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Abstract

N-terminal acetylation (NTA) is a post-transcriptional modification of proteins that is conserved 

from bacteria to humans. In bacteria, the enzymes that mediate protein NTA also promote 

antimicrobial resistance. In pathogenic mycobacteria, which cause human tuberculosis and other 

chronic infections, NTA has been linked to pathogenesis and stress response, yet the fundamental 

biology underlying NTA of mycobacterial proteins remains unclear. We enriched, defined, and 

quantified the NT-acetylated populations of both cell-associated and secreted proteins from both 

the human pathogen, Mycobacterium tuberculosis, and the nontuberculous opportunistic pathogen, 

Mycobacterium marinum. We used a parallel N-terminal enrichment strategy from proteolytic 
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digests coupled to charge-based selection and stable isotope ratio mass spectrometry. We show that 

NTA of the mycobacterial proteome is abundant, diverse, and primarily on Thr residues, which is 

unique compared with other bacteria. We isolated both the acetylated and unacetylated forms of 

256 proteins, indicating that NTA of mycobacterial proteins is homeostatic. We identified 16 

mycobacterial proteins with differential levels of NTA on the cytoplasmic and secreted forms, 

linking protein modification and localization. Our findings reveal novel biology underlying the 

NTA of mycobacterial proteins, which may provide a basis to understand NTA in mycobacterial 

physiology, pathogenesis, and antimicrobial resistance.

Graphical Abstract:

Keywords

N-terminal acetylation; tuberculosis; N-terminomics; N-terminal enrichment; bacterial proteomics; 
mycobacteria

Thompson et al. Page 2

J Proteome Res. Author manuscript; available in PMC 2018 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION

N-terminal acetylation (NTA) is addition of an acyl group to the free α-amino group of the 

terminal amino acid of a polypeptide. This is predominately catalyzed by N-acetyl 

transferases (NATs) with acetyl Co-A as the acetyl donor.1 NTA is distinct from ε-amino 

acetylation of lysine residues.1 NTA of proteins in higher organisms is abundant. In yeast 

and humans, NTA occurs on 70 and 90% of the observable N-terminal proteome, 

respectively.2–5 Although the precise role of NTA remains unknown, NTA has been linked to 

mediating protein interactions, turnover, stability, and localization.6–9 NTA has been 

reported at a lower extent in bacterial proteomes. Studies of NTA in bacteria initially 

suggested that NTA was limited to ribosomal proteins.10–14 Recently, more comprehensive 

studies in bacteria have vastly extended the number and categories of proteins with NTA. 

Importantly, NTA occurs on ~10% of detected proteins, or ~3% of the entire predicted 

proteome, in the three pathogens, Acinetobacter baummanii, Pseudomonas aeruginosa, and 

Escherichia coli.15–19

Mycobacterium tuberculosis (M. tb) is the causative agent of the human disease tuberculosis 

(TB).20 TB is the leading cause of death by an infectious disease, killing more than 1.7 

million people globally in 2016.21,22 In addition to mycobacterial species that cause TB, 

there are several nontuberculous mycobacteria (NTM) that are an emerging health threat.
23,24 Mycobacterium marinum is an NTM and an opportunistic human pathogen and an 

established model for studying M. tb pathogenesis.25–29 A large-scale, shotgun 

proteogenomic approach aimed at improving genomic annotation reported NTA of proteins 

in the H37Rv laboratory strain of M. tb.30 However, a focused analysis and method for NT-

acetylated proteins was not performed.

Whereas the major function of NTA of bacterial proteomes remains unclear, NTA and the 

NATs that mediate this modification have been linked to several critical processes in 

mycobacteria. In addition to proteins, NATs acetylate antimicrobial drugs, including 

aminoglycosides, which often leads to antimicrobial resistance.31,32 For example, the 

AAC(6′)-ly NAT, which is conserved in Salmonella and Mycobacterium, is capable of both 

protein N-α acetylation and acetylation of antibiotics.31 Moreover, NAT activity is essential 

for the formation of mycothiol, a glutathione-like molecule produced by mycobacteria that 

maintains redox state in the cytosol and detoxifies cells during oxidative stress.32,33 We and 

others have reported NTA of virulence factors secreted by ESX systems,30,34–41 which 

promote the survival of the bacteria within host macrophages.42–46

Despite the reports of NTA in mycobacteria, the extent to which the homeostasis of 

acetylated proteins influences antibiotic acetylation, detoxification, and pathogenesis is 

unknown. As such, a quantitative census of NTA in mycobacteria is essential to 

understanding its role in cellular physiology and pathogenesis. Moreover, understanding 

NTA of mycobacterial proteins will enable characterization of drug resistance mechanisms.

There are several challenges to understanding the fundamental biology underlying NTA. The 

occurrence of NTA cannot be predicted based on the amino acid sequence of a protein. 

Therefore, the measurement of protein N-termini is required to define the scope of NTA in 
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proteomes.47–51 Direct measurement of protein N-termini through “N-terminomic 

strategies” has been applied to bottom-up and top-down proteomics approaches.49–52 In 

bottom-up approaches, the presence of internal neo-peptides, which result from cleavage by 

proteases including trypsin, cause N-termini to be relatively underrepresented. The low 

representation of N-termini in bottom-up proteomes makes identification and analysis of N-

termini challenging. Top-down strategies are not routine and are less sensitive than peptide-

based approaches.53

N-terminal enrichment strategies increase the relative proportion of the natural N-termini in 

a proteome. These methods for intact or digested proteins can be generally categorized into 

either positive or negative enrichment. Positive enrichment methods typically biochemically 

enrich N-termini by selective affinity or capture of N-terminal peptides. Negative enrichment 

techniques deplete unmodified N-termini and neo-peptides.48,54 COmbined FRactional 

DIagonal Chromatography (COFRADIC), a negative enrichment approach, has 

distinguished N-termini in higher organisms by using orthogonal reverse-phase 

chromatography, followed by LC−MS/MS analysis of enriched peptide fractions.55 In 

general, enrichment is achieved by chemically blocking protein N-termini, digesting the 

proteomes into peptides, and depleting the neo-peptides, which contain a new (neo) free 

primary amine.55–60 Identification is performed by nano-UHPLC−MS/MS.35,40 N-terminal 

enrichment strategies have not been applied to mycobacterial proteins or secreted protein 

populations.

We developed a novel one-pot filter-aided sample prep (FASP) for quantitative N-terminal 

enrichment, followed by mass spectrometry. We applied this approach to the cytosolic and 

secreted proteomes of both M. marinum and M. tb. We present the first large-scale 

quantitative and comparative study of NTA in Mycobacterium. We partially validated by 

comparing them against the large-scale mycobacterial proteome of Kelkar et al.30 Using our 

data, combined with published literature, we generated commonly found amino acids at 

protein N-termini for NTA and functional classification of NTA mycobacterial proteins. We 

defined the ratios of partially acetylated proteins across cellular compartments linking 

differential acetylation to protein localization. Our findings reveal novel biology underlying 

the NTA of mycobacterial proteins that may provide a basis to understand NTA in 

mycobacterial physiology, pathogenesis, and antimicrobial resistance.

EXPERIMENTAL PROCEDURES

Chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.

Growth of Mycobacterium

M. marinum M strain was acquired from ATCC (BAA-535) and maintained in at 30 °C in 

Middlebrook 7H9 broth (Sigma-Aldrich, St. Louis, MO) with 0.5% glycerol and 0.1% 

Tween-80 as previously described.61 M. tb Erdman (Gift of Jeffery S. Cox) was maintained 

in 7H9 with the addition of 10% oleic albumin dextrose catalase (OADC, BD Biosciences), 

0.5% Tween-80, and 0.5% glycerol and grown at 37 °C as previously described.35
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Generation of Mycobacterial Protein Fractions

Secreted and cell-associated protein fractions from Mycobacterium were prepared as 

previously described.35,61 In brief, M. marinum and M. tb were grown under conditions 

permissive for ESX-1-mediated protein secretion. Following growth, bacterial cells were 

harvested by centrifugation. Culture supernatants were isolated by filtration and 

concentrated. Protein concentrations were determined using the MicroBCA kit (Pierce) 

according to the manufacturer’s instructions.

Synthesis of N-Acetoxy-D3-succinamide/N-Acetoxy-succinamide

N-Acetoxy-D3/H3-succinamide was synthesized as described by Staes et al.57 In brief, 1 g of 

D6 acetic anhydride (9 mmol) was incubated with 350 mg (3 mmol) of N-

hydroxysuccinimide with stirring overnight. The reaction was then stirred for an additional 8 

h uncovered, purified, and dried by rotary vacuum and six exchanges with 3 mL of n-

hexanes (Sigma-Aldrich). After desiccation, activity was measured by alkylation of leu-

enkephalin (YGGFL) and measured on a MALDI-MS (data not shown). Purity was 

estimated at >95% by mass.

Filter-Aided Sample Preparation Compatible Protein Digestion

500 μg of M. marinum and M. tb protein preparations (cell associated and secreted) were 

acetone or methanol−chloroform precipitated as previously described.62 N-terminal 

enrichment was performed using a protocol modified from Staes et al.57 Precipitated 

proteins were resuspended and solubilized with a 1:2 ratio of 0.4% SDS and 100 mM DTT 

in 100 mM triethylammonium bicarbonate (TEAB), incubated at 95 °C for 5 min, and 

cooled for 3 min on ice. The denatured and reduced protein fractions were loaded onto a 10 

000 molecular weight cutoff (MWCO) Amicon filter (Millipore, Billerica, MA) and washed 

twice by the addition of 200 μL of 8 M urea in 100 mM TEAB with centrifugation. 

Cysteines were alkylated by adding 200 μL of 50 mM iodoacetamide in urea/TEAB for 5 

min in the dark, followed by centrifugation. Free primary amines, lysines, and unblocked N-

termini were acetylated directly in the concentrator by incubation of the prepared proteins 

with 10 mM N-acetoxy-D3-succinamide (final) dissolved in acetonitrile (ACN), then diluted 

(1:1) with 500 mM TEAB/5% isopropanol at room temperature for 1 h with gentle rotation. 

An additional 10 mM N-acetoxy-D3-succinamide was added for a second 1 h of incubation 

at room temperature with gentle rotation. The acetylation reaction was quenched by the 

addition of 40 μL of 1 M glycine for 10 min and then treated with 40 mM hydroxylamine for 

10 min at 30 °C, followed by two spin-washes with 50 mM ammonium bicarbonate. Trypsin 

or GluC (Promega, Madison, WI) was added at a protease to substrate ratio of 1:100, and 

digestion proceeded overnight at 37 °C. Trypsin cleaves after Lys and Arg. GluC cleaves 

after Glu under these conditions. Digestions were terminated with phenyl−methyl sulfonyl 

fluoride (PMSF) to a final concentration of 1 mM and allowed to stand for 60 min at room 

temperature to inhibit the protease and eliminate the PMSF from the solution through 

hydrolysis.63
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Removal of Pyroglutamate N-Termini

Acidic peptide termini can chemically modify into N-terminal pyroglutamic acid following 

digestion. Neo N-terminal Glu and Gln residues cyclize, forming a lactam. Pyro-Glu and 

Gln → Pyro-Glu (via deamination) therefore reduce the charge on the N-terminus of a 

peptide, which results in elution on cation-exchange, comingling with protein N-termini. To 

reduce this effect, cyclized amino acids were removed using the pGAPase/Qcyclase 

treatment as described in Staes et al.57 pGAPase was purified using the Tagzyme kit 

(Qiagen, Valencia, CA57), and 625 mU was activated by adding 1 μL of 800 mM NaCl, 1 μL 

of 500 mM EDTA, and freshly prepared cysteamine to a final concentration of 3 mM and 

incubating at 37 °C for 10 min. Qcyclase (1250 mU) and activated pGAPase were then 

added to the filtration concentrator and incubated at 37 °C for 1 h. Peptides were 

subsequently eluted from the filtration concentrator by centrifugation with a second 

extraction using ~150 μL of 500 mM NaCl. Samples were desalted using a C18 50 mg solid-

phase extraction (SPE) cartridge (Waters, Milford, MA) and dried in a Speed Vac.

Fractionation of Peptides for N-Terminal Peptide Enrichment

For trypsin and GluC derived peptides, strong-cation exchange (SCX) and strong-anion 

exchange (SAX) were employed, respectively.

SCX.—Peptides were resuspended in 0.5 mL of 0.08% TFA at pH 3.0 and then diluted 1:1 

with acetonitrile. Peptides were fractionated on a 50 mg SCX SPE (Phenomenex). The 

column was equilibrated with three column volumes of 10 mM NaPO4 pH 3.0 in 50% ACN. 

The sample was loaded onto the column, and the flow-through fraction was collected. 

Additional washes with 10 mM NaPO4 pH 3.0 in 50% ACN were collected, resulting in a 

final volume of 5 mL. The column was eluted using three column volumes of 5% NH4OH. 

Flow-through fractions (containing enriched N-termini) were desalted using C18 spin 

columns per the manufacturer’s instructions (Protea, Morgantown, WV). Eluted fractions 

were desalted using C18 1 mL−50 mg SPE columns. All samples were then prepared for LC

−MS/MS analysis.

SAX.—Peptides were resuspended in 1 mL of 30% ACN and 20 mM Tris pH 8.0. The 

column was equilibrated with the same solution using three column volumes, and the sample 

was loaded onto the column. The column was washed with the same solution, and flow-

through fractions were collected. Peptides were eluted using stepwise salt additions of three 

column volumes of 20, 100, and 500 mM NaCl in 20 mM Tris pH 8.0 to collect N-terminal 

enriched fractions. Fractions were desalted using C18 spin columns according to the 

manufacturer’s instructions (Protea, Morgantown, WV) and then dried prior to LC−MS/MS 

analysis.

Mass Spectrometry

Desalted digests of enriched and depleted fractions were analyzed by bottom-up LC

−MS/MS essentially, as described in Williams et al.61 In brief, peptides corresponding to ~1 

μg of digest were loaded onto C18 BEH column 100 μm × 100 mm (Waters, Billerica, MA) 

and separated over a 90−120 min gradient from 5 to 35% aqueous (A) to organic (B) phase 

(A = H2O + 0.1% formic acid; B = acetonitrile + 0.1% formic acid) running at 800 nL/min. 
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The column outlet was directly connected to an electrospray emitter, and MS and MS/MS 

data were acquired on an LTQ Velos Orbitrap FTMS instrument (Thermo, San Jose, CA) 

(three technical replicates, first biological replicate) or Q-Exactive HF FTMS instrument 

(three technical replicates, second biological replicate). The LTQ Velos Orbitrap acquired a 

TOP12 data-dependent acquisition (DDA); the Q-Exactive was acquired in TOP18 DDA 

mode.

Data Analysis

RAW data files were converted to Mascot Generic Format (.mgf) peak lists using Proteome 

Discoverer v 1.4 (Thermo). mgf peak lists were searched using Protein Pilot running the 

Paragon algorithm (V5.0) in Rapid and Thorough mode with trideuteroacetylation 

“predigestion” and acetylation emphasis as a special factor.64 FASTA files of M. marinum 
and M. tb were downloaded from MarinoList (release 22/2010) and Tuber-culist (release 

2.6/2013) as of 01–2018.65 A list of common contaminants was appended to each FASTA 

prior to search (concatenated FASTA = 13 728 proteins 27 456 w/decoy). False discovery 

rates (FDRs) were determined using the target-decoy method of Elias et al.66 Cutoff for all 

data interpreted was at an FDR = 0.01 or better. Processed and RAW data are available at 

MassIVE at accession number MSV000081168 (ftp://massive.ucsd.edu/MSV000081168).

Bioinformatics

Peptides used for N-terminal analysis were identified by sorting by modification and 

comparing N-termini manually to the canonical N-terminus of the respective protein. N-

termini spectra were inspected using Qual Browser (Thermo). IceLogo, an open-source 

software for the analysis and visualization of consensus patterns in peptide sequences, was 

used to analyze N-terminal motifs (http://iomics.ugent.be/icelogoserver/index.html).67 The 

N-terminal sampling method with a p-value cutoff of 0.05 was used. This method compared 

the first six amino acids in context to the canonical proteome. For the reference sets, UniProt 

(uniprot.org) canonical proteomes for the respective organisms were obtained and uploaded 

to IceLogo. Venn diagrams were calculated using the Venn Diagram Generator from the 

Whitehead Institute (http://jura.wi.mit.edu/bioc/tools/venn.php).

Experimental Design and Statistical Rationale

For M. tb, three biological replicates were analyzed in technical duplicate. One additional 

data set had poor overall spectral density and was discarded, although it was “searched”. For 

M. marinum, three biological replicates were analyzed in technical duplicate. All data sets 

were filtered at a 1% FDR as per the method of Elias et al.66 Replicate data sets for samples 

digested with trypsin or GluC were combined for each search (by species of mycobacteria), 

generating an aggregate FDR of 1%. This approach reduces cumulative false discovery 

events for low-frequency peptide hits with less spectral evidence (high local FDR %). 

Peptides fewer than six amino acids were not considered for N-terminal peptide analysis. 

Because of quantitative enrichment, spectral redundancy is high (Table 1). We also subjected 

the “discarded” neo-peptide fractions to LC−MS/MS analysis because they contain 

unenriched N-termini, and the remaining tryptic peptides provide additional statistical 

weight to confirm peptide spectral match (PSM) for proteins. Percent acetylation was 

performed as described below; error was calculated as the average of the protein error 
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determined by label-free-quantification (LFQ)61 plus a correction for average isotope 

overlap from heavy into light, which we averaged at 10%. This was determined using the 

modal peptide length (~12 aa) and calculating the isotopic contribution for Averagine 

(C4.94H7.76N1⋅36O1.15S0.04). For large peptides >18 aa, we integrated the first isotope peak 

for light and heavy to minimize this contribution to <5%.

RESULTS AND DISCUSSION

Development of a Filter-Aided Sample Preparation Compatible Approach To Enrich and 
Quantify NTA

We sought to enrich and quantify the modification of mycobacterial protein N-termini as a 

necessary first step in understanding NTA in mycobacteria. Although powerful approaches 

exist to interrogate large swaths of a proteome on an LC−MS/MS time scale, these methods 

favor protein identification, rather than specific detection of a type of polypeptide, like 

protein N-termini.35 We developed a simplified workflow for the enrichment and 

quantification of mycobacterial protein N-termini (Figure 1) by adapting existing N-terminal 

enrichment protocols.57 We condensed the enrichment of protein N-termini to a single filter-

aided sample preparation (FASP) method. Samples were prepared for MS analysis, as 

outlined in Figure 1. Because the majority of reported NT-acetylated mycobacterial proteins 

are secreted virulence factors, we analyzed both secreted and cell-associated protein 

fractions from M. tb Erdman and M. marinum M for NTA (Figure 1a). The protein fractions 

were denatured and reduced, then alkylated in a 10 000 MWCO filter unit. Primary amines 

on unacetylated protein N-termini and Lys side chains were acetylated with an N-acetoxy-

D3-succinamide (D3Ac, Figure 1b). This step allowed us to distinguish between chemical 

and in vivo acetylation (i.e., “exogenous” vs “endogenous” labeling). Acetylated Lys 

residues prevent cleavage by trypsin, which reduces the number of tryptic sites at the N-

terminus, improving coverage.

The choice of enzymes limits the scope of most global and enriched proteomes. Trypsin is 

the preferred protease for the majority of bottom-up proteomics due to its high kcat, 

specificity, and suitability for mass spectrometry. In silico analysis of the canonical M. tb 
Erdman proteome revealed that 48% of proteins contain an Arg residue within the first 11 aa 

(Figure S-1). The abundance of Arg residues at the N-terminus of mycobacterial proteins 

produces small N-terminal peptides following digestion with trypsin that are difficult to 

correlate to a single protein identification.35,68,69 Published bacterial NTA studies do not 

address this problem.15–19 We reasoned that using a separate protease with different 

specificity from trypsin would promote the resolution of additional protein N-termini.68 To 

this end, we screened several proteases in silico for their cleavage specificity at 

mycobacterial protein N-termini. We determined that GluC protease, which cleaves after Glu 

and Asp residues, could allow detection of an additional 30% of the canonical N-terminal 

proteome unobservable from a trypsin digest alone. Therefore, the blocked proteins were 

digested with trypsin or GluC proteases separately to maximize representation of the N-

terminal mycobacterial proteome. GluC also has the advantage of minimizing N-terminal 

cyclization (e.g., pyro-glutamic acid formation), potentially reducing the necessity for 

pGAPase/Qcyclase treatment. GluC cleaves C-terminal to Glu and Asp residues. Glu 
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residues will not be present at exposed N-termini and therefore cannot cyclize. Pyro-

glutamic formation remains a concern for Gln residues.

The digested peptides were desalted and termini-enriched on SCX or SAX solid-phase 

extraction for trypsin or GluC digests, respectively (Figure 1c). SCX and SAX separate 

neopeptides (+NH3) from blocked peptides (i.e., all N-termini). Because of improvements in 

instrument performance and the relatively simplified proteomes of microbes, enriched 

peptide fractions were subjected to a single dimension of nano-UHPLC−MS/MS, identified 

by target-decoy database search, and aligned.70 “Light” (H3Ac) to “Heavy” (D3Ac) ratios of 

N-terminally labeled peptides were quantified to derive the proportion of endogenous 

protein acetylation (Figure 1d).

Enrichment of Protein N-Termini in M. tb

We analyzed our data to determine the representation of the mycobacterial proteomes and 

the enrichment for protein N-termini in our resulting fractions. Our findings are presented as 

Table 1 and Figure 2. We identified 1910 proteins from M. tb Erdman (1% FDR, Table 1), 

which corresponds to 45.2% of the canonical proteome (Figure 2, left). Of the detected M. tb 
proteome, 498 nonredundant protein identifications (IDs) were made from N-terminal 

peptides (N-terminal peptide ID, Table 1). On the basis of these data, we detected at least 

11.8% of the canonical N-termini in M. tb (Figure 2, left). 26% of identified proteins had 

assignable termini. N-termini comprised 25% of the enriched peptide fractions in SCX as 

compared to 4.8% in the unenriched peptide fraction. For SAX, N-termini constituted 11.8% 

of the enriched peptide fractions as compared with 4% in the unenriched peptide fraction. 

From these data, we conclude that we successfully developed a one pot protocol to 

positively enrich protein N-termini from M. tb proteomes.

We identified 211 proteins from M. tb that were endogenously N-terminally acetylated 

(Table 1, Supplemental Table 1). Thus 42.3% of the observed N-terminal proteome 

(211/498) and 11% of the observed total proteome (211/1910 proteins) were N-terminally 

acetylated under the conditions tested for M. tb. Acetylation of mycobacterial proteins was 

measured on both the initiator methionine (iMet) and the second residue generated following 

iMet cleavage (Table 1). The N-terminally acetylated proteins, either on the iMet or on the 

second residue, are listed in Supplemental Table 1. From these data, we conclude that our 

protocol successfully enriched and identified N-terminally acetylated proteins from M. tb.

To validate our enrichment strategy, we compared our results with the proteome of M. tb 
H37Rv by Kelkar et al.30 (Figure S-2, Supplemental Table 2). They employed a shotgun 

proteogenomic approach and did not specifically enrich proteotypic N-termini. We extracted 

247 proteins with canonical NTA from the Kelkar et al. data set.30 We detected 86 of these 

proteins in our study. 122 of the proteins we identified were not found in the whole-

proteome approach. Thus neither approach has exhaustively identified NTA in M. tb. 

However, additional differences between our study and Kelkar et al. may have also 

contributed to differences in the detected NTA proteins. Specifically, the strain background 

and the growth conditions differed between the two studies. First, although both Erdman and 

H37Rv are widely used laboratory strains, Erdman is considered more virulent than H37Rv 

in relevant infection models. Second, we grew M. tb in Sauton’s media, under secretion 

Thompson et al. Page 9

J Proteome Res. Author manuscript; available in PMC 2018 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



permissive conditions, while Kelkar et al. grew M. tb in 7H9 for a defined period of time. 

Because we do not know the growth phase of the bacteria in both studies, we cannot rule out 

media or growth phase as factors contributing to the different NTA identifications. Together, 

our study and our analysis of the published findings from Kelkar et al.30 identified 368 N-

terminally acetylated proteins in M. tb (Figure S-2, Supplemental Table 2).

Comparative Analysis of NTA in M. tb and M. marinum

We identified 2375 proteins from M. marinum (1% FDR, Table 1), which corresponds to 

43.8% of the canonical proteome (Figure 2, right). 838 nonredundant protein identifications 

were made from N-terminal peptides (NT Peptide IDs, Table 1). We detected 15.5% of the 

canonical M. marinum protein N-termini. As in M. tb, we conclude that our method was 

successful in enriching protein N-termini from the M. marinum proteome (Figure 2).

Of the detected N-terminal peptides, 347 peptides from M. marinum were endogenously N-

terminally acetylated (Table 1, Supplemental Table 3). Thus, of the observed N-terminal 

proteome, 41.4% of detected N-termini (347/838) or 14.6% of the observed proteome 

(347/2375 proteins) were N-terminally acetylated in M. marinum under the conditions 

tested. As with M. tb, acetylation of M. marinum proteins was observed on both the iMet 

and the second residue following iMet cleavage (Table 1). The N-terminally acetylated 

proteins, either on the iMet or on the second residue, are listed in Supplemental Table 3 for 

M. marinum. From these data, we conclude that NTA of M. marinum proteins is similar in 

scope to M. tb.

To our knowledge, our study reports the first targeted enrichment of protein N-termini in 

mycobacteria. While several studies have focused on N-terminal enrichment for identifying 

NTA in bacteria,16,17 our approach is simpler and can be performed with modest 

investments in instrument time. We enriched termini approximately five-fold (by frequency) 

relative to the detected proteome (~90% by mass enrichment) with relatively low amounts of 

samples and instrument use. Moreover, our approach couples the high-efficiency digestion 

provided by spin-filter proteomics (FASP) with biochemical enrichment of protein termini. 

Here we dramatically decreased sample handling, cleanup, and fractionation steps, enabling 

a lysate-to-N-terminome generation in about 1 day. Moreover, using GluC in parallel with 

trypsin allowed us to observe an additional 5% of the total proteome that was not accessible 

with trypsin digestion. This represents 22% more termini identified using GluC with 18% 

additional NTAs identified. The use of multiple proteases increases the probability of 

identifying protein N-termini and is likely essential when using bottom-up proteomic 

approaches for N-terminal enrichment studies.

N-Terminally Acetylated Mycobacterial Proteins Are Functionally Diverse

We conducted functional analyses of the N-terminally acetylated protein populations we 

identified to gain insight into the role of NTA in mycobacteria. Functional annotation of the 

M. tb Erdman proteome is incomplete as compared with the more widely used laboratory 

strain, M. tb H37Rv (UniProt, uniprot.org; BioCyc, biocyc.org).71 Accordingly, we used the 

corresponding M. tb H37Rv orthologs of the NT-acetylated proteins we identified in the 
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Erdman proteome (Supplemental Table 1). Of the 211 N-terminally acetylated proteins we 

identified from M. tb, 208 (98.5%) had clear orthologs in the H37Rv strain.

We defined the functional categories of the M. tb N-terminally acetylated proteins based on 

the annotations listed in Mycobrowser (Figure 3, Supplemental Table 1). 67 of the NT-

acetylated proteins (31.8%) were categorized as intermediary metabolism and respiration 

(TCA). The large percentage of NT-acetylated proteins categorized as central metabolism is 

consistent with the scope of protein NTA identified in bacteria to date.16,17 We observed 

similar trends in M. marinum (Figure S-3). 41 were classified as conserved hypotheticals, 35 

as cell wall and cell processes, 26 as information pathways, 19 as lipid metabolism, 11 as 

virulence, detoxification, and adaptation, 5 as regulatory proteins, and 4 as PE/PPE proteins, 

and 3 were not assigned a category. In addition to those characterized as virulence, 

detoxification, and adaptation, many proteins we identified, including the PE/PPE proteins 

and several of those characterized as cell wall and cell wall processes, are also necessary for 

virulence.72–75 Together, our findings indicate that virulence proteins and those involved in 

metabolism likely represent the two largest categories of acetylated proteins we detected in 

pathogenic mycobacteria.

Our findings demonstrate that NTA spans broad functional distributions of mycobacterial 

proteins. Our measurements may be biased due to the generally high abundance of proteins 

required for growth.76 Indeed, proteins required for growth and protein synthesis are thought 

to have long half-lives in cells and NTA may promote protein stability.6,7 However, we 

propose that our findings likely reflect mycobacterial physiology. Consistent with previous 

reports of NTA, we identified a substantial number of secreted NT-acetylated virulence 

factors associated with the ESX-secretion systems.34,36–38 Our findings are consistent with 

functional analyses conducted on NT-acetylated proteomes from Pseudomonas and 

Acinetobacter, in which NT-acetylated proteins were involved in transcription, translation, 

amino acid biosynthesis, and central metabolism and pathogenesis.16,17

Specific Amino Acids Are Enriched at Acetylated Protein N-Termini

NATs catalyze NTA. The first six amino acids are sufficient for NAT activity in vitro,10,77 

indicating that substrate specificity may be prior to protein folding. We used IceLogo67 

analysis of the NT-acetylated peptides enriched from M. tb Erdman relative to the M. tb 
Erdman reference proteome (UniProt, UP000007568) to define if the first six amino acids 

contained a conserved motif for specificity of NTA. We first analyzed the 50 unique peptides 

that were NT-acetylated on the iMet residue (P1′ position). As shown in Figure 4a, the most 

common amino acids following the iMet can be summarized as follows: [A/K/Q/F]-

[N/K/M]-[K/S/M]-[T]-[K]. Ala, Lys, and Gln were enriched at the P2′ position. Gln, Lys, 

and Met were enriched at the P3′ position. Conversely, Arg was significantly 

underrepresented at the P3′ position. Lys, Ser, and Met were enriched at the P4′ position. 

At P5′, Thr was enriched. Interestingly, Lys was specifically enriched at several positions in 

iMet containing acetylated peptides. Trypsin does not proteolyze Lys residues under these 

conditions due to the trideuteroacetylation of Lys prior to proteolysis. Therefore, the 

observed enrichment of Lys in the iMet containing peptides was not an artifact of the 
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preparation. We did not observe Lys enrichment on NTA peptides in which iMet was cleaved 

(see below).

We analyzed the 169 unique peptides lacking the iMet and that were NT-acetylated on the 

P2′ residue (Figure 4b). We found that peptides acetylated on the P2′ residue were almost 

exclusively acetylated on Thr as compared with sampling from the canonical N-terminal 

proteome. Ser was the second most frequently acetylated residue. The most common amino 

acids in the first six positions for NT-acetylated M. tb Erdman peptides (at P2′) can be 

summarized as [T/S]-[T]-[P]-[Q]-[G/K]-[N] (Figure 4). We found that specific amino acids 

were also underrepresented at the P2′ position (His, Pro, Asp, Ile, Asn, Gly, Leu, and Arg). 

This is likely due in part to the N-end rule in which Leu, Lys, and Arg promote protein 

degradation in bacteria.78 There was an absence of Arg at the P3′, P4′, and P6′ residues as 

compared with the reference proteome. Arg and Ile were underrepresented at the P5′ 
position. Similar analysis of the NT-acetylated peptides from M. marinum revealed that the 

most common amino acids in the first six positions were [T]-[T/S/E]-[P/A]-[E/N/D]-

[E/T/S/N]-[P/D] (Figure S-4). Searching for these patterns against the canonical M. tb and 

M. marinum proteomes using Mycobrowser revealed that these particular combinations of 

amino acids were not found together in the NTA proteins that we identified, suggesting that 

these amino acids do not likely make up a motif for NTA. Our data are not dense enough to 

determine if the differences between M. tb and M. marinum are significant. In NTA peptides 

from both species, Thr was enriched at P2′ and Pro was enriched at P3′. In all cases, 

enrichment against Arg is likely a consequence of the cleavage with trypsin as it would 

generate short two- to six-amino-acid peptides, which are not identifiable in most 

experiments.

Finally, we determined the amino acids most commonly found in the first six positions of 

protein N-termini that were chemically heavy-isotope-acetylated (native unacetylated N-

termini, from Figure 1 and Table 1) in M. tb and M. marinum to rule out biases in our 

methodology (Figures S-5 and S-6). The amino acids enriched at the P2′−P6′ residues in 

this population were distinct from those discovered for the endogenously acetylated 

peptides. The chemically acetylated peptides were enriched for charged residues within the 

first six amino acids, similar to peptides acetylated on the iMet (Figure 4b). The Pro at 

position P3′ was conserved only among endogenously acetylated peptides. From these data, 

we conclude that the observed enriched residues at the N-termini of endogenously acetylated 

proteins from M. tb and M. marinum were not due to bias in the assignment of NTA but 

rather reflect differences in the NT-acetylated protein populations.

Noncanonical protein N-termini are termini that are not at the predicted start site of the 

protein. NTA of noncanonical N-termini represent potential sites of post-translational 

modification. We analyzed the NTA of noncanonical peptides in M. tb, excluding those 

peptides with N-terminal trypsin or GluC cleavage sites. 186 nonredundant peptides 

corresponding to 147 M. tb proteins were analyzed using IceLogo with a random analysis 

against the canonical M. tb Erdman proteome (Figure S-7, Supplemental Table 4). 

Interestingly, residues enriched in canonical NTA profiles for M. tb and M. marinum were 

also enriched, although not exclusively, in the noncanonical N-terminally acetylated 

population and can be summarized as [T/S/P/M]-[A/T]-[A/K/P]-[K]-[E/K/H/M]-[A/K].
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Our findings demonstrate that the mycobacterial proteins have unique signatures for NTA. 

Bienvenut et al. found that in E. coli proteins with processed Met targeted for NTA at Ser 

commonly contained Glu at P4′ and Lys at P6′.15 Kentache et al. found that in A. 
baummanii Met-processed N-termini acetylated at Asn contained basic residues at P6′−P9′.
17 M. marinum proteins are NT-acetylated at Thr residues almost exclusively, which is in 

sharp contrast with other protein acetylation studies, where Ala and Ser were enriched for 

NTA.4,5,16 The M. tb and M. marinum genomes include 27 and 31 genes (24 that are shared) 

predicted to encode for NATs. Therefore, although we identified a conserved signature of 

commonly found amino acids in the first six positions of NT-acetylated peptides, we cannot 

determine if this region confers specificity to a particular NAT. Our findings and those from 

previously published reports need to be followed up to determine if the identified patterns 

are sufficient or necessary for NTA of bacterial proteins in vivo and to link NATs to their 

targets.

Quantification of Acetylation in Cell-Associated and Secreted Protein Fractions

To advance our understanding of NTA, we quantified the levels of NTA on mycobacterial 

proteins that were cell-associated or secreted from the cell. We labeled intact unmodified 

protein N-termini with stable heavy-isotope acetyl groups to distinguish protein termini from 

the background of neo-peptides. Of the 211 and 347 endogenously acetylated proteins 

identified in this study (Table 1), 82 and 174 proteins from M. tb (Figure 5a) and M. 
marinum (Figure 5b), respectively, were also labeled with N-acetoxy-D3-succinamide. 

Acetylation of intact proteins with N-acetoxy-D3-succinamide increases the mass of the N-

terminally acetylated peptide by three (Da) as compared with an endogenously acetylated 

peptide (45 vs 42 nominal mass Δ). In this way, we could calculate the relative ratios of 

acetylation by identifying the light and heavy m/z peaks for unique peptide fragment pairs 

(Ac and D3Ac). The peaks were integrated as extracted ion chromatograms (±3 ppm), and 

the area was determined with a five-point Gaussian-smooth. The percentage of acetylation 

(% NTA) for each unique protein N-terminus was determined by the ratio of [Ac−H3]/([Ac

−H3] + [Ac-D3]) in duplicate (representative spectra, Figure 5a). The %NTA provided an 

inference of the proportion of NT-acetylated protein in both cell-associated and secreted 

protein fractions. Error was determined as the average error of the protein, as determined by 

LFQ (Figure 6), plus a percentage determined as the average contribution from isotope 

overlap of 10%, as previously described.

We next determined if the acetylation status of orthologs among M. tb and M. marinum were 

conserved. We identified 72 M. tb H37Rv shared orthologs in our data set among the 

acetylated populations. Of these, 26 and 33 N-terminal peptide pairs for M. tb and M. 
marinum were suitable for quantification. Sixteen had shared protein orthologs in the cell-

associated fraction and five were shared in the secreted fraction. The peptides used for 

quantification in the cytosolic and secreted protein fractions are listed as Supplemental 

Tables 5 and 6.

Interestingly, the NTA of the majority of M. tb and M. marinum proteins was not 100%. 

Instead, the mean NTA of the M. tb and M. marinum proteins we quantified was 49 and 

44%, ±20%, respectively (Figure 6). Moreover, a fraction of the proteome contained at least 
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four separate protein species: ± N-terminal methionine and ± NTA. These findings indicate 

that partial acetylation may be the most frequent form of acetylation in Mycobacterium. 

Whereas we do not know the mechanism underlying partial NTA, it is possible that the N-

terminal motif dictates the level of NTA. Alternatively, NTA could affect protein stability or 

localization, which could impact the total level of NTA.

We found that proteins involved in information pathways such as the 50S ribosomal subunits 

RplE and RplY were almost fully N-terminally acetylated in the cytosol in both M. tb and 

M. marinum. This finding is consistent with a model in which NTA promotes protein 

stability for housekeeping proteins.79

We observed differential acetylation in the cell-associated versus secreted fractions for 

specific M. tb and M. marinum proteins (Supplemental Table 7 and Figure 6). In M. tb, 

GroEL2 was found in the Met-processed form in the cytosolic and supernatant fractions at 

14 and 84%, respectively. Conversely, in M. marinum, GroEL2 was unacetylated in the 

cytosolic fraction and 10% acetylated in the secreted fraction.

Interestingly, the level of acetylation of the ESX-1 substrate, EspB, was high in M. tb and M. 
marinum. EspB was 60−90% acetylated in both the cytosolic and secreted protein fractions 

(Supplemental Table 7 and Figure 6). We previously observed the acetylation status of 

secreted EspB to be 76.65%.34 The N-terminal sequences of EspB in M. tb and M. marinum 
are M.TQSQTV… and M.SQPQTV…, respectively, both of which resemble the sequences 

we identified for NTA in this study.

Some of the proteins identified in the secreted fraction are likely contaminants from low-

level lysis, as they are not known to be secreted. One such protein, AtpD, was acetylated at 

comparable ratios when found inside and outside of the cell in M. tb and M. marinum. RplV 

is a ribosomal protein that was also found in both the cytosolic and supernatant fractions in 

M. tb and M. marinum. RplV was 47 to 48% acetylated in M. tb and 6−9% acetylated in M. 
marinum (Supplemental Table 7 and Figure 6). The levels of acetylation in the cytosolic and 

secreted fractions indicate that RplV acetylation is low compared with other ribosomal 

proteins, indicating a potential point of regulation. RplV in E. coli binds the 23S rRNA of 

the 50S subunit and is stimulated by the ribosomal proteins L4, L17, and L20.80 If and how 

acetylation impacts the assembly of the 50S ribosomal subunit would be an interesting 

avenue for future study. These proteins may serve as future lysis controls for NTA 

quantification because they remain consistent in acetylation ratio among cytosolic and 

secreted fraction.35,36

To our knowledge, this is the first targeted quantification of protein N-termini in 

mycobacteria. Together, our findings indicate that N-terminal peptides from M. tb and M. 
marinum proteins exhibit specific NTA levels, which can vary based on the presence of the 

iMet or the biological localization (cell-associated vs secreted). We suspect that other 

proteins N-terminally acetylated in the presence and absence of iMet exist in the proteome 

but were not quantifiable with our cutoffs. Our findings that protein NTA is linked to 

localization suggest a regulatory mechanism for protein transit across the mycobacterial cell 
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wall. Indeed, our previous findings suggest that NTA may promote the transport of EsxA, an 

ESX-1 substrate, across the mycobacterial cell envelope.61

CONCLUSIONS

We performed a quantitative census of NTA in pathogenic Mycobacterium to further 

understand the role of NTA in the physiology and pathogenicity of mycobacteria. We 

designed and validated a single-tube FASP-compatible enrichment of protein termini from 

complex microbial proteomes. We selectively enriched biologically N-terminally acetylated 

and chemically acetylated peptides from protein termini versus neo-peptides generated by 

protease digestion. The peptide populations were separated based on differences in their 

relative charge by strong-cation/anion exchange and further distinguished by the presence of 

light (H3) or heavy (D3) acetyl groups at the termini. In doing so, we defined 1336 protein 

termini across the M. tb and M. marinum proteomes; 42% of these polypeptides were 

acetylated at their N-terminus.

Overall, our findings indicate that NTA is widespread in mycobacterial pathogens. Our study 

identified the unique aspects of NTA in Mycobacterium, including the amino acid preference 

for NTA, and the fact that a subset of N-terminal proteins have differentially regulated levels 

of acetylation, some of which correlate with cellular localization. Together, these findings 

indicate that novel biology underlies NTA and its regulation, which may play widespread 

roles in modulating protein function in mycobacteria. The predominance of NTA of 

virulence-associated proteins suggests a new source of antimicrobial targets for drug 

discovery. Given the crucial role of acyl donors in physiology and virulence, targeting NTA 

pathways may provide additional avenues to combat mycobacterial disease.31,32
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Figure 1. 
Mycobacterial protein N-terminal enrichment. (a) Triplicate cultures of M. tb and M. 
marinum grown in Sauton’s minimal media were fractionated into cell-associated (cytosolic) 

and secreted fractions. (b) Protein fractions were denatured and transferred to a 10 kDa 

centrifugal concentrator, alkylated, and stable-heavy isotope-acetylated at α- and ε-amines 

with N-acetoxy-D3-succinamide. (c) Proteins were digested with trypsin or GluC proteases, 

and the resulting peptides were fractionated using SCX or SAX, respectively, to enrich for 

N-terminal peptides. At pH 3, N-terminal peptides are net-neutral charge and will 

preferentially flow through SCX extraction. At pH 8, N-terminal peptides digested with 

GluC possess an extra carboxy group at the C-terminus and will have a net-negative charge, 

which can be enriched by binding to a SAX column. (d) N-terminally enriched fractions 

were analyzed by at least triplicate nano-UHPLC−MS/MS, and the extent of acetylation was 

determined using the ratio of stable “heavy” isotope acetyl to that of the endogenous “light” 

acetyl group on duplicate samples (2 M. marinum, 2 M. tb).
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Figure 2. 
Graphical distribution of detected proteins by LC−MS/MS in M. tb and M. marinum. 

Protein identifications in this study for (a)M. tb Erdman (left) and (b) M. marinum M (right). 

We identified45.2 and 43.8% of the canonical proteomes for each species. All of the proteins 

included internal or neopeptides for the identification. 11.8 and 15.5%, respectively, were 

also identified using their N-terminal peptides.
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Figure 3. 
Functional characterization of M. tb Erdman N-terminally acetylated proteins. 

Mycobrowser65 was used to identify the functional categories of the N-terminally acetylated 

proteins identified in this study. Two proteins were classified as “unknown” and one protein 

was classified as “uncharacterized”.
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Figure 4. 
IceLogo analysis of N-terminally acetylated protein populations for M. tb. Peptides 

identified with endogenous NTA were analyzed against the canonical M. tb proteome using 

IceLogo. IceLogos (left) and Heatmaps (right) are shown for (a) 50 N-terminally acetylated 

peptides with intact iMet and (b) 169 N-terminally acetylated peptides with cleaved iMet. 

For the IceLogos and the Heatmaps, only significant (P < 0.05) amino acids are shown. For 

Heatmaps, green denotes enrichment and red denotes underrepresentation of amino acids at 

the designated polypeptide position.
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Figure 5. 
Quantifying N-terminal acetylation. Distribution of N-terminal identifications in (a) M. tb 
and (b) M. marinum. Magenta denotes NTA protein identifications, blue denotes D3Ac 

(exogenously acetylated) protein identifications, and the intersections are protein IDs found 

in both forms and that can be targeted for relative quantitation. (c) Example spectrum 

generated by LC−MS/MS analysis of peptide pairs targeted for acetylation quantitation. 

646.32 m/z is the endogenously acetylated Erdman_0675 peptide (magenta bracket, “light”). 

647.83 m/z corresponds to the D3 chemically acetylated peptide (blue bracket, “heavy”). 

Peaks were integrated by extracted ion chromatogram ±3 ppm, and the percentage of 

acetylation was calculated using % Ac in vitro: (Ac area)/(Ac area + exogenously Ac area).
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Figure 6. 
Measurement of NTA ratio in cell-associated and secreted fractions. M. tb and M. marinum 
measurements of NTA for H37Rv protein orthologs in (a) secreted and (b) cell-associated 

fractions. Measurements were taken from single points. (c) Difference in %NTA of selected 

peptides between the cell-associated and secreted fractions. The difference was calculated by 

subtracting the %NTA in the secreted fractions from the %NTA in the cell-associated 

fraction. Error bars represent the average error of the protein in LFQ data set (±20%). For 

panels a and c, the magenta bars represent M. tb H37Rv proteins that have been identified in 

the secreted fraction in previous studies as reported by Mycobrowser.
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Table 1.

N-Terminal Acetylation in Mycobacteria

analysis by protein ID M. tb Erdman M. marinum M

detected proteome 1910 2375

total NT IDs
a 498 838

acetylation at P1’/P2’ 211 347

 iMet/P1’ 50 88

 P2’ 169 272

heavy acetylation of P1’/P2’ 369 665

 iMet/P1’ 79 163

 P2’ 303 537

partial acetylation
b 82 174

frequency at residue T/M/S/A
c 27/22/19/21 39/24/16/10

fMet 11 16

a
Numbers in this Table are representative of nonredundant protein ID (e.g., only a single proteoform is counted per polypeptide) for each category.

b
Polypeptide found both N-terminally acetylated and heavy acetylated.

c
Percentage of NT-acetylated peptides with NTA events at Thr, Met, Ser, and Ala residues. The remaining NTA events that occurred at other 

residues are lower frequency and can be found in Supplemental Tables 1 and 3.
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