
Fig. S1. Mechanism of Edman degradation and in silico analysis of N-CLAP peptides derived 

from the N termini of human proteins.  

 

(A) Schematic of the chemoselective reactions in Edman degradation. Amine groups in proteins 

are modified by PITC, resulting in the incorporation of PITC at the N terminus and ε-amines of 

lysines. The residues in the peptide from the second amino acid are denoted as X2 × 3⋅⋅⋅Xn. TFA 

treatment of the PITC-modified peptide results in an intramolecular cyclization in which the 

thiourea of the PITC adduct reacts with the carbonyl component of the first peptide bond. This 

cyclization releases PITC conjugated to the first amino acid, forming a new N-terminal amine 

while maintaining ε-amines blocked.  

 

(B) Theoretical distribution of the length of predicted human N-CLAP peptides after in silico 

trypsin digestion. Trypsin cleaves only after arginine in PITC-modified proteins, since this 

treatment modifies the charge and size of the lysine side chain. Thus, digestion of proteins 

processed through the N-CLAP protocol provides a digestion pattern that is identical to Arg-C. 

To assess the size distribution of potential N-CLAP peptides, the human protein database and its 

annotation of N-terminal signal peptides were downloaded from Swiss-Prot database (v55.6, July 

1, 2008). Redundant sequences were removed by an in-house computer code. The signal peptides 

were also removed according to the annotation in Swiss-Prot database before performing in 

silico analysis of the N-CLAP peptides. The starting N-terminal amino acid of the proteins was 

further removed, because the N-terminal amino acid is cleaved during the N-CLAP procedure. 

Shown is the frequency of peptides generated after a virtual N-CLAP protocol of the indicated 

length. As can be seen, a significant fraction of virtual N-CLAP peptides are five amino acids or 

longer. 

 

(C) Cumulative fraction of N-CLAP peptides for the human proteome. The results in A are 

presented to show the cumulative fraction of peptides of the indicated length or smaller. Peptides 

that are between five and 40 aa in length are shown in the shaded area. A significant portion 

(65%) of N-CLAP peptides could be a suitable size for MS/MS analysis.  

 



(D) The fraction of unique N-CLAP peptides as a function of peptide length in the human 

proteome. For peptides of each indicated length, we determined how many of them can be 

assigned to a single protein. This is indicated as the fraction of unique N-CLAP peptides. As 

shown, for peptides that are four amino acids, 36% can be assigned to a unique protein. For 

peptides that are five amino acids or longer, 68.2% are unique (denoted by the dashed line). Most 

of the peptides that match to more than one protein are matched to highly similar members of a 

protein family. The high uniqueness of the N-terminal peptides in different organisms was also 

discussed by Wilkin and coworkers when a small database was used [Wilkins MR, et al. (1998) J 

Mol Biol 278:599-608]. These results support the hypothesis that the N-CLAP peptides could be 

used for protein identification in a high-throughput fashion. However, due to the nonuniqueness 

of some N-CLAP peptides, biochemical validation would be needed in some cases to confirm 

that a specific protein corresponds to a given N-CLAP peptide.  

 

(E) The theoretical percentage of N-terminal peptides with less than five amino acids when 

different enzymes are used for theoretical digestion of proteins in the human proteome. When 

peptides are smaller than five amino acids, they typically have too many potential matches to be 

useful for parent protein identification. When a virtual trypsin digestion is performed on a lysate, 

which is not modified on lysines, 26.6% are shorter than five amino acids. However, the fraction 

decreases when either Arg-C, or Glu-C, which cleaves after Glu, is used. However, if the 

datasets of a Arg-C experiment and a Glu-C experiment are combined (Arg-C∩Glu-C), then only 

a small fraction of proteins (3.3%) provide N-CLAP peptides that are shorter than five amino 

acids under both conditions. These data suggest that combining datasets could be used to 

improve the coverage of N-terminally derived peptides.  

 

(F) The percentage of N-CLAP peptides with unique mass as a function of the mass accuracy for 

three organisms, Homo sapiens, Saccharomyces cerevisiae, and Mycoplasma genitalium. 

Theoretical N-CLAP peptides were obtained according to the method described in A using 

trypsin as a protease to conduct in silico protein digestion. Indicated in parentheses are the 

numbers of full length protein sequences downloaded from Swiss-Prot database for each 

proteome. As the mass accuracy increases, the percentage of N-CLAP peptides that are found to 

match mass that uniquely identifies the parent protein increases. For example, in the human 



proteome, when the mass accuracy is 1 ppm, >31% N-CLAP peptides have unique masses. 

However, when the mass accuracy decreases to 20 ppm, only 10% N-CLAP peptides have 

unique masses. The size of the proteome is another major factor which affects the percentage of 

N-CLAP peptides with unique mass. Using a mass accuracy of 10 ppm, which can be readily 

achieved by Q-TOF as an example, the human proteome, which contains more than 50,000 

unique proteins, has about 17% N-CLAP peptides with unique masses. When the size of the 

proteome is reduced to 7,000 (the yeast proteome), the percentage of N-CLAP peptides with 

unique masses increases to 62%. The percentage of N-CLAP peptides with unique mass for the 

M. genitalium proteome, a bacterial proteome that comprises about 500 proteins, is >90%. The 

same trend holds true for the uniqueness of the N-CLAP peptide sequences. For the human 

proteome, only 68% N-CLAP peptide sequences are unique while for the yeast and bacterium 

proteomes, the percentages of unique N-CLAP peptide sequences are increased to 86% and 

100%, respectively, when the N-CLAP peptides with a length of no less than five amino acids 

are analyzed. These results indicate that the N-CLAP peptides can almost completely 

unambiguously identify proteins for small proteomes solely based on the accurate masses of the 

N-CLAP peptides. 
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Fig. S2. Chemical modifications of peptides at different stages of the N-CLAP procedure. (A–F) 

N-CLAP was performed using a peptide derived from β-catenin after caspase cleavage at Asp-

115 residue, which was discovered by Mahrus S, et al. (1). (G–K) Experiments using the c-Myc 

peptide, which has one internal lysine residue.  

 

(A) MALDI-TOF-MS of the β-catenin peptide AAHPTNVQR (amino acids 116-124) results in a 

major peptide ion at 993.74 Da. β-catenin is known to be cleaved by caspases (1), and produces 

this internal tryptic peptide.  

 

(B) PITC-treated β-catenin peptide results in a major ion reflecting the expected thiocarbamoyl 

PITC modification.  

 

(C) TFA treatment of PITC-modified β-catenin results in a single prominent peptide ion with a 

mass corresponding to the β-catenin peptide missing the first N-terminal residue (Ala).  

 

(D) The deblocked β-catenin peptide was reacted with EZ-Link Sulfo NHS-SS-biotin. 

MALDITOF-MS revealed a single major peak corresponding to the modified peptide.  

 

(E) TCEP-reduced sample results in a 1,010.77 Da peptide ion, corresponding to the β-catenin 

peptide without the N-terminal Ala and with a remnant from the cleavable biotin tag.  

 

(F) MS/MS spectrum of the β-catenin peptide (116-124) after N-CLAP. The peptide was 

detected using ESI-Q-TOF analysis with a score of 16.89 and an SPI of 88.8% by Spectrum Mill 

database searching. The MS/MS spectrum (i) demonstrates that the peptide contains the remnant 

of the cleaved N-terminal EZ-Link Sulfo NHS-SS-biotin adduct and (ii) confirms the loss of the 

N-terminal Ala.  

 

(G) MS/MS spectra of the unmodified c-Myc peptide.  

 



(H) PITC-treated c-Myc peptide. The MS/MS spectrum is consistent with two PITC 

modifications, with one PITC adduct on the N-terminal amine, while the other adduct is on the ε-

amine of the lysine in the c-Myc peptide.  

 

(I) PITC- and TFA-treated c-Myc peptide. The MS/MS spectrum indicates a loss of the N-

terminal residue, which is consistent with the TFA-mediated intramolecular cyclization that 

releases the first residue. The PITC adduct on the lysine remains on the peptide.  

 

(J) PITC-, TFA- and EZ-Link-Sulfo-NHS-SS-biotin-treated c-Myc peptide. The MS/MS 

spectrum exhibits a shift in the b-ion series consistent with the N-terminal modification by the 

biotinylation reagent and the PITC-modified lysine. (K) PITC-, TFA-, EZ-Link-Sulfo-NHS-SS-

biotin-, and TCEP-treated c-Myc peptide. The MS/MS spectrum indicates the expected cleavage 

of the disulfide in the biotinylation reagent. The PITC adduct on the ε-amine of the lysine 

residue results in an uncharged amino acid adduct. Because PITC-modified lysine is not charged, 

complex MS/MS spectra due to the presence of internal unmodified basic residues in peptides 

are avoided. Additionally, the PITC modification did not impair peptide fragmentation, 

indicating that MS/MS spectra obtained from PITC-modified peptides can be used for peptide 

identification. N-terminal modifications are shown in red text and the PITC modification on 

lysine is indicated by an asterisk. The symbols \, /, and | represent b -ions, y-ions, and both b-ions 

and y-ions, respectively. The peptide sequence and modification is shown in the spectra and the 

b-ions and y-ions are labeled. 

 

1. Mahrus S, et al. (2008) Global sequencing of proteolytic cleavage sites in apoptosis by 

specific labeling of protein N termini. Cell 134:866-876. 
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Fig. S3. MS/MS spectrum of neutravidin-purified and TCEP-eluted N-terminal peptide from 

RNase A obtained using N-CLAP.  

 

The fragmentation pattern established the identity of the peptide and confirmed the N-terminal 

and lysine modification. The N-terminal modification is shown in red text and the PITC 

modification on lysine is indicated by an asterisk. The symbols \, /, and | represent b-ions, y-ions, 

and both b-ions and y-ions, respectively. The peptide sequence and modification is shown in the 

spectra and the b-ions and y-ions are labeled. 
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Fig. S4. MS/MS spectra of N-CLAP peptides identified in Jurkat T-cells. 

 

The peptide rank, score, the percentage of assigned spectrum intensity of total spectrum intensity 

(SPI), sequence map, mass of precursor ion (MH+), precursor ion mass error (MH+ error), protein 

molecular weight (MW), Swiss-Prot accession number, and protein name are listed above the 

table. The symbols \, /, and | represent b-ions, y-ions, and both b-ions and y-ions, respectively.  

 

The table shows the experimental MS/MS fragments and the matched theoretical MS/MS 

fragments as well as the peak intensity, score of each fragment, matched ions, and delta mass of 

the fragment deviating from its theoretical mass. 

 

In the spectra, matched ions are shown in red vertical segments and labeled as b or y-ions, while 

the unmatched ions are shown in black vertical segments. Some of the red vertical segments are 

not labeled automatically by Spectrum Mill because of the lack of space in the spectra. The 

detailed information about these peaks can be obtained from the table of mass fragments. 

 

In total, 278 N-CLAP peptides have been identified. Among them, 80 peptides are derived from 

the predicted protein N-termini (denoted by “N” at the beginning of the number of the spectra). 

These peptides comprise N-terminal peptides from proteins that exhibited either no or moderate 

trimming of the N terminus (e.g., up to three amino acids). 

 

Thirty-eight (38) N-CLAP peptides are obtained from N-termini of proteins with removed signal 

peptides or transit peptides (denoted by “S” at the beginning of the number of the spectra). 

 

Twenty-three (23) N-CLAP peptides are derived from caspase cleavages in Jurkat T-cells after 

cisplatin treatment (denoted by “C” at the beginning of the number of the spectra). 

 

Another 137 N-CLAP peptides are identified from protein internal cleavages (denoted by “I” at 

the beginning of the number of the spectra). The number at the left upper corner of each 

spectrum corresponds to the number in Tables S1, S2, S3, and S4, respectively. 
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Fig. S5. Time course of cisplatin-induced apoptosis in Jurkat T-cells. 

 

(A) The fraction of cells with terminal deoxynucleotide transferase dUTP nick end labeling 

(TUNEL) positive signal was measured. The total number of cells was established by staining 

with 4[prime]-6-diamidino-2-phenylindole (DAPI). The time course was measured after 

treatment with 200 μM cisplatin. 

 

(B) Western blot analysis of apoptotic markers after cisplatin (200 μM) treatment. More than 

50% of nuclear enzyme poly(ADPribose) polymerase-1 (PARP1) and procaspase-3 were cleaved 

after 8 h cisplatin treatment. Both are completely abolished after 16 h of treatment. The band at 

approximately 22 kDa is the PARP1 fragment generated after the caspase cleavage of Asp-214. 
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