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Significant progress toward elucidating mycomembrane composition, biosynthesis, and function 

has been made, although much remains to be learned. Its major mycolate glycolipids, including trehalose 

monomycolate (TMM), trehalose dimycolate (TDM), and arabinogalactan mycolate (AGM), are 

synthesized as shown in Figure 1A. TMM is synthesized from trehalose in the cytoplasm via 

Pks13/CmrA,13 then exported by MmpL314,15 and processed by Ag85 mycoloyltransferases16–18 to 

generate TDM and AGM. However, the identities of many proteins involved in mycomembrane lipid 

transport, remodeling, turnover, and host interactions have remained elusive. Furthermore, the proteomic 

composition of the mycomembrane is notoriously poorly defined.19 Despite computational predictions that 

the Mtb genome may encode over 100 mycomembrane-associated proteins,20–22 only a few have been 

identified and characterized across the Mycobacterium genus.19,23–27 Most of these proteins exhibit 

channel activity and/or are important for nutrient influx, including the M. smegmatis (Msmeg) porin 

(MspA),23,28,29 Mtb CpnT,24  and newly discovered Mtb PPE51.30,31 The many as-yet unidentified 

mycomembrane proteins likely have other critical functions as well, including secretion/efflux processes, 

cell envelope biosynthesis and remodeling, and host–pathogen interactions.19  

New tools are needed to accelerate the identification and functional characterization of 

mycomembrane-related proteins. Significant efforts have been made to enrich and identify 

mycomembrane-resident proteins,27,32–36 mainly through subcellular fractionation and detergent 

extraction, but the resolution of cell envelope layers remains extremely challenging due to the massive 

peptidoglycan–arabinogalactan–mycolate covalent complex. Moreover, the lysis conditions, detergents, 

and centrifugations in these methods do not retain all of the protein–lipid interactions that occur in vivo, 

particularly weaker, transient interactions, which are frequently lost.37 Such methods are also not 

designed to capture proteins that are not directly associated with the mycomembrane, and thus miss an 

important subset of proteins involved in mycomembrane metabolism or host interactions. Finally, 

traditional methods are laborious and often incompatible with complex experimental contexts, e.g. biofilm 

cultures or macrophage/animal infections. Recently, lipid-mimicking probes bearing photoactivatable and 

clickable groups have emerged as valuable tools for profiling in vivo lipid–protein interactions.37–41 Here, 

we merged this photolabeling concept with our mycomembrane-targeting probes to develop the first tool 
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for global analysis of in vivo mycolate–protein interactions, providing a powerful new approach to 

investigating mycomembrane-related proteins in their native state. 

We reported that TMM analogues bearing functionalized mycolate-mimicking chains can 

metabolically incorporate into mycomembrane components via conserved, substrate-promiscuous Ag85 

mycoloyltransferases.42–44 By altering the linker, we controlled the incorporation mechanism and labeling 

target, with amide-linked N-AlkTMM-C7 exclusively labeling TDM and ester-linked O-AlkTMM-C7 

labeling AGM and TDM (Scheme S1, Supporting Information (SI)).42 Capitalizing on the TMM scaffold, 

we designed the two photoactivatable analogues N- and O-x-AlkTMM-C15 to enable mycomembrane 

proteomics (Figure 1B, SI Discussion). Both analogues possess the mycomembrane-targeting TMM 

moiety containing a lipophilic chain, which has a photoactivatable diazirine and a clickable alkyne. We 

envisioned that N- or O-x-AlkTMM-C15 would metabolically embed into glycolipids in live cells, placing 

the lipophilic chain in proximity to mycomembrane-related proteins. Upon UV photo-activation, the 

diazirine photo-crosslinks proteins, enabling click-mediated affinity enrichment from cell lysates and 

subsequent identification. In principle, this strategy enables capture and analysis of proteins that 

associate directly with the mycomembrane or that are involved in mycolate synthesis, transport, 

remodeling, turnover, or host interactions (SI Discussion). 

The syntheses of both probes employed bifunctional fatty acid 1,39 which we conjugated to 

trehalose derivatives 2 and 345–47 to produce N- and O-x-AlkTMM-C15 in two steps (Figure 2A). Using 

bovine serum albumin (BSA) as a model protein,48 we confirmed that both probes possessed the requisite 

functionalities of (i) photo-crosslinking proteins when UV-irradiated and (ii) labeling and detecting the 

resulting crosslinked products via Cu-catalyzed azide–alkyne cycloaddition (CuAAC) (Figure 2B).  
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performed Western blot analysis. Probe-treated Msmeg was UV-irradiated, then lysates were obtained 

and reacted with azido-TAMRA-PEG-biotin (AzTB) by CuAAC, delivering fluorescent and biotin tags to 

proteins for detection or enrichment. AzTB-treated lysates were analyzed by SDS-PAGE and Western 

blot prior to (input) and after (output) affinity capture on and elution from avidin beads. Proteins were 

effectively enriched only in the probe-treated, UV-irradiated (+probe+UV) samples (Figure 4A). 

Importantly, Ag85 and MspA were detected in all input samples, while both were clearly enriched in the 

outputs of the +probe+UV samples (Figure 4B and SI Discussion). The plasma membrane-associated 

mannosyltransferase MptA (negative control) was not detected in the outputs (Figure S12). These results 

show that N-x-AlkTMM-C15 enables photo-crosslinking, affinity enrichment, and detection of mycolate-

interacting proteins. 
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including CmrA, which is involved in TMM synthesis,55,56 and MmpL3, which is the TMM flippase.14,15 We 

identified multiple relevant hydrolases, including TDM hydrolase (Tdmh), which is involved in stress-

induced mycomembrane remodeling,57–59 and two related proteins, MSMEG_1528 and MSMEG_0194 

(55% and 41% sequence identity to Tdmh), which potentially represent novel mycomembrane-

remodeling enzymes. Other notable hits include EccA1, whose absence in M. marinum reduced mycolate 

synthesis by 40%,60 and the extracellular proteins MTB12, MPT64, and HBHA, all of which have Mtb 

orthologs involved in host–pathogen interactions that are attractive diagnostic markers and/or vaccine 

candidates.61–63 Indeed, most identified Msmeg proteins have Mtb orthologs, ~15–20% of which are 

essential in vitro,64 and whose major predicted functions include cell wall/cell processes and 

uncharacterized hypothetical proteins (Tables S1 and S2; Figure S13). The differential protein profiles 

between our two studies, in terms of both protein identity and predicted functions (Figures 5C and S13), 

have interesting biological and experimental implications. The observed changes likely reflect a 

combination of growth phase-dependent dynamic changes in mycolate–protein interactions and of 

improved detection of low-abundance interactions in higher-density cultures (SI Discussion). Finally, the 

successful identification of nearly all known trehalose mycolate-interacting proteins in Msmeg (see Figure 

1A) provides high confidence in probe specificity and thus in the biological relevance of the proteins 

identified through our strategy. 
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importance. Ultimately, the ability to elucidate native-state lipid–protein interactions in mycobacteria will 

advance our understanding of mycobacterial physiology and pathogenesis, and may reveal new targets 

for the development of urgently needed tuberculosis vaccines, diagnostics, and drugs. 
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