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Abstract

The study of the bacterial periplasm requires techniques with sufficient spatial resolution and 

sensitivity to resolve the components and processes within this subcellular compartment. 

Peroxidase-mediated biotinylation has enabled targeted labeling of proteins within subcellular 

compartments of mammalian cells. We investigated whether this methodology could be applied to 

the bacterial periplasm. In this study we demonstrated that peroxidase-mediated biotinylation can 

be performed in mycobacteria and Escherichia coli. To eliminate detection artifacts from natively 

biotinylated mycobacterial proteins, we validated two alternative labeling substrates, tyramide 

azide and tyramide alkyne, which enable biotin-independent detection of labeled proteins. We also 

targeted peroxidase expression to the periplasm, resulting in compartment-specific labeling of 

periplasmic versus cytoplasmic proteins in mycobacteria. Finally, we showed that this method can 

be used to validate protein relocalization to the cytoplasm upon removal of a secretion signal. This 

novel application of peroxidase-mediated protein labeling will advance efforts to characterize the 

role of the periplasm in bacterial physiology and pathogenesis.
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As the physical barrier between bacteria and their environments, the cell envelope is critical 

for bacterial survival and a major target for antibiotic development. A common feature of 

many bacterial cell envelopes is the periplasm – the space between the inner and outer 

membranes. This bacterial subcellular compartment, however, remains poorly characterized. 

The discovery of novel periplasmic biology requires proper tools for identifying proteins 

that localize to and perform specialized functions within this compartment.

Periplasmic proteins are typically identified using subcellular fractionation by sedimentation 

to separate membrane or cell wall constituents away from the cytoplasm, but this method has 

several critical drawbacks1. The disruptive nature of subcellular fractionation risks cross-

contamination, especially by abundant cytoplasmic proteins. Notably, cytoplasmic proteins 

that peripherally associate with the inner membrane can be enriched in membrane and cell 

wall fractions. Furthermore, soluble proteins that localize to the periplasm, but do not 

associate with cell wall material may not be captured by this method. Another experimental 

approach is to use genetic reporters that are active exclusively in the cytoplasm or the 

periplasm (e.g., GFP fluorescence in the cytoplasm or alkaline phosphatase activity in the 

periplasm)2–4. This is a powerful method, particularly when used to screen libraries of 

reporter fusions or insertions5–6, and has been most recently used to identify exported 

proteins in Mycobacterium tuberculosis (Mtb) in a mouse infection7. Such studies make the 

key assumption that insertions and fusions do not alter the export or topology of the encoded 

protein. An alternative approach that avoids experimental complications is to identify 

periplasmic proteins by the presence of a secretion signal in the protein’s amino acid 

sequence8. However, several secreted proteins are known to lack a discernible secretion 

signal. In Mtb, the channel protein with necrosis-inducing toxin (CpnT) localizes to the 

outer membrane of the bacterium but has no apparent canonical secretion signal9. Mtb 
secreted antigen ESAT-6 and superoxide dismutase SodA also have no N-terminal secretion 

signal but are exported by the ESX-1 and SecA2 secretion systems respectively10–12. A 

bioinformatics approach based on secretion signals8 would miss these and other periplasmic 

Ganapathy et al. Page 2

ACS Infect Dis. Author manuscript; available in PMC 2019 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and secreted proteins. Thus, due to the limitations of present methods for identifying 

periplasmic proteins, the localization of many bacterial proteins remains ambiguous.

Given the present challenges in validating periplasmic proteins, we explored whether 

periplasmic proteins could be selectively labeled. Ideally, such protein labeling would occur 

within live cells to preserve the membrane architecture that defines the periplasm. The 

labeling method must also function in the conditions found in the periplasm, which is 

believed to be an oxidizing environment13 and devoid of common enzyme co-factors such as 

ATP14. (Evidence supporting these statements comes from E. coli and to our knowledge 

there have been no corresponding studies in mycobacteria, but the analogous cell envelope 

architecture and presence of enzymes that catalyze disulfide formation15 suggest that the 

same restrictions apply.) Critically, the labeling method must be compartment-specific and 

selectively label periplasmic proteins without contamination from cytoplasmic proteins.

Peroxidase-mediated biotinylation is a protein labeling technique that is performed in live 

cells16–18. In the presence of hydrogen peroxide and biotin-phenol, the peroxidase APEX 

generates short-lived phenoxyl radicals that covalently biotinylate proximal proteins, 

typically on surface-exposed tyrosine residues. Biotinylated proteins can then undergo 

affinity enrichment and identification via mass spectrometry. When APEX was targeted to 

the mitochondrial matrix, APEX-generated biotin-phenoxyl radicals did not cross lipid 

membranes and selective labeling of matrix proteins was achieved16. Thus, peroxidase-

mediated biotinylation can provide specific labeling of proteins within membrane-bound 

subcellular compartments. With the increased catalytic activity of the engineered variant 

APEX2, the sensitivity of peroxidase-mediated biotinylation improved significantly, making 

this technique highly suitable for subcellular proteomics19.

To evaluate peroxidase-mediated biotinylation in bacteria, we first expressed cytoplasmic 

APEX2 (Figure 1A) in Mycobacterium smegmatis (Msm) using a riboswitch-based 

theophylline-inducible expression system20. Msm cultures induced with theophylline had 

detectable APEX2 expression and coincident peroxidase activity (Figure 1B), indicating 

expression of active APEX2. We next treated the Msm cultures with biotin-phenol and 

hydrogen peroxide to initiate biotinylation. We assessed protein biotinylation by streptavidin 

blot analysis. Mycobacteria, including Msm, express several natively biotinylated proteins 

(Figure 1B, streptavidin blot, APEX2 uninduced lane)21–22. This endogenous biotinylation 

is the probable source of signal in uninduced samples. In Msm expressing cytoplasmic 

APEX2, we detected numerous APEX2-dependent biotinylated protein bands, 

demonstrating that peroxidase-mediated biotinylation can be performed in mycobacteria 

(Figure 1B, streptavidin blot, APEX2 induced lane). Optimal labeling was attained with 1 

mM biotin-phenol and an incubation time of 30 minutes (Figure S1). We also performed 

peroxidase-mediated biotinylation in E. coli (Figure S2). Streptavidin blot analysis detected 

AccB (17 kDa), the only natively biotinylated protein in E. coli (Figure S2, streptavidin blot, 

APEX2 uninduced lane)23. As observed in Msm, expression of cytoplasmic APEX2 in E. 
coli also resulted in APEX2-dependent protein biotinylation, demonstrating the broad 

applicability of peroxidase-mediated biotinylation.
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Peroxidase-mediated biotinylation was previously used to inventory the proteome of the 

mitochondrial matrix by targeting APEX2 to this compartment16. We asked whether APEX2 

could similarly be used to label a mycobacterial sub-compartment: the periplasm. To 

localize APEX2 to the periplasm, we generated Sec-APEX2 and Tat-APEX2, in which a 

mycobacterial Sec or Tat secretion signal is fused to the N-terminus of APEX2 (Figure 1A). 

We expressed either Sec-APEX2 or Tat-APEX2 in Msm (Figure 1B) and detected induced 

protein bands comparable in size to APEX2, indicative of proper secretion and processing of 

each protein by the respective secretion pathways. We also detected a second, slightly larger 

Tat-APEX2 product, which likely corresponds to the uncleaved precursor protein and has 

been observed for several mycobacterial Tat substrates24. Msm expressing either Sec-

APEX2 or Tat-APEX2 had detectable peroxidase activity in a colorimetric assay on whole 

cells, suggesting that APEX2 remains active after secretion to the periplasm (Figure 1B). We 

noticed that expression of Sec-APEX2 was markedly lower than that of APEX2 or the 

processed form of Tat-APEX2. Consistent with this observation, Msm expressing Sec-

APEX2 had lower peroxidase activity compared to APEX2- and Tat-APEX2-expressing 

strains. Despite these differences in expression and activity, both Sec-APEX2 and Tat-

APEX2 expression yielded similar levels of protein biotinylation. Importantly, the pattern of 

biotinylation was similar between the two, but distinct from that of cytoplasmic APEX2 

(Figure 1B). These results suggest that the cytoplasmic and secreted forms of APEX2 

localize to different compartments (the cytoplasm vs. the periplasm) and thus biotinylate 

distinct subsets of proteins.

As demonstrated in Figure 1B, the discrimination of APEX2-dependent biotinylated proteins 

in mycobacteria is confounded by the abundance of natively biotinylated proteins in this 

genus. To address this problem, we synthesized two alternative labeling substrates, tyramide 

azide and tyramide alkyne (Figures S3 and S4), which can be coupled to detection or 

enrichment moieties via a Copper-catalyzed Azide/Alkyne Cycloaddition (CuAAC) “click” 

reaction. Similar to the biotin-phenol labeling protocol, we treated Msm with tyramide azide 

and hydrogen peroxide to enable APEX2 activity. We then performed CuAAC on total 

lysates using a fluorescein-conjugated alkyne and detected the labeled proteins by in-gel 

fluorescence. In the absence of APEX2 expression labeling with tyramide azide resulted in 

significantly fewer bands than observed with the biotin-phenol substrate (Figures 1B and 2, 

Figure S5). The tyramide azide labeling patterns of uninduced samples were also weaker 

compared to those of induced samples. These results are consistent with an absence of 

detection artifacts from natively biotinylated proteins in the labeling profile. We confirmed 

that the tyramide azide labeling profile observed by in-gel fluorescence was substrate- and 

copper-dependent (Figure S6) and that optimal labeling was achieved with 1 mM tyramide 

azide and an incubation time of 15 minutes (Figure S7). As observed with biotin-phenol, 

Sec-APEX2 and Tat-APEX2 labeling with tyramide azide generated a unique labeling 

pattern that differed from that of APEX2, further supporting compartment-specific labeling 

by cytoplasmic versus secreted APEX2 (Figure 2).

Labeling with tyramide alkyne similarly removed detection artifacts from natively 

biotinylated proteins (Figure 2, Figure S5). Optimal labeling was attained with 1 mM 

tyramide alkyne and an incubation time of 15 minutes (Figure S8). The labeling patterns of 

cytoplasmic and secreted APEX2 with tyramide alkyne matched those observed with 
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tyramide azide. Thus, differential protein labeling by cytoplasmic and secreted APEX2 was 

observed when either tyramide azide or tyramide alkyne were used. Interestingly, the 

fluorescence intensity of the tyramide alkyne labeling profiles were consistently lower than 

those observed with tyramide azide (Figure 2, Figure S5, S9), suggesting differential 

labeling efficiency by the two substrates. With either tyramide azide or tyramide alkyne, 

residual labeling occurred in the absence of APEX2 expression (Figure 2, Figure S9). We 

suspected that this non-specific background labeling was due to the CuAAC conditions used. 

Indeed, we found that changing the ligand-to-copper ratio from 10:1 to 1:1 and reducing the 

copper concentration from 1 mM to 200 μM reduced non-specific background while 

maintaining APEX2-dependent labeling (Figure S10, S11).

To confirm compartment-specific protein biotinylation by cytoplasmic and secreted APEX2, 

we asked whether these forms of APEX2 differentially biotinylate eGFP, which is expressed 

in the cytoplasm, and the mycobacterial lipoprotein LprG (MSMEG_3070), which has a 

predicted secretion signal and localizes to the cell wall fraction25. In Msm we co-expressed 

eGFP or LprG with either APEX2 or Sec-APEX2 and treated cells with the same biotin-

phenol labeling protocol as above (Figure 3A). To probe for biotinylation of either substrate, 

we first performed avidin enrichment on the lysates to enrich for biotinylated proteins and 

then probed for FLAG-tagged eGFP or LprG by immunoblot with fluorescence detection to 

enable quantitative analysis. eGFP was detected at higher levels in the avidin-enriched 

protein fraction when cells expressed APEX2 (Figure 3A). These results are consistent with 

APEX2 being localized to the cytoplasm where it can biotinylate eGFP. In contrast, LprG 

was detected at significantly higher levels after enrichment when co-expressed with Sec-

APEX2, consistent with Sec-APEX2 being localized to the periplasm where it can 

biotinylate LprG.

Since overexpressing certain proteins may result in their mislocalization or in other 

undesirable effects on bacterial physiology, we further showed the generality of the method 

by assaying APEX2-dependent biotinylation of native proteins. The Ag85 complex is a well 

characterized group of mycobacterial cell wall enzymes26. Using Msm strains expressing 

cytoplasmic APEX2 or Sec-APEX2, we performed the same biotin-phenol labeling protocol 

and avidin enrichment as above and then probed for the Ag85 complex using a native 

antibody raised against the Mtb Ag85 complex. This polyclonal antibody cross-reacted with 

Msm lysates and yielded multiple bands in the input samples (Figure 3B). However, after 

avidin enrichment, distinct and specific bands in the predicted size range for the Msm Ag85 

complex (~28–33 kDa) were detected only upon Sec-APEX2 expression (Figure 3B). 

Similar to the results with LprG, these observations are consistent with Sec-APEX2 being 

co-localized with Ag85 in the periplasm. The direct detection of Ag85 in the periplasm is a 

singular result that contrasts with previous cellular fractionation studies in which the Ag85 

complex, which comprises fully soluble proteins, was detected in the supernatant along with 

cytoplasmic proteins27.

We went on to demonstrate that compartment-specific labeling by APEX2 can validate 

protein relocalization upon the removal of a putative secretion signal. When the N-terminal 

region of LprG containing its secretion signal is deleted (NA-LprG), the lipoprotein is 

presumably no longer secreted to the periplasm and remains in the cytoplasm28. In 
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agreement with cytoplasmic localization, NA-LprG was only detected in the avidin-enriched 

protein fraction from APEX2-expressing cells (Figure 4). The inability of Sec-APEX2 to 

biotinylate NA-LprG supports the periplasmic localization of Sec-APEX2. Similar to Sec-

APEX2, Tat-APEX2 expression resulted in biotinylation of LprG but not NA-LprG, 

demonstrating that Tat-APEX2 is also localized to the periplasm (Figure S12). We note that 

avidin-enriched LprG migrates slightly higher than total LprG detected in the input (Figures 

3A, 4, S12). LprG-3XFLAG contains 6 tyrosines (3 native, 3 in the FLAG epitope) and 

biotin-phenol is somewhat hydrophobic due to the alkyl chain linker between the biotin and 

phenol moieties. Thus, labeling at multiple sites could lead to altered migration through 

combined effects on molecular weight and hydrophobicity.

In addition, avidin enrichment of LprG even in the absence of APEX2 expression is much 

more apparent in Figure 3A than Figure 4. The major differences between these experiments 

that likely led to this result were the relative protein expression levels (higher target protein, 

lower APEX2 in Figure 3A), amount of lysate used in the enrichment (twice as much in 

Figure 3A) and the method of detection (fluorescence vs. chemiluminescence). This may 

have resulted in greater non-specific binding of LprG and more accurate (linear) detection of 

relative protein levels between samples in Figure 3. Regardless, the conclusions regarding 

LprG are the same from both experiments and in general fluorescence detection is 

recommended to enable quantitative comparisons, as discussed further below. Taken 

together, our findings demonstrate that APEX2 and Sec-APEX2/Tat-APEX2 localize to 

different subcellular compartments, the cytosol and the periplasm respectively, and each 

variant biotinylate proteins within their respective compartments.

In the course of applying APEX2-dependent labeling the localization of individual proteins 

we consistently observed a lower but consistent enrichment above background (ratio >1) 

when APEX2 and the target were expressed in different compartments (e.g., for eGFP and 

sec-APEX2 and for LprG and cytoplasmic APEX2; Fig. 3A). The degree of apparent “extra-

compartmental” labeling correlated with the expression level of APEX2 (Figure S13), 

consistent with limited diffusion of the biotin-phenoxyl radical across membranes to yield 

detectable labeling of proteins outside the targeted compartment. Although no evidence for 

extra-compartmental protein labeling was detected by microscopy in a previous APEX 

study16, labeling due to cross-membrane diffusion of biotin-phenol- or biotin-aryl azide-

derived radicals has been suggested by other peroxidase-based proteomics studies29–30. Our 

results are thus consistent with previous observations, but do not preclude the use of APEX2 

labeling to localize proteins thanks to the ability to quantitatively compare labeling by 

cytoplasmic and sec-APEX2. We acknowledge that localizing targets that accumulate 

appreciably in both compartments will not necessarily be definitive by this method. In the 

future labeling reagents with lower membrane propensity (e.g., that have a shorter or more 

hydrophilic linker between the biotin and the phenol) may enable greater compartment 

specificity.

While labeling of a protein by APEX2 or Sec-APEX2 can determine whether a protein is in 

the cytoplasm or periplasm respectively, the extent of labeling cannot be used to determine 

the relative distribution of the protein across these compartments for two key reasons. First, 

the observed differences in both expression and activity of cytoplasmic and secreted 
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APEX2s will contribute to differences in protein labeling levels. Second, the dramatically 

smaller size of the periplasm in comparison to the cytoplasm results in a higher effective 

concentration of Sec-APEX2 versus APEX2, resulting in differential labeling efficiencies in 

each subcellular compartment. For these reasons, it is not possible to comment on the 

relative amounts of a given protein that occupy the cytoplasm vs. the periplasm. Also, in 

general we recommend a low level of APEX2 and target protein expression, such as from a 

single gene copy when driven from a strong constitutive promoter, for validating 

localization, as this reduces spurious extra-compartmental labeling due to apparent phenoxyl 

radical diffusion across the membrane, but maintains robust intra-compartmental labeling 

(Figures 3A, S13). This may not be a concern for localizing native, rather than 

overexpressed, proteins due to target concentrations that are likely lower than those observed 

when using standard mycobacterial expression vectors.

To our knowledge, our work represents the first demonstration of peroxidase-mediated 

biotinylation in bacteria. Importantly, we show that this technique is compartment-specific, 

enabling selective labeling of periplasmic versus cytoplasmic proteins in mycobacteria. With 

our LprG labeling experiments, we show the utility of the described methodology in 

validating the localization of a protein-of-interest. Using alternative labeling substrates and 

click chemistry, we also demonstrated detection of APEX2-labeled mycobacterial proteins 

without artifacts from natively biotinylated proteins. Since detection of natively biotinylated 

proteins is avoided, these reagents will be especially useful for applications involving 

proteomics or the localization of specific proteins because they increase the specificity with 

which labeled proteins can be enriched. Nevertheless, labeling with biotin remains a valid 

option (Figures 3, 4) and currently the most convenient due to the commercial availability of 

biotin-phenol. Combined with quantitative proteomics, the described methodology has the 

potential to improve significantly upon existing approaches for studying periplasmic 

proteins in bacteria. Better identification and characterization of periplasmic proteins will 

help elucidate the role of the periplasm in bacterial physiology and virulence.

Methods

Reagents

Unless otherwise stated, reagents were obtained from Sigma-Aldrich. Phosphate buffered 

saline (PBS) was prepared as 18 mM sodium phosphate, 2.7 mM potassium chloride, 137 

mM sodium chloride, 1.47 mM potassium phosphate, pH 7.4. Biotin-phenol (Iris Biotech), 

tyramide azide and tyramide alkyne were prepared as 50 mM stocks in DMSO and used in 

cultures at 1 mM final concentration (final DMSO concentration was 2%).

Strains and Culture Conditions

E. coli BL21 (DE3) and Stellar (Clontech) strains were cultured in LB medium and 

incubated at 37 °C with shaking at 250 rpm. For selection, 50 μg ml−1 kanamycin, 100 μg ml
−1 hygromycin B were used where indicated. Msm mc2155 (ATCC 700084) was cultured in 

Middlebrook 7H9 containing 0.05% (v/v) Tween-80, 0.2% (v/v) glycerol, 0.2% (w/v) 

glucose, 1% (w/v) casamino acids (Amresco) and incubated at 37 °C with shaking at 250 
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rpm. For selection 25 μg ml−1 kanamycin or 50 μg ml−1 hygromycin B were used where 

indicated. Antibiotic concentrations were halved when used together.

Cloning

All vectors were generated using In-Fusion HD Cloning (Clontech), assembly PCR or 

traditional ligation as described in Tables S1 and S2. N-terminal V5-tagged APEX was 

subcloned from pcDNA3-mito-APEX (Addgene plasmid # 49386)16 and inserted into 

pRibo, a theophylline-inducible expression vector20. APEX2 was subsequently generated by 

site-directed mutagenesis19. Sec-APEX2 and Tat-APEX2 were generated by introducing a 

secretion signal connected by a two amino acid linker to the N-terminus of V5-tagged 

APEX2: (Sec/Tat signal)-GS-(V5 tag)-(APEX2). The secretion signals of mpt63 (rv1926c) 

and blaC (rv2068c) were used as Sec and Tat signals, respectively, and have been previously 

validated31–32. Vectors expressing C-terminally FLAG-tagged proteins contained a 

constitutive hsp60 promoter33 and encoded the 3XFLAG sequence: (Protein)-AS-

DYKDDDGDYKDHDIDYKDDDDK. NA-LprG was generated by deleting residues 1–25 

from the Msm LprG homologue (MSMEG_3070) and mutating the cysteine residue at 

position 26 to a methionine by site-directed mutagenesis28, 34.

Synthesis of Tyramide Azide and Tyramide Alkyne

For tyramide azide, tyramine hydrochloride (465 mg, 2.675 mmol, 1 equiv.) was combined 

with 4-azidobutyric acid (0.311 mL, 2.675 mmol, 1 equiv.) and diisopropyl carbodiimide 

(0.479 mL, 3.211 mmol, 1.2 equiv.) in pyridine (16 mL) in a round bottom flask. The 

reaction was allowed to proceed overnight at 22 °C. Excess solvent was then evaporated. 

The solid power remaining was subsequently dissolved in ethyl acetate (3.40 mL) and 

partially purified by flash column using ethyl acetate as the mobile phase. Collected 

fractions were pooled and evaporated to dryness. The residue was dissolved in acetonitrile 

and purified by high-pressure liquid chromatography (HPLC) (60–50% acetonitrile in water 

with 1% trifluoroacetic acid over 85 min, retention time = 26 min, 35% acetonitrile). 1H-

NMR (400 MHz, CDCl3) δ: 7.00 (d, J = 8.4 Hz, 2H), 6.77 (d, J = 8.5 Hz, 2H), 5.57 (s, 1H), 

3.47 (m, 2H), 3.28 (t, J = 6.5 Hz, 2H), 2.71 (t, J = 6.9 Hz, 2H), 2.2 (t, J = 7.2 Hz, 2H), 1.86 

(m, 2H) (Figure S3). MS (ESI): m/z calculated for C12H17N4O2 [M + H+] 249.1352, 

observed 249.1346 [M+H]+.

Tyramide alkyne was synthesized and purified in the same manner, except that 5-hexynoic 

acid (0.295 mL, 2.675 mmol, 1 equiv.) was substituted for 4-azidobutyric acid. For HPLC 

the retention time was 24 min, 29% acetonitrile. 1H-NMR (400 MHz, CDCl3) δ: 6.99 (d, J = 

8.1 Hz, 2H), 6.80 (d, J = 8.0 Hz, 2H), 5.74 (s, 1H), 3.46 (m, 2H), 2.71 (t, J = 7.0 Hz, 2H), 

2.26 (t, J = 7.4 Hz, 2H), 2.1 (td, J = 6.9, 2.6 Hz, 2H), 1.94 (t, J = 2.6 Hz, 1H), 1.83 (m, 2H) 

(Figure S4). MS (ESI): m/z calculated for C14H18NO2 [M + H+] 232.1338, observed 232.1 

[M+H]+.

Protein Labeling in Live Mycobacteria

The labeling protocol was adapted from the method described by Rhee and coauthors16. For 

labeling with biotin-phenol, 15-mL Msm cultures were subcultured from log phase starter 

cultures at OD600 = 0.25 with or without 2 mM theophylline and incubated at 37 °C for 6 h. 
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Cells were pelleted, resuspended in 1 mL fresh medium and transferred to microcentrifuge 

tubes. Cell suspensions were incubated with 1 mM biotin-phenol (Iris Biotech) at 37 °C for 

30 min. To initiate the labeling reaction, cell suspensions were treated with 1 mM H2O2 for 

1 min. The reaction was quenched by adding 1 mL 2X quenching solution containing 20 

mM sodium ascorbate, 20 mM sodium azide and 10 mM Trolox in PBS with 0.05% 

Tween-80 (PBS-Tw80). Cells were washed with 1X quenching solution and then with PBS-

Tw80 using a wash volume of 2 mL. The cells were then washed with 1X quenching 

solution a second time and then with PBS-Tw80 using wash volumes of 1.5 mL before being 

resuspended in 1.5 mL PBS (no Tween 80). Cells were lysed by bead beating with 0.1 mm 

zirconia/silica beads four times at 4,500 rpm for 30 s each with samples kept on ice for 5 

min between beatings. Beads and cell debris were removed from lysates by centrifugation 

(10,000 g, 5 min, 4 °C).

Labeling with tyramide azide or tyramide alkyne was performed as described above, but 

with the following changes: 1 mL cell suspensions were incubated with 1 mM tyramide 

azide or tyramide alkyne for 15 min. After the second wash with 1X quenching solution, the 

cells were washed with 1.5 mL 20 mM Tris, pH 7.4 and resuspended in 1.5 mL Click 

Reaction Lysis Buffer (20 mM Tris, 150 mM NaCl, 1% Triton X-100, 1% SDS, pH 7.4) 

before lysing.

Protein Labeling in Live E. coli

15-mL E. coli cultures were inoculated at OD600 = 0.1 until cultures reached OD600 = 0.4–

0.6. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 0.1 

mM and cultures were incubated at 37°C for an additional 1 h. Cells were pelleted, 

resuspended in 1 mL fresh medium and transferred to microcentrifuge tubes. Samples were 

then treated with biotin-phenol and H2O2, quenched and lysed as described for mycobacteria 

above.

Whole Cell Peroxidase Activity

Guaiacol was added to 1% (v/v) final concentration to 500 μL of culture in a 

microcentrifuge tube. H2O2 was then added to the samples to a final concentration of 1% 

(v/v). Samples were immediately mixed by vortexing and briefly centrifuged. Cell pellets 

were examined for the development of a reddish-orange color.

CuAAC Click-Chemistry

Protein lysates from Msm cells labeled with tyramide azide or tyramide alkyne were 

generated as described above. Click reactions in 500 μL consisted of labeled protein lysates 

with 5 mM sodium ascorbate, 25 μM 5-fluorescein amidite (FAM) azide (Lumiprobe) or 5-

FAM alkyne (Lumiprobe), 100 μM tris(benzyltriazolylmethyl)amine (TBTA) (Thermo 

Fisher Scientific) and 1 mM CuSO4, added in that order. Reactions were protected from 

light and incubated at 22 °C with gentle shaking for 1 h after which the reactions were 

quenched by adding EDTA to a final concentration of 10 mM. SDS loading dye was added 

to samples before separation on a 10% SDS-PAGE gel and visualization using a Typhoon 

FLA 9000 scanner (GE Healthcare Life Sciences). Equal protein loading of SDS-PAGE gels 

was confirmed by Coomassie staining. Optimized click reactions were set up as above, but 
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with the following changes: Reactions were scaled down to 100 μl total volume and used 

200 μM CuSO4 and 200 μM TBTA to give a 1:1 ligand-to-copper ratio.

Enrichment of Biotinylated Proteins

Lysates from Msm cells treated with biotin-phenol were generated in PBS as described 

above. Protein concentration was determined using the Pierce BCA Protein Assay Kit 

(Thermo Fisher Scientific). NeutrAvidin agarose resin (100 μL; Thermo Fisher Scientific) 

was pre-equilibrated in microcentrifuge tubes by washing with 500 μl PBS twice. Input 

samples consisted of 400–1200 μg total protein lysate (normalized across samples) with 1% 

SDS in a total volume of 500 μl. Input samples were boiled for 5 min and 420 μl (Figure 4) 

or 960 μL (Figure 3) was then added to the washed resin and incubated at 22 °C with gentle 

rotation for 1 h. The supernatant (flow-through) was then removed. The resin was washed 

with 500 μl PBS containing 0.2% SDS at 22 °C with gentle shaking for 10–20 min. The 

supernatant (wash) was removed and the resin was washed an additional three times with 

500 μl PBS (no SDS) each. Proteins (output) were eluted by boiling the resin in 50 μl 2X 

SDS loading dye for 5 min.

Immunoblots

All antibodies were diluted with Odyssey Blocking Buffer (LI-COR, cat# 927–40000) 

containing 0.1% SDS and 0.1% Tween-20 unless otherwise noted. For total protein 

biotinylation profile analysis, 10–20 μg total protein was separated on 10% SDS-PAGE gels 

and then transferred to nitrocellulose membranes. Membranes were probed with 1:10,000 

Streptavidin IRDye®700Dx (Rockland Immunochemicals) and imaged on an Odyssey CLx 

imaging system (LI-COR). For analysis of APEX2 expression levels, 10–20 μg total protein 

was separated and transferred as above and then probed with 1:5000 mouse IgG anti-V5 

(Invitrogen) or 1:200 mouse anti-GroEL (Abcam) and 1:15,000 goat anti-mouse IgG 

CW800 (LI-COR) secondary antibody before imaging.

For analysis of eGFP, LprG and NA-LprG biotinylation, input (10–20 μg total protein) and 

output (20 μL) samples were separated and transferred as above. Membranes were blocked 

with 5% BSA in PBST (PBS with 0.1% Tween-20) and then probed with 1:1000 mouse 

monoclonal anti-FLAG M2 (Sigma Aldrich) in 5% BSA in PBST. For fluorescence 

detection (Figure 3), membranes were probed with 1:15,000 goat anti-mouse IgG CW800 

(LI-COR) secondary antibody before imaging. For chemiluminescence detection (Figure 4), 

membranes were probed with 1:20,000 goat polyclonal anti-mouse IgG-HRP (Abcam) 

secondary antibody. Millipore Immobilon Western Chemiluminescent HRP Substrate was 

used for detection of HRP-conjugated antibody on film.

For analysis of Ag85 biotinylation, input (2.5 μg total protein) and output (20 μL) samples 

were separated and transferred as above. Membranes were blocked with Odyssey Blocking 

Buffer (LI-COR) and then probed with 1:5000 rabbit polyclonal anti-Mtb Ag85 complex 

(BEI Resources NR-13800). Membranes were probed with 1:10,000 goat anti-rabbit lgG 

CW 680 (LI-COR) secondary antibody followed by fluorescence imaging. Mtb Ag85A was 

expressed and purified as reported35 and 0.1 μg was loaded as a positive control for the 

Ganapathy et al. Page 10

ACS Infect Dis. Author manuscript; available in PMC 2019 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



antibody. All image processing and analysis was performed using Image Studio Lite (LI-

COR)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cytoplasmic and secreted APEX2 have distinct protein biotinylation profiles in Msm.
(A) To localize APEX2 to the periplasmic space, we generated Sec-APEX2 and Tat-APEX2, 

in which a Sec or Tat secretion pathway signal is fused to APEX2. Red circles denote 

labeling substrate that reacts covalently with proteins in an APEX2 activity-dependent 

manner and subsequently serves as an enrichment or detection tag. (B) Msm expressing V5-

tagged APEX2 (28 kDa), Sec-APEX2 (31 kDa) or Tat-APEX2 (33 kDa) was grown without 

or with theophylline and subjected to the labeling protocol with biotin-phenol. Anti-V5 

immunoblot analysis of the lysates established expression of APEX2, Sec-APEX2 and Tat-

APEX2. Anti-GroEL was used to confirm equal loading. Peroxidase activity was assayed in 

whole cells using guaiacol. Streptavidin blot analysis was used to detect protein 

biotinylation. Arrowheads indicate examples of APEX2 expression-dependent bands. Data 

are representative of >3 biological replicates.

Ganapathy et al. Page 14

ACS Infect Dis. Author manuscript; available in PMC 2019 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Alternative labeling substrates reduce detection artifacts.
Msm expressing APEX2, Sec-APEX2 or Tat-APEX2 was grown without or with 

theophylline and subjected to the labeling protocol with either tyramide azide or tyramide 

alkyne. Lysates underwent a CuAAC reaction with alkyne or azide-conjugated fluorescein. 

In-gel fluorescence detection of the clicked lysates was used to assess protein labeling. 

Equal protein loading was confirmed by subsequent Coomassie staining (Figure S5). Data 

are representative of 3 biological replicates under the specified conditions.
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Figure 3. Protein biotinylation by APEX2 and Sec-APEX2 is compartment-specific.
(A) Msm co-expressing APEX2 or Sec-APEX2 from a single integrated chromosomal copy 

and eGFP-3XFLAG (31 kDa) or LprG-3XFLAG (27 kDa) from a multi-copy episomal 

plasmid were grown without or with theophylline and subjected to the labeling protocol with 

biotin-phenol. Biotinylated proteins were enriched by avidin affinity purification. Anti-

FLAG immunoblot analysis with fluorescence detection was used to quantify expression and 

biotinylation. The fold increase in biotinylation upon induction of APEX2 or Sec-APEX2 

(“Ratio”) was calculated by taking the ratio of the + / − theophylline output signals after 

normalizing to the corresponding inputs. (B) Msm expressing APEX2 or Sec-APEX2 from a 

multi-copy episomal plasmid were treated as in (A) except that immunoblot analysis was 

performed with antibody against Mtb Ag85 complex. Purified Mtb Ag85A (34 kDa) was 

included as a positive control for the antibody. All data are from the same blot; intervening 

lanes were removed for clarity. All data are representative of ≥ 2 biological replicates. Lane 

labels I and O indicate input and output for the avidin enrichment.
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Figure 4. Truncating the predicted secretion signal relocalizes LprG to the cytoplasm.
Msm co-expressing APEX2 or Sec-APEX2 from a multi-copy episomal plasmid and 

LprG-3XFLAG (27 kDa) or NA-LprG-3XFLAG (24 kDa) from a single integrated 

chromosomal copy were grown without or with theophylline and subjected to the labeling 

protocol with biotin-phenol. Biotinylated proteins were enriched by avidin affinity 

purification. Anti-FLAG immunoblot analysis with chemiluminescence detection of the 

input and output fractions was used to assess expression and biotinylation of LprG-3XFLAG 

and NA-LprG-3XFLAG. Data are representative of 3 biological replicates. Lane labels I and 

O indicate input and output for the avidin enrichment.
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