
10 mM. (B) Lysates incubated with increasing concentrations (1, 2, 4, 7 and 10 mM)
of peptide ester in the presence of 10 lM subtiligase.
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acid, it will produce unique a2 and b2 ions when tagged peptides
are fragmented during tandem mass spectrometry. Abundant a2

and b2 ions, corresponding to the residual serine and tyrosine res-
idues of the tag, are observed with a QqTOF instrument when ana-
lyzing proteomic samples labeled using ester 1 and are a hallmark
of tagged N-terminal peptides. The incorporation of propargylgly-
cine instead could provide an even more distinct signature.

The performance of the new esters was assessed by small-scale
ligation reactions with Jurkat cell lysates, which were then ana-
lyzed by SDS-PAGE and blotted with streptavidin to detect the
incorporated tag (Fig. 1). At 1 mM, all the esters show comparable
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Figure 2. Quantitation of tagging by derivatization and ELISA. (A) Tagged proteins are
captured on an analytical scale in neutravidin-coated 96-well plates. The propargyl-
glycine residue is derivatized using a copper(I)-catalyzed azide–alkyne cyclization
reaction and the incorporated 3-nitrotyrosine is quantitated using an antibody
conjugated to horseradish peroxidase (HRP). (B) ELISA using peptide ester 3.
or modest improvements in labeling compared to 1. However, at
higher concentrations the more soluble penta-Arg containing es-
ters (3, 4, and 5) showed significantly higher levels of labeling.
Redistribution of some of the Arg residues from the N- to the C-ter-
minal side of the ester (compare 3 vs 5) did not significantly alter
their performance. Ester 4, which introduces a propargylglycine
residue directly adjacent to the ligated protein’s N-terminus, does
not appear to perform as well with respect to labeling as 3 or 5 but
is still significantly better than 1. We note that esters 3, 4, and 5
caused some protein precipitation in cell lysates. It is known that
proteins containing N-terminal polyarginine tags are less thermo-
stable,22 but we could prevent precipitation by the addition of so-
dium chloride, urea or guanidinium chloride.

As a model to test the performance of a quantitation strategy
involving derivatization of a propargylglycine residue (Fig. 2a),
tripeptides consisting of (Ac)GlyTyr(NO2)Ala, a PEG linker and an
azide group were prepared. The derivatization of the propargylgly-
cine residue of 3 pre-bound to neutravidin in 96-well plates pro-
ceeded efficiently under typical conditions (Fig. 2b). The large
excess (250 equivalents or greater) of the azide-bearing nitrotyro-
sine peptide appears to ensure the complete reaction of the avidin-
immobilized 3, as standard curves using peptides containing
nitrotyrosine residues and pre-derivatized peptides showed simi-
lar sensitivity compared to standard curves prepared by on-plate
derivatization. Using this assay, 3 can be reliably detected at
30 nM, a level of sensitivity that allows quantitation of ligated N-
termini to an estimated lower limit of 0.2% of free N-termini in a
eukaryotic cell lysate. In practice, the material analyzed would be
a complex mixture of proteins, with some fraction N-terminally la-
beled and any residual unreacted tag removed by gel filtration.

In summary, we have developed new peptide esters as subtilig-
ase substrates for use in the proteomic labeling of free N-termini.
By incorporating several additional arginine residues, the solubility
of the peptides is markedly improved, and the ligation reaction can
be driven further by the addition of more ester. Adding propargyl-
glycine residues into the peptide esters allows the quantitiation of
the labeled N-termini by sandwich ELISA following derivatization
with a nitrotyrosine and azide containing peptide. These features
should to expand the utility of subtiligase for the study of proteol-
ysis and other PTMs of protein N-termini.
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