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Abstract

Front-line tuberculosis (TB) drugs have been characterized extensively in vitro and in vivo with 

respect to gene expression and cell viability. However, little work has been devoted to 

understanding their effects on physiology of the cell envelope, one of the main targets of this 

clinical regimen. Here, we use metabolic labeling methods to visualize the effects of TB drugs on 

cell envelope dynamics in mycobacterial species. We developed a new fluorophore-trehalose 

conjugate to visualize trehalose monomycolates of the mycomembrane with super-resolution 

microscopy. We also probed the relationship between mycomembrane and peptidoglycan 

dynamics using a dual metabolic labeling strategy. Finally, we found that metabolic labeling of 

both cell envelope structures reports on drug effects on cell physiology in two hours, far quicker 

than a genetic sensor of cell envelope stress. Our work provides insight into acute drug effects on 

cell envelope biogenesis in live mycobacteria.
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Over a fourth of the world’s population is thought to be infected with TB, which is caused 

by the bacterial pathogen Mycobacterium tuberculosis (Mtb).[1] Clinical treatment requires a 

cocktail of up to 4 drugs prescribed during 6 months. Furthermore, failure to complete 

extensive drug treatments has led to increased drug resistance.[2,3] As part of front-line TB 

treatment, ethambutol and isoniazid[2] disrupt the biosynthesis of components of the cell 

envelope, a formidable barrier to many host stresses and therapeutics.[4–7] Despite the 

identification of enzymatic drug targets, our current understanding of how existing drugs 

alter live cell physiology remains inadequate due to a lack of tools to monitor cell envelope 

dynamics in real-time at the single-cell level. Therefore, new molecular methods that 

interrogate TB drug effects on cell envelope physiology are needed.

Mycobacterial peptidoglycan (PG), a major component of the cell envelope, is covalently 

modified with arabinogalactan polymers, which in turn are elaborated with long lipid chains 

called mycolic acids (Figure 1).[8] These mycolic acids form the inner leaflet of the 

mycomembrane (MM), which also includes an outer leaflet constituted by a variety of non-

covalently associated lipids (Figure 1A). The most abundant glycolipids are trehalose 

monomycolate (TMM) and trehalose dimycolate (TDM), which together with remaining 

lipids account for 60% of the cell envelope.[9] Historically, the cell envelope has been 

characterized by bulk isolation and purification of individual components, an approach that 

necessarily destroys important information regarding its native architecture and dynamics.[8]

For this reason, methods for molecular imaging of intact mycobacterial cell envelope 

components have become the subject of much recent attention, particularly the use of 

metabolic labeling to deliver synthetic probes to specific structures.[10] For example, 

PG[11–14] and trehalose glycolipids[15–20] can be imaged using synthetic metabolic 

precursors modified with fluorophores or bioorthogonal handles that exploit enzyme 

promiscuities during biosynthesis. These tools have been used to individually probe the 

distribution of the respective structures during cell growth and host cell infection.[10,21] 

However, these metabolic labeling reagents have not yet been used in combination to 

provide a more holistic view of how mycobacteria orchestrate multiple cell envelope 

components during cell growth and biological stresses. Simultaneous labeling of multiple 

cell envelope components may reveal aspects of cell physiology, metabolic state, and 

population heterogeneity that are not evident through the lens of a single molecular 

structure. As well, dual visualization of PG and MM perturbations induced by front-line 

drug treatment may shed light on their mechanisms of toxicity and inform the design of 

next-generation drug cocktails.

Here, we developed a new trehalose fluorophore conjugate to image TMM by super-

resolution microscopy in live mycobacteria. We utilized a dual metabolic labeling strategy to 

monitor the biosynthetic dynamics and subcellular distribution of both PG and TMM in 

Mycobacterium marinum (Mm), a pathogenic species that is one of the closest genetic 

relatives to Mtb[22] (Figure 1B). With this dual metabolic labeling approach, we found that 
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mycobacteria undergo a drastic shift in their cell envelope biosynthesis program when cells 

are treated with MM-targeting front-line TB drugs. Our work revealed a fast biochemical 

modulation of cell envelope biogenesis during TB drug exposure that precedes a 

transcriptional response.

Seminal work from Barry, Davis and coworkers demonstrated that synthetic trehalose 

reporters are processed by the antigen 85 complex (Ag85), a family of mycolyltransferases 

that resides in the cell envelope and converts 2 molecules of TMM to form TDM and free 

trehalose.[15,23] Work from our lab and others has shown that certain fluorescein-conjugated 

trehalose analogs are processed by mycolyltransferases from a range of mycolic acid-

producing actinobacteria.[15,20] However, the poor photostability of fluorescein limited our 

ability to perform fluorescence imaging over extended time periods and super-resolution 

microscopy studies. A tetramethylrhodamine (TAMRA)-trehalose conjugate would be far 

better suited to these goals, and likewise, TAMRA has been a popular choice for super-

resolution imaging of both bacterial and mammalian cells.[24] Our previous studies showed 

that, among a panel of regioisomeric fluorescein-trehalose conjugates, the 6-fluorescein 

analog (6-FlTre) was incorporated most efficiently into TMM of Mycobacterium smegmatis 
(Ms),[20] an established model organism with a MM similar to that of Mtb. We installed 

TAMRA at this position to afford TAMRA-trehalose conjugate, 6-TMR-Tre, synthesized 

from the corresponding 6-azido trehalose[25] precursor (see SI methods). Treatment of Ms in 

liquid culture with 6-TMR-Tre for short pulses produced polar fluorescence labeling (Figure 

S1), in agreement with the known polar localization of cell envelope biosynthetic enzymes 

during log phase growth.[26–28] Gratifyingly, 6-TMR-Tre did not label bacteria devoid of 

trehalose mycolates such as Gram-positive Bacillus subtilis or Gram-negative Escherichia 
coli (Figure S2).

We performed several experiments to confirm that 6-TMR-Tre was being processed by Ag85 

and incorporated into TMM. Consistent with this notion, 6-TMR-Tre labeling was reduced 

in Ms and Mm when co-incubated with unmodified trehalose in a dose-dependent fashion 

(Figure 2A). In addition, we tested the effect of ebselen, a covalent Ag85 inhibitor,[29] on 6-

TMR-Tre labeling efficiency. With the same incubation periods used for trehalose 

competition studies, ebselen treatment significantly reduced metabolic incorporation of 6-

TMR-Tre in both mycobacterial species (Figure 2B). Finally, we extracted the apolar total 

lipid fraction of 6-TMR-Tre-labeled mycobacteria and analyzed it by thin layer 

chromatography (TLC). Fluorescence scanning of TLC plates revealed a single fluorescent 

band corresponding to TMM labeled with 6-TMR-Tre in both Ms and Mm (Figure S3). 

These experiments were also carried out with Corynebacterium glutamicum to demonstrate 

selective labeling of TMM by 6-TMR-Tre (Figure S4). Collectively, these results show that 

6-TMR-Tre is metabolically incorporated into TMM within the cell envelope.

We employed 6-TMR-Tre labeling to visualize the subcellular organization of TMM by 

structured illumination microscopy (SIM). We pulsed Ms cells with 6-TMR-Tre for 5, 15 or 

30 min, where increasing incubation times afforded stronger labeling of the polar regions of 

cells (Figure 3A). Labeled glycolipids were observed at the very tips of cell poles, where 6-

TMR-Tre is likely processed by Ag85 in the cell envelope.[15,20] We also observed 

heterogeneous labeling along the cell length when Mm was incubated with 6-TMR-Tre for 
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45 min (Figure 3B). To our knowledge, this is the first example of super-resolution 

microscopy of trehalose mycolates in mycobacteria.

We then sought to simultaneously monitor the dynamics of labeled TMM and PG, which we 

labeled with the fluorescent D-alanine derivative NADA.[11] In a single labeling step, we 

treated Mm in liquid culture with short pulses of both NADA and 6-TMR-Tre. We found 

strong colocalization of NADA and 6-TMR-Tre fluorescence at the poles, where enzymes 

involved in new PG and TMM biosynthesis are primarily localized (Figure 4).[26,27] 

Interestingly, we observed increasing labeling of the mycobacterial side-wall at longer 

incubations with both reporters, suggesting the occurrence of remodeling or maturation 

processes within the existing cell envelope. These observations were also made for Ms cells 

that were labeled for 5, 15 or 30 min (Figure 4A). Taken together, our results demonstrate 

that dual labeling of live mycobacteria reveals real-time dynamics of cell envelope 

components with subcellular resolution during cell growth.

The current understanding of stress responses upon exposure to cell envelope-targeting 

drugs is limited to genetic readouts[30–34] or endpoint electron microscopy,[35] which are not 

amenable to live cell visualization. In principle, metabolic labeling methods can report on 

changes in PG and MM dynamics upon front-line TB drug treatment in live mycobacteria. 

In particular, we sought to visualize the changes that cells incur when treated with MM-

compromising agents such as ethambutol (EMB) and isoniazid (INH), inhibitors of 

arabinogalactan and mycolic acid biosynthesis, respectively.[2] We also included SQ109 to 

examine alterations produced by inhibition of MmpL3, a TMM-specific transporter.[35] As a 

negative control, we included rifampicin (RIF), which targets RNA polymerase to inhibit 

transcription.[2] Furthermore, fluorescent vancomycin conjugate (Vanco-Fl) was used to 

report on the MM’s integrity, which must penetrate this structure to bind PG.

We treated Mm with a range of concentrations (below and above MIC) of EMB, INH, 

SQ109, and RIF for 2 h, in the presence of NADA, 6-TMR-Tre, or Vanco-Fl reporters 

(Figure 5, Figure S5 for Ms). Overall, NADA and 6-TMR-Tre labeling decreased with 

increasing concentrations of drugs by flow cytometry, which suggests general cellular 

toxicity. Notably, EMB treatment produced a dose-dependent increase in 6-TMR-Tre 

labeling after 2 h, which is consistent with upregulated mycolic acid and trehalose mycolate 

biosynthesis upon EMB treatment.[36,37] On the other hand, SQ109 treatment resulted in 

unchanged 6-TMR-Tre staining while Vanco-Fl staining drastically increased, suggesting a 

compromised MM. As expected, RIF treatment produced only minor changes in NADA, 6-

TMR-Tre and Vanco-Fl labeling. These results pointed at different global effects of TB 

drugs on cell envelope dynamics.

Upon closer examination, fluorescence microscopy revealed drug-specific cell labeling 

patterns in live mycobacteria (Figure S6 and S7). For instance, EMB treatment induced more 

intense side-wall labeling at all concentrations tested. We proceeded to quantify this 

phenomenon at the individual cell level. Fluorescence intensities for NADA and 6-TMR-Tre 

reporters were plotted against the cell length to illustrate their spatial distributions (Figure 

S8). We also calculated the polarity index to account for cell envelope remodeling 

differences during treatment, defined as the intensity ratio of the dimmest region to the 
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brightest pole. These measurements indicate that Mm differentially modulates cell envelope 

biogenesis under specific drug treatment conditions after only 2 h (Figure 6). Notably, we 

observed significant increase and decrease in labeling polarity for EMB and SQ109 

treatment, respectively. In addition, treatment of Ms cells with the same drugs produced 

different polarity profiles, highlighting species-specific drug responses (Figure S9). Our 

results are consistent with the upregulation of cell envelope remodeling enzymes in response 

to drug treatment by gene expression profiling.[30,32,33] However, transcriptional responses 

are unable to report on immediate changes to cell envelope physiology.

Cell envelope targeting drugs have been reported to directly affect the iniBAC operon, which 

is involved in alleviating cell envelope stress.[31,34] However, using an iniBAC genetic 

reporter Mm strain we did not observe upregulation upon short drug treatment (Figure S10). 

Conversely, a robust response was observed after 24 h, which is consistent with previous 

findings[34] (Figure S10). Collectively, our results show that front-line TB drug pressures 

can alter cell envelope biogenesis before significant activation of the iniBAC operon, 

suggesting a faster biochemical response than genetic regulation of cell envelope stress.

A fundamental understanding of how effective TB drugs alter cell physiology can inform the 

development of new approaches. To date, drug effects on Mtb cell physiology have been 

studied primarily at the levels of transcription[30–34] and metabolism[38,39]. However, far less 

is known about the state of the cell envelope during drug treatment. Gross morphological 

changes have been observed by electron microscopy[35] and cell envelope signatures have 

been studied by vibrational imaging,[40] but these methods provide static views of cell 

envelope physiology.

In summary, we used metabolic reporters to study mycobacterial cell envelope architecture 

by super-resolution microscopy. We observed a spatially regulated cell envelope maturation 

process during growth in rich media. Simultaneous labeling with NADA and 6-TMR-Tre 

allowed real-time dual visualization of PG and TMM dynamics at the single-cell level. We 

probed the effects of front-line TB drug treatment on metabolic labeling and discovered 

drug-specific effects on the distribution of cell envelope components. Our observations 

suggest that cell envelope biogenesis can be localized to the side-wall during drug treatment. 

In addition, we were able to capture changes in cell envelope structure as early as 2 h after 

drug exposure, a time frame that is hard to interrogate using other methods. The metabolic 

labeling technique revealed responses to drug treatment that precede transcriptional 

adaptations. Thus, mycobacterial cell envelope labeling offers a new, operationally simple 

mode of probing drug effects in parallel with gene expression profiling. This method is also 

well suited to interrogate how the host environment affects cell envelope physiology in 

relevant in vivo models of TB pathogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Metabolic labeling of the mycobacterial cell envelope with peptidoglycan and trehalose 

monomycolate reporters. A) Metabolic labeling of the mycobacterial cell envelope, which is 

compromised of inner membrane, peptidoglycan, arabinogalactan, mycomembrane, and 

capsule. B) Chemical structures for peptidoglycan and trehalose monomycolate with 

metabolic reporters NADA and 6-TMR-Tre.

Rodriguez-Rivera et al. Page 8

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2019 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
6-TMR-Tre is incorporated into the mycomembrane through an Ag85-mediated pathway. 

Ms and Mm were labeled with 100 μM 6-TMR-Tre for 3 and 4 h, respectively. A) Trehalose 

reduces 6-TMR-Tre labeling in a dose-dependent manner during bacterial growth. B) 

Ebselen treatment during to 6-TMR-Tre labeling decreases incorporation of 6-TMR-Tre into 

the mycomembrane of both species. Error bars depict standard deviation of three replicate 

experiments. Results are representative of at least two independent experiments. Statistical 

significance is given by *P < 0.05, **P < 0.01, ***P < 0.001. Mean fluorescence intensity 

(MFI)
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Figure 3. 
Structured illumination microscopy reveals polar addition of 6-TMR-Tre in mycobacteria. 

(A) Ms cells were incubated for 5, 15 or 15 min with 6-TMR-Tre prior to SIM visualization. 

(B) Short pulse of 45 min in Mm reveals ultrastructural information on TMM 

mycomembrane organization. Maximum intensity projections of z-stack images are shown. 

Scale bar, 2 μm
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Figure 4. 
Short pulse dual cell envelope labeling in mycobacteria reveals subcellular distribution of 

PG and TMM biosynthesis in Ms (A) and Mm (B). Cells were incubated with 100 μM 6-

TMRTre and 1 mM NADA for the indicated times. Representative images are shown for 

widefield fluorescence microscopy. Scale bar, 2 μm
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Figure 5. 
Effects of short (2 h) drug treatment at different concentrations in Mm. Bacteria were treated 

with EMB (A), INH (B), SQ109 (C), RIF (D) and labeled with NADA, 6-TMR-Tre or 

Vanco-Fl followed by flow cytometry analysis. Error bars depict standard deviation of three 

replicate experiments. Results are representative of at least two independent experiments. 

Statistical significance is given by *P < 0.05, **P < 0.01, ***P < 0.001. Mean fluorescence 

intensity (MFI)
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Figure 6. 
Front-line TB drugs alter cell envelope metabolic labeling profile in Mm. Cells were 

incubated with NADA and 6-TMR-Tre reporters during short 2 h drug treatment with EMB, 

INH, SQ109, and RIF. Traces of normalized fluorescence intensity profile along the cell axis 

were obtained to measure spatial distribution of labeling intensity. Polarity index was 

calculated as the ratio of the highest intensity at the pole to the lowest intensity along the cell 

body for NADA (A) and 6-TMR-Tre (B) channels. Statistical significance was calculated by 

a rank sum test and is given by *P < 0.05, **P < 0.01, ***P < 0.001.
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