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SUMMARY 

The cell wall of mycobacteria plays a key role in interactions with the environment and its 

ability to act as a selective filter is crucial to bacterial survival. Proteins in the cell wall enable 

this function by mediating the import and export of diverse metabolites from ions to lipids to 

proteins. Accurately identifying cell wall proteins is an important step in assigning function, 

especially as many mycobacterial proteins lack functionally characterized homologues. Current 

methods for protein localization have inherent limitations that reduce accuracy. Here we showed 

that protein tagging by the engineered peroxidase APEX2 within live Mycobacterium 

tuberculosis enabled the accurate identification of the cytosolic and cell wall proteomes. Our 

data indicate that substrates of the virulence-associated Type VII ESX secretion system are 

exposed to the Mtb periplasm, providing insight into the currently unknown mechanism by which 

these proteins cross the mycobacterial cell envelope. 
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INTRODUCTION 

The cell wall of bacteria provides the first line of defense against environmental insults, 

whether ions, toxins, reactive species, exogenous enzymes, or small molecule inhibitors. 

Importantly, bacteria must strike a balance between putting up a wall and permitting essential 

processes—the uptake and efflux of these same classes of molecules—ions, metabolites, 

proteins—that allow them to survive and grow. The cell wall is thus both barrier and gatekeeper. 

Barrier function is provided by diverse structures including polymers and noncovalent 

assemblies of sugars, peptides, and lipids, but gatekeeping is performed largely by proteins that 

shuttle, span, and otherwise serve as conduits through the cell wall.  The cell wall of pathogenic 

bacteria is also the site of contact with the host. Here, the cell wall plays a key role by 

presenting specific factors such as lipids and proteins that influence the interaction between 

pathogen and host and direct infection outcomes. Identifying cell wall proteins that function in 

essential transport processes, such exporting virulence factors and importing nutrients, is thus a 

critical step in understanding bacterial pathogenicity and physiology and identifying strategies to 

combat bacterial infections therapeutically and preventatively.  

The problem of transport through the cell envelope is especially challenging in bacteria 

with two membranes: Cargo must pass through multiple hydrophobic and hydrophilic layers that 

pose both physical and energetic barriers. Numerous elegant genetic and biochemical studies 

have uncovered the mechanism of protein, lipoprotein, and lipid transport to and from the outer 

membrane of gram-negative bacteria1–4. However, the pathways that move molecules through 

the cell wall of mycobacteria, including pathogens like Mycobacterium tuberculosis, remain a 

mystery. Mycobacteria have an odd relationship to their bacterial brethren: Although 

phylogenetically gram-positive, the structure of their cell envelope has more in common with 
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diderm gram-negatives. In addition to a phospholipid plasma membrane and peptidoglycan 

layer, mycobacteria have an arabinogalactan polysaccharide layer to which very long-chain fatty 

acids known as mycolic acids are covalently attached5. This mycolate layer is thought to form 

the inner leaflet of an outer membrane, which is more commonly known as the mycomembrane 

due to its unique structure and lipid composition6. Given the distinct structure of the 

mycobacterial cell envelope, it comes as no surprise that Gram-negative transport proteins, 

such as those from the Lol lipoprotein and Lpt lipopolysaccharide systems2,7, have no 

homologues in mycobacteria. 

Irrespective of their homology (or lack thereof), transport proteins must share one 

universal property: their location in the cell wall, which is a clear hallmark of their function. In 

general, subcellular localization is an important consideration in predicting protein function, 

especially when there is no homology to proteins of known function. Determining protein 

subcellular localization experimentally in bacteria is a particular challenge due to their small 

size. Mycobacteria require yet more specialized protocols because their cell envelope responds 

differently to lysis and extraction methods. Physical separation methods require the differential 

sedimentation of fragments generated by cell lysis8–11. Selective extraction methods separate 

proteins by physiochemical properties based on their interactions with detergents such as 

Genapol and Triton X-11412,13. Genetic methods use the subcellular compartment-specific 

activity of fusions to proteins such as GFP, whose fluorophore matures only in the cytoplasm14, 

and beta-lactamase15 or alkaline phosphatase16, which are active only following export beyond 

the plasma membrane, and assume that protein localization is not affected in the fusion 

constructs. Photocrosslinking lipids enable the identification of proteins that interact with these 

membrane components17. Each of these methods have helped localize specific proteins or 

identify subcellular proteomes, but have considerations that limit their accuracy. For example, 

differential sedimentation is often used due to its simplicity, but especially with highly sensitive 

mass spectrometry, detection of abundant cytoplasmic proteins in all fractions is common. In 
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addition, soluble proteins from the periplasm do not necessarily sediment with cell wall fractions 

and can be misassigned to the cytoplasm. Predicting protein export with empirical algorithms 

also has limitations: Not all exported proteins have a canonical N-terminal signal peptide. Thus, 

there has been a need for methods that can identify cell wall proteins more accurately, towards 

understanding the mechanisms of cell wall processes. 

We have previously reported the application of the engineered peroxidase APEX2 to 

subcellular compartment-specific protein labeling within live mycobacteria18. APEX2 is one of 

several enzyme-mediated protein tagging methods known as proximity labeling19, but is 

particularly well suited to the bacterial cell wall because unlike variants of biotin ligase (e.g., 

BioID20, TurboID21 and others), it does not require ATP, which is absent from the bacterial 

periplasm22. We showed in the fast-growing species Mycobacterium smegmatis that APEX2 

labeling can localize endogenously or heterologously expressed proteins to the cytoplasm or 

cell wall with high accuracy and specificity18. Here, we applied this technology to the human 

pathogen Mycobacterium tuberculosis. We first validated the accuracy of localization for 

examples of known cell wall proteins. We then identified the cytoplasmic and cell wall 

proteomes tagged by APEX2. Extensive comparison to cell wall proteomes identified by other 

methods confirmed the higher accuracy of our approach. Most importantly, we detected 

substrates of Type VII ESX protein secretion system in the cell wall, providing the first 

experimental evidence that these proteins are exposed to the periplasmic environment, with 

implications for the model of ESX-mediated protein export through the cell envelope. 

 

RESULTS 

Optimization and validation of subcellular compartment-specific labeling by APEX2 in 

Mycobacterium tuberculosis. We have previously reported optimization of APEX2 for 

compartment-specific labeling in both M. smegmatis and Mtb23. Briefly, we found that in Mtb 

codon optimization of the APEX2 gene was necessary for export of APEX2 into the cell wall via 
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fusion to the N-terminal signal peptide from the Mtb gene mpt63 (hereafter referred to as Sec-

APEX2): Only codon-optimized Sec-APEX2 was enzymatically active in whole cells with the 

colorimetric substrate guaiacol and yielded a distinct pattern of labeling by the substrate biotin-

phenol compared to APEX2 expressed in the cytoplasm (Cyt-APEX2) (Figure 1A; Figure S1A). 

To confirm compartment-specific labeling, lysates were enriched for biotinylated proteins and 

probed with native antibodies to previously validated representative cell wall proteins: the group 

of mycolic acid acyltransferases known as the antigen 85 complex (Ag85 or Ag85ABC; also 

called FbpABC) and the lipid transfer-associated lipoprotein LprG (Figure 2A). As predicted, 

both Ag85 and LprG were enriched from Mtb expressing Sec-APEX2, but not Cyt-APEX2. 

Notably, using subcellular fractionation by differential centrifugation, the Ag85 complex partitions 

into the soluble fraction24, which is often interpreted as the cytoplasm. In contrast, APEX2 

labeling clearly distinguishes Ag85 as located in the cell wall. 

Cyt-APEX2 and Sec-APEX2 tag distinct subsets of the Mtb proteome. Having confirmed 

compartment-specific labeling by APEX2, we proceeded to enrich and identify APEX2-

dependent biotinylated proteins by label-free quantitative proteomics. We note that Mtb natively 

biotinylates some proteins (Figure 1) and acknowledge that unless additional biotinylation by 

APEX2 significantly increases their enrichment efficiency, these endogenously biotinylated 

proteins will not be detected in the protocol used here. Although we previously reported 

alternative APEX2 substrates that do not use biotin and thus avoid this issue, we chose to 

proceed with biotin-phenol due to existing robust pipelines for affinity purification and 

downstream proteomics.  

We identified proteins as labeled by APEX2 if they were enriched in all 3 experimental 

replicates upon expression of Cyt-APEX2 (486 proteins) or Sec-APEX2 (254 proteins) 

compared to uninduced controls (Table S2; see Methods Details). For simplicity, we hereafter 

refer to these as the Cyt and Sec proteomes, respectively. We detected far fewer than the 

number of predicted proteins in Mtb (4,023) or in previously reported total and cell wall 
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proteomes (as many as 3,894 and 1,729, respectively9,25). However, this may be consistent with 

the selective chemistry of APEX2 labeling, which tags only tyrosines accessible to chemical 

modification. As expected, the Sec proteome was enriched compared to the Cyt proteome for 

proteins containing predicted transmembrane helices, signal peptides for the Sec and Tat 

secretion systems, and/or a conserved lipoprotein motif (lipobox) (Figure 3; Table S2). 

N-succinimidyl ester derivatives of biotin do not have high specificity for Mtb surface 

proteins. In early experiments we sought to label the cell surface proteome by tagging surface 

lysines with biotin linked to N-hydroxysuccinimide (NHS). We chose two reagents reported not 

to cross membranes due to their charge and/or hydrophilicity (sulfo-NHS-biotin, NHS-PEG-

biotin). Although both reagents yielded patterns of labeling distinct from either APEX2 or Sec-

APEX2 (Figure 1B, Figure S1B), the cell wall proteins LprG and Ag85 were labeled by both 

NHS reagents and with apparently higher efficiency by sulfo-NHS-biotin than NHS-PEG-biotin 

(Figure 2B).  

We went on to identify proteins modified by NHS-PEG-biotin vs. vehicle-treated control 

using the same avidin enrichment and analysis protocol as above. This NHS-tagged proteome 

(416 proteins; Table S2) contained many proteins not identified in either the Cyt or Sec 

proteomes (114 unique hits). This is not surprising, as the number and accessibility of lysines 

targeted by NHS vs. tyrosines targeted by APEX2 is likely to differ for each protein across the 

proteome. However, compared to the Sec proteome, the NHS proteome contained a far higher 

number of proteins lacking any predicted export signal (361 vs. 46; Figure 3) and overlapped 

exclusively with the Cyt proteome (196 proteins; 47%) far more than with the Sec proteome (77 

proteins; 19%) (Table S2). Finally, many proteins in the NHS proteome that lacked a predicted 

export signal or transmembrane helix had predicted or confirmed cytosolic functions, including 

in the categories of amino acid metabolism (20 proteins) and nucleic acid metabolism (including 

replication, transcription, translation and DNA repair) (67 proteins) (Table S3). Overall, our 

results show that in mycobacteria, sulfo-NHS-biotin and NHS-PEG-biotin do not label 
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exclusively surface proteins, but rather penetrate the cell envelope to a significant degree on the 

timescale of the labeling reaction. While altering the conditions of the labeling reaction 

(incubation time, temperature) may enable more specific labeling, we chose to focus on APEX2 

rather than optimize NHS labeling further. 

The Sec-APEX2-tagged proteome shows high selectivity for cell wall proteins.  While our 

initial analysis (Figures 2A, 3) suggested that Sec-APEX2 acts within the cell wall, for rigor we 

also asked, does Sec-APEX2 tag cytoplasmic proteins? Of the 254 proteins in the Sec 

proteome, 46 lacked a predicted signal sequence or transmembrane helix (Figure 3, Table S2). 

Of these, 16 proteins are conserved hypothetical proteins with no functional annotation and we 

did not include them further in our analysis. The remaining 30 are annotated in the functional 

categories of cell wall and cell processes; intermediary metabolism and respiration; information 

pathways, regulatory proteins, or lipid metabolism (Table S4). While several such as PonA2 are 

known or predicted to be exported, we cannot eliminate the possibility that the rest are bona fide 

cytoplasmic proteins. For example, labeling by Sec-APEX2 may result from limited diffusion of 

phenoxyl radicals outside of the targeted compartment26,27. Indeed, three of these proteins 

(IspH2, FhaA, PapA1) may be membrane proximal based on their functions or interactions with 

membrane proteins28,29 and thus more likely to react with Sec-APEX2-generated radicals that 

cross the membrane (Table S4). The other 19 soluble proteins include predicted ribosomal 

factors and DNA-interacting proteins (helicase, transcription factors, etc.), or enzymes with 

predicted functions in processing cytoplasmic metabolites. Based on our other strong evidence 

for compartment-specific labeling, we speculate that these soluble proteins have alternate or 

moonlighting functions in the cell wall. Regardless, their detection in the Sec proteome will 

inform their further functional characterization. Overall, we concluded that the Sec proteome 

reports accurately and specifically on proteins that occupy the cell wall. 

We then compared the Cyt and Sec proteomes to those obtained in studies that sought 

to identify the cell wall or exported proteome in Mtb. We focused first on proteomes identified 

.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 29, 2023. ; https://doi.org/10.1101/2023.03.29.534792doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.29.534792
http://creativecommons.org/licenses/by-nc-nd/4.0/


from fragments containing the cell envelope (plasma membrane and cell wall) that are obtained 

by sedimentation because this method is broadly used to localize both proteomes and individual 

target proteins9,30–32 (Table S5). (Cell wall or membrane-associated proteomes obtained by 

detergent extraction have also been reported12,13, but for consistency in comparing methods, 

were not included in our analyses.) As previously noted, abundant cytoplasmic proteins are 

commonly detected in cell envelope fractions, including proteins involved in amino acid 

metabolism, nucleic acid metabolism (including replication), transcription, and translation. While 

many of these proteins were detected in the Cyt proteome, they were notably absent from the 

Sec proteome (Table S5). This analysis confirmed that Sec-APEX2 labeling yielded a higher 

degree of specificity for the cell wall than the isolation of cell envelope fragments.  

APEX2 is not the only genetically encoded strategy for discriminating cell wall proteins in 

the live mycobacteria; the Braunstein lab has pioneered the use of cell wall-active enzyme 

insertion fusions on a genome-wide scale to analyze the identity and topology of exported 

proteins. Their Exported In vivo Technology (EXIT) analysis in mice revealed 593 proteins 

exported by Mtb during infection33. As expected, the EXIT and Sec proteomes have significant 

overlap: Nearly 70% of the Sec proteome (176 of 254) was also identified by EXIT (Table S6). 

Interestingly, 11 proteins detected exclusively in our Cyt proteome were also identified by EXIT, 

but nearly all have predicted transmembrane helices. This suggests that their identification by 

cytoplasmic APEX2 labeling is due to the labeling of tyrosines in cytoplasmic domains. 

Above we focused on results obtained by methods that localize proteins by their physical 

association with cell envelope fragments or by the activity of a fusion to a cell wall-active 

enzyme. Recently, Kavunja et al. identified putative cell wall proteins in M. smegmatis by their 

crosslinking in the cell wall to a photoreactive analogue of the mycomembrane lipid trehalose 

dimycolate17. This study detected 7 orthologues of proteins found also in our Sec proteome: 

FhaA (Rv0020c), FbpC/Ag85C (Rv0129c), MmpL3 (Rv0206c), MmpL5 (Rv0676c), MarP 

(Rv3671c), Rv1410c, and Rv0227c. All are established divisome (FhaA), cell wall 
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(FbpC/Ag85C) or integral plasma membrane proteins (MmpL3, MmpL5, MarP, Rv1410c, 

Rv0027c). In addition, Kavunja et al. detected 18 orthologues that we identified exclusively in 

the Cyt proteome (Table S7).  

The detection of FhaA by Kavunja et al. and in the Sec proteome is striking, as noted 

above its expected cytoplasmic localization has been underscored by its in vitro binding to the 

juxtamembrane domain of the integral membrane receptor-like kinase PknB34 and its co-

crystallization with the phosphorylated pseudokinase domain of the peptidoglycan biosynthesis 

integral membrane protein MviN35. As noted above, FhaA is also associated with the divisome 

and interacts in a 2-hybrid assay with another peptidoglycan biosynthesis protein, PbpA36. This 

led us to consider whether the barrier function of membranes may be compromised at sites of 

new cell wall synthesis. If this were true, then we would predict that both the Cyt and Sec 

proteomes would contain multiple proteins that are part of the divisome or elongasome 

complexes. However, we found that our detection of 12 known divisome/elongasome proteins 

was largely consistent with expected localization (Table S8): one cytoplasmic protein was found 

exclusively in the Cyt proteome (Wag31, or DivIVA) and 8 known cell wall or integral membrane 

proteins were found exclusively in the Sec proteome (RipA, PonA1, Pbpa, PbpB/FtsI, PonA2, 

FtsX, FtsQ, LdtB)37–41. The exceptions were FhaA and the predicted cell wall protein LamA38, 

which were found in both Cyt and Sec proteomes, and the septal protein SepIVA, which was 

found only in the Sec proteome. The cross-compartment detection of these 3 proteins is 

intriguing and inspires speculation that they have special roles in cell growth and division 

processes that involve mixing between compartments (e.g., membrane fusion).  

Identification of APEX2-labeled proteins can also be combined with structural 

information to analyze membrane protein topology. Our experimental protocol did not enable 

identification of the biotinylated peptides and so does not provide site-specific information, but 

topology can be implied for proteins that have accessible tyrosines on only one side of the 

membrane. This is likely to be the case, for example, for single-pass membrane proteins with 
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one predicted transmembrane helix. Indeed, the peptidoglycan enzymes PbpA, PbpB, PonA1, 

and DacB are all detected exclusively in the Sec proteome, consistent with their enzymatic 

domains facing the periplasm and as would be assumed based on their functions (Figure S2). 

On the other hand, the protease PepD (also known as HtrA2; Rv0982) is detected exclusively in 

the Cyt proteome (Figure S2). Our data also establish topology for several conserved 

hypothetical proteins of unknown function (Figure S2). 

Substrates of the Type VII ESX secretion system are exposed to the periplasm. The 

Type VII ESX secretion systems are unique protein export systems found within mycobacteria 

and Firmicutes42. Detailed structures are available for the plasma membrane assembly known 

as the core complex43–46 and for various oligomers thought to represent cytoplasmic complexes 

of chaperones and secretion substrates47–50. However, there is still no evidence for an ESX 

apparatus that spans the cell wall and how proteins are exported across the periplasm and 

through the mycomembrane remains unknown. The APEX2-labeled proteomes were consistent 

with the expected topology of the ESX core complex: Core proteins were detected exclusively in 

the Cyt or Sec proteomes depending on whether their soluble domains were expected to be on 

the cytoplasmic (EccC2, EccE1) or periplasmic side (MycP1, P2, P3, P5; EccB1, B2, B3) of the 

plasma membrane, respectively (Table S2). The Cyt proteome also included other Esx 

components predicted to be in the cytoplasm, including the putative ESX-1 chaperones EspL 

and EspH, which are required for the stability and secretion of EspE and EspF51,52. Finally, the 

ESX-1 substrates EsxB, EspB, and EspK were also in the Cyt proteome, consistent with their 

previous detection in total cellular lysates53–55,  as well as the substrates EsxL/EsxN (due to 

redundancy in tryptic peptides, these two proteins could not be uniquely assigned).  

Given the demonstrated consistency and specificity of APEX2 labeling, detection of the 

ESX substrates EsxB and EsxG in the Sec proteome was striking. EsxB (also known as CFP-

10) and EsxG are homologues of each other and substrates of the ESX-1 and ESX-3 secretion 

systems, respectively. Based on co-crystal structures with their complementary ESX substrates 
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EsxA (ESAT-6) and EsxH, tyrosines on EsxB (Y83) and EsxG (Y83, Y94) could be surface 

accessible49,56. Our results provide direct evidence that tyrosines in EsxB and EsxG are labeled 

by phenoxyl radicals generated by APEX2 and is thus exposed to the periplasmic environment. 

Proteins in Mtb culture filtrates are a mixture of cytosolic and cell wall proteins. As 

presented above, multiple lines of evidence indicate that the Sec proteome accurately reports 

on proteins that are resident in the cell wall, including proteins that may be in transit to the cell 

surface or extracellular milieu. Therefore, we also analyzed the overlap between the Sec 

proteome and proteomes detected from culture filtrates57–60. Proteins released into the medium 

from Mtb cultures (culture filtrates) are often classified as secreted, although released proteins 

may also originate from lysed cells or surface shedding due to detergent typically included in the 

growth medium. We asked whether localization of proteins by APEX2 tagging could validate the 

culture filtrate proteome as the secretome. We compared the Cyt and Sec proteomes to 4 

culture filtrate proteomes (Table S9). Of the proteins detected in ≥3 studies, nearly half (191 of 

418) were detected by APEX2 labeling. Of those, 99 (52%) were detected exclusively in the Cyt 

proteome and 80 (42%) in the Sec proteome (12 proteins, or 6%, were detected in both 

proteomes). Importantly, culture filtrate proteins detected only in the Cyt proteome have 

functions in cytoplasmic processes and are predicted to be released only upon cell lysis. These 

include 10 involved in amino acid metabolism and 19 with functions in replication, transcription, 

or translation, including the RNA polymerase subunit RpoA. Of the 227 culture filtrate proteins 

not detected by APEX2 labeling, 204 (~90%) had no predicted signal peptide or transmembrane 

helices. This analysis suggests that culture filtrate proteomes contain significant numbers of 

cytoplasmic proteins that may be stable and/or abundant species detected even when only a 

low level of cell lysis is expected. 

 

DISCUSSION 
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Our results established APEX2-mediated protein tagging as a highly accurate method 

for localizing proteins to the cytoplasm and cell wall of mycobacteria. The key limitation is that 

target proteins must have a tyrosine with sufficient exposure to react with the phenoxyl radical 

generated by APEX2, but our detection of EsxB, for example, shows that the presence of even 

a single accessible tyrosine can be sufficient. Another potential limitation is that since labeling is 

performed in live cells, proteins in macromolecular complexes may be excluded. For example, 

we did not detect any of the 12 proteins from the multi-protein fatty acid synthase II (FAS-II) 

complex (Rv1482c, Rv1483, Rv1484, Rv1485, Rv2243, Rv2244, Rv2245, Rv2246, Rv2247, 

Rv0635, Rv0636, Rv0637), even though they have been detected in total Mtb proteomes25 and 

all have tyrosines. We also note that phosphorylation of tyrosine residues is unusually prevalent 

in Mtb61 and could also limit tyrosines available for tagging. Finally, as with all methods, 

detection is also limited by protein expression; more comprehensive subcellular proteomes may 

be achieved with APEX2 labeling performed in additional strains and under additional culture 

conditions in which individual protein levels are altered.  

In curating the APEX2-tagged proteomes, the identification of three cell growth/division 

proteins (SepIVA, LamA, FhaA) in the cell wall raises intriguing questions. First, these are 

presumed cytoplasmic proteins based on the absence of a predicted N-terminal signal peptide. 

If they are indeed in the cytoplasm, does APEX2-mediated tagging occur across subcellular 

compartments because the cytoplasm and periplasm intermix at some point, either within the 

cell or during the cell cycle, e.g., at septa during cell division? Do these proteins concentrate at 

such points because they have roles in mediating processes that require membrane fusion or 

mixing? Second, all three are phosphorylated62 and/or arginine methylated63 at multiple sites, 

presumably in the cytoplasm. However, a recent comprehensive study of the Mtb O-

phosphoproteome uncovered unique phosphosites on many predicted and validated cell wall 

proteins, suggesting that phosphorylation is not limited to cytoplasmic proteins61. 
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The mechanism of ESX secretion through the cell wall is unknown. Substrates EsxB and 

EsxG are exported by the ESX-1 and ESX-3 secretion systems, respectively. Our detection of 

substrates from two of the five ESX systems found in mycobacteria suggests that exposure to 

the periplasm is a general feature for these homologues. EsxB and EsxG form stable 

complexes with EsxA and EsxH, respectively. Because EsxA and EsxH are not detected in our 

cell wall proteome, it is tempting to speculate that their accessible tyrosine(s) are engaged in 

specific interactions that mask them from phenoxyl radicals. On the other hand, while we used a 

stringent and accepted SAINT score cutoff of 0.90 to identify hits that were enriched in APEX2-

expressing vs. non-expressing Mtb,  we found that relaxing this cutoff to 0.78 for the Sec 

proteome led to the inclusion of additional ESX-1 substrates EsxA and EspB, as well as the 

putative chaperone EspL. While we do not include these in our reported proteomes, we 

speculate that additional replicates—as well as use of various Mtb strains cultured under other 

conditions, as noted above— could strengthen these identifications. Overall, how EsxAB, 

EsxGH and other substrates and components of the ESX secretion system interact during cell 

wall transport remains to be further explored. Nevertheless, we note that recent data on ESX-1 

suggest a hierarchical model in which, rather than being shuttled or channeled through the cell 

wall, substrates such as EsxB support their own export out of the cell55,64 and our data lend 

additional credence to this model. 

In summary protein tagging by APEX2 offers unprecedented accuracy in localizing 

proteins to subcellular compartments of M. tuberculosis, including the cell wall. Our identification 

of the cell wall proteome with this method is an important step towards understanding essential 

pathways within the mycobacterial cell envelope, including the transport of metabolites through 

the cell wall. APEX2 is a broadly useful tool for localizing individual proteins and proteomes in 

Mtb and future studies adapting this approach will likely expand the subcellular proteome 

inventories and enable the detailed exploration of cell wall processes. 
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SIGNIFICANCE 

All bacteria rely on specialized transport systems to mediate the import and export of 

essential metabolites through their cell envelopes. In mycobacteria, including the human 

pathogen Mycobacterium tuberculosis (Mtb), transport-associated proteins have been identified 

in the cytoplasm and plasma membrane, but how metabolites move through the cell wall is 

unknown. In the absence of sequence homology to proteins of known function, localization to 

the cell wall is arguably the strongest possible experimental evidence for cell wall function that 

can be achieved on a proteome-wide level. Here we validated APEX2 peroxidase-mediated 

protein tagging in live Mtb as a highly accurate method for localizing proteins to the cell wall or 

cytoplasm and identified the APEX2-tagged proteomes of these subcellular compartments. Our 

data show that substrates of the Type VII ESX protein secretion system are exposed to the 

periplasm during secretion. Type VII secretion is required for mycobacterial virulence, but the 

mechanism of protein export through the cell wall is entirely unknown. Our results lend support 

to a model in which secreted substrates support their own export into the extracellular matrix 

and suggest that ESX secretion proceeds by a mechanism distinct from that of other bacterial 

secretion systems. 
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FIGURE LEGENDS 

 

Figure 1. Biotinylation of proteins in Mtb by Cyt-APEX2, Sec-APEX2 or N-

hydroxysuccinimide reagents. (A) Mtb encoding inducible Cyt-APEX2 or Sec-APEX2 was 

cultured without (─) or with (+) theophylline and subjected to the labeling protocol with biotin-

phenol. Image on the right is the same blot contrasted to highlight Sec-APEX2-dependent 

biotinylation. (B) Mtb whole cells were treated with sulfo-NHS-biotin (Sulfo) or NHS-PEG-biotin 

(PEG). For all blots, biotinylation in crude lysates were detected with streptavidin. Immunoblots 

are (A) representative of >3 independent experiments (see Figure S2 for additional replicates 

and (B) from one experiment for sulfo-NHS-biotin and representative of 3 independent 

experiments for NHS-PEG-biotin. The fold increase in biotinylation upon induction of APEX2 or 

treatment with NHS (“Ratio”) was calculated by taking the ratio of the + / − theophylline output 

intensities after normalizing to the corresponding inputs. 

 

Figure 2. Validation of compartment-specific labeling by Cyt-APEX2, Sec-APEX2 or N-

hydroxysuccinimide reagents. Biotinylated proteins were enriched from crude lysates 

obtained from Mtb treated as follows: (A) Mtb encoding inducible Cyt-APEX2 or Sec-APEX2 
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were cultured without (─) or with (+) theophylline and subjected to the labeling protocol with 

biotin-phenol. (B) Mtb whole cells were treated with sulfo-NHS-biotin (Sulfo) or NHS-PEG-biotin 

(PEG). Immunoblots are (A) representative of 2 independent experiments (see Figure S2 for 

additional replicate) and (B) from one experiment for sulfo-NHS-biotin and representative of 2 

independent experiments for NHS-PEG-biotin. 

 

Figure 3. Analysis of Cyt, Sec, and NHS proteomes for predicted signal peptides and 

transmembrane helices. Protein sequences from the Cyt (486), Sec (254), and NHS (416) 

proteomes were analyzed using TMHMM and SignalP to detect predicted transmembrane 

helices and Sec, Tat, and lipobox sequences. Data labels indicate the number of proteins in 

each category. 

 

STAR METHODS 

RESOURCE AVAILABILITY 

Lead contact 

Further information and requests for resources and reagents should be directed to and 

will be fulfilled by the lead contact, Jessica Seeliger (jessica.seeliger@stonybrook.edu). 

Materials availability 

Plasmids generated in this study have been deposited in Addgene: pRibo-APEX2m 

(Addgene #176842) and pRibo-Sec-APEX2m (Addgene #176844).  

Data and code availability  

• All proteomics data are accessible at https://massive.ucsd.edu under MassIVE ID: 

MSVXXXXXX. 

• All original code has been deposited at GitHub 

(https://github.com/dheerajramchandani/gene-name-fetcher) and is publicly available.  
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• Any additional information required to reanalyze the data reported in this paper is 

available from the lead contact upon request.  

 

EXPERIMENTAL MODEL DETAILS  

All experiments were performed with the attenuated Mycobacterium tuberculosis (Mtb) 

strain H37Rv mc26020 (ΔlysA ΔpanCD; gift of Dr. William Jacobs)65. Mtb was cultured in 

Middlebrook 7H9 medium (BD) supplemented with 10% v/v oleic acid-albumin-dextrose-

catalase (OADC) supplement (BD), 0.5% v/v glycerol, 0.2% w/v casamino acids (VWR J851), 

80 mg/L L-lysine, 24 mg/L pantothenate, and 0.025% v/v Tyloxapol or on Middlebrook 7H10 

agar (BD) supplemented with 10% v/v OADC, 0.5% v/v glycerol, 0.2% casamino acids, 80 mg/L 

L-lysine, 24 mg/L pantothenate. Mtb strains harboring APEX2-expressing plasmids were 

selected on medium containing 25 μg/mL kanamycin. Mtb was cultured at 37 °C and in liquid 

medium with shaking at 110 rpm. 

 

METHOD DETAILS 

Molecular cloning and transformation. The APEX2 sequence was optimized for codon 

usage in Mtb H37Rv using JCat (www.jcat.de)66.  The resulting optimized sequence (APEX2m) 

was synthesized and cloned into the pUC57 plasmid (GeneWiz/Azenta) to yield pUC57-

APEX2m. The APEX2m gene insert was amplified from pUC57-APEX2m using primers 

omlp492 (GCAACAAGATGCATATGGGCAAGAGCTACCCGACC) and olmp493 

(GTTTTTGTTCAAGCTTGGCGTCGGCGAAGC) (restriction sites underlined) and the plasmid 

pRibo-BsaHind (Addgene #36251) was digested with BsaI and HindIII. Insert and digested 

vector were gel purified and assembled by In-Fusion cloning (Takara Bio) to yield the plasmid 

pRibo-APEX2m (Addgene #176842). The plasmids pRibo-Sec-APEX2 (Addgene #111699) and 

pUC57-APEX2m were digested with BamHI and ClaI. The vector backbone and APEX2m 

insert, respectively, were gel purified and ligated to yield pRibo-Sec-APEX2m (Addgene 
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#176844). All constructs were confirmed by Sanger sequencing. The plasmids pRibo-APEX2m 

and pRibo-Sec-APEX2m were electroporated into Mtb and selected on medium containing 

kanamycin to yield the strains Mtb/APEX2m and Mtb/Sec-APEX2m. 

APEX2-mediated labeling and enrichment of biotinylated proteins. Growth, APEX2-

mediated labeling, and enrichment of biotinylated proteins was performed as reported23. Briefly, 

Mtb/APEX2m and Mtb/Sec-APEX2m were cultured in liquid medium to an optical density at 600 

nm (OD600) of 0.8-1. Mtb was then subclutured to OD600 0.25 in 50 mL (Mtb/APEX2m) or 250 mL 

(Mtb/Sec-APEX2m) with or without 2 mM theophylline and cultured for a further 72 h. Cells were 

harvested by centrifugation at 2500 xg for 10 min, resuspended at 10X concentration in 5 mL 

(Mtb/APEX2m) or 25 mL (Mtb/Sec-APEX2m) fresh medium containing 1 mM biotin-phenol (Iris 

Biotech), and incubated at 37 °C for 30 min. After harvesting by centrifugation, cells were 

resuspended in PBS and lysed by bead beating. Clarified lysates were then extracted with 1 % 

w/v dodecyl-maltoside at 4 °C for 1 h. Pre-washed neutravidin beads (Pierce PI29201) in PBS 

were added to lysates, incubated with gentle mixing at 22 °C for 1 h, and then washed with 

PBS. Enrichment and yield were confirmed by analyzing a fraction of the beads by SDS-PAGE 

followed by streptavidin Western blot (Streptavidin IR-Dye 680 LT; LI-COR Odyssey detection) 

and silver stain (Pierce), respectively. 

Succinimidyl ester labeling of Mtb. Mtb was cultured in liquid medium to OD600 0.8-1 and 

then subclutured to OD600 0.25 in 250 mL further 72 h. Cells were harvested by centrifugation at 

2500 xg for 10 min, washed twice with PBS with 0.5% Tween 80, and resuspended in 1/10th the 

original volume (25 ml) PBS with 1 mM sulfo-NHS-biotin (Sulfo) or NHS-PEG-biotin (PEG) 

(Molecular Probes). Following a 30 min incubation at 4 °C, bacteria were washed three times 

with wash buffer (50 mM Tris-HCl, pH 8.0, 100 mM glycine, 0.01% Tween 80).  After harvesting 

treated and washed cells by centrifugation, lysates were obtained and enriched for biotinylated 

proteins as above.  
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Western blot analysis of representative cell wall proteins. Total lysates and avidin-

enriched fractions obtained above were normalized by protein concentration (BCA protein 

quantification kit; Pierce) or percent of the total beads, respectively. Samples were analyzed by 

SDS-PAGE and transferred to nitrocellulose. After blocking in PBS with 5% w/v bovine serum 

albumin and 0.1% Tween-20, membranes were probed with anti-LprG (supernatant from anti-

Rv1411c clone B hybridoma, gift of Karen Dobos; equivalent antibody available also as NR-

51133 from BEI Resources) or anti-Ag85 (BEI NR-13800, 1:5000 dilution) antibodies with gentle 

mixing at 4°C for 16 h. After washing three times with PBS with 0.1% Tween-20, membranes 

were incubated with anti-mouse IR Dye 280 LT or anti-rabbit IR Dye 800 LT secondary 

antibodies, respectively, (1:10000 dilution), for 1 h at 22 °C. After repeating the washes, the 

membranes were scanned (Odyssey Clx; LI-COR).  

Identification of enriched proteins by label-free proteomics. On-bead digestion and 

peptide extraction were performed as previously described67. Briefly, proteins were reduced with 

dithiothreitol at 57 °C for 1 h (200 mM) and alkylated with iodoacetamide at 22 °C in the dark for 

45 min (500 mM). Sequencing grade modified trypsin (Promega) was added to the sample for 

overnight digestion on a shaker at 22 °C (500 ng). The supernatant containing the peptides was 

removed, added to 200 µl R2 50 µM Poros Beads and shaken for 3 h at 4 °C. The beads were 

loaded onto equilibrated C18 ziptips (Millipore) using a microcentrifuge, the sample rinsed three 

times with 0.1% TFA, and further washed with 0.5% acetic acid. Peptides were eluted with 40% 

acetonitrile in 0.5% acetic acid followed by 80% acetonitrile in 0.5% acetic acid. The organic 

solvent was removed using a concentrator (SpeedVac) and the desalted peptides reconstituted 

in 0.5% acetic acid and stored at -80°C until analysis.  

One-tenth of the total sample was analyzed by LC-MS using an EASY-nLC 1200 

(Thermo Scientific) in-line with a Q Exactive mass spectrometer (Thermo Fisher Scientific) using 

a 1 h gradient (Solvent A: 2% acetonitrile, 0.5% acetic acid; Solvent B: 80% acetonitrile, 0.5% 

acetic acid). High resolution full MS spectra were acquired with a resolution of 70,000, an AGC 
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target of 1 x 106, a maximum ion time of 120 ms, and scan range of 400 to 1500 m/z. Following 

each full MS, twenty data-dependent high resolution HCD MS/MS spectra were acquired. All 

MS/MS spectra were collected using the following instrument parameters: resolution of 17,500, 

AGC target of 5 x 104, maximum ion time of 120 ms, one microscan, 2 m/z isolation window, 

fixed first mass of 150 m/z, and NCE of 27. MS/MS spectra were searched against a UniProt 

Mycobacterium tuberculosis database using Sequest within Proteome Discoverer 1.4. The 

results were filtered using a 1% false discovery rate peptide and protein cut off searched against 

a decoy database using Percolator (http://percolator.ms/)68 and proteins had to have at least 2 

unique peptides to be considered.  A SAINT Express analysis69 was performed using the 

samples without theophylline as control to rank the identified proteins based on their likelihood 

to be bona fide enriched (i.e., biotinylated) in a theophylline-dependent (and thus APEX2-

dependent) manner (Table S1). Hits were defined as proteins with SAINT scores >0.9. Since 

proteins of the WXG100 family (including Esx substrates) have high sequence redundancy, 

additional analysis confirmed the unique identification of individual substrates (EsxA-EsxL, 

EsxN-EsxW). Among Esx substrates identified in any APEX2 proteome, only EsxL/EsxN could 

not be uniquely assigned. UniProt identifiers in the resulting proteomic datasets were used to 

obtain the corresponding Rv reference numbers using a custom Python script 

(https://github.com/dheerajramchandani/gene-name-fetcher). 

Prediction of protein export signals and structures. Using the UniProt identifiers, FASTA 

sequence files for the 490 proteins detected from Mtb expressing APEX2 and 254 proteins 

detected from Mtb expressing Sec-APEX2 were obtained from the UniProt database 

(http://www.uniprot.org). These FASTA files were then used as input to identify predicted signal 

sequences using SignalP (version 6.0)70 and predicted transmembrane helices using 

DeepTMHMM (version 1.0.12)71. The presence of a consensus ESX secretion signal as 

reported by Daleke et al72 was detected using ScanProSite73. The Alphafold plugin within the 
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UniProt database was used to obtain predicted structures for selected proteins and to generate 

customized protein structure views with tyrosines highlighted. 

 

QUANTIFICATION  

Densitometry analysis to quantify enrichment of LprG and Ag85 was performed with 

ImageJ74. Signal intensities from output samples (post enrichment) were normalized to input 

samples. The normalized values were then used to calculate the ratio of test (with APEX2 

expression) to control (without APEX2 expression). 

 

SUPPLEMENTAL INFORMATION 

 

Supplemental Figure S1. Biotinylation of proteins in Mtb by Cyt-APEX2 or Sec-APEX2 

(additional replicates) 

Supplemental Figure S2. Validation of compartment-specific labeling by Cyt-APEX2 or Sec-

APEX2 (additional replicate) 

Supplemental Figure S3. APEX2-mediated labeling predicts topology of transmembrane 

proteins 

Supplemental Table S1. List of proteins and associated peptides enriched from Mtb lysates 

Supplemental Table S2. Comparison of proteomes detected by APEX2 (Cyt), Sec-APEX2 

(Sec), or NHS-PEG-biotin (NHS) labeling to reported cell wall proteomes 

Supplemental Table S3. Analysis of the NHS-labeled (NHS) proteome for proteins with 

predicted cytosolic localization and/or function 

Supplemental Table S4. Analysis of the Sec-APEX2 (Sec) proteome for proteins with predicted 

cytosolic localization and/or function 

Supplemental Table S5. Comparison of proteins reported in cell wall proteomes that have 

known or predicted cytosolic functions with the APEX2 (Cyt) and Sec-APEX2 (Sec) proteomes 
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Supplemental Table S6. Comparison of the EXIT proteome to APEX2 (Cyt) and Sec-APEX2 

(Sec) proteomes 

Supplemental Table S7. Comparison of proteins reported in Kavunja et al. with the APEX2 

(Cyt) and Sec-APEX2 (Sec) proteomes 

Supplemental Table S8. Identification of divisome/elongasome proteins in  the Cyt-APEX2 

(Cyt) and Sec-APEX2 (Sec) proteomes 

Supplemental Table S9. Comparison of culture filtrate (CF) proteomes with the Cyt-APEX2 

(Cyt) and Sec-APEX2 (Sec) proteomes 

 

REFERENCES 

1. Troman, L., and Collinson, I. (2021). Pushing the Envelope: The Mysterious Journey 

Through the Bacterial Secretory Machinery, and Beyond. Front Microbiol 12, 782900. 

10.3389/fmicb.2021.782900. 

2. Grabowicz, M. (2019). Lipoproteins and Their Trafficking to the Outer Membrane. EcoSal 

Plus 8. 10.1128/ecosalplus.ESP-0038-2018. 

3. Lundstedt, E., Kahne, D., and Ruiz, N. (2021). Assembly and Maintenance of Lipids at the 

Bacterial Outer Membrane. Chem Rev 121, 5098–5123. 10.1021/acs.chemrev.0c00587. 

4. Yeow, J., and Chng, S.-S. (2022). Of zones, bridges and chaperones – phospholipid 

transport in bacterial outer membrane assembly and homeostasis. Microbiology 168, 

001177. 10.1099/mic.0.001177. 

5. Alderwick, L.J., Harrison, J., Lloyd, G.S., and Birch, H.L. (2015). The Mycobacterial Cell 

Wall—Peptidoglycan and Arabinogalactan. Cold Spring Harb Perspect Med 5, a021113. 

10.1101/cshperspect.a021113. 

6. Daffé, M., and Marrakchi, H. (2019). Unraveling the Structure of the Mycobacterial 

Envelope. Microbiol Spectr 7, 7.4.1. 10.1128/microbiolspec.GPP3-0027-2018. 

.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 29, 2023. ; https://doi.org/10.1101/2023.03.29.534792doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.29.534792
http://creativecommons.org/licenses/by-nc-nd/4.0/


7. Sperandeo, P., Martorana, A.M., and Polissi, A. (2017). The lipopolysaccharide transport 

(Lpt) machinery: A nonconventional transporter for lipopolysaccharide assembly at the outer 

membrane of Gram-negative bacteria. Journal of Biological Chemistry 292, 17981–17990. 

10.1074/jbc.R117.802512. 

8. Mawuenyega, K.G., Forst, C.V., Dobos, K.M., Belisle, J.T., Chen, J., Bradbury, E.M., 

Bradbury, A.R.M., and Chen, X. (2005). Mycobacterium tuberculosis Functional Network 

Analysis by Global Subcellular Protein Profiling. MBoC 16, 396–404. 10.1091/mbc.e04-04-

0329. 

9. Feltcher, M.E., Gunawardena, H.P., Zulauf, K.E., Malik, S., Griffin, J.E., Sassetti, C.M., 

Chen, X., and Braunstein, M. (2015). Label-free Quantitative Proteomics Reveals a Role for 

the Mycobacterium tuberculosis SecA2 Pathway in Exporting Solute Binding Proteins and 

Mce Transporters to the Cell Wall*. Molecular & Cellular Proteomics 14, 1501–1516. 

10.1074/mcp.M114.044685. 

10. Bell, C., Smith, G.T., Sweredoski, M.J., and Hess, S. (2012). Characterization of the 

Mycobacterium tuberculosis Proteome by Liquid Chromatography Mass Spectrometry-

based Proteomics Techniques: A Comprehensive Resource for Tuberculosis Research. J. 

Proteome Res. 11, 119–130. 10.1021/pr2007939. 

11. Wolfe, L.M., Mahaffey, S.B., Kruh, N.A., and Dobos, K.M. (2010). Proteomic Definition of the 

Cell Wall of Mycobacterium tuberculosis. J. Proteome Res. 9, 5816–5826. 

10.1021/pr1005873. 

12. Målen, H., Berven, F.S., Søfteland, T., Arntzen, M.Ø., D’Santos, C.S., De Souza, G.A., and 

Wiker, H.G. (2008). Membrane and membrane-associated proteins in Triton X-114 extracts 

ofMycobacterium bovis BCG identified using a combination of gel-based and gel-free 

fractionation strategies. Proteomics 8, 1859–1870. 10.1002/pmic.200700528. 

.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 29, 2023. ; https://doi.org/10.1101/2023.03.29.534792doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.29.534792
http://creativecommons.org/licenses/by-nc-nd/4.0/


13. Målen, H., Pathak, S., Søfteland, T., de Souza, G.A., and Wiker, H.G. (2010). Definition of 

novel cell envelope associated proteins in Triton X-114 extracts of Mycobacterium 

tuberculosis H37Rv. BMC Microbiol 10, 132. 10.1186/1471-2180-10-132. 

14. Belardinelli, J.M., and Jackson, M. (2017). Green Fluorescent Protein as a protein 

localization and topological reporter in mycobacteria. Tuberculosis 105, 13–17. 

10.1016/j.tube.2017.04.001. 

15. McDonough, J.A., Hacker, K.E., Flores, A.R., Pavelka, M.S., and Braunstein, M. (2005). The 

Twin-Arginine Translocation Pathway of Mycobacterium smegmatis Is Functional and 

Required for the Export of Mycobacterial β-Lactamases. J Bacteriol 187, 7667–7679. 

10.1128/JB.187.22.7667-7679.2005. 

16. McCann, J.R., McDonough, J.A., Pavelka, M.S., and Braunstein, M. (2007). β-lactamase 

can function as a reporter of bacterial protein export during Mycobacterium tuberculosis 

infection of host cells. Microbiology (Reading) 153, 3350–3359. 

10.1099/mic.0.2007/008516-0. 

17. Kavunja, H.W., Biegas, K.J., Banahene, N., Stewart, J.A., Piligian, B.F., Groenevelt, J.M., 

Sein, C.E., Morita, Y.S., Niederweis, M., Siegrist, M.S., et al. (2020). Photoactivatable 

Glycolipid Probes for Identifying Mycolate–Protein Interactions in Live Mycobacteria. J. Am. 

Chem. Soc. 142, 7725–7731. 10.1021/jacs.0c01065. 

18. Ganapathy, U.S., Bai, L., Wei, L., Eckartt, K.A., Lett, C.M., Previti, M.L., Carrico, I.S., and 

Seeliger, J.C. (2018). Compartment-Specific Labeling of Bacterial Periplasmic Proteins by 

Peroxidase-Mediated Biotinylation. ACS Infect. Dis. 4, 918–925. 

10.1021/acsinfecdis.8b00044. 

19. Kang, M.-G., and Rhee, H.-W. (2022). Molecular Spatiomics by Proximity Labeling. Acc. 

Chem. Res. 55, 1411–1422. 10.1021/acs.accounts.2c00061. 

20. Sears, R.M., May, D.G., and Roux, K.J. (2019). BioID as a Tool for Protein-Proximity 

Labeling in Living Cells. In Enzyme-Mediated Ligation Methods Methods in Molecular 

.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 29, 2023. ; https://doi.org/10.1101/2023.03.29.534792doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.29.534792
http://creativecommons.org/licenses/by-nc-nd/4.0/


Biology., T. Nuijens and M. Schmidt, eds. (Springer New York), pp. 299–313. 10.1007/978-

1-4939-9546-2_15. 

21. Mair, A., Xu, S.-L., Branon, T.C., Ting, A.Y., and Bergmann, D.C. (2019). Proximity labeling 

of protein complexes and cell-type-specific organellar proteomes in Arabidopsis enabled by 

TurboID. eLife 8, e47864. 10.7554/eLife.47864. 

22. Wulfing, C., and Pluckthun, A. (1994). Protein folding in the periplasm of Escherichia coli. 

Mol Microbiol 12, 685–692. 

23. Ahamed, M., Jaisinghani, N., Li, M., Winkeler, I., Silva, S., Previti, M.L., and Seeliger, J.C. 

(2022). Optimized APEX2 peroxidase-mediated proximity labeling in fast- and slow-growing 

mycobacteria. In Methods in Enzymology (Elsevier), pp. 267–289. 

10.1016/bs.mie.2021.11.021. 

24. Wells, R.M., Jones, C.M., Xi, Z., Speer, A., Danilchanka, O., Doornbos, K.S., Sun, P., Wu, 

F., Tian, C., and Niederweis, M. (2013). Discovery of a Siderophore Export System 

Essential for Virulence of Mycobacterium tuberculosis. PLOS Pathogens 9, e1003120. 

10.1371/journal.ppat.1003120. 

25. Schubert, O.T., Ludwig, C., Kogadeeva, M., Zimmermann, M., Rosenberger, G., 

Gengenbacher, M., Gillet, L.C., Collins, B.C., Röst, H.L., Kaufmann, S.H.E., et al. (2015). 

Absolute Proteome Composition and Dynamics during Dormancy and Resuscitation of 

Mycobacterium tuberculosis. Cell Host & Microbe 18, 96–108. 10.1016/j.chom.2015.06.001. 

26. Jiang, S., Kotani, N., Ohnishi, T., Miyagawa-Yamguchi, A., Tsuda, M., Yamashita, R., 

Ishiura, Y., and Honke, K. (2012). A proteomics approach to the cell-surface interactome 

using the enzyme-mediated activation of radical sources reaction. Proteomics 12, 54–62. 

10.1002/pmic.201100551. 

27. Zanon, P.R.A., Lewald, L., and Hacker, S.M. (2020). Isotopically Labeled Desthiobiotin 

Azide (isoDTB) Tags Enable Global Profiling of the Bacterial Cysteinome. Angew Chem Int 

Ed Engl 59, 2829–2836. 10.1002/anie.201912075. 

.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 29, 2023. ; https://doi.org/10.1101/2023.03.29.534792doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.29.534792
http://creativecommons.org/licenses/by-nc-nd/4.0/


28. Viswanathan, G., Yadav, S., Joshi, S.V., and Raghunand, T.R. (2016). Insights into the 

function of FhaA, a cell-division associated protein in mycobacteria. FEMS Microbiology 

Letters, fnw294. 10.1093/femsle/fnw294. 

29. Kumar, P., Schelle, M.W., Jain, M., Lin, F.L., Petzold, C.J., Leavell, M.D., Leary, J.A., Cox, 

J.S., and Bertozzi, C.R. (2007). PapA1 and PapA2 are acyltransferases essential for the 

biosynthesis of the Mycobacterium tuberculosis virulence factor sulfolipid-1. Proc. Natl. 

Acad. Sci. U.S.A. 104, 11221–11226. 10.1073/pnas.0611649104. 

30. Mawuenyega, K.G., Forst, C.V., Dobos, K.M., Belisle, J.T., Chen, J., Bradbury, E.M., 

Bradbury, A.R., and Chen, X. (2005). Mycobacterium tuberculosis functional network 

analysis by global subcellular protein profiling. Molecular biology of the cell 16, 396–404. 

10.1091/mbc.E04-04-0329. 

31. Wolfe, L.M., Mahaffey, S.B., Kruh, N.A., and Dobos, K.M. (2010). Proteomic Definition of the 

Cell Wall of Mycobacterium tuberculosis. J Proteome Res 9, 5816–5826. 

10.1021/pr1005873. 

32. Bell, C., Smith, G.T., Sweredoski, M.J., and Hess, S. (2012). Characterization of the 

Mycobacterium tuberculosis proteome by liquid chromatography mass spectrometry-based 

proteomics techniques: a comprehensive resource for tuberculosis research. Journal of 

proteome research 11, 119–130. 10.1021/pr2007939. 

33. Perkowski, E.F., Zulauf, K.E., Weerakoon, D., Hayden, J.D., Ioerger, T.R., Oreper, D., 

Gomez, S.M., Sacchettini, J.C., and Braunstein, M. (2017). The EXIT Strategy: an Approach 

for Identifying Bacterial Proteins Exported during Host Infection. mBio 8, e00333-17. 

10.1128/mBio.00333-17. 

34. Roumestand, C., Leiba, J., Galophe, N., Margeat, E., Padilla, A., Bessin, Y., Barthe, P., 

Molle, V., and Cohen-Gonsaud, M. (2011). Structural Insight into the Mycobacterium 

tuberculosis Rv0020c Protein and Its Interaction with the PknB Kinase. Structure 19, 1525–

1534. 10.1016/j.str.2011.07.011. 

.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 29, 2023. ; https://doi.org/10.1101/2023.03.29.534792doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.29.534792
http://creativecommons.org/licenses/by-nc-nd/4.0/


35. Gee, C.L., Papavinasasundaram, K.G., Blair, S.R., Baer, C.E., Falick, A.M., King, D.S., 

Griffin, J.E., Venghatakrishnan, H., Zukauskas, A., Wei, J.-R., et al. (2012). A 

Phosphorylated Pseudokinase Complex Controls Cell Wall Synthesis in Mycobacteria. Sci. 

Signal. 5. 10.1126/scisignal.2002525. 

36. Viswanathan, G., Yadav, S., Joshi, S.V., and Raghunand, T.R. (2016). Insights into the 

function of FhaA, a cell-division associated protein in mycobacteria. FEMS Microbiology 

Letters, fnw294. 10.1093/femsle/fnw294. 

37. Kieser, K.J., and Rubin, E.J. (2014). How sisters grow apart: mycobacterial growth and 

division. Nat Rev Microbiol 12, 550–562. 10.1038/nrmicro3299. 

38. Rego, E.H., Audette, R.E., and Rubin, E.J. (2017). Deletion of a mycobacterial divisome 

factor collapses single-cell phenotypic heterogeneity. Nature 546, 153–157. 

10.1038/nature22361. 

39. Wang, R., and Ehrt, S. (2021). Rv0954 Is a Member of the Mycobacterial Cell Division 

Complex. Front. Microbiol. 12, 626461. 10.3389/fmicb.2021.626461. 

40. Gupta, S., Banerjee, S.K., Chatterjee, A., Sharma, A.K., Kundu, M., and Basu, J. (2015). 

Essential protein SepF of mycobacteria interacts with FtsZ and MurG to regulate cell growth 

and division. Microbiology 161, 1627–1638. 10.1099/mic.0.000108. 

41. Wu, K.J., Zhang, J., Baranowski, C., Leung, V., Rego, E.H., Morita, Y.S., Rubin, E.J., and 

Boutte, C.C. (2018). Characterization of Conserved and Novel Septal Factors in 

Mycobacterium smegmatis. J Bacteriol 200. 10.1128/JB.00649-17. 

42. Bottai, D., Gröschel, M.I., and Brosch, R. (2015). Type VII Secretion Systems in Gram-

Positive Bacteria. In Protein and Sugar Export and Assembly in Gram-positive Bacteria 

Current Topics in Microbiology and Immunology., F. Bagnoli and R. Rappuoli, eds. (Springer 

International Publishing), pp. 235–265. 10.1007/82_2015_5015. 

.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 29, 2023. ; https://doi.org/10.1101/2023.03.29.534792doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.29.534792
http://creativecommons.org/licenses/by-nc-nd/4.0/


43. Poweleit, N., Czudnochowski, N., Nakagawa, R., Trinidad, D.D., Murphy, K.C., Sassetti, 

C.M., and Rosenberg, O.S. (2019). The structure of the endogenous ESX-3 secretion 

system. eLife 8, e52983. 10.7554/eLife.52983. 

44. Famelis, N., Rivera-Calzada, A., Degliesposti, G., Wingender, M., Mietrach, N., Skehel, 

J.M., Fernandez-Leiro, R., Böttcher, B., Schlosser, A., Llorca, O., et al. (2019). Architecture 

of the ESX-3/Type VII secretion system. Nature 576, 321–325. 10.1038/s41586-019-1633-

1. 

45. Beckham, K.S.H., Ritter, C., Chojnowski, G., Ziemianowicz, D.S., Mullapudi, E., Rettel, M., 

Savitski, M.M., Mortensen, S.A., Kosinski, J., and Wilmanns, M. (2021). Structure of the 

mycobacterial ESX-5 type VII secretion system pore complex. Sci. Adv. 7, eabg9923. 

10.1126/sciadv.abg9923. 

46. Bunduc, C.M., Fahrenkamp, D., Wald, J., Ummels, R., Bitter, W., Houben, E.N.G., and 

Marlovits, T.C. (2021). Structure and dynamics of a mycobacterial type VII secretion system. 

Nature 593, 445–448. 10.1038/s41586-021-03517-z. 

47. Ekiert, D.C., and Cox, J.S. (2014). Structure of a PE–PPE–EspG complex from 

Mycobacterium tuberculosis reveals molecular specificity of ESX protein secretion. Proc 

Natl Acad Sci U S A 111, 14758–14763. 10.1073/pnas.1409345111. 

48. Tuukkanen, A.T., Freire, D., Chan, S., Arbing, M.A., Reed, R.W., Evans, T.J., Zenkeviciutė, 

G., Kim, J., Kahng, S., Sawaya, M.R., et al. (2019). Structural Variability of EspG 

Chaperones from Mycobacterial ESX-1, ESX-3, and ESX-5 Type VII Secretion Systems. 

Journal of Molecular Biology 431, 289–307. 10.1016/j.jmb.2018.11.003. 

49. Ilghari, D., Lightbody, K.L., Veverka, V., Waters, L.C., Muskett, F.W., Renshaw, P.S., and 

Carr, M.D. (2011). Solution Structure of the Mycobacterium tuberculosis EsxG·EsxH 

Complex. Journal of Biological Chemistry 286, 29993–30002. 10.1074/jbc.M111.248732. 

50. Renshaw, P.S., Lightbody, K.L., Veverka, V., Muskett, F.W., Kelly, G., Frenkiel, T.A., 

Gordon, S.V., Hewinson, R.G., Burke, B., Norman, J., et al. (2005). Structure and function of 

.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 29, 2023. ; https://doi.org/10.1101/2023.03.29.534792doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.29.534792
http://creativecommons.org/licenses/by-nc-nd/4.0/


the complex formed by the tuberculosis virulence factors CFP-10 and ESAT-6. EMBO J 24, 

2491–2498. 10.1038/sj.emboj.7600732. 

51. Sala, C., Odermatt, N.T., Soler-Arnedo, P., Gülen, M.F., Schultz, S. von, Benjak, A., and 

Cole, S.T. (2018). EspL is essential for virulence and stabilizes EspE, EspF and EspH levels 

in Mycobacterium tuberculosis. PLOS Pathogens 14, e1007491. 

10.1371/journal.ppat.1007491. 

52. Phan, T.H., van Leeuwen, L.M., Kuijl, C., Ummels, R., van Stempvoort, G., Rubio-

Canalejas, A., Piersma, S.R., Jiménez, C.R., van der Sar, A.M., Houben, E.N.G., et al. 

(2018). EspH is a hypervirulence factor for Mycobacterium marinum and essential for the 

secretion of the ESX-1 substrates EspE and EspF. PLoS Pathog 14, e1007247. 

10.1371/journal.ppat.1007247. 

53. McLaughlin, B., Chon, J.S., MacGurn, J.A., Carlsson, F., Cheng, T.L., Cox, J.S., and Brown, 

E.J. (2007). A Mycobacterium ESX-1–Secreted Virulence Factor with Unique Requirements 

for Export. PLoS Pathog 3, e105. 10.1371/journal.ppat.0030105. 

54. Lim, Z.L., Drever, K., Dhar, N., Cole, S.T., and Chen, J.M. (2022). Mycobacterium 

tuberculosis EspK Has Active but Distinct Roles in the Secretion of EsxA and EspB. J 

Bacteriol 204, e00060-22. 10.1128/jb.00060-22. 

55. Cronin, R.M., Ferrell, M.J., Cahir, C.W., Champion, M.M., and Champion, P.A. (2022). 

Proteo-genetic analysis reveals clear hierarchy of ESX-1 secretion in Mycobacterium 

marinum. Proc. Natl. Acad. Sci. U.S.A. 119, e2123100119. 10.1073/pnas.2123100119. 

56. Renshaw, P.S., Lightbody, K.L., Veverka, V., Muskett, F.W., Kelly, G., Frenkiel, T.A., 

Gordon, S.V., Hewinson, R.G., Burke, B., Norman, J., et al. (2005). Structure and function of 

the complex formed by the tuberculosis virulence factors CFP-10 and ESAT-6. EMBO J 24, 

2491–2498. 10.1038/sj.emboj.7600732. 

.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 29, 2023. ; https://doi.org/10.1101/2023.03.29.534792doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.29.534792
http://creativecommons.org/licenses/by-nc-nd/4.0/


57. Målen, H., Berven, F.S., Fladmark, K.E., and Wiker, H.G. (2007). Comprehensive analysis 

of exported proteins fromMycobacterium tuberculosis H37Rv. Proteomics 7, 1702–1718. 

10.1002/pmic.200600853. 

58. de Souza, G.A., Leversen, N.A., Målen, H., and Wiker, H.G. (2011). Bacterial proteins with 

cleaved or uncleaved signal peptides of the general secretory pathway. Journal of 

Proteomics 75, 502–510. 10.1016/j.jprot.2011.08.016. 

59. Albrethsen, J., Agner, J., Piersma, S.R., Højrup, P., Pham, T.V., Weldingh, K., Jimenez, 

C.R., Andersen, P., and Rosenkrands, I. (2013). Proteomic Profiling of Mycobacterium 

tuberculosis Identifies Nutrient-starvation-responsive Toxin–antitoxin Systems. Molecular & 

Cellular Proteomics 12, 1180–1191. 10.1074/mcp.M112.018846. 

60. Tucci, P., Portela, M., Chetto, C.R., González-Sapienza, G., and Marín, M. (2020). 

Integrative proteomic and glycoproteomic profiling of Mycobacterium tuberculosis culture 

filtrate. PLoS ONE 15, e0221837. 10.1371/journal.pone.0221837. 

61. Frando, A., Boradia, V., Gritsenko, M., Beltejar, M.-C., Day, L., Sherman, D.R., Ma, S., 

Jacobs, J.M., and Grundner, C. (2022). The Mycobacterium tuberculosis protein O -

phosphorylation landscape (Microbiology) 10.1101/2022.02.17.480717. 

62. Kang, C.-M., Abbott, D.W., Park, S.T., Dascher, C.C., Cantley, L.C., and Husson, R.N. 

(2005). The Mycobacterium tuberculosis serine/threonine kinases PknA and PknB: 

substrate identification and regulation of cell shape. Genes Dev. 19, 1692–1704. 

10.1101/gad.1311105. 

63. Freeman, A.H., Tembiwa, K., Brenner, J.R., Chase, M.R., Fortune, S.M., Morita, Y.S., and 

Boutte, C.C. (2023). Arginine methylation sites on SepIVA help balance elongation and 

septation in Mycobacterium smegmatis. Mol Microbiol 119, 208–223. 10.1111/mmi.15006. 

64. Damen, M.P.M., Meijers, A.S., Keizer, E.M., Piersma, S.R., Jiménez, C.R., Kuijl, C.P., 

Bitter, W., and Houben, E.N.G. (2022). The ESX-1 Substrate PPE68 Has a Key Function in 

.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 29, 2023. ; https://doi.org/10.1101/2023.03.29.534792doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.29.534792
http://creativecommons.org/licenses/by-nc-nd/4.0/


ESX-1-Mediated Secretion in Mycobacterium marinum. mBio 13, e02819-22. 

10.1128/mbio.02819-22. 

65. Sambandamurthy, V.K., Derrick, S.C., Jalapathy, K.V., Chen, B., Russell, R.G., Morris, S.L., 

and Jacobs, W.R. (2005). Long-Term Protection against Tuberculosis following Vaccination 

with a Severely Attenuated Double Lysine and Pantothenate Auxotroph of Mycobacterium 

tuberculosis. Infect Immun 73, 1196–1203. 10.1128/IAI.73.2.1196-1203.2005. 

66. Grote, A., Hiller, K., Scheer, M., Munch, R., Nortemann, B., Hempel, D.C., and Jahn, D. 

(2005). JCat: a novel tool to adapt codon usage of a target gene to its potential expression 

host. Nucleic Acids Research 33, W526–W531. 10.1093/nar/gki376. 

67. Peled, M., Tocheva, A.S., Sandigursky, S., Nayak, S., Philips, E.A., Nichols, K.E., Strazza, 

M., Azoulay-Alfaguter, I., Askenazi, M., Neel, B.G., et al. (2018). Affinity purification mass 

spectrometry analysis of PD-1 uncovers SAP as a new checkpoint inhibitor. Proc. Natl. 

Acad. Sci. U.S.A. 115. 10.1073/pnas.1710437115. 

68. Käll, L., Canterbury, J.D., Weston, J., Noble, W.S., and MacCoss, M.J. (2007). Semi-

supervised learning for peptide identification from shotgun proteomics datasets. Nat 

Methods 4, 923–925. 10.1038/nmeth1113. 

69. Choi, H., Liu, G., Mellacheruvu, D., Tyers, M., Gingras, A., and Nesvizhskii, A.I. (2012). 

Analyzing Protein‐Protein Interactions from Affinity Purification‐Mass Spectrometry Data 

with SAINT. CP in Bioinformatics 39. 10.1002/0471250953.bi0815s39. 

70. Teufel, F., Almagro Armenteros, J.J., Johansen, A.R., Gíslason, M.H., Pihl, S.I., Tsirigos, 

K.D., Winther, O., Brunak, S., von Heijne, G., and Nielsen, H. (2022). SignalP 6.0 predicts 

all five types of signal peptides using protein language models. Nat Biotechnol 40, 1023–

1025. 10.1038/s41587-021-01156-3. 

71. Hallgren, J., Tsirigos, K.D., Pedersen, M.D., Almagro Armenteros, J.J., Marcatili, P., 

Nielsen, H., Krogh, A., and Winther, O. (2022). DeepTMHMM predicts alpha and beta 

.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 29, 2023. ; https://doi.org/10.1101/2023.03.29.534792doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.29.534792
http://creativecommons.org/licenses/by-nc-nd/4.0/


transmembrane proteins using deep neural networks (Bioinformatics) 

10.1101/2022.04.08.487609. 

72. Daleke, M.H., Ummels, R., Bawono, P., Heringa, J., Vandenbroucke-Grauls, C.M.J.E., 

Luirink, J., and Bitter, W. (2012). General secretion signal for the mycobacterial type VII 

secretion pathway. Proc. Natl. Acad. Sci. U.S.A. 109, 11342–11347. 

10.1073/pnas.1119453109. 

73. de Castro, E., Sigrist, C.J.A., Gattiker, A., Bulliard, V., Langendijk-Genevaux, P.S., 

Gasteiger, E., Bairoch, A., and Hulo, N. (2006). ScanProsite: detection of PROSITE 

signature matches and ProRule-associated functional and structural residues in proteins. 

Nucleic Acids Research 34, W362–W365. 10.1093/nar/gkl124. 

74. Schneider, C.A., Rasband, W.S., and Eliceiri, K.W. (2012). NIH Image to ImageJ: 25 years 

of image analysis. Nat Methods 9, 671–675. 10.1038/nmeth.2089. 

 

  

.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 29, 2023. ; https://doi.org/10.1101/2023.03.29.534792doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.29.534792
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

Figure 1. Biotinylation of proteins in Mtb by Cyt-APEX2, Sec-APEX2 or N-

hydroxysuccinimide reagents. (A) Mtb encoding inducible Cyt-APEX2 or Sec-APEX2 was 

cultured without (─) or with (+) theophylline and subjected to the labeling protocol with biotin-

phenol. Image on the right is the same blot contrasted to highlight Sec-APEX2-dependent 

biotinylation. (B) Mtb whole cells were treated with sulfo-NHS-biotin (Sulfo) or NHS-PEG-biotin 

(PEG). For all blots, biotinylation in crude lysates were detected with streptavidin. Immunoblots 

are (A) representative of >3 independent experiments (see Figure S2 for additional replicates 

and (B) from one experiment for sulfo-NHS-biotin and representative of 3 independent 

experiments for NHS-PEG-biotin. The fold increase in biotinylation upon induction of APEX2 or 

treatment with NHS (“Ratio”) was calculated by taking the ratio of the + / − theophylline output 

intensities after normalizing to the corresponding inputs. 
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Figure 2. Validation of compartment-specific labeling by Cyt-APEX2, Sec-APEX2 or N-

hydroxysuccinimide reagents. Biotinylated proteins were enriched from crude lysates 

obtained from Mtb treated as follows: (A) Mtb encoding inducible Cyt-APEX2 or Sec-APEX2 

were cultured without (─) or with (+) theophylline and subjected to the labeling protocol with 

biotin-phenol. (B) Mtb whole cells were treated with sulfo-NHS-biotin (Sulfo) or NHS-PEG-biotin 

(PEG). Immunoblots are (A) representative of 2 independent experiments (see Figure S2 for 

additional replicate) and (B) from one experiment for sulfo-NHS-biotin and representative of 2 

independent experiments for NHS-PEG-biotin. 
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Figure 3. Analysis of Cyt, Sec, and NHS proteomes for predicted signal peptides and 

transmembrane helices. Protein sequences from the Cyt (486), Sec (254), and NHS (416) 

proteomes were analyzed using TMHMM and SignalP to detect predicted transmembrane 

helices and Sec, Tat, and lipobox sequences. Data labels indicate the number of proteins in 

each category. 
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