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Abstract 26 

N-terminal protein acetylation is a ubiquitous post-translational modification that broadly 27 

impacts diverse cellular processes in higher organisms. Bacterial proteins are also N-28 

terminally acetylated, but the mechanisms and consequences of this modification in 29 

bacteria are poorly understood. We previously quantified widespread N-terminal protein 30 

acetylation in pathogenic mycobacteria (C. R. Thompson, M. M. Champion, and P.A. 31 

Champion, J Proteome Res 17(9): 3246-3258, 2018, https:// doi: 32 

10.1021/acs.jproteome.8b00373). The major virulence factor EsxA (ESAT-6, Early 33 

secreted antigen, 6kDa) was one of the first N-terminally acetylated proteins identified in 34 

bacteria. EsxA is conserved in mycobacterial pathogens, including Mycobacterium 35 

tuberculosis and  Mycobacterium marinum, a non-tubercular mycobacterial species that 36 

causes tuberculosis-like disease in ectotherms. However, enzyme responsible for EsxA 37 

N-terminal acetylation has been elusive. Here, we used genetics, molecular biology, and 38 

mass-spectroscopy based proteomics to demonstrate that MMAR_1839 (renamed Emp1, 39 

ESX-1 modifying protein, 1) is the putative N-acetyl transferase (NAT) solely responsible 40 

for EsxA acetylation in Mycobacterium marinum. We demonstrated that ERD_3144, the 41 

orthologous gene in M. tuberculosis Erdman, is functionally equivalent to Emp1. We 42 

identified at least 22 additional proteins that require Emp1 for acetylation, demonstrating 43 

that this putative NAT is not dedicated to EsxA. Finally, we showed that loss of emp1 44 

resulted in a significant reduction in the ability of M. marinum to cause macrophage 45 

cytolysis. Collectively, this study identified a NAT required for N-terminal acetylation in 46 

Mycobacterium and provided insight into the requirement of N-terminal acetylation of EsxA 47 

and other proteins in mycobacterial virulence in the macrophage.  48 
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Significance Statement 49 

N-terminal acetylation is a protein modification that broadly impacts basic cellular function, 50 

protein turnover and disease in higher organisms. In bacteria, very little is understood how 51 

N-terminal acetylation impacts bacterial physiology and pathogenesis. Mycobacterial 52 

pathogens cause acute and chronic diseases in humans and in animals. ~15% of 53 

mycobacterial proteins are N-terminally acetylated, but the enzymes responsible for this 54 

protein modification are largely unknown. We identified a conserved mycobacterial 55 

protein, MMAR_1839, that is required for the N-terminal acetylation of 23 mycobacterial 56 

proteins including EsxA, a protein essential for mycobacteria to cause disease. Loss of 57 

this enzyme from Mycobacterium marinum reduced macrophage killing, which is required 58 

for bacterial spread in the host. Defining the acetyltransferases responsible for the N-59 

terminal protein acetylation of essential virulence factors could lead to new targets for 60 

therapeutics against mycobacterial pathogens.  61 

 62 
 63 
Main Text 64 
 65 
Introduction 66 
 67 

The ESX-1 (ESAT-6 system-1) protein secretion system is essential for 68 

mycobacterial pathogenesis. Early during macrophage infection, ESX-1 is required for 69 

damaging the phagosomal membrane (1-5), allowing mycobacterial pathogens to access 70 

the macrophage cytosol (6, 7). The exposure of the Mycobacterium and its secreted 71 

factors to the cytoplasm combats the host response, and causes macrophage cytolysis 72 

(4, 8-10). Mycobacterium lacking the ESX-1 system are retained in the phagosome and 73 

attenuated (6). EsxA (ESAT-6) is a major mycobacterial virulence factor that is required 74 

for the pathogenesis of M. tuberculosis and other mycobacterial pathogens (3, 11-13). 75 

EsxA is secreted by ESX-1 and is required for the secretion of the majority of the ESX-1 76 
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substrates (1, 14, 15). EsxA may play additional roles in the host downstream of 77 

phagosomal lysis (16-22).  78 

EsxA was one of the first bacterial proteins recognized to be N-terminally 79 

acetylated (23). EsxA forms a heterodimer with EsxB, another secreted ESX-1 component 80 

(1, 24). The acetylation state of the EsxA N-terminus was reported to mediate interaction 81 

with EsxB in vitro (23, 25). We previously reported an inverse correlation between EsxA 82 

acetylation and virulence (26). Aguilera et al mutated the 2nd residue of EsxA to abrogate 83 

N-terminal acetylation. Their study suggested that N-terminal acetylation of EsxA was 84 

required for Esx1-mediated phagosomal lysis and macrophage cytolysis by M. marinum 85 

(25). M. marinum is an established model for studying the mycobacterial ESX-1 system 86 

(27). Importantly,  deletion of esx-1 genes in M. marinum is functionally complemented by 87 

the expression of orthologous genes from M. tuberculosis, demonstrating that the two 88 

systems share a conserved function (28).  89 

N-terminal acetylation is the covalent addition of an acetyl group to the α amino 90 

group of the N-terminal amino acid of a protein by N-acetyltransferases (NATs) (29-31). 91 

NATs can irreversibly acetylate the iMet (initiator Met, following deformylation) or the first 92 

amino acid following iMet cleavage (32, 33). In higher organisms, including humans, 93 

yeasts and plants, ~65-85% of proteins are N-terminally acetylated by 7 NATs (29). In 94 

higher organisms, N-terminal acetylation directly impacts protein function through a variety 95 

of mechanisms (29, 34-42). In contrast, ~10-15% of bacterial proteins are N-terminally 96 

acetylated (30, 43-46). Using quantitative N-terminomics, we observed that ~11 and ~15% 97 

of proteins in M. tuberculosis and M. marinum, respectively, are N-terminally acetylated 98 

during standard laboratory growth in vitro (43). Our previous work revealed that in addition 99 

to EsxA, several additional ESX-1 substrates and at least one ESX-1 membrane 100 

component are also N-terminally acetylated (43).  101 
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Bacterial genomes encode several putative NATs, which are part of the GNAT 102 

(GCN-5 related N-acetyltransferase) family (30, 47). It is not possible to predict if the 103 

putative NAT acetylates Lys residues (KATs), small molecules, antibiotics, and/or protein 104 

N-termini (30). There are 27 predicted NATs in M. tuberculosis, 23 of which are conserved 105 

in M. marinum (43). The best characterized NAT is RimI, which N-terminally acetylates 106 

the S18 rRNA protein and functions broadly as a generalist KAT in Escherichia coli, 107 

Salmonella and in Mycobacterium (47-51). The individual NATs responsible for N-terminal 108 

acetylation of specific mycobacterial proteins are lacking, limiting our understanding of the 109 

role of this modification in mycobacterial virulence and physiology.   110 

The EsxA NAT has remained elusive, and it is unknown if one or more NATs 111 

contribute to EsxA acetylation. Changes in EsxA acetylation are difficult to assess 112 

because the amino acid composition of EsxA yields a large N-terminal tryptic fragment 113 

with poor chromatographic performance by mass-spectroscopy based proteomics (52-114 

54). Top-down approaches do not rapidly assign all N-terminal isoforms of EsxA (52-54).  115 

In this study, we sought to identify the NAT responsible for N-terminally acetylating 116 

EsxA to further understand N-terminal acetylation in Mycobacterium. Based on the 117 

conservation of EsxA and the putative NATs between M. marinum and M. tuberculosis, 118 

we hypothesized that we could leverage the use of M. marinum to identify the conserved 119 

EsxA NAT. To test this hypothesis, we used an N-terminal acetyl-EsxA antibody coupled 120 

with a knockout M. marinum strain collection to identify the EsxA NAT. We measured EsxA 121 

acetylation in the presence and absence of the putative NAT using western blot analysis, 122 

MALDI, and label-free quantitative mass spectrometry (LFQ). We tested ESX-1 function 123 

and mycobacterial virulence using in vitro systems and macrophage model of infection. 124 
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 125 
 126 
Results 127 

In vitro discrimination between the EsxA and acetyl-EsxA N-termini. We 128 

hypothesized that an antibody specific to the acetylated N-terminus of EsxA could be used 129 

a tool to identify the NAT(s) responsible for Nt-acetylation of EsxA. We obtained and 130 

characterized a polyclonal antibody synthesized against an acetylated N-terminal EsxA 131 

peptide (Fig. 1A, Ac-EsxA). We performed a dot blot to determine if the Ac-EsxA antibody 132 

specifically recognized the acetylated N-terminus of EsxA. As shown in Figure 1B, the Ac-133 

EsxA antibody specifically produced signal where the Ac-EsxA peptide was spotted on the 134 

nitrocellulose (red) but not where the unacetylated peptide was spotted (outline). In 135 

contrast, the commercially available EsxA antibody raised against the same unacetylated 136 

peptide specifically produced signal where the unacetylated EsxA peptide was spotted 137 

onto the nitrocellulose (green), but not where the acetylated peptide was spotted. From 138 

these data, we conclude that the Ac-EsxA antibody discriminates between the acetylated 139 

and unacetylated forms of the EsxA N-terminal peptide. Moreover, the commercial EsxA 140 

antibody specifically recognizes the unacetylated form of EsxA.  141 

 We next tested if the Ac-EsxA antibody could detect the acetylated version of the 142 

EsxA protein in a complex mixture of proteins. We collected cell-associated and secreted 143 

protein fractions from the wild-type (WT) and ΔesxBA M. marinum strains. We separated 144 

the proteins by charge using the neutral pH urea Triton polyacrylamide gel electrophoresis 145 

(NUT-PAGE) system, which can separate acetylated and unacetylated proteins (55). As 146 

shown in Figure 1C, NUT-PAGE followed by western blot analysis allowed for the 147 

separation of several protein species (i-iii) detected by the EsxA antibody in the protein 148 

fractions collected from the WT M. marinum strain. All three of these species were absent 149 

from the protein fractions generated from the ΔesxBA strain, which fails to produce EsxA 150 
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protein. Notably, only species iii, which is the most negatively charged EsxA species, was 151 

reliably detected by the Ac-EsxA antibody. From these data we conclude that we can 152 

separate and detect acetylated EsxA from a complex mixture of M. marinum proteins.  153 

N-terminal acetylation of EsxA and other proteins is dependent on 154 

MMAR_1839. The EsxA proteins from M. marinum and M. tuberculosis are identical 155 

through the 15th amino acid, and 92% identical overall (Figure S1). Therefore, we 156 

reasoned that the NAT responsible for acetylating EsxA would be highly conserved 157 

between M. marinum and M. tuberculosis. We identified the five proteins with predicted 158 

GNAT domains that were the most highly conserved between the two species (Table 1). 159 

Using allelic exchange, we generated unmarked deletions of each putative NAT gene in 160 

M. marinum. We confirmed the deletion of each gene by PCR (Fig. S2) and targeted DNA 161 

sequencing.  162 

 We hypothesized that we would not detect acetylated EsxA from M. marinum 163 

strains lacking an EsxA specific NAT. We collected cell-associated proteins from M. 164 

marinum strains lacking each of the five most conserved NATs. We measured EsxA and 165 

acetylated-EsxA in these strains using western blot analysis, as compared to proteins 166 

generated from the WT and ΔesxBA strains. As shown in Figure 2A, both the unacetylated 167 

and acetylated EsxA proteins were detected in lysates generated from the WT M. marinum 168 

strain (lane 1). These data are consistent with prior studies demonstrating that both 169 

species exist in the WT strain (23, 26, 43, 56-58). Both EsxA species were lacking from 170 

the ΔesxBA strain (lane 2), demonstrating the specificity of both antibodies to EsxA. 171 

Acetylated and unacetylated EsxA were present in the lysates generated from the 172 

ΔMMAR_1067, ΔMMAR_4519 or ΔMMAR_1882 strains (lanes 3, 5 and 7). The 173 

ΔMMAR_1968 strain lacks the ArgA NAT and is auxotrophic for arginine (59). Addition of 174 

L-arginine to the growth media allowed detection of acetylated and unacetylated EsxA 175 
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from the ΔMMAR_1968 lysates (Fig. 2B). Deletion of the MMAR_1839 gene resulted in 176 

detection of the EsxA protein (Fig. 2A, lane 6), but not the Ac-EsxA protein from this lysate. 177 

From these data we conclude that MMAR_1839 is required for EsxA acetylation in M. 178 

marinum. We renamed MMAR_1839, ESX-1 modifying protein-1 (Emp1).  179 

To determine if Emp1 was required for the acetylation of additional mycobacterial 180 

proteins, we performed label-free quantitative (LFQ) mass spectrometry to measure the 181 

relative changes in acetylation and protein levels in the Δemp1 strain as compared to the 182 

WT and complemented strains (Dataset S1, Raw and Trimmed Data tabs S1A and S2B). 183 

To confirm the western blot analysis, we first compared the levels of EsxA and Ac-EsxA 184 

from the three strains. As shown in Figure 2C, the levels of EsxA were comparable in all 185 

three strains (grey bars, Dataset S1, tab S1C). While we detected Ac-EsxA in the WT and 186 

the complemented strains, we did not detect Ac-EsxA in the Δemp1 strain. From these 187 

data, we conclude that Emp1 is the only EsxA NAT in M. marinum.  188 

 We next performed k-means (60) clustering analysis for each N-terminally 189 

acetylated protein in the dataset, using the biological replicate with the best coverage 190 

(Dataset S1, tab S1C). Using this approach, we systematically identified patterns between 191 

the WT, ∆emp1, and complementation strains across every protein. The variables 192 

considered for the clustering were the LFQ area ratios from the following strains: 193 

∆emp1/complement, ∆emp1/WT, and complement/WT. The proteins were clustered into 194 

three groups, using 25 random starting points. We reasoned that proteins that clustered 195 

with EsxA were potential acetylation targets of Emp1, as they also exhibited loss of 196 

acetylated intensity in ∆emp1, which was restored upon complementation. The acetylation 197 

intensity patterns of proteins identified from the clustering were compared across all 198 

biological replicates. 199 
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Using this approach, we identified a cluster of proteins whose N-terminal 200 

acetylation followed a similar pattern to the levels of acetylated EsxA. 23 proteins, 201 

including EsxA, exhibited undetectable levels of N-terminal acetylation in the Δemp1 202 

strain, and restoration of acetylation in the complemented strain, similar to the WT strain 203 

(Fig. 2E, EsxA highlighted in pink, Dataset tab S1E). Functional analysis revealed that the 204 

majority of proteins that depend on Emp1 for acetylation are predicted to function in lipid 205 

metabolism or intermediary metabolism and respiration (Fig. 2E). Four proteins, including 206 

EsxA, are involved in virulence. More than half of the potential protein targets are 207 

annotated as essential in vitro in M tuberculosis. Finally, we analyzed the N-terminal amino 208 

acid sequence of the proteins dependent upon Emp1 for N-terminal acetylation. When 209 

comparing the N-terminal sequences of the putative targets of Emp1 against the entire M. 210 

marinum proteome, we a see a strong negative bias for basic residues within these first 211 

ten amino acids (Fig. 2F, upper). This is likely due to the use of trypsin for the mass-212 

spectrometry based proteomics, which cleaves after Lys and Arg. Consequently, those 213 

peptides are underrepresented in the first 10 amino acids of the N-termini as they would 214 

not be observed due to their small size (43, 54). There was also a strong preference for 215 

threonine, with mild preference for serine at the second amino acid position, consistent 216 

with our prior work (43). Comparison of the N-terminal sequences of the putative targets 217 

of Emp1 against the M. marinum N-terminal acetylome (43), a strong preference for 218 

threonine and glutamic acid at the second and third amino acid positions, and a significant 219 

underrepresentation of alanine at the sixth amino acid position (Fig. 2F, lower). Together, 220 

these data demonstrate that Emp1 is required for the N-terminal acetylation of EsxA and 221 

at least 22 other proteins in M. marinum.   222 

Emp1, and therefore EsxA acetylation, is dispensable for EsxA/EsxB 223 

secretion from M. marinum. The identification of Emp1 allowed us to test the role of 224 
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EsxA acetylation on ESX-1 function in the presence of the wild-type esxA gene in M. 225 

marinum. It was previously suggested that EsxA acetylation impacted the interaction 226 

between EsxA and its binding partner, EsxB (23). The EsxA-EsxB interaction is required 227 

ESX-1 function; EsxA-EsxB interaction is required for protein stability and for targeting the 228 

EsxA-B pair for ESX-1 (1, 56, 61). If N-terminal acetylation of EsxA was required for 229 

interaction between EsxA and EsxB, then we would expect a loss of EsxB protein and a 230 

corresponding loss of EsxA and EsxB secretion from the Δemp1 strain. We generated 231 

cell-associated and secreted protein fractions from M. marinum strains. As shown in 232 

Figure 3A, EsxA, Ac-EsxA and EsxB were produced (lane 1) and secreted (lane 7) from 233 

the wild-type M. marinum strain. Deletion of the eccCb1 gene resulted in reduced levels of 234 

EsxA and Ac-EsxA (lane 2), consistent with the reduced levels of the EsxA substrate in 235 

the absence of secretion (1, 62). Neither EsxA, Ac-EsxA nor EsxB were secreted from the 236 

ΔeccCb1 strain (lane 8). Although EsxA and EsxB were produced in the Δemp1 strain, Ac-237 

EsxA was not detected (lane 3). Both EsxA and EsxB were secreted from the Δemp1 238 

strain (lane 9). Constitutive expression of the emp1 gene restored the production (lane 4) 239 

and secretion of Ac-EsxA (lane 10). Likewise, expression of the orthologous gene from M. 240 

tuberculosis Erdman (ERD_3044) restored the production and secretion of Ac-EsxA from 241 

the Δemp1 strain (lanes 5 and 11). Finally, we mutated the predicted active site of Emp1 242 

(W223A), which would render the enzyme unable to bind Ac-CoA (63). Expression of 243 

emp1W223A in the Δemp1 strain did not restore production or secretion of Ac-EsxA (lanes 244 

6 and 12). Together, these data demonstrate that Emp1 is required for the acetylation of 245 

EsxA. Contrary to existing models (25), the loss of EsxA acetylation did not result in a loss 246 

of the EsxA or EsxB protein, suggesting that the acetylation state of EsxA is dispensable 247 

for EsxA/EsxB interaction and secretion from M. marinum during in vitro growth. Our data 248 
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supports that Emp1 likely functions as an NAT in M. marinum, and is functionally 249 

conserved in M. tuberculosis.   250 

We sought a more sensitive approach to confirm that Emp1 was required for 251 

acetylation of EsxA in M. marinum. Because there are 22 additional putative conserved 252 

NATs in encoded in the M. marinum genome, we wanted to further verify that EsxA was 253 

completely unacetylated in the Δemp1 strain and rule out cross-talk by other putative 254 

NATs in the absence of emp1.  255 

We previously demonstrated that both acetylated and unacetylated EsxA are 256 

resolved in proteins washed from the surface of M. marinum colonies using whole-colony 257 

MALDI-TOF-MS (58). Using this approach, we detected peaks consistent with both 258 

unacetylated (9915 m/z) and acetylated (9957 m/z) EsxA from surface associated proteins 259 

isolated from WT M. marinum colonies (Fig. 3B). We also detected surface associated 260 

EsxB (10,606 m/z). The ΔeccCb1 strain is a lysis control, because this strain produces but 261 

does not secrete EsxA and EsxB (1, 64). Both EsxA species and EsxB were significantly 262 

diminished from the proteins isolated from the surface of the ΔeccCb1 strain (1, 58). 263 

Therefore, the observed peaks are due to the secretion of EsxA and EsxB to the cell 264 

surface. Proteins isolated from the surface of the Δemp1 strain resulted in a single EsxA 265 

peak which corresponded to the unacetylated EsxA protein, and a peak for EsxB. The 266 

acetylated EsxA peak was completely abrogated. Expression of the wild-type emp1 gene, 267 

but not the emp1W223A gene, restored the peak corresponding to the Ac-EsxA protein. 268 

From these data we conclude that deletion of the emp1 gene results in a complete loss of 269 

Ac-EsxA in M. marinum, demonstrating that Emp1 is solely responsible for the acetylation 270 

of EsxA in vivo. The absence of acetylation in the W223A active-site mutant of Emp-1 271 

(Fig. 3B) demonstrates that functional Emp-1 is required for the acetylation of EsxA. 272 
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Moreover, our findings demonstrate that EsxA and EsxB are secreted from M. marinum 273 

independently of EsxA-N-terminal acetylation during in vitro growth.  274 

emp1 is dispensable for ESX-1 function but required for macrophage 275 

cytolysis. We next tested if emp1 was required for M. marinum pathogenesis. It was 276 

previously reported that the N-terminal acetylation of EsxA was required for ESX-1-277 

dependent phagosomal lysis (25). Hemolytic activity is one measurement of ESX-1 278 

function in vitro (64, 65). M. marinum lyses red blood cells in a contact-dependent, ESX-279 

1-dependent manner (64). EsxA is required for the hemolytic activity of M. marinum, likely 280 

because it is required for the secretion of the majority of the ESX-1 substrates (14, 15, 28, 281 

66). Importantly, the ΔesxA M. marinum strain is non-hemolytic (14). Because the 282 

acetylation of EsxA depends on Emp1, we reasoned that if EsxA acetylation was required 283 

for EsxA function, the Δemp1 strain would have altered hemolytic activity.  284 

As shown in Figure 4A, WT M. marinum lysed sheep RBCs (sRBCs), while the 285 

ΔeccCb1 strain (which fails to secrete ESX-1 substrates) exhibited significantly reduced 286 

hemolytic activity (P<.0001, relative to the WT strain). Water and PBS (cell-free) were 287 

used as positive and negative controls, respectively. The activity of the ΔeccCb1 strain 288 

was not significantly different from the PBS control (P<.9999). The hemolytic activities of 289 

the Δemp1 and the Δemp1 complemented strains were not significantly different from the 290 

WT strain (P=.4837 and P=.9998) or each other (P=.2689). From these data we conclude 291 

that Emp1 is dispensable for hemolytic activity of M. marinum. Because ESX-1 mediates 292 

hemolysis, the data suggest that the acetylation of EsxA is also dispensable for hemolysis, 293 

and are consistent with the secretion of EsxA and EsxB from the Δemp1 strain (Fig. 3B). 294 

Finally, because additional ESX-1 substrates required for hemolysis depend upon EsxA 295 

for secretion, our data suggest that the secretion of additional ESX-1 substrates occurs 296 

independently of EsxA acetylation.   297 
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ESX-1 activity can also be measured during macrophage infection. We reasoned 298 

that if acetylation of EsxA was required for function, then the Δemp1 M. marinum strain 299 

would be attenuated for growth in a macrophage model of infection, similar to the ΔeccCb1 300 

strain (1, 67, 68). We infected RAW 264.7 cells with M. marinum and measured colony 301 

forming units over time. As shown in Figure 4B, the WT M. marinum strain grew over time 302 

in the macrophages, while the ΔeccCb1 strain was attenuated for growth. Deletion of the 303 

emp1 gene did not impact the ability of M. marinum to grow in the macrophage (P<.0001). 304 

Growth of the Δemp1 and the Δemp1 complemented strains was not significantly different 305 

from the WT strain. From these data, we conclude that emp1 is dispensable for M. 306 

marinum growth in the macrophage. Moreover, it is unlikely that the function of the ESX-307 

1 system, including EsxA, is impacted by N-terminal acetylation in this model of infection.  308 

Following ESX-1 dependent phagosomal lysis, M. marinum are released into the 309 

cytoplasm, promoting macrophage cytolysis through ESX-1-independent mechanisms (3, 310 

6, 7, 69-72). We next tested if Emp1 was required for macrophage cytolysis. We infected 311 

RAW 264.7 cells with M. marinum and measured uptake of the membrane impermeable 312 

dye, Ethidium homodimer 1 (EthD-1). As shown in Figure 4C, infection of RAW 267.4 cells 313 

with wild-type M. marinum resulted in a significant level of cytolysis, as reflected by EthD-314 

1 uptake, compared to the uninfected cells (P<.0001). The ΔeccCb1 strain exhibited 315 

significantly less cytolysis than the WT strain (P<.0001), similar to the uninfected control 316 

(P>.9999). Deletion of the emp1 gene resulted in a significant reduction in cytolysis 317 

compared to the WT strain (P<.0001). The levels of EthD-1 uptake following infection with 318 

the Δemp1 strain was significantly higher than those following infection with the ΔeccCb1 319 

strain and the uninfected control (P<.0001). Constitutive expression of the emp1 gene in 320 

the Δemp1 strain restored cytolysis to levels similar to the WT strain. To confirm that these 321 

strains were not attenuated due to the spontaneous loss of the outer lipid PDIM, we 322 
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performed TLC analysis. All of the emp1 strains produced PDIM similar to the WT strain 323 

(Fig. S3). From these data we conclude that Emp1 is required for macrophage cytolysis.  324 

 325 
Discussion  326 
 327 

In this study, we demonstrated that Emp1, a predicted NAT, is required for the N-328 

terminal acetylation of EsxA and other mycobacterial proteins. The orthologous gene from 329 

M. tuberculosis, ERD_3144 (Rv2867), was also sufficient to restore the N-terminal 330 

acetylation of EsxA in the Δemp1 strain, supporting functional conservation between the 331 

two species. In vivo, Emp1 is solely responsible for the acetylation of EsxA and other 332 

mycobacterial proteins. In the Δemp1 strain, no acetylation of EsxA was observed (Fig. 333 

3B). We demonstrated that Emp1 is dispensable for ESX-1-dependent secretion and 334 

hemolysis, and for growth in macrophages during infection. However, Emp1 was required 335 

for optimal macrophage cytolysis by M. marinum. Collectively, this study identified a NAT 336 

required for N-terminal acetylation in Mycobacterium, and provided insight into the 337 

requirement of N-terminal acetylation of EsxA and other proteins for mycobacterial 338 

virulence in the macrophage.    339 

We previously identified and quantified N-terminal peptides in both M. marinum 340 

and M. tuberculosis (43). While ~10-15% of the mycobacterial proteome is likely N-341 

terminally acetylated (43), little is known about the NAT enzymes responsible for N-342 

terminal acetylation in Mycobacterium. Prior studies aimed at understanding N-terminal 343 

acetylation have focused on EsxA. The initial study demonstrating N-terminal acetylation 344 

of EsxA suggested that EsxA acetylation impacted the interaction with its binding partner, 345 

EsxB (23). If this were the case, we would have expected a loss of EsxA and EsxB protein 346 

in the Δemp1 strain, similar to the ΔesxA strain. Instead, EsxA and EsxB were made and 347 

secreted from M. marinum in the Δemp1 strain. Aguilera et al. mutated the Thr residue at 348 
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the second position of EsxA, reporting reduced cytoplasmic translocation and macrophage 349 

cytolysis (25). They proposed that N-terminal acetylation of EsxA was required for ESX-1 350 

function, suggesting that unacetylated EsxA was unable to disassociate from EsxB, 351 

preventing phagosomal lysis and macrophage cytolysis (25). In agreement with this study, 352 

abrogation of EsxA acetylation through the deletion of emp1 did result in a significant 353 

reduction of macrophage cytolysis. However, we do not attribute the reduced cytolysis to 354 

a loss of ESX-1 function for several reasons. First, our prior work demonstrates that EsxA 355 

is required for ESX-1-dependent secretion and hemolytic activity because it is required for 356 

secretion of ESX-1 substrates (14, 66). Indeed, we have reported M. marinum strains that 357 

secrete EsxA and EsxB but are attenuated and non-hemolytic (14, 66, 73). If N-terminal 358 

acetylation was required for EsxA function, we would have expected a loss of protein 359 

secretion and hemolytic activity of the Δemp1 strain. Instead, neither secretion nor 360 

hemolysis were dependent on Emp1. Second, in the absence of ESX-1 secretion, M. 361 

marinum is retained in the phagosome and is significantly attenuated of growth in the 362 

macrophage, similar to the ΔeccCb1 strain. If unacetylated EsxA resulted in a loss of EsxA 363 

function, we would have expected attenuated growth of the Δemp1 strain. Instead, growth 364 

of the Δemp1 strain during macrophage infection was comparable to the WT strain. We 365 

suspect changing the second residue of EsxA to modulate acetylation impacted the 366 

function of EsxA, resulting in a loss of secretion which would explain the lack of 367 

phagosomal damage, and the reduced cytolysis. In our study, the unacetylated EsxA 368 

protein retains its WT sequence and clearly promotes secretion and virulence. We suspect 369 

that the Emp1-dependent N-terminal acetylation of another protein or proteins is required 370 

for macrophage cytolysis, downstream of ESX-1 function. Alternatively, it could be that 371 

EsxA N-terminal acetylation contributes to cytolysis downstream of phagosomal lysis. 372 

Further work is required to distinguish between these two possibilities.  373 
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 In this study, we advance the field of mycobacterial physiology by identifying a NAT 374 

that promotes N-terminal acetylation, contributing to the basic understanding of this 375 

fundamental protein modification in bacteria. We define a putative NAT required for EsxA 376 

acetylation, suggesting that N-terminal acetylation is dispensable for ESX-1 function under 377 

the conditions tested in this study, moving the field of Type VII secretion forward. We 378 

provide a framework for the identification of NATs required for the N-terminal acetylation 379 

of specific protein targets that is widely accessible and applicable to any system. 380 

Importantly, we showed that an antibody against an acetylated N-terminal peptide could 381 

discriminate between acetylated and unacetylated N-termini. The generation of similar 382 

antibodies for additional N-terminally acetylated proteins could be used in any system to 383 

demonstrate N-terminal acetylation and identify the responsible NAT.  384 

Our study raises several questions about both N-terminal acetylation of 385 

mycobacterial virulence factors and the role of NATs in mycobacterial physiology and 386 

pathogenesis. First, it is unclear why EsxA is N-terminally acetylated or which Emp1 387 

targets promote macrophage cytolysis. Second, Emp1 is required for a subset of the N-388 

terminally acetylated mycobacterial proteins. It is unclear what dictates the specificity of 389 

Emp1, or what shared characteristics of proteins promote N-terminal acetylation by Emp1. 390 

Third, it remains unknown which of the additional 22 putative NATs contribute to N-391 

terminal acetylation in Mycobacterium as well as their breadth of function and specificity.    392 

One limitation of this study is that were we unable to show the Emp1 was sufficient 393 

and necessary for the acetylation of EsxA in vitro. This would support the hypothesis that 394 

Emp1 directly acetylates EsxA at its N-terminus. We expressed the Emp1 and the 395 

Emp1W223A versions in E. coli with the goal of purification from a heterologous host. 396 

Despite trying different temperatures, additives and vectors, we were unable to generate 397 

and isolate soluble forms of the proteins. Instead, we expressed Emp1 in E. coli and 398 
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incubated the resulting lysate to acetylate a series of EsxA N-terminal peptides. Finally, 399 

we tried co-expressing emp1 and either esxA or esxBA in E. coli and measuring EsxA 400 

acetylation using western blot analysis. We were unable to observe acetylation using 401 

these approaches. We are uncertain why we are unable to produce functional Emp1 402 

protein in vitro or in E. coli, while we can express and purify functional NATs from E.coli 403 

and S. typhimurium (RimI). We suspect that Emp1 requires additional, unidentified  404 

cofactors or environmental cues for function that are specific to Mycobacterium.  405 

 Overall, this study contributes a fundamental understanding of the conserved 406 

mechanisms and underlying N-terminal protein acetylation in pathogenic mycobacteria 407 

and identifies the NAT solely responsible for EsxA acetylation in M. marinum, opening 408 

new avenues of study aimed at further understanding this protein modification in bacteria.  409 

 410 
Materials and Methods 411 
 412 
M. marinum strains were grown as described previously (14).  Plasmids were constructed 413 

using FAST Cloning or restriction cloning and maintained in E. coli as described (14, 73, 414 

74). M. marinum strains were constructed using allelic exchange (14, 73, 74). Nt-415 

Acetylation was measured using dot blot and NUT-PAGE followed by western blot 416 

analysis. Protein production and secretion were measured using western blot analysis as 417 

previously described (14). Site directed mutagenesis of the emp1 gene was performed as 418 

in (56, 57). Whole colony MALDI mass spectrometry to measure surface associated EsxA, 419 

Nt-EsxA and EsxB was performed as in(58). Label free Quantitative Mass Spectrometry 420 

was used to measure Nt-acetylation from M. marinum whole cell lysates, similar to (68, 421 

75). Hemolytic activity of M. marinum was measured against sheep Red Blood Cells 422 

(sRBCs) as previously described (14). Thin Layer Chromatography was used to confirm 423 

PDIM production in the Δemp1 strain (76). RAW264.7 cells were used as an infection 424 
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model to measure growth of M. marinum during infection and macrophage cytolysis as 425 

described previously (14). Bioinformatic analysis and statistical analysis was performed 426 

using Prism and R Studio. Detailed materials and methods are available in the 427 

Supplementary Material.  428 
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Figures and Tables 652 

 653 
 654 
Figure 1. The Ac-EsxA antibody specifically recognizes EsxA in complex mixtures. 655 

A. The EsxA and Ac-EsxA N-terminal peptides. The “C” is not native to the EsxA protein 656 

B. Dot blot of EsxA N-terminal peptides. 20μg of each peptide were spotted on 657 

nitrocellulose and immunoblotted with the ⍺EsxA and ⍺Ac-EsxA antibodies. The image is 658 

representative of three independent replicates C. NUT-PAGE of secreted and cell 659 

associated proteins from WT and ΔesxBA M. marinum strains. 20μg of protein was loaded 660 

in each lane. The image is representative of at least three independent biological 661 

replicates.   662 
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Figure 2. MMAR_1839 (Emp1) is required for the acetylation of EsxA and other 665 

proteins. A. and B. Western blot analysis of cell-associated proteins from the indicated 666 

M. marinum strains. 10μg of protein was loaded in each lane. In B, 2μM of L-arginine was 667 

added to the culture media. Both images are representative of at least three biological 668 

replicates. RpoB is a control for loading. C. MS Analysis of relative abundance of 669 

acetylated and non-acetylated N-terminus of EsxA. Label Free Quantitative (LFQ) 670 

proteomics intensity of the EsxA N-terminal peptide from WT, Δemp1, 671 

Δemp1/complemented strains. Normalized intensity was transformed by 104 to convert the 672 

Log2 values to positive integers. Propagated error was performed on technical triplicates.  673 

D. K-means clustering of all N-terminally acetylated proteins observed from bottom-up 674 

proteomics in WT, Δemp1, Δemp1/complemented strains. Shown is the cluster that 675 

contained EsxA. E. Functional analysis from Mycobrowser of the 22 proteins that clustered 676 

with EsxA from the k-means analysis from M. marinum. For conserved hypothetical 677 

proteins, if the closest ortholog in M. tuberculosis was annotated, that annotation was used 678 

instead. F. ICE Logo from the protein N-termini in D and E.  Differential Amino Acid Usage 679 

(DAU) tests were used to determine overrepresented and underrepresented amino acids 680 

at specific N-terminal amino acid positions (77). Fisher’s exact test with a significance 681 

scoring of P<0.05 was used to determine significance. The top logo is the sequence of 682 

these protein N-termini compared to the whole M. marinum proteome. The bottom logo is 683 

the same proteins N-termini compared to the M. marinum N-terminome from (See 684 

Supplemental Material) (43). All R code is available on GitHub 685 

(https://github.com/Champion-Lab/ESXA_Acetylation) along with a list of data analysis 686 

steps. 687 

 688 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2023. ; https://doi.org/10.1101/2023.03.14.532585doi: bioRxiv preprint 

https://github.com/Champion-Lab/ESXA_Acetylation
https://doi.org/10.1101/2023.03.14.532585
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

26 

 

 689 

 690 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2023. ; https://doi.org/10.1101/2023.03.14.532585doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.14.532585
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

27 

 

Figure 3. Emp1 is dispensable for EsxA and EsxB stability and secretion from M. 691 

marinum. A. Western blot analysis of cell-associated and secreted proteins from M. 692 

marinum in the presence and absence of Emp1 B. whole colony MALDI-TOF MS. Spectra 693 

generated by whole colony MALDI-TOF for wild-type and mutant and complemented M. 694 

marinum strains are shown. The labeled peaks correspond to EsxA (9915 m/z), acetylated 695 

EsxA (9957 m/z), and EsxB(10,606 m/z Da), respectively. The dotted line was added for 696 

clarity.  697 

  698 
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 699 

 700 

Figure 4. Emp1 is dispensable for hemolytic activity and growth in a macrophage 701 

model, but is required for cytolytic activity. A. Hemolytic activity of M. marinum strains. 702 

Data shown includes 7 biological replicates each in technical triplicate. Each data point is 703 

a technical replicate. Statistical analysis was performed using an ordinary one-way 704 

ANOVA (P<.0001) followed by a Tukey’s multiple comparison test. Significance  shown is 705 

compared to the WT strain. Other important comparisons are discussed in the text.  B. 706 

CFU analysis of M. marinum strains. MOI = 0.2 plated in triplicate, represents  3 biological 707 
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replicates. Significance was determined using a 2-way RM ANOVA (P<.0001) followed by 708 

a Tukey’s multiple comparison test. Significance shown is compared to the WT strain, for 709 

the 96hpi. However, the CFUs from the ΔeccCb1 strain were significantly lower than the 710 

WT strain throughout the experiment. P values comparing ΔeccCb1 vs WT were as 711 

follows: 0 hpi ** P=.0035, 24 hpi, * P=.0162, 48 hpi *** P = .0001, 72 hpi and 96 hpi **** P 712 

<.0001. The WT strain was not significantly different from the additional strains at any time 713 

point.  C. Cytolytic  activity of M. marinum strains in RAW 264.7 cells, 24 hpi, MOI = 5. 714 

The data includes at least 3 biological  replicates with 10 fields selected for each infection. 715 

Each data point is the number of red cells per field. Significance was determined using an 716 

ordinary one-way ANOVA (P<.0001) followed by a Sidak’s multiple comparison test. 717 

Significance shown is compared to the WT strain, with additional comparisons discussed 718 

in the text. **** P<.0001.  719 

  720 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 14, 2023. ; https://doi.org/10.1101/2023.03.14.532585doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.14.532585
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

30 

 

 721 
 722 
 723 
 724 
 725 
Table 1: The top five conserved putative NATs between M. marinum and M. tuberculosis.  726 
Sequences were obtained from Mycobrowser. The % protein identity was determined using  727 
Protein BLAST. 728 
 729 

 730 
 731 
 732 
 733 
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