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ABSTRACT Mycobacterium tuberculosis (Mtb) is transmitted through aerosols and
primarily colonizes within the lung. The World Health Organization estimates that
Mtb kills ;1.4 million people every year. A key aspect that makes Mtb such a suc-
cessful pathogen is its ability to overcome iron limitation mounted by the host
immune response. In our previous studies, we have shown that Mtb can utilize iron
from heme, the largest source of iron in the human host, and that it uses two redun-
dant heme utilization pathways. In this study, we show that the ESX-4 type VII secretion
system (T7SS) is necessary for extracellular heme uptake into the Mtb cell through both
heme utilization pathways. ESX-4 influences the secretion of the culture filtrate proteins
Rv0125 and Rv1085c, which are also necessary for efficient heme utilization. We also dis-
covered that deletion of the alternative sigma factor SigM significantly reduced Mtb
heme utilization through both pathways and predict that SigM is a global positive regu-
lator of core heme utilization genes of both pathways. Finally, we present the first direct
evidence that some mycobacterial PPE (proline-proline-glutamate motif) proteins of the
PPE protein family are pore-forming membrane proteins. Altogether, we identified core
components of both Mtb Heme utilization pathways that were previously unknown and
identified a novel channel-forming membrane protein of Mtb.

IMPORTANCE M. tuberculosis (Mtb) is completely dependent on iron acquisition in
the host to cause disease. The largest source of iron for Mtb in the human host is
heme. Here, we show that the ancestral ESX-4 type VII secretion system is required
for the efficient utilization of heme as a source of iron, which is an essential nutrient.
This is another biological function identified for ESX-4 in Mtb, whose contribution to Mtb
physiology is poorly understood. A most exciting finding is that some mycobacterial PPE
(proline-proline-glutamate motif) proteins that have been implicated in the nutrient ac-
quisition are membrane proteins that can form channels in a lipid bilayer. These observa-
tions have far-reaching implications because they support an emerging theme that PPE
proteins can function as channel proteins in the outer mycomembrane for nutrient ac-
quisition. Mtb has evolved a heme uptake system that is drastically different from all
other known bacterial heme acquisition systems.

KEYWORDS Mycobacterium tuberculosis, iron acquisition, heme, type VII secretion, ESX-4,
outer membrane, mycomembrane channel protein, PPE, mycomembrane, heme transport,
membrane channel proteins

M ycobacterium tuberculosis (Mtb) has surpassed HIV/AIDS to become the leading
cause of death worldwide and kills ;1.4 million people every year (1). Mtb is

completely dependent on iron acquisition to successfully colonize the human host.
During any infection, the host immune response can limit iron availability by complex-
ing iron within ferritin or by removing iron with transport proteins such as transferrin
(Tf) and lactoferrin (Lf), which are then stored in the form of heme (2–4). However, Mtb
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overcomes iron limitations by employing different iron acquisition mechanisms. To ac-
quire iron from host Tf, ferritin, and Lf, Mtb secretes siderophores (5, 6), which are cru-
cial for sequestering ferric iron. However, these siderophores cannot sequester iron
from heme, which stores .75% of host iron (7).

In previous studies, our group (8, 9) and others (10, 11) have shown that Mtb utilizes
heme as an iron source. Unlike other bacterial pathogens (12), Mtb employs novel
mechanisms to capture and utilize heme. While Gram-negative pathogens use canoni-
cal b-barrel outer membrane proteins (OMPs) to capture/transport heme (12), Mtb
instead uses cell surface PPE (proline-proline-glutamate motif) proteins (9, 13), which
are found in the mycomembrane (mycobacterial outer membrane). In most pathogens,
heme uptake through multiple cell surface receptors converges at an ABC transporter
located in the cytoplasmic membrane (12). Mtb employs multiple independent path-
ways to transport heme across the cytoplasmic membrane. We showed that Mtb has at
least two redundant pathways, where the genetic requirements for heme utilization (8)
can be significantly altered in the presence of serum albumin. The existence of this albu-
min-dependent heme utilization pathway is perhaps not surprising. Since albumin
strongly binds heme and is the most abundant protein in blood (14), it is likely that Mtb
utilizes the albumin pathway for heme acquisition when blood is available. Remarkably,
a very similar albumin-dependent heme acquisition mechanism has also been observed
in Candida albicans (15). While these observations highlight how Mtb has evolved to
employ unique mechanisms to acquire the essential iron micronutrient, they also dem-
onstrate the significant gaps in our understanding of the basic underlying mechanisms
of Mtb heme acquisition.

In this study, our primary objective was to identify unknown components of Mtb
heme acquisition. Herein, we show that the ancestral ESX-4 type VII secretion system
(T7SS) is required for efficient heme utilization. Mtb has five T7SS (ESX1-5). ESX-1, 3,
and 5 are the most well-characterized systems playing important roles in Mtb virulence
or iron acquisition or being essential, respectively (16). A unifying theme of ESX-1, 3,
and 5 is that export of many Mtb PPE proteins is dependent on these systems. In con-
trast, ESX-2 and ESX-4 are the least studied and their functions had not been identified.
Phylogenetic analysis shows that ESX-4 is the most ancestral T7SS from which all other
ESX systems evolved through genetic duplication (17). In this study, we identified that
the culture filtrate proteins Rv0125 and Rv1085c are required for Mtb heme utilization
and their export is dependent on an intact ESX-4 secretion system. Furthermore, we
identified that the alternative sigma factor SigM is necessary for heme utilization and is
potentially a global activator of heme utilization genes. Finally, we show that some
mycobacterial PPE proteins that bind heme are also channel-forming OMPs. Mtb PPE
proteins were originally hypothesized to function in antigenic variation (18, 19), but
there is an emerging hypothesis that some PPE proteins can also function as channel
proteins required for nutrient uptake. Our observations provide the first direct evi-
dence for this hypothesis.

RESULTS
Identification of the Mtb heme regulon. Mtb strain H37Rv was grown to the mid-

exponential phase in liquid albumin-free iron-free 7H9 (7H9-Fe) containing either 10 mM
ferric citrate (FeCi) or 10 mM heme as the sole iron source, and then we analyzed the
transcriptome by RNAseq to identify genes upregulated in response to heme. Our analy-
sis revealed that a total of 181 genes were upregulated more than 2-fold with statistical
significance in heme (Fig. 1A). Interestingly, a previous study by Rodriguez et al. (20)
showed that 37 (20%) of these 181 genes (Table S1 in the supplemental material) are
also induced under low iron conditions. Of these 37 genes, ;57% (21) of these genes
encode proteins for siderophore biosynthesis (mbt genes) (22), siderophore export
(mmpS4/L4/S5) (23, 24), and siderophore import (irtA/B) (25–27), which are not required
for heme utilization. The other 16 genes encode proteins for metabolism, putative tran-
scriptional regulators, and proteins of unknown function. Of these low iron-induced
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FIG 1 Transcriptomic analysis of Mycobacterium tuberculosis (Mtb) and identification of the heme regulon. (A) Volcano plot analysis
between heme (Hm) and ferric citrate (FeCi) conditions where 2log10 q values are plotted against log2 fold change (FC) for each
genetic locus. Nonaxial vertical line denotes $2-FC of 182 genes in heme while the nonaxial horizontal line denotes the significance
threshold (q , 0.01). (B) Category of genes that are upregulated in Mtb by .2-fold in heme compared to low iron and FeCi. (C) Heat
map representing FC of the 144 heme-specific genes compared to FeCi. Light gray color of the FeCi column represents FC of 1.0 and
is the same for all genes. Genes shown with asterisks were selected for validation by quantitative real-time PCR (qRT-PCR). (D)
Expression levels of selected genes in FeCi or heme (Hm) determined by qRT-PCR. Error bars represent standard error of mean (SEM)
values of biological triplicates; a.u., arbitrary units. Asterisks denote gene expression is significantly different in heme, compared to
FeCi. Statistical significance was determined by Tukey’s honestly significant difference (HSD) following an F test (P , 0.05). Source
data file is provided.
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genes, we also observed upregulation of ppe37, which was shown to be required for
heme utilization in Mtb Erdman (13) but not in Mtb H37Rv as we demonstrated in our
previous study (8). Aside from these low iron inducible genes, we identified an additional
144 genes that were upregulated in the presence of heme (Table S1; Fig. 1B and C). A
significant number of these genes encode proteins for cell wall processes (25%), cell and
lipid metabolism (38%), and proteins of unknown function (15%). Expression of 8 genes
encoding canonical PPE and PE (proline-glutamate motif) proteins, which are known to
be cell surface associated, were increased .2-fold in heme. Specifically, we observed
heme-dependent upregulation of ppe62 (Fig. 1A; Table S1), which we have shown in our
previous study to be required for Mtb heme (Hm) utilization (9). This is in line with our
previous observations and supported the experimental conditions used in this study.
The other 22% of the genes encode proteins for virulence and detoxification, insertion
sequence and phages, and putative transcriptional regulators. To validate our RNAseq
data, we picked genes with the highest expression from each category (Fig. 1C, asterisks)
and measured their mRNA levels by quantitative reverse transcriptase PCR (qRT-PCR).
Expression levels of all selected genes were significantly upregulated .2-fold in heme
compared to just the FeCi condition, validating our transcriptomic analysis (Fig. 1D).
Altogether, our transcriptomic screen identified a heme regulon, which also includes
genes that are part of the general iron stress response ofMtb.

ESX-4 is required for efficient heme iron utilization by Mtb. Our transcriptomic
analysis showed that the genes in the ESX-4 locus, encoding components of a T7SS
(Fig. 2A), were upregulated in the presence of heme, which we verified by qRT-PCR
(Fig. 1D). To determine if ESX-4 is required for Mtb heme utilization, we constructed an

FIG 2 Effect of Mtb ESX-4 disruption on heme and albumin-heme utilization. (A) Schematic
representation of the Mtb esx-4 locus genes. (B to D) Growth of wt (circles), DeccC4 (DC4, triangles),
and complement (C41, squares) strains. (B) Growth of strains in albumin-free iron-free 7H9 containing
10 mM FeCi (orange) or 10 mM heme (pink). (C) Growth of stationary-phase cultures of DeccC4 from
day 54 (Fig. 2B) inoculated into fresh albumin-free iron-free 7H9 medium containing 10 mM heme. (D)
Growth of strains in liquid iron-free 7H9 containing 0.5% albumin and various concentrations of
heme determined by measuring endpoint OD600 on day 21. Growth experiments were performed in
96-well plates (n = 3), where a representative image is shown on the right after 21 days of growth.
Image of 96-well plate on day 35 is shown in Fig. S1D. Asterisks denote significant differences for
DeccC4 compared to wt or complement strains. Statistical significance was determined by Tukey’s
HSD following an F test (P , 0.05). All heme medium contains 50 mM 292-dipyridyl (DIP) to prevent
utilization of trace iron. All error bars represent SEM of biological triplicates. In many cases, error bars
are smaller than marker data points. Source data file is provided.
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unmarked deletion mutant of eccC4 (Fig. S1A to C), which encodes the ATPase-energiz-
ing protein for ESX-4 secretion. First, we analyzed the growth of wild-type (wt) and
DeccC4 in 7H9-Fe containing either FeCi or heme. All heme media in our study con-
tained 50 mM 292-dipyridyl (DIP) as an iron chelator to prevent trace iron utilization.
Strains were always iron depleted before inoculation into the test medium. The growth
of both strains is similar in FeCi reaching the stationary phase by day 12 (Fig. 2B).
Heme iron utilization by Mtb is slower, and wt reaches the stationary phase by day 30
(Fig. 2B). Deletion of eccC4 significantly delayed growth in heme with a long lag phase,
and DeccC4 starts growing exponentially around day 30. Growth impairment of DeccC4
was recovered to near wt levels by complementation upon production of EccC4 from
the chromosomally integrated expression vector pOAL102 (Table S3). The abrupt
growth of DeccC4 around day 30 (Fig. 2B) hinted a suppressor mutation could be
allowing recovery. If this was the case, we hypothesized that harvesting DeccC4 cells
from the stationary phase and then inoculating them into fresh heme medium would
allow the mutant to grow faster or at a similar rate as wt. Inoculation of stationary
phase DeccC4 from heme medium (day 54) into fresh heme medium shows that
DeccC4 still exhibits the growth delay (Fig. 2C) demonstrating that the growth recovery
of DeccC4 is not due to a suppressor mutation.

We also determined the ability of DeccC4 to utilize albumin heme by growing
strains in iron-free 7H9-albumin (7H9A-Fe) containing various concentrations of heme
and measuring endpoint optical density at 600 nm (OD600). After 21 days, the growth
of the eccC4 mutant was significantly impaired compared to the wt and complement
strains except at very high Hm concentrations (Fig. 2D). By day 35, DeccC4 grew to wt
levels (Fig. 2D; Fig. S1D) similar to the growth recovery observed in albumin-free heme
(Fig. 2). As a solely qualitative approach, we visually examined the growth of strains by
plating on self-made iron-free 7H10-albumin solid agar plates (7H10A-Fe). In the ab-
sence of any iron, wt and DeccC4 showed residual amounts of growth (Fig. S1F). Both
strains grew similarly with FeCi (Fig. S1G), but in the presence of Hm (Fig. S1H) growth
of DeccC4 was delayed compared to the wt and complement strains. Since cell perme-
ability can affect the transport of hydrophobic molecules such as Hm, we determined
cell permeability in DeccC4 by monitoring the uptake of ethidium bromide. EtBr uptake
rates were similar in both strains (Fig. S1E) suggesting that the heme growth defect is
not due to altered cell permeability. Collectively, these results demonstrate that disrup-
tion of the ESX-4 system reduces the efficiency of Mtb heme utilization through both
pathways.

ESX-4 is required for heme uptake inMtb. ESX-4 could be involved in heme uptake
by transporting heme into the cytosol or ESX-4 could be involved in heme efflux by
exporting heme out of the cytosol to maintain heme homeostasis. Lack of uptake
would result in the absence of iron nutrients for the cell and lack of efflux could result
in intracellular heme accumulation and toxicity. Either mechanism could result in the
growth defect observed in DeccC4. To differentiate these two hypotheses, we used a
heme biosensor that directly responds to intracellular levels of heme.

We utilized the HS1-M7A biosensor, which consists of a heme-binding domain of
cytochrome b562 conjugated to red (mKATE) and green (eGFP) fluorescent proteins (28, 29).
In the presence of heme, heme binding by the b562 domain quenches green fluorescence.
The red fluorescence is always unaffected and serves as a useful internal standard to
account for any various protein levels. The biosensor level is always reported as a green/red
ratio. In the absence of heme, there is no heme binding by b562, green fluorescence is not
quenched, and the green/red ratio is higher. Thus, we hypothesized that if ESX-4 functions
in Hm uptake, then DeccC4 will have lower levels of Hm relative to wt and green/red ratio
in DeccC4 . wt. If ESX-4 functions in Hm efflux, then DeccC4 will have higher levels of Hm
relative to wt and green/red ratio in DeccC4 , wt. In a recent study, the Reddi group (30)
demonstrated that the HS1-M7A biosensor is functional in Mtb. As such, we constructed
the HS1-M7A mycobacterial episomal expression vector pOAL311, which expresses hs1-
M7A from the constitutively active psmyc promoter (31). pOAL311 was transformed into
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Mtb and biosensor fluorescence was monitored temporally. The fluorescence ratio of the
biosensor was quenched in the presence of heme in a heme dose-dependent manner
demonstrating that the biosensor functioned in Mtb as shown before (Fig. 3A). Next, we
examined biosensor fluorescence in wt and DeccC4. In FeCi, the fluorescence ratio is
unchanged between wt and DeccC4 (Fig. 3B). However, in heme, the fluorescence ratio in
DeccC4 is 3-fold higher compared to wt at day 24 suggesting significantly lower levels of
heme in DeccC4, and then by day 50, the fluorescence ratio reached wt levels suggesting
increased heme levels. Collectively, these results suggested that ESX-4 enabled heme
uptake.

ESX-4 does not affect PPE36 or PPE62 protein localization. Previously, we dem-
onstrated that PPE36 and PPE62 are two cell surface proteins required for efficient
heme utilization (9). Since the export of many PPE proteins requires T7SS in Mtb (17),
we hypothesized that disruption of ESX-4 could affect PPE36/62 export and subse-
quently heme utilization. We determined the subcellular localization of PPE36 and
PPE62 by performing membrane fractionation experiments as we did previously (9).
Fractionation experiments showed that PPE36/62 localization is unchanged in DeccC4
(Fig. S2) indicating that ESX-4 does not affect PPE36/62 export.

Rv0125, Rv1085c, and SigM are required for heme utilization. While performing
our heme growth analysis for wt and DeccC4 in albumin-free 7H9 medium, we
observed that after 30 days of growth, the culture supernatant from wt Hm medium
displayed a brown-red color compared to the green color in DeccC4 (Fig. 4A). Free Hm
in solution has a green color and shifts to brown-red upon complexation by proteins.
This suggested that Hm is complexed within some protein(s) in wt Mtb that were
absent or in low abundance in DeccC4. Thus, we hypothesized that the ESX-4 system
could be influencing the export of some culture filtrate protein(s) that is required
for heme utilization. FeCi and heme supernatants were harvested for both wt and
DeccC4 strains as described in Methods. Culture filtrate proteins were isolated, and by
mass spectrometry, we identified 2,615 proteins in both strains (Table S2). A compari-
son of protein levels showed that in DeccC4 the levels of 1,173 proteins (Fig. 4B;
Table S2) and 335 proteins (Fig. 4C; Table S2) were altered in FeCi and heme, respec-
tively. We then focused on identifying proteins whose levels were reduced at least 2-
fold or greater in DeccC4. We found that levels of 61 proteins (Fig. 4B; Table S2) and
levels of 74 proteins (Fig. 4C; Table S2) were reduced .2-fold in FeCi and heme,
respectively. We then used the Tuberculist (32) database to categorize proteins that
were identified in Mtb culture filtrate in previous studies. Through this process, we
identified that in DeccC4 levels of 3 proteins were reduced in both FeCi and heme cul-
ture filtrate. The levels of 5 proteins were reduced only in FeCi, and 6 were reduced
specifically in heme (Fig. 4D). Additionally, our proteomic analysis showed that levels

FIG 3 Response of intracellular heme biosensor in Mtb. (A) Temporal response of HS1-M7A intracellular
biosensor to either 10 mM FeCi (circles) or various concentrations of heme (Hm, squares) in wt Mtb. (B)
Temporal response of HS1-M7A biosensor to either 10 mM FeCi or 10 heme in Mtb (black) or DeccC4
(blue). Heme medium contained 50 mM DIP to prevent utilization of trace iron. Error bars represent
SEM of three biological replicates. In many cases, error bars are smaller than marker data points.
Asterisks denote significant differences for DeccC4 compared to wt at the specific time point. Statistical
significance was determined by Tukey’s HSD following an F test (P , 0.05). Source data file is provided.
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of 4 proteins, which have not been previously characterized, were also reduced in the
heme culture filtrate.

Out of the 10 heme-specific proteins, the genes encoding Rv0125 and Rv1085c
were also identified to be upregulated in wt Mtb (Fig. 1D) suggesting possible roles in
Mtb heme utilization. We first constructed isogenic marked deletion mutants (Fig. S3)
and then inoculated strains in medium with various iron sources and compared growth
by measuring endpoint OD600. With FeCi, all mutants displayed similar or higher levels
of growth compared to wt (Fig. 5A). In albumin-free heme, deletion of rv0125 reduces
growth to 30 to 40% (P, 0.05), but at heme concentrations.10mM, there is no differ-
ence in growth compared to wt (Fig. 5B). Deletion of rv1085c reduces growth in heme
from ;60 to 70%, and in heme concentrations .40 mM, the growth difference is abro-
gated (Fig. 5C). To ensure that the growth defects were specific to the gene deletion,
we constructed Drv0125-and Drv1085c-complemented strains by expressing the corre-
sponding genes from the chromosomally integrated expression vectors pOAL319 and
pOAL320, respectively (Table. S3). The growth of both mutants was recovered to wt
levels upon complementation with the respective gene (Fig. 5B and C).

Previous studies have shown that the alternative sigma factor SigM acts as a tran-
scriptional activator of esx-4 locus genes (33, 34). Since ESX-4 is required for heme
utilization, we hypothesized that SigM may also be required for heme utilization. We
constructed a marked sigM deletion mutant (Fig. S3) and analyzed its growth as we
did for rv0125 and rv1085c. Deletion of sigM does not affect Mtb growth in FeCi
(Fig. 5A) but significantly reduces growth in heme (Fig. 5D). Compared to the rv0125
and rv1085c mutants, the sigM mutant exhibits considerably reduced growth in
heme, which could be recovered to wt levels by expressing sigM from the chromoso-
mally integrated expression vector pOAL321 (Table. S3). We next examined if SigM is
required for activating esx-4, rv0125, or rv1085c by measuring gene expression. As
expected, expression of all esx-4 operon genes was significantly reduced anywhere
from 2 to 4-fold in DsigM (Fig. 6). Expression of rv0125 and rv1085c was unaffected in
DsigM suggesting that SigM does not affect heme utilization by directly regulating

FIG 4 Proteomic analysis of culture filtrate protein in wild-type Mtb and DeccC4 strains. (A) Visual analysis
of culture supernatant of wt and DeccC4 strains from heme medium at day 30. Picture is of heme cultures
of strains on day 30 used for growth experiments in Fig. 2B. (B and C) Perseus SAM volcano plot analysis
illustrating abundant proteins in wt compared to DeccC4 in FeCi (B) and heme (C) conditions. The
2log10 q values are plotted against log2 FC for each protein. Nonaxial vertical line denotes $2-FC of
protein levels in DeccC4 wt compared to wt. Asymptotic curves denotes the significance threshold
(P , 0.05). Differentially expressed proteins with statistical significance are colored. (D) Venn diagram
illustrating known and unknown culture filtrate proteins identified to be in low abundance in DeccC4.
Unique FeCi or heme (Hm) proteins in low abundance in DeccC4 are shown colored in black dots (in
panel B) and blue dots (in panel C), respectively. Rv0125 and Rv1085 underlined in blue were also
identified in RNAseq analysis (Fig. 2D). Proteins in low abundance in DeccC4 under both conditions are
shown in green dots (in panels B and C). Source data file is provided.
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transcription of rv0125 and rv1085c. We also determined the ability of all mutants to
utilize albumin heme by analyzing growth on solid agar plates (Fig. 5G). With FeCi, all
mutants grew similarly as wt (Fig. 5E). As observed in nonalbumin heme growth
(Fig. 5B to D), all mutants displayed significantly reduced growth in the presence of
albumin heme (Fig. 5F). The rv1085c and rv0125 mutants displayed ;23% and 48%

FIG 5 Growth of wt Mtb and mutant strains. (A to D) Growth of wt (black circles), mutants (colored
triangles), and complement strains (colored squares). Growth was determined by measuring endpoint
OD600 in liquid albumin-free iron-free 7H9 containing increasing concentrations of FeCi (A) at day 18 or
heme (B to D) at day 30. Note: wt data points in panels B to D are the same. (E and F) Growth of strains
determined by spotting dilutions on iron-free 7H10-albumin plates containing 10 mM FeCi on day 35 (E) or
10 mM heme on day 50 (F). CFU counts were determined from either 1023 or 1024 dilution. (F) Percent
values show relative growth of mutant compared to wt. (G) Shows a representative image of agar plates
used to determine CFU counts shown in panels E and F. All error bars represent SEM of biological
triplicates. In many cases, error bars are smaller than marker data points. Source data file is provided.
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growth compared to wt, whereas DsigM displayed ;18% growth compared to wt.
Collectively, our results show that Rv0125, Rv1085c, and SigM are required for effi-
cient heme utilization through both heme utilization pathways.

PPE64 can bind heme and form channels in a lipid bilayer. Our transcriptomic
analysis showed that the genes encoding PPE38, PPE51, and PPE64 (Fig. 1D) were
highly upregulated in heme. Since we have shown that some PPE proteins can bind
heme (9), we first determined if these heme-upregulated PPE proteins can bind heme.
Recombinant PPE646His (Fig. 7A), PPE516His (Fig. S4A), and PPE386His (Fig. S4E) were pro-
duced within inclusion bodies (IB) in E. coli and then purified by nickel chromatography
under denaturing conditions. Removal of urea from the solution by dialysis caused proteins
to rapidly precipitate, which could only be prevented in the presence of a detergent in the
solution, suggesting that these PPE proteins are indeed membrane proteins. Urea was dia-
lyzed, and PPE646His (Fig. 7B), PPE516His (Fig. S4B), and PPE386His (Fig. S4F) were refolded in
the presence of 0.5% N-octyl-oligo-oxyethylene (OPOE) or 0.1% n-dodecyl-b-D-maltoside
(DDM). We next examined the distribution of the refolded proteins by size exclusion chro-
matography (SEC) by loading equal amounts of each protein sample. With DDM, PPE64
(Fig. 7C) and PPE51 (Fig. S4C) were refolded into variable species showing the presence of
aggregates and different oligomeric forms. In contrast with OPOE, PPE64 (Fig. 7D) and
PPE51 (Fig. S4D) display a more uniform distribution. While PPE38 displayed a more uni-
form distribution in DDM (Fig. S4G) compared to OPOE (Fig. S4H), the DDM refolded pro-
teins levels were significantly lower as observed by absorbance at 280 nm. The presence
or absence of proteins in all SEC fractions for all proteins was confirmed by SDS-PAGE.

We next determined the heme binding capability of proteins by difference absorp-
tion spectroscopy. The heme spectra were subtracted from heme-protein spectra to
determine the presence of the characteristic Soret peak at ;410 nm, indicative of pro-
tein-heme binding. We first used MhuD and IdeR as positive- and negative-control pro-
teins, respectively. These proteins were purified as we did before (9), and MhuD shows
the characteristic Soret peak, which is absent in IdeR (Fig. 8A). Analysis of all fractions
of PPE51 (2, 9, 18, 19, 21, 35–37) (Fig. S6C and D) and PPE38 (6, 9, 14, 15, 21, 38)
(Fig. S6G and H) did not show any heme binding (data not shown). However, like
MhuD, only PPE64OPOE fraction 14 (Fig. 7E) showed absorbance at 410 nm indicating
that it binds heme (Fig. 8A). PPE64-heme binding was also validated by surface plas-
mon resonance (SPR) spectroscopy as we did previously (8, 9). The addition of heme to
PPE64 resulted in a dose-dependent increase in signal intensity indicating heme bind-
ing (Fig. 8B). Since the export of many PPE proteins to the cell surface requires T7SS in
Mtb (17), we determined if the export of PPE64 requires ESX-4. Thus, we determined if
the cell surface accessibility of PPE64 was affected by ESX-4 disruption. Mtb cells
expressing C-terminally HA-tagged PPE64 were harvested for the detection of protein
on the whole-cell surface by flow cytometry as we did previously (9). SpmTHA (surface

FIG 6 Effect of sigM deletion on gene expression. Expression levels of genes in wt (black) and DsigM
(orange) grown in iron-free 7H9 medium containing 10 mM heme determined by qRT-PCR. Asterisks
denote significant differences for DsigM compared to wt. Error bars represent SEM of biological
triplicates. In many cases, error bars are smaller than marker data points. Statistical significance was
determined by Tukey’s HSD following an F test (P , 0.05). Source data file is provided.
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protein) and MbtGHA (inner membrane protein) were used as positive and negative
controls, respectively. SpmTHA was detected on the cell surface in wt and DeccC4 and
MbtGHA detection only showed background levels of fluorescence in both strains
(Fig. 8C). Cells expressing PPE64HA (Fig. 8C) showed a very similar shift in signal and lev-
els of fluorescence in both wt and DeccC4. Altogether, our data suggest that PPE64 is a
cell surface heme-binding protein and its export is not dependent on an intact ESX-4
system.

Our previous studies and others have hypothesized that cell surface PPE proteins
can function as channel proteins for the transport of nutrients (8, 9, 39, 40). Since
PPE64 is a heme-binding cell surface protein, we analyzed the pore-forming capability
of PPE64 by monitoring protein insertion and channel formation in a lipid bilayer

FIG 7 Purification of PPE64. (A) Recombinant PPE646His was purified from inclusion bodies using
nickel affinity chromatography under denaturing (8 M urea) conditions. (B) Urea was dialyzed and
recombinant PPE646His was then refolded in the presence of 0.5% OPOE or 0.1% DDM. (C and D)
Analysis of refolded PPE64DDM (C) or PPE64OPOE (D) by size exclusion chromatography (SEC) using Bio-
Rad Enrich SEC 650 column. Flow rate, 1 mL/min; fraction volume, 1 mL. Numbers within chromatogram
show fraction number. (E) Analysis of SEC fractions by SDS-PAGE.
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through electrophysiology experiments. Using diphytanoyl phosphatidylcholine (DphPC)
lipids, a lipid membrane was formed in the aperture of a Delrin cup, and the baseline cur-
rent trace was monitored (Fig. S5A). We first validated our lipid bilayer setup using the
control protein MspA (41), which is the most abundant porin in M. smegmatis. MspA
(Fig. S5F) was selectively heat extracted as described before (42) and rapidly formed chan-
nels in the bilayer (Fig. S5C). These channels showed an average channel conductance of
;4.26 0.5 nS (Fig. S5D), which is in line with the reported conductance for wt MspA (43)
demonstrating that our bilayer setup functions appropriately. To examine channel activity
for PPE64, ;40 ng of protein was added to the cis compartment and the current trace
was temporally monitored. All PPE64 fractions (Fig. 7C and D) from size exclusion chroma-
tography were analyzed, but only PPE64OPOE fraction 14 (Fig. 8D) led to a stepwise
increase in the current trace with an average channel conductance of ;11 nS 6 0.3
(Fig. 8E), indicating that PPE64 actively inserted into the lipid bilayer and formed chan-
nels. To control for any buffer effect, OPOE buffer was added to the bilayer, which did not
show any change in the current trace (Fig. 8F) or channel activity proving that the chan-
nel activity was PPE64 specific. Since PPE proteins have a highly conserved N-terminal do-
main (18, 19), it could be that the channel activity is a general property of all PPE proteins.
To address this, we purified PPE366His (Fig. S5E) as we did before (9) and analyzed its chan-
nel-forming capability. PPE36 (Fig. S5B) did not form any channels showing that the chan-
nel activity is specific to PPE64 and also not due to any indirect effect from the 6�His tag.
Our observations show that PPE64 functions in pore formation in vitro and argue for simi-
lar roles in vivo.

DISCUSSION

Previous studies have identified roles for the ESX-4 T7SS in M. smegmatis (34, 44),
M. abscessus (45), and M. marinum (46, 47). More recently, in two separate studies, it

FIG 8 Characterization of PPE64. (A) Detection of heme binding by PPE64 through difference
absorption spectroscopy. Free heme spectra were subtracted from heme-incubated protein spectra at
protein concentrations of 10 mM. Spectroscopy experiments were performed a minimum of three
times. (B) Heme binding by PPE64 at various heme concentrations determined by surface plasmon
resonance (SPR) spectroscopy. (C) Surface accessibility of PPE64HA in wt and DeccC4 strains
determined by flow cytometry. MbtGHA (inner membrane protein) and SpmTHA (outer membrane
protein) were used as negative and positive controls, respectively, for surface accessibility in both
strains. Source data file is provided. (D and F) Channel-forming activity of PPE64 in planar lipid
bilayers. PPE64 refolded in OPOE detergent buffer was added to diphytanoyl phosphatidylcholine
(DphPC) membranes with 30 mV applied potential. Current trace was recorded for PPE64 (D) and
OPOE buffer (F). For panel D, each stepwise increase (pink arrows) in current trace represents a
channel formation in the lipid bilayer. (E) Histogram of single-channel conductance for PPE64
collected from 5 membranes. A total of 37 pores were analyzed. The average single-channel
conductance was ;11 6 0.3 nS. Source data acquisition files (axon binary files) are too large for
upload and require pClamp software for viewing. Data files will be provided upon request.
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was shown that ESX-4 affects the export and localization of the CpnT exotoxin in both
Mtb and M. marinum (46, 48). Our study presents the exciting new finding that the an-
cestral ESX-4 T7SS is also necessary for efficient heme iron utilization through both Mtb
heme utilization pathways (Fig. 9). The requirement of ESX-4 in heme utilization is not
absolute because the eccC4 mutant eventually reaches wt levels of growth. In M. mari-
num, it has been shown that there is cross-talk between ESX-4 and other T7SS such as
ESX-1 and ESX-5 (47). Thus, it is possible that another T7SS compensates for ESX-4
allowing DeccC4 to grow in heme. We found that esx-3 operon genes, encoding the
ESX-3 T7SS, were upregulated in the presence of heme (Table S1). It is known that ESX-
3 is required for siderophore-mediated iron acquisition (49–52). Therefore, ESX-3 could
be functioning as a backup system for heme utilization in the absence of ESX-4.
However, this raises the question of why this compensation would take ;30 days to
activate in DeccC4 (Fig. 2D) for growth recovery. We also observed that numerous low-
iron responsive genes (20, 53) were also upregulated in heme (Table S1). Since heme
iron utilization in Mtb is less efficient than ferric-siderophore utilization, the induction
of siderophore biosynthesis and export/import may represent a general response to
slow heme iron utilization. Alternatively, the DIP iron chelator, which is membrane per-
meable, could be chelating some intracellular iron resulting in the activation of low
iron-responsive genes in the heme medium. A reasonable argument can be made that
differences in the cell permeability of wt and DeccC4 could affect DIP uptake into cells
exacerbating the growth phenotype seen in DeccC4. However, cell permeability of
DeccC4 is unchanged and as such any intracellular iron chelating effects of DIP likely
remain the same in both wt and DeccC4.

By using the HS1-M7A intracellular biosensor, we show that cytosolic heme levels in
wt Mtb reach an equilibrium around 24 days. This is reflective of the fact that the
growth rate of Mtb is slower in heme than that in ferric iron (Fig. 2A) (8–10). Our bio-
sensor data show that ESX-4 affects heme uptake into the cytoplasm. ESX-4 does not
uptake heme directly because all T7SS systems (17) function unidirectionally to export
substrates across the cytoplasmic membrane. The likeliest scenario is that ESX-4 influ-
ences the export of proteins(s) to the mycomembrane or extracellular milieu that are
necessary for heme uptake. We demonstrated that ESX-4 does not affect the export of
PPE36 and PPE62, two cell surface proteins that are required for heme utilization.

FIG 9 Model for Mtb heme utilization. (A) Heme (Hm) uptake invariably starts with removal of heme
from host hemoproteins. (B) In the nonalbumin pathway, PPE36/62 functions at the cell surface, and
the Dpp transporter functions at the inner membrane. (C) In another pathway, heme uptake is
influenced by the presence of serum albumin. (D) The ESX-4 T7SS is involved in exporting proteins to
the cell surface or extracellular milieu that are necessary for both pathways. (E) Rv0125 and Rv1085
are required for heme utilization and their export is somehow dependent on ESX-4. Rv0125/Rv1085
are likely not direct substrates of ESX-4 because they do not contain any ESX signal sequences. (F)
SigM directly controls activation of esx-4 genes and/or other unknown heme utilization genes but
does not regulate expression of rv0125 or rv1085c. PPE64 is an outer membrane heme binding
channel protein in Mtb and is not shown in the model because its role in heme utilization has yet to
be determined experimentally.
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Based on our observation of the distinct color of the wt and DeccC4 heme culture fil-
trate, we hypothesized that some heme utilization-specific protein(s) was absent in
DeccC4. In our analysis of heme culture filtrate proteins, we expected to find the pro-
teins EsxU and EsxT as control proteins for ESX-4 secretion (Fig. 2A). EsxUT is ESAT-6/
CFP-10-like proteins and genes encoding these types of proteins are found in all T7SS
locus (54). The EsxUT homologs EsxAB, EsxGH, and EsxMN are secretion substrates of
their cognate T7SSs Esx-1, Esx-3, and Esx-5, respectively. Since ESX-4 is involved in
heme utilization and EsxUT is part of the ESX-4 locus, we expected to observe varied
EsxUT levels in the wt and DeccC4 heme culture filtrate. However, EsxUT was not
detected under any condition in any strain in our proteomic analysis. An important
point to note is that EsxAB, EsxGH, and EsxMN all have the canonical WxG and YxxxD/E
type 7 secretion signal motifs. In these heterodimeric complexes, the WxG motif in one
partner protein with the YxxxD/E motif in the other partner forms a bipartite type 7
recognition signal. Most importantly, the YxxxD/E motif and the 3 amino acid spacing
between Y and D/E are essential for the recognition and secretion of these substrates
through their cognate T7SSs (55). Even the Esx homologs in firmicutes require the WxG
and HxxxD/ExxhxxxH motifs for secretion through their type 7B systems (56). While
EsxU has the WxG motif, there is no YxxxD/E motif in EsxT. It has been suggested that
EsxUT is the primary secretion substrate of ESX-4, but previous studies in Mtb and M.
smegmatis have only examined esxUT gene expression through sigma factor overex-
pression (57, 58) and esxUT gene transcript levels in the context of mycobacterial dis-
tributive conjugal transfer (34, 44). While EsxUT secretion has been observed in M.
abscessus (Mab), it should be noted that the Mab EsxT homolog contains the HxxxD/
ExxhxxxH motif necessary for secretion (59). To surmise, we do not actually know if
EsxUT is secreted in Mtb, which may explain why EsxUT was not detected in our pro-
teomic analysis.

Our proteomic analysis showed that ESX-4 disruption decreased levels of Rv0125c
and Rv1085c in the heme culture filtrate, whose corresponding genes were also identi-
fied to be upregulated in Mtb in the presence of heme. Rv0125 and Rv1085c are very
likely not directly exported by ESX-4 because they do not contain any ESX recognition
sequences (60, 61). It is more likely that ESX-4 controls the export of some other
unknown protein(s) to the mycomembrane, which affects the extracellular transport of
Rv0125 and Rv1085c (Fig. 9E). In an unpublished (62) proteomic analysis, the M. smeg-
matis Rv1085c homolog (Msmeg_5257) was also found to be in lower abundance in an
esx-4Msmeg mutant supporting our proteomic analysis. We recognize that we did not
directly examine the protein levels of Rv0125 and Rv1085c in wt and DeccC4, but based
on the proteomic and transcriptomic precedence, we opted to characterize rv0125 and
rv1085c by mutational analysis and found both mutants to be partially defective in
heme utilization. Rv0125 is a putative (Tuberculist) secreted trypsin-like serine prote-
ase. The active site of the trypsin serine proteases has three catalytic residues (S195,
H57, and E102) (63), and Rv0125 contains similar residues S195, H57, and E113 in its
predicted active site. Moreover, Rv0125 also shares sequence similarity with the
secreted hemoglobin serine protease Hbp of E. coli O157:H7, which contains very simi-
lar active site residues (S207, H73, and E101) (64–67). Hbp is an autotransporter (68–70)
(975 aa, ;112 kDa) consisting of a b-barrel translocator domain and a passenger do-
main. The passenger domain contains the protease activity that releases/binds heme
by degrading hemoglobin (64, 71). Rv0125, a much smaller protein (355 aa, ;35 kDa),
does not contain a translocator domain and only shares sequence similarity (33%) with
the Hbp passenger domain. Thus, we hypothesize that Rv0125 may function similarly
in binding and capturing heme from hemoglobin and then delivering the heme to a
cell surface receptor.

Rv1085c is predicted to be a hemolysin-like protein based only on sequence similar-
ity with hemolysins from other bacteria (Tuberculist). There is clear precedence for he-
molysin function in iron utilization because bacterial pathogens use them to disrupt
erythrocytic membranes to release hemoglobin to use as an iron source (72). Rv1085c
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is also predicted to have 7 a-helical transmembrane domains, and a reasonable argu-
ment can be made that it could be a cytoplasmic membrane protein further raising the
question of why it would be present in the culture filtrate. There are two explanations
for this observation. First, many pore-forming proteins of the colicin and cytolysin
family also share this feature. For example, monomers of Colicin A (PDB: 1COL), which
contains 10 transmembrane helices (73, 74), are first released in a soluble form that
subsequently assembles into a higher-order oligomeric structure (75). Thus, it is com-
mon for pore-forming proteins such as hemolysins to contain a-helical hydrophobic
helices which are commonly found in transmembrane proteins. Second, the presence
of Rv1085c in culture filtrate can also be explained in the context of mycobacterial
extracellular vesicle (MEV) production. It is well established that various iron/medium
compositions (76) and host environments (77, 78) lead to MEV production of a differ-
ent composition. For example, under iron-limiting conditions, Mtb releases MEVs con-
taining the lipidic siderophore mycobactin as a mechanism to acquire ferric iron (76).
MEVs are also loaded with lipids (79) that are found in the cytoplasmic membrane,
which has led to the conclusion that MEVs originate from the cytoplasmic membrane.
This was further corroborated by MEV proteomic analysis (80) showing that the ma-
jority of proteins are lipoproteins and proteins belonging to the cell wall, membrane
function, and intermediate metabolism and respiration. A key point is that MEVs are
secreted in the culture supernatant and are typically isolated using 100-kDa cutoff
ultrafiltration units. In our study, we used a 3-kDa cutoff ultrafiltration unit to concen-
trate the whole culture filtrate, and as a result our analysis detected several of the
previously identified MEV proteins (Table S2). Since heme induces rv1085c expression
and iron availability changes MEV composition, it is conceivable that Rv1085c is
released within MEVs as a mechanism of heme acquisition from host erythrocytes.
This could explain why Rv1085c was found in the culture filtrate. Altogether, in our
model (Fig. 9), we predict that Rv1085c may be required to lyse erythrocytes to
release hemoglobin, which is then degraded by Rv0125 to release and capture heme.

We also discovered that a sigM mutant has a pronounced growth defect in heme
(Fig. 5). This is unsurprising given that SigM is known to activate expression of the esx-
4 genes esxT, esxU, eccC4, and mycP4 (57, 58). One observation is that all esx-4 locus
genes except esxU and esxT were upregulated in heme in our study. Previous studies
have shown that esxUT expression is increased upon SigM overproduction (57, 58).
Since we show that SigM and ESX-4 are required for heme utilization, we expected
esxUT to be similarly increased as the other esx-4 genes. There are some possible
explanations for this discrepancy. First, expression analysis of esxUT and other esx-4
genes in Mtb was primarily performed upon overproduction of SigM because native
expression/level of sigM/SigM is not enough to induce esx-4 genes. Second, these
overexpression studies also showed that transcript levels of esx-4 genes, which are organ-
ized in two divergent operons, are very different suggesting that there are multiple levels
of regulation (transcriptional/posttranscriptional) that we do not fully understand. Third,
the activation of esx-4 genes without any overexpression to the best of our knowledge has
only been observed in M. smegmatis (34, 44). Thus, the very different growth conditions of
our study may explain why we did not observe increased esxUT expression in heme.
Moreover, unchanged gene expression does not necessarily mean unchanged protein lev-
els as EsxUT protein levels could very well be elevated by posttranslational mechanisms.
Since deletion of sigM only reduced the expression of esx4 genes (Fig. 6) but did not elimi-
nate their expression, this suggests that SigM may act as an activator of other unknown
heme utilization genes beyond the esx-4 locus (Fig. 9F). Since SigM is required for both
heme utilization pathways, this gives us the first potential handle to identify components
of the albumin-heme pathway. A future direction of exploration will be to examine the
transcriptomic profile of DsigM to identify genes specifically expressed in albumin heme.
While these findings help us improve our understanding of Mtb heme utilization (Fig. 9),
clearly further experimentation is needed to determine the exact mechanisms of how
ESX-4, Rv0125, Rv1085c, and SigM function in Mtb heme utilization.
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Our transcriptomic analysis showed that the genes encoding PPE38, PPE51, and
PPE64 were significantly upregulated in heme. This was significant because in our pre-
vious studies we showed that some Mtb PPE proteins are required for heme utilization
(9). We determined that recombinant PPE38 and PPE51, which were extracted and
refolded from inclusion bodies, do not exhibit any heme binding. This suggests that
these proteins either do not bind heme or maybe they are in a folded state that does
not support heme binding. Clearly, further experimental work with native proteins and
through mutational analysis is necessary to determine if these proteins have any role
in heme iron utilization. However, we identified that PPE64 is a cell surface protein
(Fig. 8C) and demonstrated using two spectroscopy approaches that it binds Hm
(Fig. 8A and B). These observations are perhaps not entirely surprising because PPE64
shares 57% sequence (Fig. S6) similarity with PPE62, which we showed is also a cell sur-
face protein that binds heme and is required for heme utilization (9). Since deletion of
ppe62 only partially affects Mtb heme utilization, it is possible that PPE64 could be a
redundant functioning partner of PPE62. We fully recognize that a drawback in our
study is that we have yet to determine if PPE64 contributes to Mtb heme utilization
through mutational analysis. However, an exciting finding of our study is that PPE64 is
a channel-forming membrane protein as demonstrated through lipid bilayer analysis
(Fig. 8E and F). To the best of our knowledge, this is the first direct evidence of channel
activity by a PPE protein. Using PPE36 and MspA as negative and positive controls,
respectively, we showed that PPE64 actively forms channels in a lipid bilayer (Fig. 8E
and F). The channel conductance of PPE64 is ;11 nS, which is vastly different from
other mycobacterial channel proteins such as MspA (;5 nS) (43), MctB (4.5 nS) (81),
and CpnT (1.36 nS) (82) or nonmycobacterial porins such as OmpA (50 to 320 pS) (83),
OmpC/F (0.47/0.84 nS) (84), OmpG (0.8 nS) (85), or HiB (0.85 nS) (86). An important
point to note is that we do not know if the channel conductance of refolded PPE64 is
fully representative of native PPE64. However, the fact that we specifically observe
channel activity only from fraction 14 of OPOE refolded PPE64 suggests that the pro-
tein is in a folded state that supports channel formation in a lipid bilayer. Altogether,
our observations support an emerging theme that mycobacterial PPE proteins can
function as channel proteins in the mycomembrane for the transport of different mole-
cules. We hypothesize that the drastically different mycomembrane architecture (87)
has directed Mtb evolution to use PPE proteins as channel proteins. Some PPE proteins
have a cognate PE (proline-glutamate motif) protein partner (18, 19), and these ppe-pe
genes are often in tandem in the chromosome. However, not all PPE proteins have or
even need an interacting PE partner. Our lipid bilayer experiments show that PPE64 is
in a folded state that supports channel formation without requiring a PE partner. To
date, crystal structures of only smaller PPE proteins with a PE protein partner have
been resolved (60, 88), leaving a huge gap in our knowledge of how channel-forming
PPE proteins function. Since mycobacterial PPE proteins are primarily found in patho-
genic mycobacteria, understanding their mechanisms in nutrient acquisition, particu-
larly in iron acquisition, makes them prime candidates for developing highly targeted
chemotherapy. In conclusion, we believe our study presents exciting new findings that
will open new avenues in mycobacterial research.

MATERIALS ANDMETHODS
Bacterial strains, growth media, and molecules. Wild-type Mycobacterium tuberculosis H37Rv and

its derivative strains were grown in Middlebrook liquid 7H9 or solid 7H10 medium supplemented with
10% ADS (8.5 g/L NaCl, 20 g/L dextrose, and 50 g/L bovine albumin fraction V), 0.5% glycerol, 0.2%
Casamino Acids (CAA), and 0.02% tyloxapol. This fully supplemented medium is referred to as complete
7H9 medium from hereon. Escherichia coli DH5a was grown in either LB medium containing appropriate
antibiotics at 37°C with shaking at 200 rpm. The following antibiotics were used when required: ampicil-
lin (Amp) at 100 mg/mL for E. coli, kanamycin (Kan) at 30 mg/mL for mycobacteria and 50 mg/mL for
E. coli, hygromycin (Hyg) at 200 mg/mL for E. coli, and 50mg/mL for mycobacteria.

Preparation of iron-free medium. 7H9 is a defined medium whose composition is known and by
default contains 150 mM ferric citrate. All components except ferric citrate were dissolved in millipore
water in acid-washed beakers to prepare the base iron-free 7H9 medium (7H9-Fe). Lyophilized albumin
was added to this base medium to prepare the base iron-free albumin-7H9 medium (7H9A-Fe). The
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medium was then filter sterilized through a 0.2-mm filter. Freshly made ferric citrate or hemin solution
was added to either base medium to prepare the specific iron-containing medium. Hemin solutions
were prepared in Tris buffer as described previously (35). 2,2-Dipyridyl (DIP) iron chelator solutions were
prepared in DMSO and added to freshly made hemin medium.

Growth experiments for determining iron utilization. Unless specified, all liquid cultures were
grown in sealed square PETG bottles with shaking at 120 rpm, all incubation was done at 37°C, and all
liquid and solid growth medium experiments were performed in triplicate. Strains were first grown to
the midexponential phase in complete 7H9, then washed in sterile PBS containing tyloxapol, and then
iron depleted for 10 generations in iron-free 7H9 medium containing ADS, glycerol, CAA, and tyloxapol.
This iron-depletion protocol was strictly performed before all growth experiments. Iron-depleted cells
were passed through a 5.0-mm filter to obtain a single cell suspension, which was then used to inoculate
iron-free liquid 7H9 or plate on iron-free solid 7H10 agar containing specific iron sources as mentioned
in the main text. For plating on solid agar plates (Fig. 5E and F; Fig. S1F to H), single cell suspension was
prepared at OD600 0.05, which was serial diluted, and 5 mL of each dilution was spotted on agar plates.
Solid agar medium was grown for 35 to 50 days as described in the figure legends. Bovine serum albu-
min was added to the medium to a final concentration of 0.5% wt/vol (75 mM) for albumin growth
experiments. Unless specified, all heme media (liquid and solid) in our study contained 50 mM the iron
chelator 2,2-dipyridyl (DIP). For growth experiments in Fig. 2B and C, strains were inoculated in 30 mL of
medium at an initial optical density of OD600 0.01. For growth experiments in Fig. 2D, strains were inocu-
lated in a final volume of 200 mL in 96-well plates at an initial optical density of OD600 0.001 in wells con-
taining various concentrations of heme. The growth of strains was determined by measuring endpoint
OD600 on days 21 and 35. For growth experiments in Fig. 5A to D, strains were inoculated in a final vol-
ume of 200 mL in 96 wells plates at an initial optical density of OD600 0.001 in wells containing various
concentrations of ferric citrate or heme. The growth of strains was determined by measuring endpoint
OD600 on day 18 for ferric citrate and day 30 for heme. The optical density of liquid cultures was meas-
ured using a BioTek Synergy plate reader. All experiments were performed with a minimum of three bio-
logical replicates.

Ethidium bromide accumulation assay. Strains were first grown to log phase in 30 mL of complete
7H9 medium and then filtered through a 5.0-mM filter to obtain a single-cell suspension. Cells were then
harvested by low-speed centrifugation at 1,500 � g for 10 min and resuspended to a final OD600 of 1.0 in
uptake buffer (76 mM (NH4)2SO4, 0.5 M KH2PO, 1 mM MgSO4, 0.4% glucose, and 0.05% Tween 80). For
both strains, 100 mL of cells was added in triplicate in a 96-well plate and ethidium bromide was then
added to a final concentration of 20 mM. Fluorescence was measured by excitation at 530 nm and emis-
sion at 590 nm at 1 min intervals for 20 min.

Transcriptomic analysis, RNA extraction, and real-time PCR. Iron-depleted wt Mtb was inoculated
in triplicates into 60 mL of albumin-free iron-free 7H9 containing either 10 mM FeCi or 10 mM heme at
an initial optical density of OD600 0.01. Strains were grown to the midexponential phase to OD600 ;1.0.
Total RNA was extracted exactly as we did previously (8) and mRNA was isolated using NEBNext rRNA
Depletion kit (E7850L). RNA sequencing and bioinformatic analysis were performed at the Microbial
Pathogenesis and Genomics Core Center at the University of Oklahoma Health Science Center.
Sequence reads were aligned to Mtb H37Rv genome (NC_000962). Differential expression analysis was
performed with DESeq (21) comparing the heme growth condition to the standard FeCi condition.
Three hundred seventeen out of 3,968 genes (8.5%) with nonzero read counts were differentially
expressed at least 2-fold with a false discovery rate (FDR) adjusted P , 0.01 (181 up in heme, 135 down).
To compare expression levels of genes between wt and DsigM, iron-depleted strains were inoculated at
OD600 of 1.0 in triplicates into 60 mL of albumin-free iron-free 7H9 containing 10 mM heme and incu-
bated for 48 h. Cells were harvested, and total RNA was extracted. cDNA synthesis was performed using
the Bio-Rad iScript cDNA Synthesis kit as per the manufacturer’s protocol. qRT-PCR cycling conditions
for relative quantitation of gene expression were performed using Realplex EP Gradient S Real-Time
cycler (Eppendorf). Cycle threshold (Ct) data were normalized to rrs (Mtb 16S rRNA gene), and normalized
Ct values (DCt) were transformed to arbitrary gene expression units using the 22DCt/1026 method as
described by Livak and Schmittgen (36).

Targeted gene deletion in Mtb. To construct mutants, 1,000 bp of left (L) and 1,000 bp right (R)
flanking sequences of the target gene were amplified using corresponding primer pairs LF/SpeI-LR/SwaI
and RF/PacI-RR/NsiI (Table S3), respectively, and cloned into pML2424 to construct gene deletion vectors
(Table S3). The deletion vectors were then transformed into Mtb. Transformants were selected at 37°C
on 7H10 Hyg and visually validated through the presence of both GFP and RFP fluorescence. Liquid cul-
ture of the transformant was then plated on 7H10 Hyg containing 2% sucrose at 40°C for the selection of
double crossovers. Putative double crossovers were visually analyzed for the presence of only GFP, and
gene deletion was validated by PCR. For excision of the loxP-flanked gfp21m-hyg cassette, pML2714
expressing Cre recombinase was transformed into marked mutants and unmarked mutants were selected
on 7H10 Kan at 37°C. Putative unmarked mutants were first visually validated through the absence of GFP
fluorescence and then through PCR (Fig. S1; Fig. S3) (validation primers [V/F–V/R], Table S3) and loss of
growth on hygromycin. All validated mutants were designated an OALnumber (Table S3) for identification.

Construction of mycobacterial expression and protein purification vectors. All primers and vec-
tors are described in Table S3. The orf of eccC4 was cloned into pML1335 vector using corresponding pri-
mers to generate the eccC4 integrative expression vector pOAL102. The ORF of hs1-M7A was cloned into
pMN016 using corresponding primers to generate the episomal heme sensor expression vector
pOAL311. C-terminally HA-tagged integrative expression vectors for ppe36 (pOAL313), ppe62 (pOAL314),
and ppe64 (pOAL317) were generated by cloning ORFs into pML1335 using corresponding primers.
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Integrative expression vectors for rv0125 (pOAL319), rv1085c (pOAL320), and sigM (pOAL321) were gen-
erated by cloning ORFs into pML2300 using corresponding primers. All mycobacterial expression vectors
use the strong psymc promoter for gene expression. All vectors used for protein purification were con-
structed by cloning ORFs into pET21a1 using corresponding primers.

Temporal analysis of heme biosensors. Transformants of pOAL311 (HS1-M7A) in wt and DeccC4
were selected on 7H10 Hyg agar plates. Iron-depleted strains were inoculated at OD600 of 1.0 in tripli-
cates into 10 mL of albumin-free iron-free 7H9 containing either 10 mM FeCi or 10 mM heme. Cells were
grown in the specific medium, and fluorescence for each biosensor was measured at the specific time
points as mentioned in the text (Fig. 3). eGFP fluorescence was measured by excitation/emission at
480 nm/510 nm, and mKATE2 fluorescence was measured by excitation/emission at 580 nm/620 nm.
HS1-M7A fluorescence is reported as a ratio of eGFP/mKATE2. For determining biosensor functionality
(Fig. 3A), the wt transformant was inoculated in the medium at an initial optical density of OD600 0.01.
For comparing biosensor fluorescence between wt and DeccC4 (Fig. 3B), strains were inoculated at a
high initial optical density of OD600 1.0 because the eccC4 strain has a significant growth delay in heme
and so that enough cells were available for fluorescence measurements. Optical density and fluores-
cence were measured using a BioTek Synergy plate reader.

Subcellular fractionation and surface accessibility assays. All experiments were performed as we
did previously (9). Iron-depleted cells (Table S3) were grown in 120 mL of 7H9C with Hyg to an OD600 of
2. Cells were lysed by sonication and soluble and membrane fractions were separated by ultracentrifuga-
tion at 100,000 � g for 1 h at 4°C. The supernatant (C1) was transferred to a separate tube, and the pellet
was resuspended in the same volume of PBS as C1 and designated M1. Both C1 and M1 fractions were
centrifuged at 100,000 � g for 1 h at 4°C. The supernatant containing the cytosolic fraction was trans-
ferred to a new tube and labeled C2, and the membrane pellet fraction was resuspended in the same
volume of PBS as that used for C2 and designated M2. HA-tagged proteins in L, M2, and C2 fractions
were detected in Western blots using primary mouse anti-HA (Invitrogen; MA527543) antibody. Primary
monoclonal mouse antibodies were used for detecting LpqH (BEI; NR-50098) and RNA polymerase
(Invitrogen; MA125425). Secondary horseradish peroxidase-conjugated goat anti-mouse (Bio-Rad;
1706516) antibody was in all blots, which were developed using ECL substrate (Bio-Rad; 1705061), and
luminescence was visualized using Bio-Rad Chemidoc MP imaging system. Strains expressing HA-tagged pro-
teins were grown to mid-log phase and fixed with 4% paraformaldehyde for 30 min at room temperature.
The cells were washed twice with PBS-Tyloxapol (0.02%) and incubated with monoclonal rabbit anti-HA anti-
body at a 1:1 dilution for 2 h for bacterial surface staining. The cells were then washed three times with PBS-
Tyloxapol and then stained with fluorescein isothiocyanate (FITC)-labeled anti-rabbit antibodies at a dilution
of 1:100 for 2 h. The cells were again washed three times with PBS-Tyloxapol and analyzed via flow cytometry.
Surface-accessible proteins were quantified by measuring fluorescence and displayed as histograms.

Harvesting culture filtrate and proteomic analysis. Iron-depleted Mtb and DeccC4 were inoculated
in five replicates into 30 mL of albumin-free iron-free 7H9 containing either 10 mM FeCi or 10 mM heme
at a high initial optical density of OD600 1.0 to ensure enough cells for appropriate comparison of protein
levels. FeCi culture supernatants were harvested after 8 days when both strains exhibit exponential
growth (Fig. 2C). Heme culture supernatant for both strains was harvested after 20 days when wt is in ex-
ponential phase and DeccC4 is still in lag phase (Fig. 2D). OD600 of wt and DeccC4 heme cultures were
;4.3 and ;1.6, respectively. Culture supernatant was harvested by centrifugation at 5,000 � g for
10 min and then filtered through a 0.2-mm filter. Amicon 3-kDa centrifugal filtration units were thor-
oughly washed with millipore water, and the filtered supernatant was concentrated .60-fold.

Fifty micrograms of protein samples was digested using the S-trap protocol, as described by the
manufacturer (37). For this, samples were adjusted to contain 5% SDS, 5 mM Tris(2-carboxyethyl)phos-
phine, 50 mM triethylammonium bicarbonate (TEAB), pH 8.5, and the samples were incubated for
30 min at room temperature (RT). Samples were then alkylated by adding iodoacetamide to 10 mM and
incubating for 20 min at RT. The alkylated samples were then acidified by adding phosphoric acid to a
1.2% final concentration (Cf) and diluted further by adding 6 volumes of buffered methanol (90% metha-
nol; 100 mM TEAB, pH 7.1). Samples were centrifuged through the S-trap spin filtration devices (Protifi
number C02-micro), and the retentates were washed further with buffered methanol. To each washed
retentate, 25 mL of 50 mM triethylammonium bicarbonate pH 8.5 containing 0.8 mg of trypsin/LysC
(Promega) was applied, and the digestions were incubated overnight at 37°C. After digestion, peptides
were collected via three successive 40-mL elutions first using 40 mM TEAB pH 8.5, then 0.1% aqueous
formic acid, and then 50:50:0.1 acetonitrile/water/formic acid, after which the pooled peptide eluates
were dried by vacuum centrifugation. Peptides were analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) on a quadrupole-Orbitrap mass spectrometer (Fusion model, Thermo), using a
“high/low” data-dependent MS/MS acquisition method. For these analyses, peptides were dissolved in
mobile phase A (0.1% aqueous formic acid), and a vented trap configuration was used for injection onto
a 75-mm � 50-cm analytical column packed with 2-mm C18 particles (Acclaim PepMap RSLC, number
20330952, Thermo). The column was developed using 80:20:0.1 acetonitrile/water/formic acid as mobile
phase B, transitioning linearly from 4% mobile phase B to 32% mobile phase B over a period of 120 min
at a uniform 250 nL/min flow rate. Eluting peptides were ionized in a Nanospray Flex ion source
(Thermo) using a stainless-steel emitter. Peptide ions were analyzed in the Orbitrap sector at a nominal
resolution of 120,000, selected for MS/MS using the quadrupole sector, fragmented by higher-energy
collisional dissociation in the ion routing multipole sector, and the fragment ions analyzed in the ion
trap sector. The specific instrument settings are provided in Table S2 and are also available through the
PRIDE data archive (project PXD036081).

To identify and quantify peptides and infer protein abundances, MaxQuant v2.0.1.0 (89) was used to
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analyze the raw instrument files. The reference proteome of 3,993 M. tuberculosis H37Rv sequences was
downloaded from Uniprot. Searches utilized default settings in MaxQuant, supplemented with the vari-
able modification cyclization of glutamine to pyroglutamate, with the Match Between Runs enabled,
and with LFQ and iBAQ quantitations enabled (90). The label-free quantification (LFQ) values of 2,615
proteins (Table S2) were further used to compare proteomes. Reversed decoy proteins identifications
and contaminants were filtered out and protein intensities were log2 transformed. Data were normalized
by subtracting the median. SAM analysis (38) was performed using the volcano plot tool in Perseus (91)
using a permutation-corrected FDR of 5% to control for multiple hypotheses testing one-way and an S0
value of 0.1.

Isolation of inclusion bodies, protein purification, and protein refolding. Transformants of
pOAL301, pOAL306, and pOAL312 in E. coli BL21(DE3) were selected on LB Amp agar plates. All proteins
were purified using the same method. Briefly, starter cultures of strains were inoculated into 500 mL of
fresh LB medium with ampicillin and grown to an OD600 of 0.3. Gene expression was induced with 1 mM
IPTG at 18°C for 18 h. After induction of gene expression E. coli, cells were harvested by centrifugation
and lysed by sonication in ice-cold base buffer (BB; 50 mM NaPi, 150 mM NaCl, pH 7.4). The cell lysate
was clarified by low-speed centrifugation at 1,500 � g, 4°C for 10 min, and the supernatant containing
whole-cell lysate (Fig. 7A, lane 1) was removed to a fresh tube. To solubilize all membrane proteins,
Triton X-100 was added to the lysate at 1% Cf and incubated on ice for 20 min. The lysate was then cen-
trifuged at 15,000 � g, 4°C for 15 min, and the supernatant (Fig. 7A, lane 2) was removed leaving the
inclusion bodies (IB) in the pellet. The IB pellet was washed twice with BB (Fig. 7A, lanes 3 to 4) and then
solubilized with BB containing 8 M Urea (BBU) (Fig. 7A, lane 5). Solubilized IB was loaded on to activated
nickel resin and bound at room temperature for 2 h. Flow through was collected (Fig. 7A, lane 6), and
protein-loaded resin was washed twice with BBU containing 40 mM imidazole (Fig. 7A, lanes 7 to 8)
wash buffer. The target protein was eluted with BBU containing 500 mM imidazole (Fig. 7A, lanes 9 to
15). The cleanest elutions as visualized through gel electrophoresis were used for subsequent dialysis
and refolding of protein. OPOE or DDM detergent was added to eluted protein to 0.5% or 0.1% Cf,
respectively. Dialysis buffer (DB) was prepared by adding OPOE or DDM to BB to 0.5% or 0.1% Cf, respec-
tively. A protein sample (1 mL) was loaded into a Thermo Slide-A-Lyzer 3.5-kDa dialysis cassette, and
urea was removed by dialysis with 400 mL of DB. DB was replaced at 24 h, and dialysis was performed
for a total of 48 h at 4°C with low spin. PPE36, MhuD, and IdeR were all purified as we did previously (9).
MspA was selectively purified by heat extraction as described previously (42). Briefly, a 50-mL culture of
M. smegmatismc2155 was first grown in 7H9 medium to the midexponential phase. Cells were harvested
by centrifugation at 5,000 � g for 5 min, washed three times with PBS, and then resuspended in 0.3 mL
of PG05 buffer (0.5% Genapol, 100 mM Na2HPO4/NaH2PO4, 0.1 mM EDTA, and 150 mM NaCl, pH 6.5).
Protein was first extracted by incubating cells for 30 min at 100°C, the sample was then cooled on ice
and centrifuged to remove debris, and the supernatant containing MspA was used for SDS-PAGE and
bilayer analysis.

Absorption and surface plasmon resonance spectroscopy for detecting heme binding. Fresh
solutions of hemin were prepared in Tris buffer. An equimolar amount of heme was added to 10 mM
protein and incubated a room temperature for 5 min. For difference absorption spectroscopy, heme
binding was monitored using a Bio-Tek Synergy HT plate reader by subtracting the free heme spectra
from the protein incubated heme spectra. Surface plasmon resonance (SPR) experiments were per-
formed at University of Alabama at Birmingham SPR core facility exactly as we did before (9).

Lipid bilayer experiments, recording, and data analysis. Bilayer experiments were performed
using very similar instrumentation and methods as described by Zakharian and Reusch (92). Synthetic
diphytanoyl phosphatidylcholine (DphPC; Avanti Polar Lipids, Birmingham, AL) was used to form planar
lipid bilayers. Lipids were solubilized in n-Decane at 20 mg/mL, and a glass capillary tube was used to
paint a bilayer in an aperture of 200 mM diameter in a Delrin cup (Warner Instruments, Hamden, CT). The
bilayer was painted between an aqueous solution of 1 M KCl, 10 mM HEPES, pH 7.1, and capacitance
was registered in the range of 66 to 100 pF. Approximately ;40 ng of purified OPOE refolded protein in
1 to 2 mL volume was added to the cis compartment and channel-forming activity was recorded at 30-
mV applied potential. The current trace was recorded with a patch-clamp amplifier (BC-535 Bilayer
Clamp, Warner Instruments). The trans and cis solutions were connected to the head stage point with
Ag-AgCl electrodes. Currents were low-pass filtered at 10 kHz and then digitized through an analog-to-
digital converter (Digidata 1550B; Molecular Devices, San Jose, CA). Data filtering was done at 100 Hz
through an 8-pole Bessel Filter (Lpf-8; Warner Instruments) and digitized at 1 kHz using pClamp11 soft-
ware (Molecular Devices). Single-channel conductance events were identified automatically using
Clampfit11 from 5 independent membrane recordings.

Data availability. All source data files are provided and/or publicly available and are also available
to anyone upon request. RNAseq data files are available through the NCBI Sequence Read Archive
(BioProject ID PRJNA868362). Mass spectrometry data files are available through the PRIDE Data Archive
(PXD036081). Lipid bilayer data acquisition files (axon binary file) require pClamp software, which to the
best of our knowledge is only available for purchase through Molecular Devices. All requests should be
addressed to Avishek Mitra.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 2.6 MB.
FIG S2, TIF file, 1.5 MB.
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FIG S3, TIF file, 2.4 MB.
FIG S4, TIF file, 2.8 MB.
FIG S5, TIF file, 3.6 MB.
FIG S6, TIF file, 1.3 MB.
TABLE S1, XLSX file, 0.8 MB.
TABLE S2, XLSX file, 0.8 MB.
TABLE S3, DOCX file, 0.04 MB.
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