
©
20

10
 N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

brief communications

nature methods  |  ADVANCE ONLINE PUBLICATION  |  �

in ref. 11). These approaches, however, are not suitable for analyz-
ing complex samples. Techniques for carboxyl-group modification 
in proteomes have been described12 but have not been adapted 
for C-terminal sequencing. Alternatively, some protein C-terminal 
peptides can be separated via their low charge and reduced binding 
affinity to cation exchange resin by chromatography2, but this is nei-
ther specific nor does it allow orthogonal validation of C-terminal  
peptide location in proteins. Thus, global C terminus–centric tech-
niques have been missing in functional proteomics11.

Here we report a strategy for the specific isolation and analysis 
of C-terminal peptides from complex proteomes, which we call 
C terminomics (Fig. 1a and Online Methods). In preparation 
for C-terminal enrichment, protein thiol groups are reduced 
and alkylated, and then protein N-terminal α-amines and lysine  
ε-amines are reductively methylated13. Carboxyl groups of C termini,  
aspartate and glutamate side chains are then protected by carbo-
diimide-mediated (1-ethyl-3-(3-dimethylaminopropyl)carbodi
imide hydrochloride; EDC) and N-hydroxy succinimide–assisted 
condensation with 1 M excess of ethanolamine. EDC-based 
carboxyl labeling proceeds under mild conditions, whereas an 
alternative we assessed, carboxyl esterification in methanolic HCl, 
was harsh, resulting in unacceptable side reactions, including 
deamidation of asparagine and glutamine (data not shown).

Trypsin digestion then yields the original protein C-terminal 
peptides, now with protected carboxyl groups, which differ from 
the internal and N-terminal tryptic peptides that have free, newly 
generated C termini. In the analysis phase of our approach, pep-
tides with a C-terminal label can be unequivocally validated as 
bona fide peptides derived from the C terminus of proteins. To 
prevent cross-reactivity, peptide concatamerization or cyclization, 
we chemically protected the newly generated N termini of tryptic  
and C-terminal peptides via a second reductive methylation 
step. Then we removed internal tryptic and N-terminal tryptic  
peptides by covalent coupling to a high-molecular-weight  
(~56 kDa) linear polyallylamine polymer by EDC-mediated con-
densation of the free carboxyl groups to the primary amines of the 
polymer. The superior efficiency of polymers over chromatography  
resin or magnetic beads for peptide enrichment has recently been 
shown for N-terminal peptide isolation4. The blocked original 
protein C-terminal peptides remain uncoupled and are readily 
separated from the polymer by ultrafiltration. Then we subjected 
the enriched C-terminal peptides to liquid chromatography– 
tandem mass spectrometry (LC-MS/MS) analysis.

To validate our approach, we reductively methylated the N ter-
minus of the synthetic peptide NH2-AFQVWSDVTPLR-COOH, 
yielding a peptide with a molecular mass of 1445.7 Da. Then we 
labeled carboxyl groups of the aspartate residue and C terminus 
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As proteome-wide C-terminal sequence analysis has been 
largely intractable, we developed a polymer-based enrichment 
approach to profile protein C-terminal peptides by mass 
spectrometry and identified hundreds of C-terminal peptides 
in the Escherichia coli proteome. We isotopically labeled GluC 
protease–digested and undigested samples and identified  
GluC substrates and their cleavage sites by quantification 
of neo–C-terminal peptides. Our method thus enables 
global annotation of protein C-terminal posttranslational 
modifications, including proteolytic truncations.

Determining the sequence and nature of N and C termini of  
proteins provides important functional annotation of proteomes. 
Proteolysis modifies proteins, generating new N and C termini, 
also called neo–N and neo–C termini, often altering protein func-
tion1. The subfield of proteomics encompassing global techniques 
to identify proteases and their substrates, now known as degra-
domics1, includes methods for proteome-wide analysis of protein 
N termini called N terminomics; this is an area of recent intense 
technique development2–7 that has provided new information on 
protein isoforms and N-terminal modifications such as acetyla-
tion and cyclization4,7. Moreover, by data parsing for protease 
canonical cleavage sites5,6 and by peptide quantification for  
proteases with broad or unknown specificity4,7 such approaches 
can simultaneously identify protease cleavage sites and sub-
strates. However, owing mainly to the lower chemical reactivity of  
carboxyl groups, similar advances to enrich C-terminal peptides 
and study C-terminal posttranslational modifications, including 
proteolytic processing of proteins, have not been made.

Important C-terminal proteolysis events8 include chemokine 
processing9, peptide hormone maturation and fibrinolysis10, but 
it is likely that many important C-terminal modifications remain 
unknown or poorly characterized owing to the lack of appropriate 
techniques for global analysis. Current approaches for C-terminal  
sequencing of single proteins use anhydrotrypsin capture, a com-
bination of LysC protease cleavage and amine capture, carboxy
peptidase ladder sequencing or diagonal electrophoresis (reviewed 
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with ethanolamine, yielding a 1,532.8-Da species. We detected both 
peptide variants, when mixed, as single protonated ions ([M+H]+) 
by matrix-assisted laser desorption ionization (MALDI)–time of 
flight (TOF) mass spectrometry (Fig. 1b and Online Methods). 
After polymer-based enrichment, however, we detected only the 
C terminus–protected peptide by MALDI-TOF (Fig. 1b).

In a more complex setting, we selectively recovered the C-terminal  
peptides from bovine serum albumin (BSA) and β-casein and 
analyzed them by mass spectrometry (Fig. 1c,d). Before polymer  
enrichment, the C-terminal peptides were overshadowed by more 
intense tryptic-peptide ions and thus were in the lower third 
in terms of intensity (Fig. 1c). After polymer enrichment, the  
C-terminal peptides ranked as the two most intense ions in the 
mass spectrum (Fig. 1d) with Mascot scores of 128 for BSA and 
30 for β-casein after MS/MS analysis (Supplementary Fig. 1).

We then applied our C-terminomics approach to Escherichia 
coli lysates. We determined that carboxyl protection was >95% 
complete by dataset searches for unblocked aspartate or gluta-
mate residues after LC-MS/MS analysis. Before polymer enrich-
ment, two independent experiments both yielded ~98% internal 
tryptic peptides with free C termini (Fig. 1e and Supplementary 
Tables 1 and 2). After polymer enrichment, we identified 460 
peptides, of which >72% had a protected C terminus, from 196 
proteins in two separate experiments by MS/MS analysis (Fig. 1e  
and Supplementary Tables 3 and 4). Overall, the original  
protein C termini represented ~60% of the C-terminally protected 
peptides identified, whereas ~40% of the peptides originated 
from internal positions owing to proteolytic processing in the 
cell generating stable cleavage products (Fig. 1e). The exact dis-
tinction between ‘original’ and ‘proteolytically generated’ protein  
C termini depends on functional proteome annotation, which for 
protein start and termination sites is incomplete14. The amount 
of C-terminal processing was surprisingly high, yet similar to 
the ~50% of N-terminally processed proteins (excluding initia-
tor methionine removal) previously found in E. coli proteomes6.

Compared with previous C terminus–labeling approaches, 
such as aniline benzoic acid labeling analysis of Lactococcus 
lactis, which identified 188 proteins12, we identified a greater 
number of C-terminal peptides owing to the selective removal 
of internal tryptic peptides. Using trypsin normally ensures that 

peptides have a C-terminal basic residue that aids in LC-MS/MS 
detection and identification. However, semitryptic C-terminal 
peptides can have any terminal residue, leading to charge reduc-
tion as well as potential incompatibility with LC-MS/MS analysis 
and with analysis using search engines that are optimized for 
fully tryptic peptides.

In addition to routine matching of isolated C-terminal pep-
tide sequences with those annotated in databases by Mascot, 
in our method the presence of the C-terminal label allows for 
orthogonal validation of original protein C-terminal peptides. 
For neo–C-terminal peptides with sequences from within the 
protein generated by proteolysis, it is crucial to have orthogonal 
validation to ensure that these are part of the proteolytic signa-
ture of the sample and are not due to cleavage during sample 
processing. The presence of the C-terminal label, incorporated in 
the intact proteins before digestion by typsin, provides a reliable 
means of orthogonal validation that is not possible when rely-
ing on chromatographic separation alone. We identified cases of  
C-terminal truncations resulting from processive proteolysis, also 
known as ragging (Fig. 1f). Of the cleavage sites we identified, 
62% were located in the C-terminal half of proteins. However, 
cleavage sites within 10 residues of either the original mature 
N or C terminus may not be identified by mass spectrometry 
if the neo-peptides are redundant as a result of being too short. 
This is lessened by a key feature of our approach whereby lysine 
residues are blocked, preventing trypsin cleavage. Hence, pep-
tides are generated with ArgC-like specificity producing longer 
sequences, which considerably improves identification rates by 
mass spectrometry. Other cleavage sites occurred deep inside 
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Figure 1 | C-terminomics workflow. (a) To enrich C-terminal peptides 
for mass spectrometry analysis, protein amine and carboxyl groups are 
first chemically protected. After trypsination, peptide N termini are 
also protected. N-terminal and internal tryptic peptides are coupled to 
polyallylamine via their free C terminus. The original protein C-terminal 
peptides remain unbound and after separation by ultrafiltration are 
analyzed by LC-MS/MS. (b) Polymer-based enrichment of the peptide 
AFQVWSDVTPLR with protected carboxyl groups (theoretical [M+H]+ =  
1,533.8, measured [M+H]+ = 1,534.0) from a variant with free  
carboxyl groups (theoretical [M+H]+ = 1,446.7 measured [M+H]+ =  
1,446.9) before and after polymer coupling. (c,d) Mass spectra of a 
sample of C-terminal peptides of β-casein (812.6 Da, [M+H]+ = 813.6) 
and BSA (1,725.1 Da, [M+H]+ = 1,726.1) before enrichment (c) and 
after enrichment (d; corresponding sodium-adduct ions (+22 Da) are 
indicated). The BSA C-terminal peptide originates from a chymotryptic 
cleavage, indicating the presence of chymotryptic impurities or partially 
autolysed trypsin18. (e) Summary of data averaged from two experiments 
for isolation of protein C termini from E. coli. (f) Examples of processive 
proteolysis of protein C termini detected after enrichment of E. coli 
protein C termini.
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the protein; ~25% were cleaved within dibasic sequences with a 
lysine or arginine in both non-prime-side (P1) and prime-side 
(P1′) substrate positions N- and C-terminal to protease cleav-
age sites, respectively, indicating cleavage by E. coli proteases 
such as omptin. Spiking standards for absolute quantification are 
necessary to determine the extent to which a protein is cleaved  
(R. Fahlman and C.M.O.; unpublished data).

We modified our C terminomics procedure to incorporate 
stable-isotope labeling of C-terminal peptides, which enables 
quantitative comparison of C termini from different samples to 
distinguish induced proteolysis (for example, by overexpression 
or addition of a protease) from background proteolysis (Fig. 2a). 
In this approach, which we call C-terminal amine-based isotope 
labeling of substrates (C-TAILS), we incorporated a heavy iso-
topic formaldehyde during both reductive methylation steps. 
This orthogonal labeling strategy targets lysine side chains as 
well as protein and peptide N termini. Direct isotope coding of 
carboxyl groups could be achieved through isotopic variants of 
ethanolamine, but ethanolamine is used in high concentrations 
(1.0 M) rendering this cost-ineffective. Alternatively, isobaric tag 
for relative and absolute quantitation (iTRAQ)15 or metabolic 
labeling could be used.

To test C-TAILS, we incubated native E. coli cell lysate proteins 
with Staphylococcus aureus protease V8 (GluC) (1:100) for 18 h 
at 25 °C, and we incubated a control sample without protease. 
GluC cleaves canonically at glutamate but also at aspartate16, 
thus enabling manual data parsing to validate the effectiveness of  
neo–C-terminal peptide substrate discrimination based on peptide  
isotope ratios4. We labeled the amino groups of the protease-treated 
sample with d(2)C13 formaldehyde and labeled the control sample 
with normal isotopic abundance formaldehyde (d(0)C12) (Online 
Methods). We pooled the samples and enriched the C termini 
as described above, followed by LC-MS/MS analysis (Fig. 2b).  
More than ~90% of the peptides identified had C-terminal  
residues corresponding to GluC cleavage sites (glutamic acid 

and aspartic acid). We hypothesized that peptides with a high 
heavy:light ratio would represent GluC cleavage sites4. In total, 
we identified 241 heavy- or light-labeled, C-terminally protected 
peptides (Supplementary Table 5). Of these, 131 had a heavy:
light ratio >4, with 87.8% of these having a P1 glutamate and 
2.3% a P1 aspartate (Fig. 2c), in good agreement with a proteome-
wide ‘proteomic identification of protease cleavage site specificity’ 
peptide assay that yielded 94.6% P1 glutamate or aspartate16. We 
also observed other C-terminal residues including 0.8% (each) of 
alanine, histidine and lysine, and 1.5% (each) of glycine, leucine, 
proline, arginine and threonine; the latter are likely generated by 
E. coli proteases after GluC cleavage and substrate unfolding.

In summary, we present an isotope-encoded quantitative  
C terminomics strategy for proteome-wide C termini enrichment 
and LC-MS/MS analysis. C-TAILS can be used to reliably identify 
neo–C-terminal sequences and protease substrates to comple-
ment N-terminal cleavage site analysis by N-TAILS4, extending 
substrate coverage. The method uses commercially available and 
cost-effective reagents; additional development of optimized  
carboxyl-labeling reagents and carboxyl-capturing polymers could 
potentially increase the rate of peptide identification. Overall, 
the method should be useful for functional proteome annotation 
and can provide crucial information on protein modification and  
proteolysis in complex systems. With a method for global analysis 
of the C terminome, many possibilities are now open for improved 
understanding of the role of the C terminus in protein function 
and cell biological processes.

Methods
Methods and any associated references are available in the online 
version of the paper at http://www.nature.com/naturemethods/.

Accession codes. Proteomics Identifications database17 (PRIDE): 
11684, 11685, 11686, 11687 and 11688 (LC-MS/MS data).

Note: Supplementary information is available on the Nature Methods website.
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ONLINE METHODS
Polymer-based enrichment of peptide AFQVWSDVTPLR. For 
amine labeling, the peptide AFQVWSDVTPLR was incubated 
with 20 mM formaldehyde (Sigma) in the presence of 20 mM of 
sodium cyanoborohydride (NaBH3CN) (Sterogene) for 16 h at 
25 °C in 100 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic  
acid (HEPES) (pH 7.5). The dimethylated peptide was then 
desalted by Sep-Pak C18 cartridges (Waters). Carboxyl labeling 
was performed in 200 mM 2-(N-morpholino)ethanesulfonic acid 
(MES) (pH 5), 1.0 M ethanolamine, 5 mM N-hydroxy succinimide  
(NHS), 50 mM EDC for 2 h at 25 °C. Another 50 mM EDC was 
added and the reaction was completed for 16 h at 25 °C. The 
peptide was then desalted by Sep-Pak C18. Both peptide variants 
(protected amines and free carboxyls as well as protected amines 
and protected carboxyls) were mixed at equal abundance, yielding 
a 0.1 mM peptide mix in 200 mM MES (pH 5) (sample ‘before 
enrichment’). This sample was then incubated with 1 mM polyal-
lylamine (molecular weight, ~56,000; Sigma), 50 mM EDC, 5 mM 
NHS for 18 h at 25 °C, yielding the sample ‘after enrichment’. For 
mass spectrometry analysis, 1 μl of every sample was mixed with 
1 μl of a saturated α-cyano-4-hydroxycinnamic acid (CHCA) 
solution in 50% (vol/vol) acetonitrile containing 1% (vol/vol) 
trifluoroacetic acid and spotted on a steel target. Samples were 
analyzed by an Applied Biosystems 4700 matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometer (MALDI-
TOF-MS) in reflector mode.

Enrichment of C-terminal peptides of bovine b-casein and 
serum albumin. We dissolved 20 nmol bovine β-casein (>90% 
pure; Sigma) and 20 nmol bovine serum albumin fraction V 
(BSA, > 90% pure; Gibco) in 2.0 M guanidine hydrochloride 
and 100 mM HEPES (pH 7.5). Disulfide bonds were reduced by 
incubation with 10 mM dithiothreitol (DTT) for 60 min at 37 °C 
and free sulfhydryls were protected by incubation with 40 mM 
iodoacetamide for 2 h at 25 °C in the dark, followed by quenching 
of the remaining iodoacetamide by addition of further 20 mM 
DTT. Primary amines were protected by reductive dimethyla-
tion with 40 mM formaldehyde and 20 mM NaCNBH3 for 16 h 
at 37 °C. Proteins were precipitated with chloroform-methanol 
as described elsewhere20. Carboxyl protection, trypsin digestion 
and chemical protection of new N termini were performed as 
described below. The β-casein and BSA digest was purified with 
a Sep-Pak C18 cartridge using 10 mM HCl for washes and 60% 
acetonitrile for elution, followed by concentration with a vacuum 
concentrator (Savant). Polymer coupling of internal peptides 
and ultrafiltration were performed as described below, with the 
exception that 0.5 mM polyallylamine and 10 mM sulfo-NHS 
were used. For MALDI-TOF-MS/MS, aliquots of the two-protein 
digest before and after polymer coupling were desalted with Omix 
C18 pipette tips (Varian) according to manufacturer’s instruc-
tions. Samples were then mixed with 3 mg ml−1 CHCA solution 
in 80% (vol/vol) acetonitrile containing 0.1% (vol/vol) trifluoro-
acetic acid and spotted on a steel target. Samples were analyzed 
by an Applied Biosystems 4700 MALDI-TOF-MS, including  
MS/MS measurements. MS/MS spectra were analyzed by Mascot21 
searches against the SwissProt22 database using the following 
parameters: fixed modifications were carbamidomethylation 
of cysteine (+57.02 Da), dimethylation at lysine and peptide  
N termini (+28.03 Da), ethanolamine at aspartic acid and 

glutamic acid (+43.04 Da); variable modifications were  
ethanolamine labeling at peptide C termini (+57.02 Da).

E. coli growth and lysis. E. coli strain MG1655 cultures were 
grown in Luria-Bertani rich medium and lysed in 100 mM 
HEPES (pH 7.4) by ultrasonication in the presence of the follow-
ing protease inhibitors: 1 mM trans-epoxysuccinyl-L-leucylamido 
(4-guanidino)butane (E-64), 10 mM phenylmethanesulfonyl 
fluoride (PMSF) and 1 mM ortho-phenanthroline. Cell debris and 
insoluble proteins were removed by centrifugation at 12,000g for 
10 min. DNA and RNA were degraded by addition of 10 μg ml−1  
of DNase I and RNase A. Small-molecule components were 
removed by size exclusion chromatography using Sephadex G-10 
(GE-Healthcare) pre-equilibrated in 100 mM HEPES (pH 7.4) and 
150 mM NaCl.

Protection of sulfhydryls and primary amines. Proteins were 
denatured in 2.0 M guanidine hydrochloride. Disulfide bonds 
were reduced by incubation with 20 mM DTT for 30 min at 
70 °C. Subsequently, free sulfhydryls were protected with 50 mM 
iodoacetamide (3 h at 25 °C) followed by quenching of unreacted 
iodoacetamide with 5 mM DTT. Primary amines were protected by 
dimethylation using 20 mM formaldehyde and 20 mM NaCNBH3 for 
16 h at 25 °C. Proteins were precipitated by addition of 15% (vol/vol) 
trichloracetic acid (TCA), incubation on ice for 1 h and centrifuga-
tion at 12,000g for 10 min. The pellet was washed three times with 
ice-cold methanol to remove traces of TCA.

Protection of carboxyls. Proteins were resolubilized in 200 mM 
MES, pH 5.0, 2.0 M guanidine hydrochloride, 1.0 M ethanolamine 
and 5 mM NHS. The reaction was started by addition of 20 mM 
EDC with an incubation for 3 h at 25 °C. The EDC coupling step was 
repeated twice with the last incubation lasting 16 h. EDC coupling is 
a potentially problematic step owing to rapid decomposition of EDC 
in water and fluctuations of the pH value, requiring frequent pH 
control and adjustment. Proteins were precipitated by addition of 
15% TCA, incubation on ice for 1 h and centrifugation at 12,000g for 
10 min. The pellet was washed three times with ice-cold methanol  
to remove traces of TCA and EDC to reduce the potential for carry
over and inadvertent labeling of tryptic peptides.

Trypsin digestion and chemical protection of new N termini. 
Proteins were resuspended in a minimal volume of 20 mM 
HEPES (pH 7.5) and 2.0 M guanidine hydrochloride. The guani
dine hydrochloride concentration was then reduced to 0.5 M by 
addition of 20 mM HEPES (pH 7.5). Proteins were digested for 
18 h at 37 °C with trypsin (1-chloro-3-tosylamido-4-phenyl-2-
butanone–treated; Sigma) at a ratio of 1:100. After digestion, 
primary amines of internal peptides were protected by reductive 
dimethylation with 20 mM formaldehyde and 20 mM NaCNBH3 
and incubation for 6–16 h at 37 °C.

Polymer preparation. A 2 mM stock solution of polyallylamine 
was prepared in 200 mM MES (pH 5.0), 2 M guanidine hydrochlo-
ride and 20% (vol/vol) acetonitrile.

Polymer coupling of internal peptides and ultrafiltration. 
Tryptic digests were incubated with an equal volume of stock 
polyallylamine polymer giving a final 1 mM polyallylamine 
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(representing a primary amine concentration of ~1.0 M), 5 mM  
sulfo-NHS in 200 mM MES (pH 5). Polymer coupling of 
internal and N-terminal peptides was started by addition of 
50 mM EDC with an incubation for 3 h at 25 °C. The EDC 
step was repeated twice with the last incubation lasting 16 h  
with regular monitoring and adjusting of pH. Separation 
of original protein C-terminal blocked peptides (unbound) 
from polymer and polymer-coupled internal peptides  
was achieved by filtration with a 10-kDa cut-off Microcon  
filter device (Millipore) followed by two 500 μl washes with water. 
Elution and wash samples were pooled together and desalted 
using Sep-Pak C18.

Liquid chromatography-tandem mass spectrometry. LC-MS/MS  
was performed on a Packings capillary LC system (Dionex) 
coupled to a quadrupole time-of-flight mass spectrometer 
(QSTAR Pulsar; Applied Biosystems, operated by members of 
the Michael Smith Laboratory and Laboratory for Molecular 
Biophysics Proteomics Core Facility; or QSTAR XL, Applied 
Biosystems, operated by members of the University of British 
Columbia Centre for Blood Research Mass Spectrometry Suite). 
For the QSTAR Pulsar instrument, samples were resuspended 
in 2% (vol/vol) acetonitrile, 0.1% formic acid and loaded onto 
a column packed with PepMap C18 resin (Dionex). Peptides 
were eluted using a 5–40% gradient of organic phase (buffer B)  
over 90 min. Buffer A was 2% acetonitrile and 0.1% formic 
acid, whereas buffer B was 85% acetonitrile and 0.1% formic 
acid. For the QSTAR XL instrument, samples were resuspended 
in 5% (vol/vol) acetonitrile, 3% formic acid and loaded onto a 
column packed with Magic C18 resin (Michrom Bioresources). 
Peptides were eluted using a 7–40% gradient of organic phase 
over 95 min. Buffer A was 2% acetonitrile with 0.1% formic acid 
and buffer B was 98% acetonitrile, 0.1% formic acid. For both 
instruments, mass spectrometry data were acquired automatically 
using Analyst QS software (Applied Biosystems) for information-
dependent acquisition based on a 1 s mass spectrometry survey 
scan followed by up to three (QSTAR Pulsar) or two (QSTAR XL) 
MS/MS scans of 3 s each.

Tandem mass spectrometry data analysis. Peptides were identi-
fied by X!Tandem23 using a decoy search strategy in conjunction 
with PeptideProphet24 at 95% confidence level. Mass tolerance 
for QSTAR XL data was 100 p.p.m. for parent ions and 0.1 Da 

for fragment ions. Mass tolerance for QSTAR Pulsar data was  
200 p.p.m. for parent ions and 0.2 Da for fragment ions. As 
trypsin does not cleave at dimethylated lysines, cleavage specifi-
city was defined as C-terminal to arginine (ArgC-like specificity). 
Semistyle cleavage searches were applied with up to three missed 
cleavages. Static modifications included carboxyamidomethyla-
tion of cysteine residues (+57.02 Da), dimethylation of lysines 
and amino termini (+28.03 Da for normal isotope abundance; 
34.06 Da for d(2)C13 formaldehyde), ethanolamine-modification 
(+43.04 Da) for aspartate and glutamate residues. In searches 
for peptides with free C termini, the C termini were defined as 
unmodified; in searches for peptides with protected C termini, 
the C termini were defined as being modified with ethanolamine. 
Peptides of pre-enrichment samples possessed free N termini. 
X!Tandem refinement parameters included methionine oxidation 
as well as glutamine and asparagine deamidation.

Identification of GluC cleavage products. To demonstrate 
applicability of our approach for protease substrate discovery, 
E. coli lysate was first incubated for 4 h at 25 °C to break down 
the serine protease inhibitor PMSF, which had been added dur-
ing E. coli lysis with the other protease inhibitors listed above to 
block endogenous protease activity. The lysate was then incubated 
with the serine protease GluC (1:100) for 18 h at 25 °C. A con-
trol sample was kept for 18 h at 25 °C without added protease. 
After incubation, sulfhydryls, primary amines and carboxyls 
were protected as described above with the following modifica-
tion: primary amines of the GluC-treated sample were labeled 
with isotopically heavy formaldehyde, (d(2)C13) formaldehyde 
(Cambridge Isotopes) both before and after trypsin digestion. The 
control sample was labeled with light formaldehyde (d(0)C12). 
After trypsin digestion and primary amine protection samples 
were mixed at equal abundance. C termini were isolated and ana-
lyzed by LC-MS/MS as described above. Heavy:light ratios were 
determined by XPRESS19.

A step-by-step protocol is available in the Nature Protocols 
Network http://dx.doi.org/10.1038/nprot.2010.100.
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