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ABSTRACT Mycobacteria spatially organize their plasma membrane, and many
enzymes involved in envelope biosynthesis associate with a membrane compart-
ment termed the intracellular membrane domain (IMD). The IMD is concentrated in
the polar regions of growing cells and becomes less polarized under nongrowing
conditions. Because mycobacteria elongate from the poles, the observed polar local-
ization of the IMD during growth likely supports the localized biosynthesis of enve-
lope components. While we have identified more than 300 IMD-associated proteins
by proteomic analyses, only a few of these have been verified by independent ex-
perimental methods. Furthermore, some IMD-associated proteins may have escaped
proteomic identification and remain to be identified. Here, we visually screened an
arrayed library of 523 Mycobacterium smegmatis strains, each producing a Dendra2-
FLAG-tagged recombinant protein. We identified 29 fusion proteins that showed po-
lar fluorescence patterns characteristic of IMD proteins. Twenty of these had previ-
ously been suggested to localize to the IMD based on proteomic data. Of the nine
remaining IMD candidate proteins, three were confirmed by biochemical methods to
be associated with the IMD. Taken together, this new colocalization strategy is effec-
tive in verifying the IMD association of proteins found by proteomic analyses while
facilitating the discovery of additional IMD-associated proteins.

IMPORTANCE The intracellular membrane domain (IMD) is a membrane subcompart-
ment found in Mycobacterium smegmatis cells. Proteomic analysis of purified IMD
identified more than 300 proteins, including enzymes involved in cell envelope bio-
synthesis. However, proteomics on its own is unlikely to detect every IMD-associated
protein because of technical and biological limitations. Here, we describe fluorescent
protein colocalization as an alternative, independent approach. Using a combination
of fluorescence microscopy, proteomics, and subcellular fractionation, we identified
three new proteins associated with the IMD. Such a robust method to rigorously
define IMD proteins will benefit future investigations to decipher the synthesis,
maintenance, and functions of this membrane domain and help delineate a more
general mechanism of subcellular protein localization in mycobacteria.

KEYWORDS fluorescence microscopy, Mycobacterial Systems Resource,
mycobacterium, membrane domain, membrane proteins

The cell envelope of mycobacteria comprises the plasma membrane, cell wall, and
the mycomembrane, an outer membrane component that differs extensively from the

classical outer membrane of Gram-negative bacteria. This diderm structure is unusually
complex, with a peptidoglycan layer covalently linked to arabinogalactan, which, in turn,
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is covalently linked to mycolic acids. Mycolic acids are a component of the mycomem-
brane that endows mycobacteria with their characteristic waxy coat (1–5).

Mycobacteria must retain their complex cell envelope as they grow and elongate
their rod-shaped cell. New components for cell envelope extension are added at the
subpolar regions (6–12). The intracellular membrane domain (IMD) is a membrane
structure that has been proposed to form laterally discrete domains within the conven-
tional plasma membrane and is found enriched in the subpolar regions of actively
growing cells (13, 14). The IMD is spatially positioned to support polar cell wall synthe-
sis and growth, and its subpolar enrichment is reduced when cells are in a stressed
environment (15, 16). The IMD can be biochemically isolated from the cell lysate of
Mycobacterium smegmatis by sucrose density gradient sedimentation (14). During frac-
tionation, the IMD sediments to a region of lighter density than the plasma membrane.
The plasma membrane is purified in tight association with the cell wall components,
and the complex is designated the plasma membrane-cell wall (PM-CW). Proteomic
analysis of the IMD identified more than 300 candidate proteins associated with the
IMD. Well-characterized examples of the IMD proteins include cell envelope biosyn-
thetic enzymes such as PimB9, Ppm1, and GlfT2 (13). PimB9 is an essential mannosyl-
transferase that catalyzes the transfer of a second mannose to form phosphatidylinosi-
tol dimannosides, a component of the cell envelope (17, 18). Ppm1 is a subunit of the
polyprenol phosphate mannnose (PPM) synthase, involved in synthesizing lipid-linked
mannose donors, and is another essential enzyme for the synthesis of mannose-con-
taining glycolipids (19–22). GlfT2 is a galactosyltransferase that extends the galactan
chain of the arabinogalactan layer (23, 24). The identification of these essential biosyn-
thetic enzymes, among others involved in cell envelope biosynthesis, highlights the
critical roles of the IMD in cell envelope biosynthesis.

Although more than 300 putative IMD-associating proteins have been identified,
we predicted that there would be additional IMD proteins that were not detected by
proteomics due to its limitations. For example, proteins (small proteins in particular)
that are not annotated in the protein database will not be identified by this method.
Proteins that do not have trypsin cleavage sites will also be missed. Membrane pro-
teins are difficult to detect by mass spectroscopy due to the hydrophobicity of the
peptide fragments. Furthermore, sample preparation may also introduce a bias. For
example, peripheral membrane proteins weakly associated with a membrane may dis-
sociate from the membrane during cell lysate preparation. In addition to these false
negatives, there may be false positives among those predicted IMD proteins due, for
example, to nonspecific binding of non-IMD proteins after cell lysis. In this study, we
took advantage of the recently established Mycobacterial Systems Resource (25), which
is focused on 1,153 genes that are conserved across five different Mycobacterium spe-
cies and are considered to be the core mycobacterial genome. This resource includes a
library of Mycobacterium smegmatis strains, each producing one of 1,118 proteins
tagged with C-terminal Dendra2-FLAG. We visually screened Dendra2 fluorescence
patterns of 523 images for IMD-like fluorescence and identified 29 putative IMD pro-
teins that exhibited colocalization patterns similar to known IMD proteins. Consistent
with their colocalization, 20 of the identified proteins had been previously found in the
IMD proteome. Here, we provide biochemical validation of five previous candidate IMD
proteins as well as three new IMD proteins that were not identified previously by the
proteomic approach.

RESULTS
Screening of fluorescence microscope images identifies candidate IMD-associated

proteins. As an alternative approach to discover additional IMD-associated proteins,
we screened fluorescence microscopy images of 523 M. smegmatis strains, each pro-
ducing a protein tagged with Dendra2-FLAG at the C terminus (see Table S1 in the sup-
plemental material and Materials and Methods). We had previously defined an IMD-
like fluorescence pattern as fluorescence enrichment in the polar regions with weaker
fluorescence patches along the sidewalls of the cell (13). Through visual screening, we

Rokicki et al. Journal of Bacteriology

November 2021 Volume 203 Issue 22 e00419-21 jb.asm.org 2

https://jb.asm.org


identified 29 strains showing fluorescence patterns of Dendra2-FLAG-tagged proteins
that were similar to the typical localization patterns of known IMD-associated proteins
(Fig. 1). The identified proteins were then cross-referenced against the published com-
parative proteome of the IMD and the PM-CW (13). We found that 20 of the 29 proteins
had been previously identified in the IMD proteome (Table 1). One of the remaining
nine proteins, MenA (MSMEG_0988), was not listed in our proteome (13), but we have
shown in a separate study that it is a PM-CW-associated protein (26). Therefore, we con-
sidered this a false positive and did not investigate this protein further. Among the eight
remaining candidates, five proteins were previously associated with the PM-CW proteome
by proteomic studies but had not been validated further (13), and three candidate
proteins had not been detected in either of the published IMD or PM-CW proteomes
(Table 1) (13).

Confirmation of previously identified IMD proteins. Among the 20 previously
identified IMD proteins, GlfT2, PyrD, MenG, and MurG have already been examined by
biochemical and fluorescence image analysis (8, 13, 14, 26), exhibiting the characteris-
tic features of IMD-associated proteins. We chose two of these proteins, GlfT2
(MSMEG_6403) and PyrD (MSMEG_4198), to confirm the Dendra2-FLAG tag fusions are
biochemically associated with the IMD fraction. GlfT2, a galactosyltransferase involved
in galactan synthesis, was previously studied with four different fusion proteins: (i)

FIG 1 Visual screening of IMD protein candidates from 523 fluorescence images deposited in the
Mycobacterial Systems Resource. Fluorescence images were visually screened for proteins that show
fluorescence patterns that are similar to those of known IMD proteins. Excluding those fluorescence
patterns that were diffuse, cytoplasmic inclusions, subpolar foci only, or polar foci and septum
without sidewall patches, a total of 29 proteins were identified as the candidates of IMD proteins,
showing subpolar foci and sidewall patches.
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GlfT2-HA, produced from a heterologous genomic locus under the control of a strong
promoter; (ii) mTurquoise-GlfT2-FLAG, produced from a heterologous genomic locus
under the control of a strong promoter; (iii) HA-mCherry-GlfT2, produced from its
native locus (13); and (iv) GlfT2-GFP, produced from its native locus (8). All fluorescent
protein fusions were shown previously to have subcellular localization characteristic of
IMD-associated proteins. GlfT2-HA, mTurquoise-GlfT2-FLAG, and HA-mCherry-GlfT2
have also been shown to fractionate with the IMD biochemically.

The GlfT2-Dendra2-FLAG fusion described in this report represents the fifth fusion
construct tested for subcellular localization. To examine its localization, we grew the
strain producing GlfT2-Dendra2-FLAG to log phase, lysed the cells by nitrogen cavita-
tion, and subjected the lysate to sucrose density gradient fractionation. Equal volumes
of each collected fraction were separated by SDS-PAGE, and the fusion protein was
detected by immunoblotting. We confirmed that GlfT2-Dendra2-FLAG, like other previ-
ously tested fusion constructs, was at the predicted molecular weight of 100.2 kDa and
specifically associated with the IMD (Fig. 2A). We defined the IMD enrichment as (i) at
least 60% of the total band intensity across all gradient fractions is present in the IMD
fractions (fractions [Fr.] 3 to 6) and (ii) the protein is enriched more than 2-fold in the
IMD fractions (Fr. 3 to 6) relative to other subcellular compartments (i.e., the cytoplas-
mic fractions [Fr. 1 and 2] and the PM-CW fractions [Fr. 8 to 11]). Quantification of the
immunoblot bands indicated that 99.6% of GlfT2-Dendra2-FLAG was associated with
the IMD (Fig. 2C), confirming that this fusion protein behaves as an IMD-associated
protein.

TABLE 1 IMD protein candidates identified from visual screening of fluorescence microscope images

MSMEG_a Rv homolog Gene Annotation Proteome
Biochemical
(source or reference)

0825 Rv0422c thiD Phosphomethylpyrimidine kinase PM-CW IMD (this study)
0861 Rv0437c psd Phosphatidylserine decarboxylase IMD IMD (14)
0863 Rv0439c Short-chain dehydrogenase IMD
0876 Rv0068 Short-chain dehydrogenase IMD IMD (this study)
0949 Rv0505c HAD-superfamily hydrolase IMD Cb (this study)
0972 Rv0527 ccdA Cytochrome c biogenesis protein transmembrane region NFc IMD (this study)
0988d Rv0534c menA 1,4-Dihydroxy-2-naphthoate octaprenyltransferase NF PM-CW (26)
1011 NA Short-chain dehydrogenase IMD
1055 NA Hexapeptide transferase IMD
1115 Rv0558 menG Ubiquinone/menaquinone biosynthesis methyltransferase IMD IMD (26)
1352 Rv0646c Alpha/beta hydrolase IMD
1954 Rv3197 ABC transporter PM-CW C (this study)
2080 Rv3140 fadE23 Acyl coenzyme A dehydrogenase IMD
2329e Rv3038c UbiE/COQ5 family methyltransferase IMD C (this study)
2335e Rv3034c Hexapeptide transferase IMD IMD (this study)
2698 Rv2740 Hypothetical protein MSMEG_2698 IMD
2934 Rv2611c patA Lipid A biosynthesis lauroyl acyltransferase IMD IMD (this study)
2975 Rv2581c Metallo-beta-lactamase NF
3863 Rv2061c Pyridoxamine 5'-phosphate oxidase IMD
4198 Rv2139 pyrD Dihydroorotate dehydrogenase 2 IMD IMD (this study) (13)
4227 Rv2153c murG UDP diphospho-muramoyl pentapeptide beta-N-

acetylglucosaminyltransferase
IMD

4254 Rv2187 fadD15 AMP-binding protein PM-CW C (this study)
4284 Rv2216 Hypothetical protein MSMEG_4284 IMD
4479 Rv2342 Hypothetical protein MSMEG_4479 NF IMD (this study)
4632 Rv2449c Saccharopine dehydrogenase IMD
4722 Rv2509 cmrA Short-chain dehydrogenase PM-CW C (this study)
6385 Rv3791 Short-chain dehydrogenase IMD
6403 Rv3808c glfT2 Bifunctional UDP-galactofuranosyl transferase GlfT IMD IMD (this study) (13)
6928 Rv3909 Hypothetical protein MSMEG_6928 PM-CW PM-CW (this study)
aBoldface type indicates the proteins that were previously found in the IMD proteome.
bC, cytoplasm.
cNF, not found.
dThis protein was previously characterized as a PM-CW protein (26) and was not investigated further in this study.
eMSMEG_2329 and _2335 are identical to MSMEG_1049 and _1055, respectively, at the amino acid level and are found in the IMD proteome.
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The IMD association of PyrD, a dihydroorotate reductase involved in pyrimidine syn-
thesis, has also been biochemically verified by the specific association of PyrD-HA with
the IMD fractions of a sucrose gradient (13). Consistent with the previous finding,
PyrD-Dendra2-FLAG was detected in the IMD fraction (Fig. 2B). Quantification of PyrD-
Dendra2-FLAG bands revealed an IMD-specific enrichment pattern: 60.0% was found
in the IMD, representing a more than 2-fold enrichment over the cytoplasm (1.75%)
and the PM-CW (23.9%) fractions (Fig. 2C). This is consistent with our previous data in
which a PyrD-HA was 78% associated with the IMD (13).

FIG 2 Validation of known IMD protein candidates by density gradient fractionation. (A to G) Among IMD protein
candidates identified by the image screening, seven proteins, which were previously found in the IMD proteome, were
examined by sucrose density gradient fractionation. Lysate was prepared from cells producing these proteins and was
fractionated by sucrose density gradient sedimentation. An equal volume of each gradient fraction was separated by
SDS-PAGE, and the FLAG epitope was detected by anti-FLAG immunoblotting. PimB9 (41.1 kDa), IMD marker; MptA
(54.3 kDa), PM-CW marker. The apparent molecular weight of MptA on SDS-PAGE gel is about 40 kDa (32, 35). (H)
Quantification of anti-FLAG immunoblot bands shown in panels A to G. C, cytoplasm. See Materials and Methods for
details of the quantitative analysis.
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Validation of previously predicted IMD proteins. In addition to these two previ-
ously characterized proteins, we examined the biochemical partitioning of five addi-
tional proteins, MSMEG_0876 (short-chain dehydrogenase), MSMEG_0949 (HAD-super-
family hydrolase), MSMEG_2329 (UbiE/COQ5 family methyltransferase), MSMEG_2335
(hexapeptide transferase), and MSMEG_2934 (PatA), that were previously predicted as
IMD proteins based on mass spectroscopy of IMD fractions but were not validated by
independent biochemical assays. The precise functions of these proteins are unknown,
except for PatA, which is an acyltransferase involved in the synthesis of phosphatidyl-
inositol mannosides (27). Our previous study suggested that PatA is an IMD-associated
enzyme because a cell-free enzymatic assay showed the enriched production of
AcPIM2 in the IMD fraction (14); however, there has been no biochemical confirmation
of protein enrichment in the IMD. As shown in Fig. 2C, PatA and two other proteins,
MSMEG_0876 and MSMEG_2335, were highly enriched in the IMD fractions of the den-
sity gradient. In contrast, MSMEG_0949 and MSMEG_2329 were found to be more
enriched in the cytoplasmic fraction (Fr. 1 and 2) (Fig. 2C) despite their previous assign-
ment as IMD proteins by proteomics and their Dendra2 fluorescence appearing as IMD
associated. These analyses underscore the importance of using both microscopic and
biochemical analyses of Dendra2-FLAG fusion proteins to independently validate previ-
ously predicted IMD proteins.

Verifying the production of newly identified IMD candidates. Next, we examined
the eight proteins that had not been predicted to be IMD associated in our previous
proteomic analysis. We grew each strain producing a Dendra2-FLAG fusion product to
log phase, prepared a cell lysate, and analyzed the SDS-PAGE migration rate of the
fusion protein by immunoblotting. The immunoblot image of the eight proteins dem-
onstrates that all but ThiD and MSMEG_2975 migrated at the expected molecular
weight. We noted, however, the relative protein levels differed, and in many cases
there were smaller proteins that presumably correspond to stable proteolytic products
or proteins translated from open reading frame-internal start codons (Fig. 3A). We could
not detect MSMEG_2975 by immunoblotting. As an alternative approach, we detected
Dendra2 protein by fluorescence imaging of nondenaturing seminative-PAGE. As shown
in Fig. 3B, all of the proteins showed migration patterns similar to those observed by
standard denaturing SDS-PAGE and immunoblot (compare with Fig. 3A), except that ThiD
and MSMEG_4479 migrated slightly faster. A faint MSMEG_2975-Dendra2-FLAG band was

FIG 3 Immunoblot analysis of newly discovered IMD protein candidates. (A) Crude cell lysates of the eight new
IMD protein candidates (as well as MSMEG_2329 and MSMEG_2335, analyzed in Fig. 2) were analyzed by SDS-
PAGE, and FLAG epitope was detected by immunoblotting. Expected molecular weight of each protein is
indicated at the bottom of the lane. (B) Crude cell lysates were analyzed by PAGE under a nondenaturing
condition, and Dendra2 fluorescence was detected in gel by a fluorescence imager. Arrowheads indicate
nonspecific proteins.
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visualized on the seminative gel, suggesting that the fluorescence imaging method was
more sensitive for detecting this fusion protein relative to immunoblotting.

MSMEG_4479 is an IMD-associated protein. Among the eight candidates that were
not found in the IMD proteome, we realized that MSMEG_4479 was missing from the
list of annotated genes in the genome sequence (NC_018289, MSMEI_ locus tag prefix),
which was used in our proteomic analysis (13). There are two frequently used complete
genome sequences for M. smegmatis mc2155 strains in the NCBI Reference Sequence
Database: NC_008596, submitted by TIGR on 20 November 2006, and NC_018289, sub-
mitted by the Institute of Genetics and Molecular and Cellular Biology (IGMCB) on 3
August 2012. There are 6,716 and 6,693 proteins annotated in the TIGR and IGMCB
sequences, respectively. MSMEG_ is the locus tag prefix for the TIGR sequence, and
when we cross-referenced MSMEG_4479 against the IGMCB sequence, we could not
find the corresponding gene with the MSMEI_ locus tag prefix. We retrieved the ge-
nome region from these two complete sequences and searched for open reading
frames. The DNA sequence was completely identical between the two sequences in
the region 4,000 bp upstream and downstream of the MSMEG_4479 gene (Fig. 4A);
however, the annotation of MSMEG_4479 was missing in the IGMCB sequence.

We reanalyzed our previous proteomic data using the TIGR sequence (NC_008596)
as a reference genome. We found a normalized iBAQ value of 6.43 � 108 for MSMEG_4479
from the immunoprecipitated IMD vesicles, which was 700 times more enriched than that
in the nonspecific binding fraction, which served as a negative control (Fig. 4B). The iBAQ
value and the IMD enrichment were substantially above our previous threshold (13).
Thus, our proteomic analysis agrees with the colocalization pattern, suggesting that
MSMEG_4479 is an IMD protein, further underscoring the value of the microscopic colocaliza-
tion study.

FIG 4 MSMEG_4479 is identified in the IMD proteome. (A) The genome region surrounding MSMEG_4479. The nucleotide sequence
in the region is identical between the two commonly used genome sequences (TIGR, NC_008596, MSMEG_ locus tag prefix; IGMCB,
NC_018289, MSMEI_ locus tag prefix). Note that MSMEG_4479 does not have a corresponding MSMEI_ locus number while all other
genes surrounding the region have a locus number with both locus tag prefixes. (B) Enrichment of MSMEG_4479 in the IMD, revealed
by the reanalysis of previously published proteome data (refined IMD versus mock; see reference 13) using the TIGR genome
sequence. iBAQ values were used to compare the protein abundance. Both IMD and mock preparations were analyzed in technical
triplicate, but MSMEG_4479 was detected from the mock preparation in only one analysis. *, P , 0.05 by t test (two-tailed). (C)
Subcellular localization of MSMEG_4479 was analyzed by density gradient fractionation. See the legend to Fig. 2 for details.
Representative data of a biological duplicate are shown.
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Next, we examined the subcellular localization of MSMEG_4479-Dendra2-FLAG by
density gradient fractionation. The fusion protein was separated by SDS-PAGE and
detected by immunoblotting (Fig. 4C). We measured the band intensity of the fusion
protein from each fraction and determined the relative distribution across the density
gradient (Fig. 5G). The enrichment of MSMEG_4479 in the IMD was 78.8%, and the pro-
tein enrichment in the cytoplasm and the PM-CW was less than 10%. Thus, we have
biochemically confirmed MSMEG_4479 as an IMD protein.

The IMD association of other candidate proteins determined by density gradient.
We examined the remaining six new candidates by sucrose density gradient (Fig. 5).
MSMEG_2975 was not further analyzed due to its low steady-state levels in our extracts
(Fig. 3). Based on the definition of IMD association described above, we classify ThiD
and CcdA as two additional IMD-associated proteins.

ThiD (MSMEG_0825) is a phosphomethylpyrimidine kinase involved in thiamine bio-
synthesis (28). As mentioned above, the apparent molecular weight of ThiD was less
than the expected molecular weight (Fig. 3). Cell lysates were prepared using a bead-
beating cell disruptor for this initial experiment. In contrast, nitrogen cavitation was used to

FIG 5 Subcellular fractionation of newly discovered IMD protein candidates. (A to F) Six proteins, which
showed Dendra2 fluorescence patterns suggestive of IMD localization but were not previously identified in the
IMD proteome, were analyzed by density gradient fractionation. See the legend to Fig. 2 for details.
Representative data of two independent experiments are shown (see panel G for details). (G) Immunoblot
bands of each protein, as shown in panels A to F and Fig. 4C, were quantified across density gradient fractions
and calculated for the percent subcellular localization as described in Materials and Methods. For the new IMD
proteins (ThiD, CcdA, and MSMEG_4479), cell culture, cell lysis, density gradient fractionation, and
immunoblotting were repeated twice by independent researchers. Average percent localizations of the
biological duplicates are shown. For other proteins, immunoblotting was repeated twice by independent
researchers, and average percent localization of the technical duplicates is shown.
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prepare cell lysates for sucrose gradient fractionation. Interestingly, when using a nitrogen
cavitation lysate, ThiD migrated with an apparent molecular weight that is closer to its pre-
dicted size of 57.3 kDa (Fig. 5A), suggesting that ThiD is more sensitive/exposed to proteases
particularly when the cell lysate is prepared by bead beating. The fractionation pattern of
ThiD indicates that it is enriched in the IMD (70.3%) relative to the PM-CW (0.9%) and the
cytoplasm (26.9%) (Fig. 5G). We conclude that ThiD is an IMD-associated protein, based on
its colocalization and biochemical fractionation properties.

CcdA (MSMEG_0972) is a putative reductase that is predicted to regenerate the
reduced form of the periplasmic thioredoxin CcsX, which is essential for the maturation
of cytochrome c (29). The amino acid sequence of CcdA suggests that it is a polytopic
transmembrane protein. When analyzed by density gradient sedimentation, CcdA-
Dendra2-FLAG was highly enriched in the IMD fraction (93.3%) (Fig. 5B and G). To fur-
ther test the IMD localization of CcdA, we expressed the gene encoding CcdA in a
strain where the endogenous gene encoding GlfT2 is replaced with a fusion encoding
HA-mCherry-GlfT2 (13). We found that CcdA colocalized with HA-mCherry-GlfT2, a
well-established IMD marker (Fig. 6).

The other four proteins, MSMEG_1954, FadD15, CmrA, and MSMEG_6928, were previ-
ously assigned to the PM-CW by proteomic analysis (13). However, our analysis shows that
MSMEG_6928 is the only protein that is partially (45%) associated with the PM-CW in the den-
sity gradient fractionation (Fig. 5). The other three proteins were found in the cytoplasmic frac-
tion. Similar to ThiD, full-length CmrA protein was predominant after lysis by nitrogen cavita-
tion, in contrast to bead-beating lysis that accumulated a truncated protein (Fig. 5). However,
CmrA did not associate with the IMD and was highly enriched in the cytoplasmic fraction (Fig.
5). We note that a small amount of the protein is detectable in the PM-CW fractions, suggest-
ing that this protein partially associates with the PM-CW. In contrast to CmrA, both full-length
(76.5 kDa) and truncated (;50 kDa) versions of MSMEG_1954 protein remained detectable
even after nitrogen cavitation cell lysis, and all forms of MSMEG_1954 were enriched in the
cytoplasmic fraction (Fig. 5). Therefore, these biochemical characterizations were not consistent
with the prediction that these proteins are associated with the IMD based on fluorescence
imaging or associated with the PM-CW based on our proteomic analysis.

DISCUSSION

In our previous study, we purified the IMD by density gradient fractionation and
immunoprecipitation and analyzed it by proteomics. We reported 309 proteins as

FIG 6 Colocalization of CcdA-Dendra2-FLAG and HA-mCherry-GlfT2, visualized by fluorescence microscopy. (A)
HA-mCherry-GlfT2 is produced from the endogenous locus and previously confirmed as an IMD marker (13).
Two different fields are shown as representative images. Bar, 4 mm. (B) Fluorescence intensity profile along the
long axis of the cell. Cell length is shown as percent, and cells were aligned so that a more intense pole is
positioned to the right (100%). Average intensity profiles of 14 cells are shown.
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IMD-associated proteins. In the current study, we used the Mycobacterial Systems Resource to
visually screen 523 images of fluorescent protein localizations in M. smegmatis and identified
29 IMD candidates. Among them, 20 proteins were previously reported as a part of the IMD
proteome, while three proteins were newly validated as IMD-associated proteins. Thus, fluores-
cence image screening is an independent method to identify additional IMD-associated pro-
teins that escaped proteomic discovery.

We analyzed 7 out of 20 previously identified IMD proteins to validate the subcellu-
lar localization biochemically. Five of them were not characterized previously, and
among them MSMEG_0876, MSMEG_2335, and PatA were enriched in the IMD fraction
after density gradient fractionation. In contrast, two proteins, MSMEG_0949 and
MSMEG_2329, appeared cytoplasmic and were not associated with the IMD. It remains
possible that these proteins are associated with the IMD in vivo but were released from
the membrane upon cell disruption. Alternatively, they may be cytoplasmic or lipid
droplet associated (see below). Taken together, image screening is effective in identify-
ing proteins that could be false positives of proteomic analysis, highlighting the impor-
tance of combining microscopic and biochemical validations for proteomics data.

Strikingly, we could identify only three additional IMD proteins (ThiD, CcdA, and
MSMEG_4479) among nine new candidates. Identification of MSMEG_4479 highlights
the importance of accurate gene annotation in the database we use for proteomic
analysis. ThiD and CcdA are the only two truly new IMD proteins that were not identi-
fied by the proteomic analysis thus far. CcdA is an integral membrane protein with six
predicted transmembrane segments. We suspect that the hydrophobic nature of the
protein is one of the reasons why this protein evaded detection by proteomic studies.

We found five proteins to be cytoplasmic: FadD15, CmrA, MSMEG_0949, MSMEG_1954,
and MSMEG_2329. Interestingly, all of these proteins were previously associated with a
lipid droplet proteome (30). It remains to be determined why fluorescence imaging of
these proteins revealed localization patterns that are similar to those of IMD-associated
proteins. It should also be noted that the cytoplasmic localization of the fusion proteins by
density gradient fractionation could be artifacts of fusion constructs rather than represent-
ing the true subcellular localization of these proteins.

How many IMD-associated proteins could there be in the M. smegmatis proteome?
Considering that we found three new proteins from screening 523 proteins, we predict
that an additional ;30 proteins might be IMD associated (based on a genome encod-
ing 6,716 proteins). However, we must also consider the possibility that the list of pro-
teins in the IMD proteome contains additional false positives. Thus, the total number
of IMD-associated proteins may not be much greater than 300 proteins. This represents
up to 5% of the total known proteins produced by M. smegmatis. In a broader perspec-
tive, 2, 6, and 11% of proteins in human cells associate with the endoplasmic reticulum,
Golgi apparatus, and plasma membrane, respectively (31). Therefore, the estimated
percentage of IMD-associated proteins in M. smegmatis is reasonable for proteins asso-
ciating with a subcellular membrane compartment.

In conclusion, the combination of biochemical and microscopy approaches
described here has increased the rigor of assigning proteins to a subcellular factory,
the mycobacterial IMD. The Mycobacterial Systems Resource offers a valuable platform
to integrate knowledge on the atlas of proteins in mycobacterial cells.

MATERIALS ANDMETHODS
Construction of expression vectors and creation of fluorescence image library. Expression vec-

tors were constructed as a part of the Mycobacterial Systems Resource project (http://msrdb.org/) (25),
creating plasmids to produce a Dendra2-FLAG fusion of 1,118 M. smegmatis proteins that represent the
core genome conserved across five species of mycobacteria. Briefly, Mycobacterium smegmatis open
reading frames were amplified from the start codon through the penultimate codon, excluding the re-
spective stop codon, to allow C-terminal fusion to a glycine/alanine linker leading to the Dendra2-FLAG
open reading frame. The plasmids insert into the L5 attB site in mycobacteria, and transformants were
selected by resistance to apramycin. Cloned expression cassettes were constitutively expressed from the
smyc promoter and translation initiation guided by a canonical Shine-Dalgarno sequence in the 59
untranslated region. We analyzed fluorescence images of 523 strains that produced sufficient-quality
images in the preliminary stage of image acquisition (see Table S1 in the supplemental material).
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Fluorescence localization was categorized as “IMD-like” by satisfying both of the following two criteria:
(i) intense enrichment in the polar regions of the cell and (ii) less intense sidewall patches. Images of 523
strains were visually screened for IMD-like fluorescent localization (Fig. 1).

Preparation of crude cell lysates. Cells were grown in Middlebrook 7H9 broth supplemented with
11 mM glucose, 14.5 mM NaCl, 0.05% Tween 80, and 12.5 mg/ml apramycin at 30°C with shaking until
reaching a log phase (optical density at 600 nm [OD600] of 0.5 to 1.0). Cells were spun at 3,220 � g at
4°C, washed in 50 mM HEPES-NaOH (pH 7.4), and resuspended in a lysis buffer containing 25 mM
HEPES-NaOH (pH 7.4), 15% glycerol, 2 mM EGTA, and a protease inhibitor cocktail (ThermoFisher). Cells
were lysed by bead beating (acid washed, 106 mm; Millipore-Sigma), and lysate was stored frozen at
220°C.

Bicinchoninic acid assay. Protein concentration was determined by following the manufacturer's
instructions (ThermoFisher) using bovine serum albumin as a standard. Each sample was analyzed in
duplicate, and the average was used to calculate the protein concentration.

Sucrose density gradient fractionation. Sucrose density gradient fractionation was done as
described before (13). Briefly, log-phase cells were washed in 50 mM HEPES-NaOH (pH 7.4) and resus-
pended in a lysis buffer containing 25 mM HEPES (pH 7.4), 20% sucrose, 2 mM EGTA, and a protease in-
hibitor mix (ThermoFisher). Nitrogen cavitation was repeated three times with 1,850 to 2,200 lb/in2 for
30 min each. Lysates were placed on top of a 20 to 50% sucrose gradient and sedimented at 35,000 rpm
(218,000 � g) for 6 h at 4°C on an SW40Ti rotor (Beckman). Twelve 1-ml fractions were collected using a
fraction collector (BioComp) and stored at280°C.

SDS-PAGE and immunoblotting. Cell lysates or sucrose gradient fractions were denatured in a
reducing sample loading buffer containing 62 mM Tris-HCl (pH 6.8), 50 mM dithiothreitol, 2% (wt/vol)
SDS, 12.5% (wt/vol) glycerol, and 100 mg/ml bromophenol blue at 95°C for 5 min and analyzed by SDS-
PAGE (10% gel) using a running buffer containing 25 mM Tris-HCl (pH 8.3), 192 mM glycine, and 0.1%
SDS (wt/vol). Precision plus protein Kaleidoscope (Bio-Rad) was used as a molecular weight standard.
Proteins were transferred to an Immun-Blot polyvinylidene difluoride (PVDF) membrane (Bio-Rad),
blocked in 5% skim milk in phosphate-buffered saline (PBS) supplemented with 0.05% Tween 20
(PBST20), and incubated with primary antibodies (mouse anti-FLAG [Millipore-Sigma]; rabbit anti-PimB9
[32]; or rabbit anti-MptA [32]). Membrane was washed with PBST20 and then incubated with secondary
antibodies (horseradish peroxidase-conjugated anti-mouse IgG [GE Healthcare] or horseradish peroxi-
dase-conjugated anti-rabbit IgG [GE Healthcare]). The membrane was washed with PBST20 and imaged
by chemiluminescence using ImageQuant LAS-4000 mini (GE Healthcare) or Amersham ImageQuant 800
(Cytiva). For sucrose density gradient fractions, an equal volume of each fraction was loaded into each
well. Immunoblot bands were quantified by ImageQuant TL (GE Healthcare) or Fiji (33). Subcellular local-
ization was calculated as follows and expressed as percent localization of anti-FLAG immunoblot bands:

% localization to cytoplasm ¼

X2

i¼ 1
xiX12

i¼ 1
xi

� 100

% localization to IMD ¼

X6

i¼ 3
xiX12

i¼ 1
xi

� 100

% localization to PM-CW ¼

X11

i¼ 8
xiX12

i¼ 1
xi

� 100

% localization to other fractions ¼ x7 1 x12X12

i¼ 1
xi

� 100

where xi denotes the anti-FLAG band intensity of fraction i.
Seminative PAGE and fluorescence. Protein samples were incubated with nonreducing SDS-free

sample loading buffer, containing 62 mM Tris-HCl (pH 6.8), 12.5% (wt/vol) glycerol, and 100 mg/ml bro-
mophenol blue on ice for 30 min. The nondenatured samples were analyzed by standard SDS-PAGE
(10% gel) in a running buffer containing 25 mM Tris-HCl (pH 8.3), 192 mM glycine, and 0.1% (wt/vol)
SDS. Green fluorescence of Dendra2 was visualized using ImageQuant LAS-4000 mini (GE).

Electroporation of plasmid constructs. An M. smegmatis strain producing HA-mCherry-GlfT2 from
the endogenous locus (13) was electroporated with plasmid DNA at 2.8 kV, 99 ms, five times at 1-s inter-
vals using a square wave electroporation system (BTX ECM830).

Fluorescence microscopy and image analysis. M. smegmatis cells coproducing HA-mCherry-GlfT2
and CcdA-Dendra2-FLAG were grown in Middlebrook 7H9 broth to log phase (OD600 = 0.5 to 1.0), and
10 ml of cells was placed onto a 1% agar pad made of Middlebrook 7H9 broth. All images were taken
using a fluorescence microscope (Nikon Eclipse E600) with a 100� Plan Fluor 1.30 (oil) lens objective,
equipped with a cooled charge-coupled device Spot-RT digital camera (Diagnostic Instruments). Cell
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contours were outlined and fluorescence intensities along the long axis of the cell were measured using
Oufti and custom-written MATLAB codes as described previously (12, 34). The cell length was normalized
by taking the length of the long axis of the cell as 100%. Cells were oriented so that the brighter pole is
on the right side of the graph.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 0.02 MB.
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