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Abstract 

Proteolysis is one of the most important protein post-translational modifications (PTMs) that 

influences the functions, activities, and structures of nearly all proteins during their lifetime. This 

irreversible PTM is regulated and catalyzed by proteases through hydrolysis reaction in the 

process of protein maturation or degradation. The identification of proteolytic substrates is 

pivotal in understanding the specificity of proteases and the physiological role of proteolytic 

process. However, tracking these biological phenomena in native cells is very difficult due to 

their low abundances. Currently no efficient methods are available to identify proteolytic 

products from large-scale samples. To facilitate the targeted identification of low-abundant 

proteolytic products, we devise a strategy incorporating a novel biotinylated reagent PFP 

(pentafluorophenyl)-Rink-biotin to specifically target, enrich and identify proteolytic N-

terminus. Within the PFP-Rink-biotin reagent, a MS-cleavable feature is designed to assist in the 

unambiguous confirmation of the enriched proteolytic N-termini. This is the first reported study 

of identifying proteolytic N-terminus by MS-cleavable feature widely adopted in studying low-

abundant protein PTMs and cross-linking/MS. The proof-of-concept study was performed with 

multiple standard proteins whose N-terminus were successfully modified, enriched and identified 

by a signature ion (SI) in the MS/MS fragmentation, along with the determination of N-terminal 

peptide sequences by multistage tandem MS of the complementary fragment generated after the 

cleavage of MS-cleavable bond. For large-scale application, the enrichment and identification of 

protein N-termini from Escherichia.coli cells were demonstrated along with a bioinformatics 

workflow. We believe this method can be very useful to locate proteolytic products in native 

cellular environment with high confidence.   
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Introduction 

In vivo protein biosynthesis follows a stepwise fashion starting from N-terminal end towards the 

C-terminal end, usually with the N-terminal amino acid being a methionine (Met)1. Among the 

earliest modifications during or following the manufacturing of most proteins are the removal of 

initiating Met residue and the acetylation of N-terminal α-amino group, both of which are crucial 

in protein structure, stability, function and localization1–3. As the two most ubiquitous protein N-

terminal modifications, around 80% of soluble proteins in human have acetylated N-terminus4 

while all the proteins undergo proteolysis during their maturation or degradation processes5. 

Proteolysis is an irreversible and a highly selective hydrolytic reaction of peptide bond catalyzed 

by more than 560 proteases encoded by over 2% of human genome6. Proteolysis used to be 

considered predominantly as protein-degrading and disposing procedures, but gradually it has 

been discovered to play pivotal roles of precisely adjusting and fine tuning the protein sequences 

to construct protein structures, regulate protein functions and control protein cellular 

localizations in a myriad of biological events5. The intracellular proteolytic network of caspases 

regulates and activates the transmission of inflammatory and apoptotic signals to control many 

important pathways, one of such examples is the blood coagulation cascade7. Proteolysis is also 

intimately involved in significant biological implications and pathological conditions of various 

cancers, chronic inflammations, neurodegenerative and cardiovascular diseases. It is estimated 

that 5-10% of all drug targets were designed for anti-proteolytic therapies8–10. Because 

proteolysis occurs co-translationally or post-translationally, the functional N-terminus of proteins 

cannot be directly inferred from genome sequence or transcriptome sequence. To reveal the 

pathways and mechanisms of proteolysis, proteolytic substrates need to be determined and the 
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specifically cleaved positions by the proteases need to be identified through the study of protein 

degradomics5,6,11.  

Each protein has only one protein N-terminal sequence while numerous internal peptides from 

enzymatic digestion are generated in a regular bottom-up proteomics study. In silico 

endopeptidase Arg-C digestion of human proteome estimates an average of 17.5 internal 

peptides per N-terminal peptide12. This challenge will be more pronounced and overwhelming 

for identifying N-terminus and pertinent proteolytic products of low-abundant proteins in large-

scale biological samples of increased complexity and dynamic range. Therefore, certain 

enrichment strategies of the original protein N-terminus are essential for their confident 

identifications by mass spectrometric analysis. Enrichment of protein N-terminus is 

conventionally achieved by either positive or negative selection strategies. Positive selection 

approaches specifically label the α-amine of the protein N-terminus with an enrichment group 

while minimizing or preventing the mislabeling of lysine ε-amines, whose abundance is often of 

higher orders of magnitude. This is achieved either through chemical modifications (for example, 

by guanidination to block lysine ε-amine)13–18 or enzymatically-assisted modification (subtiligase 

has high specificity for N-terminal α-amine)19,20. After sample digestion, protein N-terminus can 

be selectively purified by targeting the enrichment group to be separated from the interfering 

internal peptides. On the contrary, negative selection approaches, notably the combined 

fractional diagonal chromatography (COFRADIC)12,21 and terminal amine isotopic labeling of 

substrates (TAILS)22,23, instead target the internal peptides for depletion after the blockage of all 

primary amines in the proteins. Therefore, the N-terminal sequences of original proteins 

including the naturally blocked protein N-terminus can be retained for LC-MS/MS analysis. 

Negative selection strategies are advantageous in studying protein N-terminus with native 
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modifications including N-terminal acetylation. However, enrichment by negative selection 

tends to result in higher sample complexity from the co-enrichment of free and modified protein 

N-terminus24 and requires better enrichment efficiency for removing the more abundant internal 

peptides25, which can be inferior in selectively studying proteolytically processed protein N-

terminus compared to positive selection6. 

Ideally, a successful N-terminal positional proteomics experiment will only detect a single 

peptide from each protein. This can be problematic in the confident bioinformatic analysis of the 

respective protein because the lack of complementary confirmation of associated internal 

peptides from the same protein, which can in turn compromise the confidence of identifying 

protein N-terminus. The issue of false N-terminus discovery can be further exacerbated if the 

enrichment is inefficient or contains non-specific interactions, during the process of targeting the 

labeled N-terminus in positive selection approach or depleting the internal peptides in negative 

selection approach. Although these problems can be alleviated by vigorous validations and strict 

data filtering processes including the utilization of multiple search engines, narrower mass 

tolerance for identifications, repetitive confirmation of same peptide of different charge states in 

multiple replicates22, these criteria may simultaneously filter out low-abundant protein N-

terminus.  

Here, we design a direct strategy to improve the confidence in the identification of proteolytic 

products by developing and utilizing a MS-cleavable reagent PFP (pentafluorophenyl)-Rink-

biotin (Figure 1a) in positive enrichment for investigating proteolytic protein N-terminus of low 

abundance. The chemical reaction occurs as free protein N-terminus were targeted by PFP group 

and simultaneously biotinylated for downstream enrichment by removing non-labeled internal 

peptides. The confident N-terminus identification is enabled by the generation of a fixed 
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signature ion (SI) and high-intensity complementary fragment upon the CID-MS2 fragmentation, 

followed by further MS3 fragmentation on the complementary fragment to reveal the sequence 

information of the enriched protein N-terminus. This strategy incorporates the MS-cleavable 

feature widely applied in improving the identification capabilities and lowering false-discovery 

rate of low-abundant peptides in proteomics applications of protein post-translational 

modification (PTM) study26 and cross-linking chemical biology27. To facilitate the automatic N-

terminus confirmation, an in-house Java-based software NTermFinder was developed to validate 

the identified protein N-terminal peptides by the signature fragments and mass correlations 

among peptide precursor ion, complementary fragment and the scan numbers during MS 

acquisition. This strategy aims to achieve confident identification of proteolytic products and 

protein N-terminus in the native settings of the cells.  

 

Results and Discussions 

Development of MS-cleavable reagent PFP-Rink-biotin for N-terminus labeling 

MS-cleavable reagents are increasingly gaining popularities in the research of low-abundant 

proteins and protein PTMs by producing unique signatures such as signature ion or neutral losses 

upon tandem MS fragmentation, which assist in the unambiguous identifications26,28 and more 

precise quantifications29 of these otherwise overshadowed targets. This unique feature of MS-

cleavable reagent is an attractive strategy for identifying the protein N-terminus which are 

dramatically outnumbered by internal peptides. Hence, we are designing to improve the 

confidence in characterizing protein N-terminus by incorporating a CID-cleavable Rink moiety, 

which has been formerly utilized in solid phase peptide synthesis30 and novel cross-linker 
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developments31,32, in our design of new generation enrichment tag targeting primary amines. N-

hydroxysuccinimide (NHS) esters are conventionally used as reactive group towards primary 

amines33. However, PFP esters were reported as less subjective to hydrolysis and having 

improved chemoselectivity for reaction with amines compared to NHS esters34. Combined with 

the enrichment tag biotin, PFP-Rink-biotin reagent is constructed and synthesized as shown in 

Supplemental Scheme-S1. Within the PFP-Rink-biotin reagent, the key feature for improving 

the confidence in N-terminus identification is the Rink group. Upon CID activation, the labile 

Rink group is preferentially cleaved under lower energy compared to the cleavage of peptide 

bonds, which readily gives rise to a high-abundant SI peak (m/z 569) from the labeled peptides 

(Supplemental Figure 1). This feature helps to alleviate the common issue of false-positive 

identification due to the binding and coelution of non-biotinylated peptides along with the 

biotinylated peptides. Within the same MS2 spectrum, a complementary fragment that consists of 

the N-terminal peptide derivatized with the remnant of PFP-Rink-biotin after the loss of SI will 

be simultaneously generated in high intensity. This reagent-modified fragment can be further 

subjected to MS3 data-dependent fragmentation to generate peptide bond fragmentation for the 

sequencing of original or proteolytic protein N-terminus facilitated by specific bioinformatic 

strategy (Figure 1b). 

Evaluation of PFP-Rink-biotin in the enrichment and identification of protein N-terminus  

The MS-cleavable feature of PFP-Rink-biotin in identifying the biotin-tagged protein N-terminus 

was investigated using three standard proteins: ubiquitin, β-lactoglobulin and lysozyme. For the 

model proteins we study, lysozyme35 and β-lactoglobulin36 were discovered containing signal 

peptides that are selectively removed during protein maturation. According to the N-terminal 

sequences of these model proteins, trypsin (for digesting ubiquitin and β-lactoglobulin) and GluC 
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(for digesting lysozyme) were selected to obtain adequate lengths of the protein N-terminus for 

MS analysis against the known N-terminal sequence in the established protein database.  

The enrichment of lysozyme N-terminus was first evaluated. For the N-terminus characterization 

of lysozyme, GluC digestion is more favorable over tryptic digestion because of its N-terminal 

lysine residue. After the labeling reaction, quenching and removal of PFP-Rink-biotin were 

performed before the digestion of protein for achieving desired enrichment of the lysozyme N-

terminal peptide. The quenching of PFP reactive group deactivates its reactivity towards internal 

peptides to prevent the mislabeling and coelution of internal peptides during enrichment. The 

removal of excess PFP-Rink-biotin is as essential after the deactivation step due to competition 

for limited avidin binding sites, which can lead to low binding efficiency of the labeled peptides 

and adversely affecting their subsequent enrichment. The reagent removal step was compared 

and evaluated by two different purification techniques: commercial protein concentrator 

molecular weight cut-off (MWCO) purification and methanol-chloroform precipitation of 

proteins. In the total ion chromatogram (TIC) of MWCO purification (Supplemental Figure 

2a), two dominant peaks (arrowed) were observed and identified to be from the unreacted and 

hydrolyzed PFP-Rink-biotin reagent, whereas two N-terminal peptide precursors (M2+ m/z 

802.80 and M3+ m/z 535.50) were not present in the extracted ion chromatogram (XIC) and the 

lysozyme N-terminus cannot be identified in the MS data (Supplemental Figure 3a and 3b). 

The same protein sample was alternatively precipitated by methanol-chloroform purification 

after reacting with the reagent, followed by the same digestion procedures. In this TIC, the two 

dominant reagent peaks existed in the MWCO treated sample were significantly reduced by 

methanol-chloroform purification (Supplemental Figure 2b). In the XIC, the two precursors 

(M2+ m/z 802.80 and M3+ m/z 535.50) emerged in identical retention time (Supplemental 
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Figure 3c and 3d) and identified to be the labeled lysozyme N-terminus by the tandem MS 

analysis (see Supplemental Table 1 for the detailed calculations). This experiment clearly 

shows methanol-chloroform purification is more advantageous over the commercial MWCO 

purification in removing the excess unreacted reagent to help enriching the protein, especially 

considering the widespread applications of methanol-chloroform in the purification of proteins 

from large-scale biological samples37. 

Two corresponding molecular ions 802.97 (M2+) and 536.18 (M3+) were confirmed by matching 

against theoretical fragments of the lysozyme N-terminal sequence KGVFGRCCE (CC represents 

carbamidomethylated cysteine and KG is guanidinated lysine) by tandem MS analysis (Figure 

2a). In the MS2 spectrum of 802.97 (M2+) precursor, three dominant fragments were generated, 

one of which was the SI (m/z 569.22). The other fragment (labeled as [M-SI+H]+ in the MS2 

spectrum) was identified to be the complementary fragment (m/z 1036.42) to the signature ion, 

which was confirmed to match the m/z of [M-SI] in reduced charge state. The lowest intensity of 

the three being the neutral loss of ammonia from the complementary fragment. The MS2 

spectrum of 536.18 (M3+) also generated highly intense complimentary fragment of 518.88 and 

the SI peak. While the relative intensity of SI was around 25% relative intensity of the base peak, 

which was lower compared to around 90% relative intensity from M2+ of the same peptide upon 

fragmentation, showing charge-dependent fragmentation pattern in producing the SI. Further 

MS3 spectrum of the complimentary fragment was manually annotated against the N-terminal 

sequence of lysozyme, which exhibited confident coverage of the sequence confirmation. Note 

that mass addition of remnant fragment to the peptide was calculated for all the complementary 

fragments and the resultant fragments in the MS3 spectrum. Although different relative 

intensities of SI and complimentary fragments were observed, this study shows that the same 
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peptide with different charge states helps to further confirm the protein N-terminus. In this 

particular case, the higher abundance of SI from M2+ helps to identify the enriched peptide 

utilizing the signature feature of PFP-Rink-biotin, while the higher abundance of complimentary 

fragment from M3+ results in better sequence annotation, both of which are complemented and 

contributed to the identification of lysozyme N-terminus. 

After the optimization and evaluation of lysozyme N-terminus, the tandem MS fragmentation 

study was also performed with ubiquitin and β-lactoglobulin N-terminus. Although the 

guanidination step modified lysine to homoarginine within the proteins, tryptic digestion was 

previously proven to be effective in cleaving the C-terminal of homoarginine38. MS2 and MS3 

spectra of the enriched ubiquitin protein N-terminal peptide precursors were extracted (Figure 

2b). Ubiquitin N-terminus MQIFVKG modified by PFP-Rink-biotin was generated upon the 

cleavage after the first guanidinated lysine (KG), with the m/z of 737.79 (M2+) in the full MS 

spectrum. The CID spectrum of M2+ peptide precursor produced SI and complimentary fragment 

ion (m/z 906.54), both in high relative intensities. The complimentary fragment ion was 

subjected to MS3 fragmentation to identify the ubiquitin N-terminus sequence. This result 

matched with the previously Edman-degradation-determined complete amino acid sequence 

where the N-terminal methionine is not removed in the mature form of ubiquitin39. Similarly, 

identification of the β-lactoglobulin N-terminal sequence after tryptic digestion was achieved by 

labeling with PFP-Rink-biotin reagent and MS analysis with multistage activation (Figure 2c).  

To summarize, the MS analysis of the labeled N-terminus of standard proteins shows that the SI 

can be consistently and predominantly produced across different modified N-terminal peptides, 

usually one of the highest fragments observed, exhibiting low energy pathway of cleavage than 

most of peptide bond fragmentations. This SI is confirmed to be suitable as a common feature 



11 
 

from PFP-Rink-biotin labeling for identifying the N-terminal peptides. Complementary fragment 

coexists as one of the most intense fragments among the CID-MS2 spectra to be paired with the 

SI as identifiers of the derivatized N-terminal peptides. Furthermore, this complimentary 

fragment contains the complete N-terminal sequence, which can be further subjected to 

multistage data-dependent MS3 fragmentation for peptide sequencing. The enrichment strategy 

was confirmed to be efficient after optimizations and proceeded for large-scale N-terminus 

enrichment and analysis.  

Bioinformatic strategy for the application of PFP-Rink-biotin in large-scale N-terminus 

identification  

Strategy for protein N-terminus identification in large-scale by PFP-Rink-biotin was 

implemented as shown in Figure 1b. The proteins from cell lysis were first subjected to 

denaturation and guanidination for blocking the ε-amines of lysine. Quantitative labeling of 

lysine guanidination (> 99%) was previously achieved18 and was adapted in our experiment. The 

N-terminus that contain free α-amines were then labeled by PFP-Rink-biotin reagent. After the 

labeling of protein N-terminus, excess reagent was quenched and removed by methanol-

chloroform precipitation before enzymatic digestion to prevent mislabeling of internal peptides. 

The biotinylated N-terminal peptides can be selectively targeted and isolated by biotin-avidin 

affinity enrichment, and the sample complexity will be significantly reduced before subsequent 

tandem MS and bioinformatic analysis.  

To facilitate the bioinformatic analysis and automatic validation in large-scale N-terminus 

identification, an in-house Java script NTermFinder was developed and incorporated to 

streamline the filtering and selection of N-terminal peptides from our MS analysis (Figure 3). 

Raw MS files of enriched samples were converted to MGF (Mascot Generic File) format which 
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were subsequently imported into NTermFinder to select spectra containing m/z of SI (569.2 ± 1 

Da) with at least 20% relative abundance within the spectra. The scan numbers of these spectra 

were denoted as MS2Scan#. On the other hand, the MS3 spectra from the same Raw file was 

converted to mzML format and then searched in MS-GF+, where the protein N-terminal peptides 

were identified, and the corresponding scan numbers were reported as MS3Scan#. Furthermore, a 

3-step validation of the identified N-terminal PSMs from MS-GF+ was performed in the 

NTermFinder: (1) Scan number validation: scan numbers of MS2 and MS3 spectra have to match 

MS3Scan# ≤ MS2Scan# + N, N is the number of precursors of each MS2 scan subjected to MS3 

fragmentation in the LCMS method; (2) Precursor of each MS3 N-terminal PSM should be 

present as one of the fragments in the corresponding MS2 spectrum; (3) The MS1 precursor of the 

identified MS3 PSM should be within ± 1 Da of the theoretical result calculated by 

(Precursor*Charge + 569.2+1.0078) /(Charge+1), where Precursor is the MS3 precursor and 

Charge is the charge state of the identified peptide. Both Precursor and Charge were extracted 

from the MS-GF+ output results. The rationale behind this validation step is that the 

complementary fragments were always found to be one charge less than the respective charge 

states of their precursors in the full MS spectra (as confirmed in the analysis of standard proteins 

N-terminus), due to the protonation of biotin group within the SI in the same spectrum. This 

reduce-charge effect is incorporated as a criterion in selecting the positive results of protein N-

terminus from potential interferences. The final results after the validation were reported as 

confident protein N-terminus identifications. 

Application of PFP-Rink-biotin to E. coli cell lysate 

Proof-of-concept large-scale N-terminome study was carried out for the N-terminus enrichment 

of E. coli cell lysate. During this study, the binding of labeled N-terminus peptides with 
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streptavidin and elution by HFIP was found to be more efficient compared to binding with 

monomeric avidin and elution by ACN40. In the LC-MS/MS analysis, two LC gradients with 

high ACN elution were performed to account for the increased hydrophobicity due to the 

attachment of bulky Rink-biotin group to the N-terminal peptides. In addition, to reduce the 

selection of background noises for the fragmentation in MS2, the minimum signal threshold for 

MS/MS fragmentation was increased to 10000 (see the method section for details). The resultant 

MS data files were searched according to the bioinformatic strategy above and the total number 

of N-terminus identified from the sample runs was 42 after the in-house bioinformatic approach 

along with manual removal of repetitive sequences and validation of the modifications identified 

(Table 1). Figure 4 shows the MSn spectra identified to be purine nucleoside phosphorylase N-

terminus from E. coli confidently confirm the labeling and N-terminal sequence. The 

predominant proteolytic event in E. coli is the excision of Met by methionine aminopeptidase 

(MetAP) after the deformylation of the N-terminus41. In this catalytic event, the Met being 

removed is at P1 position whereas the new N-terminal amino acid (penultimate position in the 

original sequence) is the P1’ position according to Schechter and Berger nomenclature42. The 

efficiency of Met removal is mostly depending on the size of side-chain in P1’ amino acid based 

on the in vitro study with synthetic peptides: amino acid of larger size-chain generally has lower 

MetAP catalytic efficiency, therefore protein N-terminus with small amino acid residue as P1’ 

such as Ala, Gly, Pro, Ser and Cys have near complete Met excision, whereas cleavage 

efficiency of penultimate Val and Thr could depend on the P2’-P4’ amino acids and lower 

cleavage efficiency was observed for Phe, Arg, Tyr, Trp43,44. The identified N-terminal sequence 

motifs45 were analyzed and summarized in Figure 5. Overall, the result of identified E. coli N-

terminus from the enrichment experiment matches well with the expectation of this size-
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dependent proteolytic event, except for two Met intact peptides with P1’ Ala potentially due to 

partial Met removal. Nearly half of all N-terminal Met identified were cleaved in our experiment, 

which is consistent with previously reported control study46. Though the total number of 

identifications is comparably lower, but this powerful approach has the ability to identify 

proteolytic products in vivo. 

Conclusion 

In this study, we explored the potentials of implementing MS-cleavable strategy for the 

identifications of proteolytic N-terminus after enrichment. The design of this new cleavable 

labeling reagent PFP-Rink-biotin inherently provides a fixed signature SI generated in high 

intensity for the confirmation of the labeled peptides, with the sequence information being 

extracted and analyzed by multistage MS fragmentation. Further validation of the N-terminus 

authenticity was facilitated by the correlations among precursors/product ions from MS1 to MS3 

levels and automated by our custom high-throughput bioinformatic approach catering to the 

result files of MS-GF+ searches. Tracking a proteolytic product in native in vivo experiments is 

extremely challenging due to the presence of low number of new N-termini and high sample 

complexity. Enriching regular N-terminal peptides has some success in this area using reverse 

purification strategy. We demonstrated an innovative workflow using a mass spectrometry 

cleavable reagent for the first time in this research area. We believe this method can be routinely 

applicable to decode N-terminal heterogeneity of antibody-based drugs, as well as pinpointing 

and profiling system-level protease activities. We will not claim that this is fully optimized yet 

but our large-scale results in E. coli clearly demonstrate the power of this approach. Although we 

utilized common practice, such as guanidination to block lysines, further improvement in this 

area will reduce false positive identifications significantly. Further large-scale application with 
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this strategy is still under development with the ongoing focus being on the optimization of 

enrichment and LC-MS acquisition methods for identifying new proteolytic substrates to 

improve our understanding of proteolytic mechanisms in normal and diseased biological 

systems. 
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Figure 1. (a) Fragmentation of PFP-Rink-biotin-labeled N-terminal peptide: Under CID 

fragmentation, the PFP-Rink-biotin-coupled N-terminal peptide produces signature ion (m/z 

569.24) and complementary fragment in high abundance in MS2 spectrum; (b) Workflow of PFP-

Rink-biotin-based enrichment and identification of protein N-terminus: Following cell lysis, 

proteins are denatured and guanidinated to block primary amines of lysine. N-terminal primary 

amines are then labeled by PFP-Rink-biotin followed by the removal of excess reagent and 

enzymatic digestion. After which the N-terminal peptides are selectively enriched by biotin-

avidin affinity interaction and analyzed by LC-MSn for N-terminus identification using 

bioinformatic approach. 
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Figure 2. Identification of the labeled standard protein N-terminus by MSn analysis: (a) MS2 and 

MS3 spectra of lysozyme N-terminus; (b) MS2 and MS3 spectra of ubiquitin N-terminus; (c) MS2 

and MS3 spectra of β-lactoglobulin N-terminus. In all cases, the signature ion (SI) and 

complementary fragments are generated in high relative abundances which facilitate the 

identification of N-terminus labeling and subsequent MS3 N-terminal sequencing. 
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Figure 3. Bioinformatic approach for the validation of PFP-Rink-biotin labeled protein N-

terminus. MS2 spectra are converted to mgf format and MS3 scans are converted to mzml format 

and searched in MS-GF+ to identify N-terminal peptides. During the validation of the identified 

peptides, each MS2 spectrum containing m/z 569.2 ± 1.0 with higher than 20% relative intensity 

is matched with corresponding MS3 scan of the identified peptide for validating the scan number 

and ensuring the MS3 precursor ion is in the MS2 spectrum, followed by the validation of 

precursor in the MS1 to be within ± 1 Da of the calculated mass of (Precursor*Charge + 

569.2+1.0078) / (Charge+1).   
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Figure 4. Identification of labeled E. coli purine nucleoside phosphorylase DeoD-type protein N-

terminus by MSn analysis. The generation of high-abundance signature ion and complementary 

fragment is consistent, with the high-confidence identification of the N-terminal peptide 

sequence by MS3 fragmentation. 
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Figure 5. N-terminal sequence motifs and amino acid frequencies for the identified E. coli 

protein N-terminus: (a) Frequency of five N-terminal amino acids for identified N-terminal 

sequences with initiating Met intact; (b) Frequency of four N-terminal amino acids for identified 

N-terminal sequences with initiating Met removed; (c) Summary of the penultimate amino acids 

in the identified sequences (1st amino acids for Met removed sequences and 2nd amino acids for 

Met intact sequences) 
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Table 1. 42 unique protein N-terminus identified from E. coli cells 

Number N-terminal Peptidea Protein name 
1 mARYFRRRKGFCcR 30S ribosomal protein S18 
2 mELKGKGLmGHISIIPDYR H repeat-associated putative transposase YdcC 
3 mFKGRRYVTLLPLFVLLAACcSSKG Membrane-bound lytic murein transglycosylase B 
4 mKGDKGVYKG Dihydroneopterin triphosphate diphosphatase 
5 mNTEATHDQNEALTTGARLR Cytoskeleton protein RodZ 
6 mRVNLLITmIIFALIWPVTALR Fimbria adhesin EcpD 
7 mSGFFQRLFGKG Uncharacterized protein YjfK 
8 MAKGAPIRARKGRVRKG 30S ribosomal protein S11 
9 MENFKGHLPEPFR Tryptophanase 

10 METTQTSTIASKGDSR Serine transporter 
11 MHPMLNIAVR Inositol-1-monophosphatase 
12 MNDSEFHR Iron-sulfur cluster assembly protein CyaY 
13 MNFEGKGIALVTGASR 3-oxoacyl-[acyl-carrier-protein] reductase FabG 
14 MNLHEYQAKG Succinate--CoA ligase [ADP-forming] subunit beta 
15 MQGSVTEFLKGPR DNA-directed RNA polymerase subunit alpha 
16 MQLNSTEISELIKGQR ATP synthase subunit alpha 
17 MSIVVKG Anaerobic nitric oxide reductase flavorubredoxin 
18 MTDMNILDLFLKG Tol-Pal system protein TolQ 
19 MVSNASALGR Succinate dehydrogenase hydrophobic membrane anchor subunit 
20 MYVVSTKG D-tagatose-1,6-bisphosphate aldolase subunit GatY 
21 GFTTR D-allose transport system permease protein AlsC 
22 GIFSR Phage shock protein A 
23 HSLQR Formyltetrahydrofolate deformylase 
24 SKGIVKG Enolase 
25 AAKGDVKG 60 kDa chaperonin 
26 AKGGQSLQDPFLNALR RNA-binding protein Hfq 
27 ALNLQDKGQAIVAEVSEVAKG 50S ribosomal protein L10 
28 AQQTPLYEQHTLCcGAR Aminomethyltransferase 
29 ASENMTPQDYIGHHLNNLQLDLR ATP synthase subunit a 
30 ATPHINAEMGDFADVVLMPGDPLR Purine nucleoside phosphorylase DeoD-type 
31 ATVSMR 30S ribosomal protein S2 
32 CcGIVGAIAQR Glutamine--fructose-6-phosphate aminotransferase [isomerizing] 
33 LYIDKGATILKGFDLEmLKGKG Protein HdeD 
34 mVQHLKGRRPLSRYLKGDFKG Regulator of sigma S factor FliZ 
35 SKGEHTTEHLR Uncharacterized protein YqjD 
36 SKGIFEDNSLTIGHTPLVR Cysteine synthase A 
37 SLINTKG Alkyl hydroperoxide reductase C 
38 SLSTEATAKG 30S ribosomal protein S15 
39 STEIKGTQVVVLGAGPAGYSAAFR Dihydrolipoyl dehydrogenase 
40 TDKGLTSLR Transaldolase B 
41 TKGPYVR Probable hydrolase YcaC 
42 TMNITSKGQMEITPAIR Ribosome-associated inhibitor A 

aAll N-terminus identified are labeled by PFP-biotin with a 99.03 mass addition, ‘m’ represents oxidized 

methionine, ‘KG’ represents guanidinated lysine and ‘Cc’ represents carbamidomethylated cysteine 
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Materials and Methods 

Materials and Reagents 

Ubiquitin of bovine erythrocytes, lysozyme of chicken and β-lactoglobulin of bovine milk, 

ammonium bicarbonate, sodium bicarbonate, dimethyl sulfoxide (DMSO), trifluoroacetic acid 

(TFA), chloroform and guanidine hydrochloride were purchased from Sigma-Aldrich (MO). O-

methylisourea sulfate was from TCI America (OR). Iodoacetamide (IAM), methanol, acetonitrile 

(ACN) were obtained from VWR (PA). Formic acid (FA), 3K MWCO protein concentrators, 

monomeric avidin and streptavidin agarose resins were obtained from Thermo Scientific (IL). 

Dithiothreitol (DTT) was acquired BioRad (CA), trypsin was from Promega (WI) and 

endoproteinase GluC was from New England Biolabs (MA). 1,1,1,3,3,3-hexafluoroisopropanol 

(HFIP) was from Oakwood Chemical (SC). Bacterial cell lysis kit was acquired from Goldbio 

(MO). Synthesis of PFP-Rink-biotin was prepared as we previously reported47 and shown in 

Supplemental Scheme-S1. An Aries Filterworks (NJ) water system supplies all the high purity 

water used for preparing aqueous solutions.  

Enrichment and identification of standard protein N-terminus 

Preliminary experiment of labeling and enriching protein N-terminus was investigated for 

identifying the N-terminus of ubiquitin, lysozyme and β-lactoglobulin proteins. First, 

guanidination procedure was performed as previously described to block ε-amines of these 

proteins38. Briefly, O-methylisourea sulfate was dissolved in water and mixed with 1 mM, 5 μL 

of standard proteins. pH of the reaction solution was adjusted to between 10-11 with the addition 

of NaOH and then incubated at 65˚C for 30 min. After guanidination, pH of the protein samples 

was adjusted to around 7. PFP-rink-biotin was dissolved in DMSO and added to the guanidinated 



23 
 

proteins to a final concentration of 2.5 mM. The α-amine labeling reaction was proceeded for 2 

hours at 37 ˚C. The excess PFP-Rink-biotin was quenched by adding Tris-HCl buffer to a final 

concentration of 20 mM and removed by either 3K MWCO48 or methanol-chloroform 

precipitation37,49, followed by the disulfide cleavages with DTT and alkylation with IAM in dark. 

After the labeling, sample was digested either with trypsin or GluC (1:50 w/w) overnight in 50 

mM ammonium bicarbonate. The sample was re-concentrated by removing the solvent and 

reconstituted in pH 7.4 PBS buffer, followed by mixing with monomeric avidin resins for 1 h 

under room temperature. After peptide binding, the resins were washed extensively with PBS 

and ultrapure water sequentially to remove the non-binding peptides. Once done with the 

washing steps, the beads were incubated with the elution buffer ACN/H2O/TFA (50/50/0.4, 

v/v/v) for 1 h at room temperature. Supernatant was separated from the beads by centrifugation, 

and was subsequently evaporated, desalted and reconstituted in 0.1% FA for LC-MSn analysis. 

Enrichment and identification of proteolytic products from E. coli cell lysate 

The Escherichia. coli (E. coli) top 10 cell was a gift from Dr. Shawn Christensen’s lab. Cell lysis 

was performed with bacterial cell lysis kit according to manufacturer’s manual and the protein 

concentration was measured with bicinchoninic acid assay using BSA standards. Aliquots of E. 

coli cell lysate were dissolved with 6 M guanidine hydrochloride containing 50 mM sodium 

bicarbonate. Followed by reaction with 4 mM DTT and then alkylation with 12 mM IAM in 

dark. Alkylation reaction was quenched by 4 mM DTT solution followed by guanidination 

reaction at 4 °C for 24 h as previously reported (after adjusting to pH 10-11)18. Proteins were 

then purified by methanol-chloroform method, reconstituted in PBS (pH 7.4) and reacted with 4 

mM PFP-Rink-biotin for 2 h at 37 ˚C. After the reaction, excess PFP-Rink-biotin was quenched 

by adding Tris-HCl buffer and removed by methanol-chloroform purification. The samples were 
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subjected to digestion with trypsin (1:50, w/w) overnight. The samples were then reconstituted in 

PBS buffer and then with mixing with PBS pre-washed streptavidin agarose beads for 1 h at 

room temperature. After peptide binding, the filtrate is removed, and the beads were washed 

extensively and sequentially with PBS and ultrapure water to remove the non-binding peptides. 

Once done with the washing steps, the beads were incubated with the elution buffer HFIP for 5 

min at RT40. The filtrate was retained, evaporated, desalted and reconstituted in 0.1% FA for LC-

MSn analysis. 

LC-MSn analysis 

All samples were analyzed in a Dionex UltiMate 3000 nano-UHPLC system hyphened with a 

nano-ESI-linear ion trap (LIT) Thermo Velos Pro mass spectrometer (Thermo Fisher Scientific, 

Waltham, MA). For standard protein enriched samples, Acclaim PepMap C18 column (150 mm 

× 75 μm, 3 μm) was used for the LC separation with a 90 min gradient (mobile phase A: 0.1% 

FA in water; mobile phase B: 0.1% FA in 95% acetonitrile, 5% water; flow rate: 0.300 μL/min; 

90 min gradient: 0–3 min 4.0% B, 3–80 min 4.0–50.0% B, 80–80.1 min 50–95% B, 80.1–85 min 

95% B, 85–85.1 min 95–4% B, 85.1–90 min 4% B). Source voltage was 2.20 kV and capillary 

temperature was set to 275 °C. MS data was obtained from 300 to 2000 m/z mass range. Data-

dependent MS/MS spectra were collected for the 10 most abundant precursor ions in each MS 

scan upon fragmentation (charge state ≥2; isolated width of 2 Da; min signal required: 200) 

using CID activation with 35.0% normalized collision energy, activation Q of 0.25, and 

activation time of 30 ms. For MS3 data-dependent acquisition, precursor mass range was set 

according to the mass range of the analyte and MS3 spectra were collected from the top 2 most 

abundant precursor ions upon fragmentation (charge state ≥ 2; isolated width of 2 Da; min signal 
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required: 50) using CID. The activation was set with 45.0% normalized collision energy, 

activation Q of 0.25, and activation time of 30 ms. 

For E. coli enriched samples, Acclaim PepMap C18 column (500 mm × 75 μm, 3 μm) was used 

for the LC separation with same mobile phases as above with a flow rate of 0.200 μL/min in two 

separate gradient separations (Gradient 1: 0–5 min 4.0%B, 5–6 min 4.0–20.0% B, 6–145 min 

20–70% B, 145–146 min 70-95% B, 146–150 min 95% B, 150–151 min 95-4% B, 151–170 min 

4% B; Gradient 2: 0–4 min 4.0%B, 4–120 min 4.0–50.0% B, 120–145 min 50–80% B, 145–

145.1 min 80-95% B, 145.1–150 min 95% B, 150–151 min 95-4% B, 151–170 min 4% B). 

Source voltage was 2.00 kV and capillary temperature was set to 275 °C. MS data was obtained 

from 400 to 2000 m/z mass range in rapid scanning mode. Data-dependent MS/MS spectra were 

collected for the 5 most abundant precursor ions in each MS scan upon fragmentation (charge 

state ≥ 2; isolated width of 2 Da; min signal required: 10000) using CID activation with 35.0% 

normalized collision energy, activation Q of 0.25, and activation time of 10 ms. Top 2 ions 

(excluding m/z 569.2) in each MS2 spectrum were selected for MS3 data-dependent acquisition 

(charge state ≥ 2; isolated width of 2 Da; min signal required: 500) using CID activation of 

45.0% normalized collision energy, activation Q of 0.25, and activation time of 10 ms. 

MS data analysis  

The MS raw files were converted to MGF format and mzML format (only MS3 spectra) in 

Proteome Discoverer 2.1. MGF files were imported to in-house Java software NTermFinder to 

scan for SI (m/z 569.2) at ± 1 Da mass threshold for all the MS scans. MS3 mzML file was 

analyzed in MS-GF+ against respective databases with the parameter settings as follow50,51: 

static modification of cysteine carbamidomethylation (+57.02146 Da) and lysine guanidination 

(+42.021798 Da); Variable modification of methionine oxidation (+15.99492 Da). Additional 
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variable modifications from reagent labeling of protein N-terminus (+99.032027 Da) and 

methionine-removed protein N-terminus (-32.007458 Da) were added. The MS-GF+ identified 

PSMs were validated by NTermFinder based on the SI intensity, scan number, the m/z 

correlations among the SI, complementary fragment, and precursors as described in more details 

in discussion. 
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