RESEARCH ARTICLE

A amean Journal of

SOCIETY FOR . ®
MICROBIOLOGY Bacterlology o.)
Check for
updates

Mycobacterium tuberculosis EspK Has Active but Distinct Roles in
the Secretion of EsxA and EspB

Ze Long Lim,® Kylee Drever,” Neeraj Dhar,*< (© Stewart T. Cole,® (©' Jeffrey M. Chen®®

aVaccine and Infectious Disease Organization, Saskatoon, Canada

bDepartment of Veterinary Microbiology, Western College of Veterinary Medicine, University of Saskatchewan, Saskatoon, Canada
<Ecole Polytechnique Fédérale de Lausanne, Global Health Institute, Lausanne, Switzerland

dinstitut Pasteur, Paris, France

ABSTRACT The Mycobacterium tuberculosis type-7 protein secretion system ESX-1 is
a major driver of its virulence. While the functions of most ESX-1 components are
characterized, many others remain poorly defined. In this study, we examined the
role of EspK, an ESX-1-associated protein that is thought to be dispensable for ESX-1
activity in members of the Mycobacterium tuberculosis complex. We show that EspK
is needed for the timely and optimal secretion of EsxA and absolutely essential for
EspB secretion in M. tuberculosis Erdman. We demonstrate that only the EsxA secre-
tion defect can be alleviated in EspK-deficient M. tuberculosis by culturing it in media
containing detergents like Tween 80 or tyloxapol. Subcellular fractionation experi-
ments reveal EspK is exported by M. tuberculosis in an ESX-1-independent manner
and localized to its cell wall. We also show a conserved W-X-G motif in EspK is im-
portant for its interaction with EspB and enabling its secretion. The same motif, how-
ever, is not important for EspK localization in the cell wall. Finally, we show EspB in
EspK-deficient M. tuberculosis tends to adopt higher-order oligomeric conformations,
more so than EspB in wild-type M. tuberculosis. These results suggest EspK interacts
with EspB and prevents it from assembling prematurely into macromolecular com-
plexes that are presumably too large to pass through the membrane-spanning ESX-1
translocon assembly. Collectively, our findings indicate M. tuberculosis EspK has a far
more active role in ESX-1-mediated secretion than was previously appreciated and
underscores the complex nature of this secretion apparatus.

IMPORTANCE Mycobacterium tuberculosis uses its ESX-1 system to secrete EsxA and EspB
into a host to cause disease. We show that EspK, a protein whose role in the ESX-1 ma-
chinery was thought to be nonessential, is needed by M. tuberculosis for optimal EsxA
and EspB secretion. Culturing EspK-deficient M. tuberculosis with detergents alleviates
EsxA but not EspB secretion defects. We also show that EspK, which is exported by
M. tuberculosis in an ESX-1-independent manner to the cell wall, interacts with and pre-
vents EspB from assembling into large structures inside the M. tuberculosis cell that are
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is an oligomeric structure with 6-fold symmetry composed of five conserved proteins, EccB;,
EccCa,, EccCb,, EccD,, and EccE,. Heterodimers of Esx or Esp substrate proteins, each bearing
a conserved Y-X-X-X-D/E or W-X-G motif, are proposed to pass through this channel (4). One
such substrate protein, EspB, is expressed as a 60-kDa protein, but during its translocation it
gets truncated at its carboxy terminus to a 50-kDa secreted isoform by a serine protease do-
main in the periplasmic part of the membrane-associated MycP, protein (6). Once outside
the M. tuberculosis cell, EspB forms a heptameric ring-shaped structure that has a distinct viru-
lence function and is speculated to also be involved in ESX-1 secretion activity (7-11). While
the precise roles of most ESX-1-associated proteins have been defined, the function and spa-
tiotemporal organization of some remain unclear.

EspK is a 75-kDa alanine- and proline-rich ESX-1-associated protein with a con-
served W-X-G motif. In M. tuberculosis, EspK is encoded by the espK (rv3879c) gene in
the esx-1 locus (1, 12-14). Deletion of the espK homolog in M. bovis does not impair its
ability to replicate in the lungs and spleen or cause lesions in the lymphoid organs of
guinea pigs (15). The effect of EspK deficiency on M. bovis ESX-1 secretion activity,
however, is not known (15). Complementation of the live, attenuated, and ESX-1-defi-
cient M. bovis BCG vaccine strain with either the complete esx-1 locus or a modified
esx-1 locus lacking espK restores EsxA and EsxB secretion and increases its virulence in
mice equally, suggesting EspK is not required for ESX-1 function (12). Furthermore,
M. africanum, which causes 50% of the pulmonary tuberculosis cases in West Africa, is
EspK deficient due to a premature stop codon mutation in its espK gene (16). Despite
lacking EspK, M. africanum can secrete EsxA and EsxB (16). Interestingly, however,
M. africanum has been shown to not replicate as well and induce as much pathology
in mice as M. tuberculosis, although this has been attributed to its longer cell length
and lack of EspK (16, 17). M. marinum, the causative agent of TB in cold-blooded verte-
brates, skin infections in humans, and a valuable mycobacterial surrogate for studying
the ESX-1 system, possesses two orthologs of EspK encoded by MMAR_5455 and
MMAR_4351 (18, 19). Notably, EspK, encoded by MMAR_5455, is translocated from the
M. marinum cytosol to the capsular layer (20) and extracellular milieu in an ESX-1-de-
pendent manner (21, 22). EspK-deficient M. marinum exhibits diminished EsxA and
EsxB secretion but not at levels seen in isogenic EccCb,- or EccD,-deficient mutants as
well as the complete blockage of EspB secretion (22). In another study, however, an
EspK-deficient M. marinum strain was found to be defective in EsxA but not EsxB secre-
tion, impaired in its ability to replicate in murine bone marrow-derived macrophages
(BMDM:s) and in killing J774 macrophages (23). In a different study, M. marinum defi-
cient in EspK was found to secrete EsxB but not EspB and was compromised in its abil-
ity to replicate in BMDMs (24). In the same study, EspK was shown to interact with
EspB and EccCb,, an ESX-1 core component, presumably to direct EspB to the ESX-1
secretion machinery for transport out of the M. marinum cell (24). In yet another study,
EspK deficiency in M. marinum was found to reduce EsxA but not EsxB secretion, cause
some attenuation of virulence, and diminish the induction of type | interferon
responses in macrophages (25). Despite extensive downsizing of its genome, M. leprae,
the obligate intracellular pathogen and agent of leprosy, has retained an ESX-1 system
whose secretion activity is likely functional (26-29). However, in M. leprae espK is a
pseudogene, suggesting it is dispensable for its ESX-1 system (13).

Given the inconsistencies in phenotypes associated with EspK deficiency among
pathogenic mycobacteria, the biological role of this ESX-1-associated protein in M. tuber-
culosis remains uncertain. Here, we characterize an espK transposon insertion mutant of
M. tuberculosis Erdman and present compelling evidence to show that EspK plays an
active and multifaceted role in driving optimal ESX-1-mediated protein secretion.

RESULTS

EspK deficiency in M. tuberculosis impacts EsxA and EspB secretion but not its
cytopathic potential or ability to replicate in mice. An M. tuberculosis espK transposon
mutant (espK:Tn) strain was isolated from a previously archived library of M. tuberculosis
Erdman Tn5370 transposon mutants (30). Genome sequencing revealed that Tn5370,
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bearing a hygromycin resistance cassette, had inserted 295 bp downstream of the start
codon of espK in this mutant strain (Fig. 1A).

Having confirmed wild-type (WT) M. tuberculosis Erdman and espK:Tn strains repli-
cate at similar rates in mycobacterial liquid growth media like Middlebrook 7H9 and
Sauton’s media (Fig. 1B), we examined the impact of espK disruption on ESX-1-medi-
ated protein secretion. Accordingly, WT M. tuberculosis, espK:Tn, and a well-character-
ized isogenic 5’ Tn:pe35 strain that fails to express EsxA and EsxB, and consequently
lacking ESX-1 secretion activity (7, 31, 32), were cultured in detergent-free Sauton’s me-
dium for 3 days. The culture filtrate (CF) and cell lysate (CL) fractions of these strains
were then assessed for EsxA, EsxB, EspB, and EspK proteins. EspK was detected only in
the CL of WT M. tuberculosis and 5’ Tn::pe35 strains, which suggests this protein is pri-
marily cell associated (Fig. 1C). As expected, EspK was not detected in either the CF or
CL fractions of the espK:Tn strain (Fig. 1C). Interestingly, the amount of EspK in the CL
of the 5" Tn:pe35 strain appeared to be 8% less than that of WT M. tuberculosis
(Fig. 1C), which is consistent with what has been reported for EspK in a M. marinum
AesxAB mutant strain compared to its WT counterpart (22). Compared to WT M. tuber-
culosis, 30% less EsxA and no EspB (50-kDa secreted isoform) were detected in the CF
of the espK:Tn strain (Fig. 1C). In contrast, similar amounts of EsxB were detected in
the CF of both WT M. tuberculosis and the espK::Tn strain (Fig. 1C). Equivalent amounts
of EsxA, EsxB, and EspB (full-length 60-kDa isoform) were detected in the CL fractions
of both WT M. tuberculosis and espK:Tn strains, indicating equivalent expression and/or
stability of these proteins in the two strains (Fig. 1C). Consistent with our previous
reports (7, 31, 32), EsxA, EsxB, and EspB (50 kDa) were not detected in the CF, while
EspB only was detected in the CL of the 5" Tn::pe35 strain (Fig. 1C).

To confirm equivalent amounts of CF proteins from all three strains were loaded
and analyzed, we immunoblotted for antigen-85 (Ag85), which is secreted by M. tuber-
culosis in an ESX-1-independent manner via the twin arginine transport (TAT) system
(33). Similar amounts of this protein were found in the CF of all three strains, indicating
that the differences in the levels of EsxA and EspB were not due to uneven protein
loading. Finally, to verify that the presence of specific proteins in the CF was not due
to cell lysis, we immunoblotted for the cell-associated chaperonin GroEL2 (34). No
GroEL2 was detected in the CF of WT M. tuberculosis, espK:Tn, and 5’ Tn:pe35 strains.
In contrast, similar amounts of GroEL2 were detected in the CL of the three strains. This
indicated that the differences in the levels of EsxA and EspB were not due to cell lysis
and that equivalent amounts of total CL protein from the three strains had been
loaded and analyzed.

We had previously reported that WT M. tuberculosis induces cell death in macro-
phages and replicates in the lungs and spleens of mice in an ESX-1-dependent manner
(7, 32, 35). Given the secretion defects noted above, we expected the espK::Tn strain to
be compromised in these functions as well. To test this, THP-1 cells were infected with
WT M. tuberculosis, the espK:Tn strain, and an attenuated espA:Tn mutant strain that is
defective in EsxA and EsxB but not EspB secretion (7). Death induced by these M. tuber-
culosis strains in THP-1 cells was then assessed. Unlike the espA:Tn strain, the espK:Tn
strain induced the same magnitude of cell death in THP-1 cells as WT M. tuberculosis
(Fig. 1D). To examine in vivo replication, mice were infected by the aerosol route with
WT M. tuberculosis and the espK:Tn strain. Bacterial burden in the lungs and spleens
were enumerated after 3 and 6 weeks postchallenge. Consistent with the macrophage
cell death results, the espK::Tn strain appeared to replicate as well as WT M. tuberculosis
in the lungs and spleens of mice (Fig. 1E).

These results show EspK deficiency in M. tuberculosis causes unique defects in EsxA
and EspB secretion in vitro but does not seem to impact the bacterium’s ability to
induce macrophage cell death or replicate in mice.

M. tuberculosis exports EspK across its cytoplasmic membrane in an ESX-1-
independent manner to the cell wall. M. marinum exports EspK to its capsule (20)
and into the extracellular milieu in an ESX-1-dependent manner (21, 22). Although we
did not detect EspK in 10 ug of total CF protein from WT M. tuberculosis (Fig. 1C), we
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FIG 1 Characterization of the M. tuberculosis espK:Tn mutant. (A) Schematic of transposon insertion into the espK gene in the

esx-1 locus of M. tuberculosis Erdman. (B) Growth comparison of wild-type M. tuberculosis Erdman

(WT) and isogenic espK:Tn
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FIG 2 Cellular localization of EspK in M. tuberculosis Erdman strains. (A to C) Immunoblots of increasing amounts of total CF protein of wild-type M.
tuberculosis Erdman (WT) versus espK:Tn mutant strain (A), 10 wg/well each of CF, CW, CM, and cytosol proteins from wild-type M. tuberculosis Erdman
(WT) versus espK:Tn strain (B), and wild-type M. tuberculosis Erdman (WT) versus 5" Tn:zpe35 strain (C) (each set of blots is representative of at least 2
independent experiments; L, protein ladder).

could not discount the possibility that the protein is present at very low levels. To
address this, increasing amounts of WT M. tuberculosis CF starting from 5 to 40 ug of
total protein was examined. Despite numerous attempts, EspK was not detected in the
CFs of both the WT M. tuberculosis and the espK:Tn strain (Fig. 2A). EspB (50 kDa), on
the other hand, was found at increasing amounts in the CFs of WT M. tuberculosis but
undetectable in the CFs of the espK:Tn strain (Fig. 2A). Increasing amounts of Ag85
were detected in the CFs of both the WT M. tuberculosis and espK::Tn strains, indicating
the differential detection of EspB was not due to uneven loading of protein samples in
the gel (Fig. 2A).

We next examined if EspK might still be exported by WT M. tuberculosis across its cyto-
plasmic membrane (CM) and localized to the cell surface. Accordingly, subcellular fractions
namely, the cell wall (CW), CM, and cytosol of WT M. tuberculosis, espK:Tn, and 5'Tn::pe35
strains were prepared using established methods (36-38). These, along with their respec-
tive CF fractions, were analyzed by immunoblotting. Consistent with previous reports

FIG 1 Legend (Continued)

mutant strain in 7H9 (left) and Sauton’s (right) medium (average of 2 independent experiments; error bars represent the
standard deviations). (C) Immunoblots of CF (10 wg/well) and CL total protein (5 ng/well) of wild-type M. tuberculosis Erdman
(WT), espK:Tn, and 5’ Tn:pe35 strains cultured 3 days in Sauton’s medium without detergent to examine indicated proteins
(representative of 3 independent experiments). (D) Cytotoxicity assay in THP-1 cells infected with wild-type M. tuberculosis
Erdman (WT), espA:Tn, and espK:Tn strains at an MOl of 5 (data represent means and standard errors of means from 4
independent experiments with replicate wells; the y axis indicates cytotoxicity values relative to uninfected control; significance
in difference calculated using Student's t test). (E) Bacterial burden after 3 and 6 weeks postinfection in lungs (top) and spleens
(bottom) of mouse aerosol challenged with wild-type M. tuberculosis Erdman (WT) and espK:Tn strain (each data point
indicates the bacterial burden per mouse, with median and standard deviations from 4 mice per group per time point shown;
significance in difference calculated using Student's t test; NS, not significant).
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(34, 39), FtsZ, a cell division protein, was detected primarily in the CW fraction and, to a
lesser degree, in the CF, CM, and cytosol fractions, while the cell-associated chaperonin
GroEL2 was found in the CW and cytosol fractions of all three M. tuberculosis strains
(Fig. 2B and Q). These results confirmed successful ultracentrifugation-mediated fractiona-
tion of the CL and enrichment of specific proteins in their cellular locations. As expected,
EsxA was detected primarily in the CF and cytosol of both the WT M. tuberculosis and
espK:Tn strains, while secreted EspB (50-kDa) was found predominantly in the CF of WT
M. tuberculosis only (Fig. 2B and C). Also as expected, large amounts of full-length EspB (60
kDa) were detected in the cytosol of the WT M. tuberculosis, espK:Tn, and 5'Tn:pe35 strains
(Fig. 2B and Q). Interestingly, EspK was detected primarily in the CW of both WT M. tubercu-
losis and 5'Tn:pe35 strains (Fig. 2B and C) but not in any of the subcellular fractions of the
espK:Tn strain (Fig. 2B). Detection of EspK in the CW fraction of WT M. tuberculosis H37Rv
confirmed enrichment of this protein in the cell wall is not unique to M. tuberculosis
Erdman (see Fig. S1 in the supplemental material).

These results suggest EspK is localized in the M. tuberculosis cell wall compartment and
unlike EsxA, EsxB, or EspB, it is not released into the extracellular milieu. Furthermore, the
localization of EspK in the cell wall of the 5'Tn:;pe35 strain suggests it crosses the M. tuber-
culosis cytoplasmic membrane in an EsxA- and EsxB-independent manner.

EspK deficiency delays and reduces EsxA secretion. In this study, multiple inde-
pendent sets of CF preparations from 3-day-old cultures of WT M. tuberculosis and
espK:Tn strains were analyzed. In most instances, reduced levels of EsxA were detected
in the CF of the espK:Tn strain compared to WT M. tuberculosis. EspB, on the other
hand, was always absent from the CF of the mutant strain. We therefore asked if EspK
deficiency might be delaying the secretion of EsxA and potentially also of EspB. To
address this question, the CF and CL of WT M. tuberculosis and espK::Tn strains cultured
for 3, 5, and 7 days in Sauton’s medium were analyzed. While the levels of EsxA and
EsxB in the CFs of WT M. tuberculosis collected after 3, 5, and 7 days of culturing
appeared to be similar, the level of EsxA in the CF of the espK:Tn strain, which was
lower than that of WT M. tuberculosis on day 3, increased with time (Fig. 3A). By day 5,
for instance, the amount of EsxA detected in the CF of the espK:Tn strain had increased
to 80% of the EsxA in the CF of WT M. tuberculosis. By day 7, the amount of EsxA in the
CF of the espK::Tn strain had increased to 85% of the EsxA in the CF of WT M. tuberculo-
sis. The levels of EsxB, on the other hand, did not appear to change significantly in the
CF of the espK:Tn strain collected at the three time points (Fig. 3A). In stark contrast,
no EspB (50 kDa) could be detected in the CF of the espK:Tn strain even by 7 days of
growth, while the level of EspB (50 kDa) was somewhat constant in the CF of WT M. tu-
berculosis collected over the three time points (Fig. 3A).

To exclude the possibility that delayed secretion in espK::Tn strain might be unique
to Sauton’s medium, the CF and CL fractions of WT M. tuberculosis and the espK:Tn
strain grown for 3, 5, and 7 days in modified 7H9 medium (without ADC and Tween
80) were also analyzed. A pattern similar to what was seen in Sauton’s medium was
also observed with 7H9. While EsxA in the CFs of WT M. tuberculosis appeared relatively
constant over the three time points, the level of EsxA in the CF of the espK:Tn strain,
which was lower than that of WT M. tuberculosis on day 3, appeared to increase with
time (Fig. 3B). By day 5, the amount of EsxA detected in the CF of the espK:Tn strain
had increased to 92% of the level of EsxA in the CF of WT M. tuberculosis. By day 7, the
amount of EsxA in the espK:Tn CF had reached to 97% of the EsxA level in the CF of
WT M. tuberculosis. Likewise, no EspB (50 kDa) was detected in the CF of the espK:Tn
strain even after 7 days of growth, while the levels of EspB appeared constant over the
three time points (Fig. 3B).

These results indicate that EspK deficiency in M. tuberculosis causes delayed and
somewhat reduced EsxA secretion, while the secretion of EspB is completely blocked.
Moreover, this unique secretion defect is independent of the type of culture medium
used to grow the bacteria.
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FIG 3 Secretion and expression of ESX-1-associated proteins in liquid culture media over time.
Immunoblots of CF (10 ng/well) and CL proteins (5 nwg/well) of wild-type M. tuberculosis Erdman (WT)
and espK:Tn mutant cultured 3, 5, and 7 days in Sauton’s medium without detergent (A) and modified
7H9 medium without ADC and detergent supplementation (B) (each set of blots is representative of 3
independent experiments).

Faulty EsxA secretion in EspK-deficient M. tuberculosis can be partially restored
to WT M. tuberculosis levels by culturing in detergent-containing media. To under-
stand why the espK:Tn strain, despite its secretion defects, is not compromised in its
ability to induce macrophage cell death or replicate in mice, we reexamined the pub-
lished research on EspK-deficient M. bovis BCG and M. africanum (12, 15, 16) and our
own procedures. We realized that mycobacteria are always grown in detergent-con-
taining media to reduce cell clumping and obtain single-cell suspensions prior to use
in infections. We therefore hypothesized that culturing the espK:Tn strain with deter-
gents might alleviate its ESX-1 secretion defects and explain the unimpaired virulence
observed. To test this, WT M. tuberculosis and the espK:Tn mutant were cultured in
Sauton’s medium supplemented with or without 0.05% Tween 80 for 3 days and their
CF and CL proteins analyzed. We detected an 8-fold increase in the levels of EsxA in
the CF of espK:Tn cultured in Sauton’s with Tween 80 compared to Sauton’s without
detergent (Fig. 4A). We also observed the level of EsxA in the CF of espK:Tn cultured
with Tween 80 was 1.5-fold more than that of WT M. tuberculosis grown without deter-
gent. In contrast, no EspB (50 kDa) was detected in the CF of espK=Tn grown with and
without Tween 80 (Fig. 4A). Moreover, 5-fold more EsxA was detected in the CF of WT
M. tuberculosis cultured in Sauton’s with Tween 80 compared to media without deter-
gent (Fig. 4A). In contrast, EsxB levels were similar regardless of whether or not Tween
80 was present. We found EspB (50 kDa) levels in the CF of WT M. tuberculosis cultured
with Tween 80 decreased by 40% relative to EspB levels in the CF of WT M. tuberculosis
cultured without the detergent (Fig. 4A).

To exclude the possibility that enhancement of EsxA secretion is unique to Tween
80, WT M. tuberculosis and the espK:Tn strain were also cultured for 3 days in Sauton’s
medium with 0.02% tyloxapol, another detergent that is used to prevent mycobacterial
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FIG 4 Secretion and expression of ESX-1 associated proteins in WT M. tuberculosis and espK:Tn cultured in liquid media with and without detergents. (A
and B) Immunoblots of CF (10 wg/well) and CL (5 ng/well) total protein of wild-type M. tuberculosis Erdman (WT) and espK:Tn mutant cultured for 3 days
in Sauton’s medium with and without Tween 80 (A) and Sauton’s medium with and without tyloxapol (B) to examine indicated proteins (each set of blots

are representative of 3 independent experiments).

cell clumping. A 6-fold increase in the levels of EsxA was detected in the CF of espK:Tn
cultured in Sauton’s with tyloxapol compared to media without the detergent (Fig. 4B).
Additionally, the level of EsxA in the CF of espK:Tn with tyloxapol was 2- to 3-fold
more than that of WT M. tuberculosis grown without the detergent. Again, EspB (50
kDa) could not be detected in the CF of the espK:Tn strain regardless of whether or
not tyloxapol was present (Fig. 4B). Approximately 8-fold more EsxA was detected in
the CF of WT M. tuberculosis cultured with tyloxapol compared to culturing without de-
tergent (Fig. 4B). On the other hand, EspB (50 kDa) levels in the CF of WT M. tuberculosis
cultured with tyloxapol decreased by 60% relative to EspB levels in the CF of WT M. tu-
berculosis cultured without the detergent (Fig. 4B). Thus, the enhanced secretion of
EsxA by espK::Tn is not due to Tween 80 alone.

In control experiments, the espA:Tn mutant, which does not secrete EsxA or EsxB
(35), was also cultured for 3 days in Sauton’s medium with or without detergents and an-
alyzed. Interestingly, culturing the espA:Tn strain with Tween 80 but not tyloxapol
resulted in the detection of a very small amount of EsxA in the CF (Fig. S2). Nevertheless,
the level of EsxA released by the espA:Tn mutant in the presence of Tween 80 was much
less than that of the espK:Tn mutant cultured in the presence of either Tween 80 or
tyloxapol.

We also observed reductions ranging between 40% and 65% in the levels of Ag85
in the CFs of WT M. tuberculosis, espA:Tn, and espK:Tn strains when they were grown
with detergents (Fig. 4A and B and Fig. S2). This and the reduced levels of EspB (50
kDa) in the CF of WT M. tuberculosis grown in the presence of detergents suggests the
enhancement of EsxA levels in the CF are not due simply to detergent-mediated
extraction or passive sloughing off of cell surface proteins.

These results collectively indicate that the delayed and reduced secretion of EsxA
exhibited by EspK-deficient M. tuberculosis can be partially alleviated by detergents,
but this does not appear to be the case for EspB secretion.

Trp-62 and Gly-64 in the conserved W-X-G motif of EspK is important for
optimal EspB secretion. EspK contains a conserved W-X-G amino acid sequence motif
of unknown functional importance, although it has been hypothesized to facilitate inter-
action with EspB (14) and with EspJ (11). This motif is also present in the ESX-1-secreted
substrates EsxA, EsxB, and EspA and have been shown to be functionally important in
these proteins (35). To examine whether Trp-62 (W62) and Gly-64 (G64) in the W-X-G
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motif in EspK might be important for EsxA and EspB secretion, we cloned the M. tubercu-
losis espK gene alone along with its promoter into the shuttle vector pMD31 to obtain
pMDespKWT. Codons in espK encoding W62 and G64 in pMDespKWT were replaced with
codons encoding Arg (R) to generate pMDespK"62® and pMDespK®®, respectively. These
constructs as well as pMD31 (empty vector control) and pMDespK"T were transformed
into the espK:Tn mutant to obtain espK:Tn/pMD31, espK:Tn/pMDespKWT (expressing WT
EspK), espK:Tn/pMDespKW62R (expressing EspKW62R), and espK:Tn/pMDespKSe*R (expressing
EspKS64R) strains.

We and others have shown that the introduction of point mutations at conserved
amino acid residues in different ESX-1-associated proteins can impact their expression
or their stability (31, 35, 40). Therefore, we first assessed and compared cellular EspK
levels in the CL fractions of WT M. tuberculosis and the transformed espK:Tn strains.
With the exception of espK::Tn/pMD31, similar amounts of EspK proteins were detected
in the CLs of WT M. tuberculosis, espK:Tn/pMDespK"T, espK:Tn/pMDespKWé2®, and
espK:Tn/pMDespKS®4® strains (Fig. 5A). Thus, replacement of the conserved W62 and
G64 residues with Arg does not appear to affect the expression or stability of EspK.

We then analyzed the CF and CL fractions of WT M. tuberculosis and the complemented
espK:Tn strains grown in Sauton’s medium for 3, 5, and 7 days. Complementation with WT
espK restored WT levels of EsxA and EspB secretion in the espK:Tn mutant (Fig. 5B). This
confirms the transposon insertion does not cause any polar effects and likely impacts the
espK gene alone. Strikingly, while EsxA secretion was fully restored to WT levels in the
espK:Tn/pMDespKWo2R and espK:Tn/pMDespKSe*R strains, EspB secretion could only be par-
tially restored in these two strains, with restoration being less in espK:Tn/pMDespKGe4R
than espK:Tn/pMDespKWo2R (Fig. 5B). After 3 days of growth, no EspB (50 kDa) could be
detected in the CFs of espK:Tn/pMDespKW62R and espK:Tn/pMDespK®4®, unlike in the CFs
of WT M. tuberculosis and espK:Tn/pMDespK"T. After 5 days, EspB (50 kDa) in the CFs of
espK:Tn/pMDespKWé2R and espK:Tn/pMDespKS**® had increased to 30 and 5%, respec-
tively, of the EspB levels in the CFs of WT M. tuberculosis and espK:Tn/pMDespK"T. By
7 days, EspB (50 kDa) in the CFs of espK:Tn/pMDespKV2® and espK:Tn/pMDespK4* had
reached 35 and 25%, respectively, of EspB levels in the CFs of WT M. tuberculosis and espK::
Tn/pMDespK"T. As expected, the control strain espK:Tn/pMD31 showed delayed EsxA
secretion after 3 days of growth and complete lack of EspB secretion even after 7 days of
growth (Fig. 5B).

These results clearly indicate the W-X-G motif in EspK is not important for the secre-
tion of EsxA but is critical for optimal EspB secretion.

The conserved W-X-G motif of EspK is not important for its export or
localization to the cell wall. Given that we found EspK is translocated to the cell wall
of WT M. tuberculosis, we sought to determine the importance of the conserved W-X-G
motif in this localization. Accordingly, CF, CW, CM, and cytosol fractions of espK:Tn/
pMDespKWT, espK:Tn/pMDespKWé2R, and espK:Tn/pMDespKS4® strains were prepared
and analyzed by immunoblotting. We detected equivalent amounts of EspK primarily
in the CW fractions of the three strains (Fig. 6).

These results indicate the conserved W-X-G motif in EspK is not required for its
export across the cytoplasmic membrane and localization to the cell wall.

Direct physical interaction between M. tuberculosis EspB and EspK requires the
conserved W-X-G motif in EspK. Recombinant M. tuberculosis EspB and EspK have
been shown to physically interact in vitro (24). To confirm this, an Escherichia coli strain
coexpressing histidine-tagged full-length WT EspB and S-tagged WT EspK (E. coli/His
tag EspB"WT + S tag EspKWT) was generated and its lysate used in pulldown experi-
ments. Control strains producing either histidine-tagged full-length WT EspB (E. coli/
His tag EspB"T) or S-tagged WT EspK (E. coli/S tag EspK"T) proteins alone were also an-
alyzed. We found cobalt magnetic Dynabeads captured histidine-tagged full-length EspB
and in doing so also pulled down S-tagged EspK protein from E. coli/His tag EspB"T + S
tag EspK"T lysates (Fig. 7A). In contrast, the same His tag Dynabeads did not capture S-
tagged EspK protein from E. coli/S tag EspK"T lysates (Fig. 7A). Conversely, the S-protein
agarose beads captured S-tagged EspK and, in doing so, pulled down histidine-tagged
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FIG 5 Secretion and expression of ESX-1 associated proteins by WT M. tuberculosis and complemented espK:Tn.
(A and B) Immunoblots of CL proteins (5 wg/well) from WT M. tuberculosis and espK:Tn strain complemented
with pMD31 (empty vector), pMDespK"T, pMDespK"¢?®, and pMDespK®®*? cultured 3 days in Sauton’s medium
without detergent to examine EspK levels (A) and CF (10 ug/well) and CL proteins (5 wg/well) from WT M.
tuberculosis and espK:Tn strain complemented with pMD31, pMDespK"", pMDespK"2®, and pMDespKS*4*
cultured 3, 5, and 7 days in Sauton’s medium without detergent (B) (each set of blots is representative of 3
independent experiments).

EspB from E. coli/His tag EspBWYT + S tag EspK"T lysates (Fig. 7B). The same beads did not
capture histidine-tagged EspB from E. coli/His tag EspB"T lysates (Fig. 7B). These results are
consistent with previous reports (24) that WT full-length EspB interacts with WT EspK.

We then examined if the conserved W62 and G64 residues in EspK are important
for its interaction with EspB. Histidine-tagged full-length WT EspB with S-tagged
EspKWT, EspKW62R, or EspKS%4R was coexpressed in E. coli, and the cell lysates were sub-
jected to pulldown experiments. Compared to EspK"T, significantly fewer EspK"é2® and
EspK®e4R proteins were found to associate with histidine-tagged WT EspB captured by
cobalt magnetic Dynabeads (Fig. 7C). In reciprocal pulldowns with S-protein agarose
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FIG 6 Importance of the conserved W-X-G motif to EspK export and cell wall localization. Immunoblots of
10 pg/well each of CF, CW, CM, and cytosol proteins from espK:Tn strain complemented with pMDespK",
pMDespK"52R, and pMDespK®* (blot is representative of at least 2 independent experiments; L, protein
ladder).

beads, noticeably less histidine-tagged WT EspB was found to associate with S-tagged
EspKWe2R and EspKS%*® compared to S-tagged EspKWT (Fig. 7D).

These results collectively indicate that the W-X-G motif in EspK is important for its
interaction with EspB.

EspK prevents EspB from assembling into large macromolecular structures in
the mycobacterial cell. Full-length EspB (60-kDa) found in M. tuberculosis CL has been
shown by native PAGE to predominantly form low-order oligomers, while secreted
EspB (50 kDa) in M. tuberculosis CF has been shown to form high-order oligomers (9).
We hypothesized that EspK prevents EspB from prematurely adopting high-order mac-
romolecular structures that are too large to pass through the cell membrane-spanning
ESX-1 translocon complex. To test this notion, equivalent amounts of total CL proteins
from WT M. tuberculosis and the espK::Tn strain were resolved by native PAGE and im-
munoblotted for EspB. Consistent with published data (9), we found the majority of
EspB in the CL of WT M. tuberculosis formed low-order oligomers, with a small propor-
tion assembling into high-order oligomers (denoted by the asterisk) (Fig. 8A). In con-
trast, a much higher proportion of EspB in the CL of espK::Tn seemed to assemble into
high-order oligomers (Fig. 8A). This suggests that EspK is needed to maintain EspB at a
lower oligomeric state inside the M. tuberculosis cell.

Since we have demonstrated that the conserved W-X-G motif of EspK is critical for
its interaction with EspB and for EspB secretion, we reasoned the W62 and G64 resi-
dues in EspK are crucial in preventing EspB from forming high-order oligomers inside
the M. tuberculosis cell. Indeed, native PAGE and immunoblotting revealed that full-
length EspB in the CL of espK::Tn/pMDespK"T formed predominantly low-order oligom-
ers (Fig. 8B). In contrast, the CLs of espK:Tn/pMDespKW62R, /pMDespK&®4R, and /pMD31
were found to contain progressively greater amounts of high-order EspB oligomers
similar in size to the high-order EspB oligomers found in the CF of espK:Tn/pMDespKWT
(Fig. 8B). Strikingly, the presence of greater amounts of high-order EspB oligomers in
the CL of espK:Tn/pMDespK®*R compared to what is found in the CL of espK:Tn/
pMDespKW62R correlates well with the poorer restoration of EspB secretion exhibited
by espK:Tn/pMDespKS¢*? compared to espK:Tn/pMDespKVé2® (Fig. 8B).

Collectively, these results strongly suggest that the interaction of EspK with EspB is
required by M. tuberculosis to maintain cytosolic EspB as lower-order oligomers and
that the conserved W-X-G motif in EspK is critical for this function.
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buffer).

DISCUSSION

In this study, we sought to understand the function of EspK in M. tuberculosis and
found this W-X-G motif-containing protein plays an active, multifaceted role in the
type-7 secretion system ESX-1 of the tubercle bacillus.

The unique ESX-1 secretion defects of the M. tuberculosis espK:Tn strain described
here are consistent with what is seen in EspK-deficient M. marinum (22, 24). However,
one salient feature of M. tuberculosis EspK that we have uncovered in our study is that
it facilitates EsxA and EspB secretion in M. tuberculosis through distinct pathways, and
we have multiple lines of evidence to support this contention. First, we show that EsxA
secretion by EspK-deficient M. tuberculosis is delayed and reduced rather than being
completely blocked, as is the case with EspB. Second, by culturing EspK-deficient M. tu-
berculosis in detergent-containing media, we were able to restore secretion of EsxA,
but not EspB, to WT M. tuberculosis levels. The detergent-dependent enhancement of
EsxA secretion by espK:Tn and WT M. tuberculosis strains observed here appears to be
consistent with the observations of Raffetseder et al. in that culturing WT M. tuberculo-
sis with Tween 80 results in the release of EsxA from the mycobacterial cell surface
(41). However, the reduced secretion of Ag85 by WT M. tuberculosis, espA:Tn, and
espK:Tn strains and the reduced secretion of EspB by WT M. tuberculosis when cultured
in detergent-containing media suggest the enhancement of EsxA secretion is not sim-
ply due to the passive sloughing off of cell surface-localized proteins but rather
through an indeterminate mechanism. Third, through complementation experiments,
we show that optimal EsxA secretion can be restored by episomal expression of the
WT espK gene as well as by alleles bearing W62R and G64R mutations. In contrast, EspB
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FIG 8 EspB native conformation analysis. (A and B) Native PAGE and EspB immunoblots of CL proteins (5 ug/well) from wild-type M.
tuberculosis Erdman (WT) and espK:Tn strain cultured for 3 days in Sauton’s medium without Tween 80 (A) and CF protein (10 wg/well) of espK:
Tn complemented with pMDespK"™ and CL proteins (5 ug/well) of espK:Tn complemented with pMDespK", pMDespK"2%, pMDespK®®*%, and
pMD31 cultured for 4 days in Sauton’s medium without detergent (B) (each set of blots are representative of at least 2 independent
experiments; asterisks indicate higher-order oligomers of EspB).

secretion is disrupted by the same mutations in the W-X-G motif of EspK. Further indi-
rect support comes from observations of M. leprae where espB, espJ, espK, and pe35 are
all pseudogenes (42), and despite this, its residual streamlined ESX-1 apparatus still
secretes EsxA and EsxB to exert virulence effects during infection (26, 29).

Another salient feature of M. tuberculosis EspK uncovered here is that it is exported
and localized by the tubercle bacillus to its cell wall and not to the extracellular milieu.
Given that the production of EsxA and EsxB proteins in the M. tuberculosis cell are vital
to ESX-1 secretion activity, the unimpeded translocation of EspK across the cytoplasmic
membrane to the cell wall in the EsxA- and EsxB-deficient 5'Tn:pe35 strain indicates
EspK export in M. tuberculosis is ESX-1 independent. This is different from what has
been reported in M. marinum, where its EspK is secreted in an ESX-1-dependent man-
ner to the capsule and beyond (20-22). We also have reason to believe M. tuberculosis
EspK is not localized to its capsule, because during the process of subcellular fractiona-
tion, the M. tuberculosis cells were subjected to vigorous shaking with silica beads to
lyse cells. This action is known to disrupt the mycobacterial capsule and would have
released all of its constituents into the lysis buffer solution (43). If EspK were exported
by the tubercle bacillus to its capsule like M. marinum, the protein would have ended
up in the cytosolic fraction after multiple rounds of ultracentrifugation. This was not
observed, and most of the EspK was found associated with the cell wall fraction
instead. Clearly, despite the similarities in M. tuberculosis and M. marinum ESX-1 sys-
tems, our observations highlight evolutionary differences that likely reflect the human-
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specific virulence adaptations of M. tuberculosis and generalized virulence as well as
free-living aquatic adaptations of M. marinum (1, 44). Along these lines, it is also nota-
ble that M. marinum possesses two orthologs of EspK, encoded by MMAR_5455 and
MMAR_4351 (18, 19). While the EspK ortholog encoded by MMAR_5455 is associated
with M. marinum ESX-1, the function of the other, encoded by MMAR_4351, remains a
mystery (18, 19). It is also notable that both orthologs share very similar amino acid
sequence identities with M. tuberculosis EspK. Clustal alignments show MMAR_5455
encoding M. marinum EspK shares approximately 56% amino acid sequence identity
with M. tuberculosis EspK (see Fig. S5A in the supplemental material), while the protein
encoded by MMAR_4351 shares approximately 54% amino acid sequence identity with
M. tuberculosis EspK (Fig. S5B) (45). Another example that highlights differences
between the M. tuberculosis and M. marinum ESX-1 systems is that of EspG, encoded
by a gene in the extended RD1 region of the esx-1 locus. While EspG, is required for
EsxA and EsxB secretion and virulence in M. marinum (23), the homolog of this protein
in M. tuberculosis is dispensable for ESX-1-mediated secretion and immunogenicity but
not for virulence (46). Finally, that EspK is released into the extracellular milieu by
M. marinum but not by M. tuberculosis is also consistent with the existence of a more
extensive repertoire of ESX-1 secreted protein substrates in M. marinum (22, 44).

Our demonstration that the conserved W-X-G motif in EspK is critical for EspB secre-
tion for its interaction with EspB and maintenance of EspB inside the M. tuberculosis
cell at low-order oligomeric states is another notable outcome of this study. An expla-
nation for how EspK might facilitate the secretion of EspB may be found in the struc-
ture of the EspB protein itself. Unusually, this ESX-1 protein, which seems to have
arisen from a gene fusion, contains both the W-X-G and Y-X-X-X-D secretion motifs (9
11). Crystal structures and the cryoelectron microscopy (cryo-EM) map of pure EspB
reveal a hydrogen bond between the nitrogen atom of the tryptophan in the W-X-G
motif and the oxygen atom of tyrosine in the Y-X-X-X-D motif of adjacent monomers
in this ring-shaped heptameric protein (9-11). However, while EspB is inside the M. tu-
berculosis cell, it has been shown to adopt predominantly dimeric and tetrameric
states, but after translocation, secreted EspB assumes a conformation consisting of
high-order oligomers consistent with ring-shaped heptameric structures (9). While it
has been proposed that the protein pairs EspA-EspC, EspE-EspF, and EspJ-EspK are
cosecreted (11), we have shown here and previously (7) that EspB is not cosecreted
with other known ESX-1 substrates by M. tuberculosis. We propose that interaction
between the conserved W-X-G motif of EspK and the Y-X-X-X-D motif of EspB inside
the M. tuberculosis cell somehow maintains the latter in a lower oligomeric state until
EspK interacts with EccCa,—EccCb,, a membrane-associated ATPase component of the
membrane-localized ESX-1 translocon complex that presumably powers the transloca-
tion of EspB (24). After exiting the cell, EspB could then oligomerize via interactions
between its own W-X-G and Y-X-X-X-D motifs on adjacent monomers to form the hep-
tameric ring-like structure. In the absence of EspK, premature high-order oligomeric as-
sembly of EspB inside the M. tuberculosis cell could result in a macromolecule that is either
unable to engage with or too large to pass through the ESX-1 translocon complex. Indeed,
this notion is supported by our finding that in M. tuberculosis either deficient in EspK or
expressing EspKW62R and EspKS5*®, EspB exists as high-order oligomers in greater propor-
tions. Whether EspK prevents EspB from forming high-order homo-oligomers and/or high-
order hetero-oligomers with other M. tuberculosis proteins is currently not known and
requires further study. It is also not known if EspK interacts with newly synthesized and
unfolded EspB to prevent oligomerization or if EspK actively uncouples high-order oligom-
ers of EspB. The latter is unlikely, as this would require energy from ATP hydrolysis and no
ATPase domains have been detected in EspK. Finally, it is not known if the ESX-1-inde-
pendent movement of EspK across the M. tuberculosis cytoplasmic membrane has any
impact on its ability to maintain cytosolic EspB at low-order oligomeric states and enable
its secretion through the ESX-1 translocon core. The generation and characterization of M.
tuberculosis mutants that are unable to export EspK will help clarify this question.
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Our observation that EspK-deficient M. tuberculosis strains are not compromised in
their ability to induce macrophage cell death or replicate in mice is consistent with
what is seen in EspK-deficient M. bovis (12, 15) and also M. africanum to some extent
(16). The apparent lack of virulence defects in the M. tuberculosis espK::Tn strain is, how-
ever, not consistent with what is seen in EspK-deficient M. marinum (22-25) and likely
reflects differences between these two separate species of mycobacteria. Despite the
secretion defects observed in vitro, we cannot rule out the possibility that the espK:Tn
strain can still secrete sufficient amounts of EsxA to kill macrophages and replicate in
the lungs and spleens of mice. Indeed, we have previously isolated M. tuberculosis
mutants expressing variants of EspA that exhibit ESX-1 secretion defects in vitro but
undiminished cytopathy toward macrophages and replication in mice compared to WT
M. tuberculosis (35). Moreover, culturing the espK:Tn strain in detergent-containing
media and restoration of WT levels of EsxA secretion may also prevent reductions in its
virulence. Still, understanding why the espK:Tn strain remains virulent is crucial in light
of our previous finding that secreted EspB possesses a virulence function that is dis-
tinct from that of EsxA and EsxB (7). One possibility is that the continued secretion of
EsxA (and presumably its cosecreted partner proteins) by the espK:Tn strain obscures
the attenuation of virulence resulting from the lack of EspB secretion alone. Indeed, we
were only able to detect EspB-mediated macrophage cell death and replication in
mice through direct comparisons of the EsxA and EsxB secretion-defective but EspB
secretion-competent M. tuberculosis espA:Tn strain and the isogenic 5'Tn:pe35 strain
that is unable to secrete EsxA, EsxB, or EspB (7). It is also possible that secreted EspB
mediates aspects of M. tuberculosis virulence that the macrophage cell death assay and
in vivo replication study performed here simply cannot detect. For instance, the resaz-
urin-based PrestoBlue reagent was used here to measure respiration of viable macro-
phages and quantify THP-1 macrophage survival after infection with M. tuberculosis (7,
32, 35). However, this readout does not provide information on the type of cell death
induced. This is important, because while some modes of programmed cell death
enhance TB pathogenesis, others are host-protective and actively subverted by M. tu-
berculosis (47, 48). As such, it is possible WT M. tuberculosis induces macrophage cell
death that is detrimental to the host while espK::Tn induces macrophage cell death of
the same magnitude that might benefit a host. Even though the espK:Tn strain repli-
cates as well as WT M. tuberculosis in mice, it remains to be determined if animals
infected with EspK-deficient M. tuberculosis exhibit decreased pathology and/or
increased survival compared to those infected with WT M. tuberculosis. Indeed, an M.
tuberculosis mutant expressing a serine protease dead variant of MycP, was found to
replicate as well as WT M. tuberculosis in macrophages and in the lungs of mice but
was not as lethal as its WT counterpart (6). Finally, it has been shown that M. africanum
and M. marinum EspK-deficient mutants poorly induce beta interferon (IFN-3) produc-
tion in macrophages (25, 49, 50). This is noteworthy because type | IFN responses are
critical for TB pathogenesis (51, 52). It is also noteworthy that M. africanum reportedly
induces less pathology in mice (17). Might some of these unique virulence features of
M. africanum be due to its lack of EspK and inability to secrete EspB? Indeed, in unpub-
lished work we have found that M. africanum is unable to secrete EspB despite being
able to secrete EsxA (Fig. S6).

In conclusion, the characterization of an EspK-deficient M. tuberculosis mutant strain
in this study has provided new insights into the function of an ESX-1 component. Our
confirmation that M. tuberculosis EspK is an active and crucial participant in the ESX-1
system demonstrates once again the complexity of this unique secretion machine.

MATERIALS AND METHODS

Enzymes and reagents. DNA-modifying enzymes and high-fidelity Phusion DNA polymerase were
purchased from New England Biolabs (Ipswich, MA, USA). Oligonucleotides were purchased from
Integrated DNA Technologies (Coralville, 1A, USA). All other chemicals and reagents used were pur-
chased from Sigma-Aldrich (Oakville, ON, Canada).

Bacterial strains and growth conditions. Except where indicated, M. tuberculosis strains were rou-
tinely cultured in Middlebrook 7H9 liquid medium (Becton, Dickinson) supplemented with 0.2% glycerol,
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10% albumin-dextrose-catalase (ADC), and 0.05% detergent Tween 80 or on 7H11 agar (Becton, Dickinson)
supplemented with 0.5% glycerol, 10% oleic acid-albumin-dextrose-catalase (OADC). Generation of
M. tuberculosis Erdman Tn5370 transposon insertion mutants (espA:Tn and espK:Tn) has been described
previously (30). Transposon insertion mutants were cultured in the presence of hygromycin.

Cloning and plasmid vector construction. Construction of plasmid vectors used in this study was
as follows.

(i) pMDespK and derivatives. espK with its native promoter was amplified by PCR from the 2F9 cos-
mid using the primer pair 5'-CGCTCTAGATGGCGTGAGTACGCATTGTC-3" and 5'-CGCTCTAGAGTCCACG
AAGTGACAAACGA-3’ (Xbal site in boldface). The espK fragment was cloned into pMD31 to yield pMDespK""
and verified by DNA sequencing. Site-specific mutagenesis of pMDespK" using the QuikChange mutagenesis
system (Agilent Technologies) to replace EspK amino acid residues Trp-62 (W62) and Gly-64 (G64) with Arg
was done using mutagenic oligonucleotide pairs 5’-GAAGGCGGCCTACGGTCCGGCGGCGCC-3" and 5'-GGCG
CCGCCGGACCGTAGGCCGCCTTC-3" as well as 5'-GGCCTATGGTCCCGCGGCGCCGCCAAT-3" and 5'-ATTGGCGG
CGCCGCGGGACCATAGGCC-3', respectively. Mutagenized constructs were verified by DNA sequencing.
pMD31, pMDespK"T, pMDespK"s2R, and pMDespK®**R were electroporated into the espK=Tn mutant strain and
selected on kanamycin. espK:Tn/pMD31, espK:Tn/pMDespK"T (expressing WT EspK), espK:Tn/pMDespK"ox®
(expressing EspK"6?), and espK:Tn/pMDespK*" (expressing EspK®®*F) strains were generated accordingly.

(ii) pETDuet-espB+espK and derivatives. Full-length espB encoding the 60-kDa EspB cytosolic iso-
form was amplified by PCR from 2F9 using the primer pair 5'-CAGGAATTCTATGACGCAGTCGCAGA
CCGTGACG-3" and 5'-CGCAAGCTTTCACTTCGACTCCTTACTGTCCTGG-3' (EcoRI and Hindlll sites in bold-
face) and cloned into the pETDuet vector (Sigma-Aldrich) to obtain pETDuet-espB encoding N terminus
histidine-tagged full-length EspB. espK was amplified by PCR from pMDespK"T, pMDespK"*?®, and
pMDespK®4® using the primer pair 5'-CAAGCCAGATCTATGAGTATTACCAGGCCGACGG-3’' and 5'-CA
AGCCGCGATCGCTCAGCATGCGGCGGCCAG-3" (Bglll and AsiSI sites in boldface) and subcloned into
pETDuet-espB to obtain pETDuet-espB-+espK"T, pETDuet-espB-+espK"52, and pETDuet-espB-+espK®o4:,
respectively. These encode C-terminal S-tagged EspK proteins (53). All constructs were verified by DNA
sequencing. pETDuet-espB+espK"T, pETDuet-espB+espKV2%, and pETDuet-espB+espK®®*® were trans-
formed into Escherichia coli strain LOBSTR-BL21-DE3 (Kerafast) and selected on ampicillin to provide
E. coli/His tag EspB"T + S tag EspK"T, E. coli/His tag EspB"" + S tag EspK"?®, and E. coli/His tag EspB"" +
S tag EspK®®*® strains, respectively. Control E. coli strains transformed with pETDuet-espB and pETDuet-
espK"T and producing histidine-tagged full-length WT EspB (E. coli/His tag EspB"") and S-tagged WT EspK
(E. coli/S tag EspK™T), respectively, were also generated for use as controls.

M. tuberculosis culture conditions and protein preparation for immunoblots. M. tuberculosis
strains were cultured for immunoblot analysis as described previously (7, 31, 35, 54). Briefly, colonies
picked from 7H11 agar plates were cultured first in 7H9 broth to an optical density at 600 nm (ODy,,) of
~1.5 and subcultured into Sauton’s medium supplemented with 0.05% Tween 80 at a starting OD,,, of
0.1. Cells were grown to mid-log phase (OD,, of 0.6 to 0.8) and then centrifuged. The cell pellet was
washed once with phosphate-buffered saline (PBS) before resuspending in Sauton’s medium without
detergent (unless otherwise indicated) with a starting ODy,, of 0.2 to 0.5 and cultured further for the
indicated number of days at 37°C with agitation. Cell cultures were centrifuged to separate supernatant
and bacteria. Supernatants were filtered through 0.4- and 0.2-um filters to remove bacterial cells prior
to removal from biocontainment. Culture filtrate (CF) proteins were concentrated in Vivaspin columns
(Sartorius) with 5-kDa-molecular-weight-cutoff membranes. Cell lysate (CL) proteins were prepared by
resuspending cell pellets in lysis buffer (PBS containing Roche protease inhibitor cocktail tablets) and
bead beating using 100-um zirconia beads and clarified by centrifugation. Total protein concentrations
were determined using the bicinchoninic acid (BCA) assay (ThermoFisher) with bovine serum albumin
(BSA) as the standard.

Subcellular fractionation of M. tuberculosis cells. The cell wall (which includes the mycomem-
brane or outer membrane and peptidoglycan layer), cytoplasmic membrane, and cytosol protein frac-
tions of M. tuberculosis were prepared using well-established methods described previously (36-38).
Briefly, CL obtained after bead beating of M. tuberculosis cell pellets with zirconia beads were ultracentri-
fuged at 27,000 x g for 1 h at 4°C. The resulting pellets were suspended in lysis buffer and vortexed to
yield cell wall protein fractions. The supernatants from this step were ultracentrifuged further at
100,000 x g for 4 h at 4°C. The resulting pellets were suspended in lysis buffer and vortexed to yield
cytoplasmic membrane protein fractions. The supernatants from this ultracentrifugation step yielded
the cytosolic protein fractions. Total protein concentrations of these fractions were determined using
the BCA assay with bovine serum albumin as the standard.

Immunoblotting. Immunoblotting was done as described previously (7, 31, 35, 54). Briefly, indicated
amounts of CF or CL proteins were separated in NUPAGE 4 to 12% Bis-Tris gels (ThermoFisher) and trans-
ferred to nitrocellulose membranes using the iBlot system (ThermoFisher). Membranes were then
blocked with TBS-milk (20 mM Tris-HCI, pH 7.5, 150 mM NaCl, and 5% nonfat milk powder) and incu-
bated overnight with the desired primary antibody diluted in TNT-BSA (20 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 0.05% Tween 20 and 1% BSA fraction V) at 4°C. Membranes were washed with TNT (20 mM Tris-
HCI, pH 7.5, 150 mM NaCl, 0.05% Tween 20), incubated with the appropriate fluorescent secondary anti-
body in TNT-BSA, washed three times with TNT, and scanned using the Odyssey CLx imaging system (LI-
COR Biosciences). GroEL2 was used as a lysis control for culture filtrates and as a loading control for cell
lysates. ESX-1-independent secreted protein Ag85 was probed as a loading control for culture filtrates.
Polyclonal rabbit antibodies against EspK (Statens Serum Institute; a gift from Ida Rosenkrands) were used
at a dilution of 1:400. Polyclonal rat antibodies against recombinant full-length EspB were generated for us
by Kaneka Eurogentec S.A. and verified to specifically detect EspB (Fig. S3). These rat anti-EspB antibodies
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were used at a dilution of 1:1,000. Mouse monoclonal antibodies against EsxA, EsxB, and GroEL2 and rabbit
polyclonals against Ag85 were used at dilutions of 1:4,000.

Recombinant histidine-tagged EspB and S-tagged EspK coexpression in E. coli and pulldown
assays. E. coli/His tag EspB"" + S tag EspK"", E. coli/His tag EspB"" + S tag EspK"®?®, and E. coli/His tag
EspB"T + S tag EspK®®*® were cultured in 10 mL LB medium (plus 100 wg/mL ampicillin) at 37°C over-
night and then subcultured in 200 mL of the same medium. His tag EspB and S tag EspK coexpression
was induced at 16°C overnight with 1 mM IPTG. E. coli cell pellets were resuspended in lysis buffer
(50 mM NaH,PO,, 300 mM NaCl, pH 8, EDTA-free protease inhibitor) and lysed in an Emulsiflex C3 ho-
mogenizer (Avestin). Lysates were clarified by centrifugation at 10,000 x g for 30 min at 4°C and protein
concentrations determined by BCA assay. Clarified lysates were used in pulldown assays.

To pull down EspK with immobilized His tag EspB, cobalt-based magnetic His tag beads (Dynabeads-
ThermoFisher) were used. Briefly, 500 g of E. coli cell lysate protein in 750 uL of binding/wash buffer
(50 mM NaH,PO,, 300 mM NaCl, pH 8, plus 0.01% Tween 20) was incubated with 200 ul of beads over-
night at 4°C with gentle mixing. Magnetically immobilized beads were then washed 5 times with 500 w| of
binding/wash buffer before boiling beads in 50 uL of 1x SDS-PAGE sample loading buffer at 95°C for 10
min. The eluted proteins (E) from the boiled beads in this 50 uL were all loaded along with 5 g of input
lysate (I) in NuPAGE 4 to 12% Bis-Tris gels (ThermoFisher), separated, and immunoblotted as described
above. NUPAGE gels of the same were also Coomassie stained to verify the total amounts of proteins in
input lysates from different strains were equivalent and that the pulled down and eluted proteins from dif-
ferent strains were also equivalent (Fig. S4).

In reciprocal pulldown experiments to capture EspB through immobilization of S tag EspK, S-protein
agarose beads (Millipore) were used (53). In this case, 1 mg of E. coli cell lysate protein in 500 L of bind-
ing/wash buffer (50 mM NaH,PO,, 300 mM NaCl, pH 8, plus 0.01% Tween 20) was incubated with 120 ul
of beads overnight at 4°C with gentle mixing. Beads were washed after gentle centrifugation 3 times
with 500 ul of binding/wash buffer. Captured proteins were eluted by boiling beads in 50 uL of 1x SDS-
PAGE loading buffer at 95°C for 10 min. Eluted proteins (E) from the boiled beads in this 50 uL were all
loaded along with 20 ng of input lysate (I) in NUPAGE 4 to 12% Bis-Tris gels, separated, and immuno-
blotted as described above.

Rat polyclonal against EspB at 1:1,000 dilution and rabbit polyclonal EspK antibody at 1:400 dilution
were used to detect EspB and EspK, respectively.

Native PAGE of cell lysate proteins. Native PAGE and immunoblotting were done as described pre-
viously (9). Briefly, indicated amounts of proteins were resolved in Novex 4 to 12% Tris-glycine gels
(ThermoFisher), transferred to nitrocellulose membranes using the iBlot system (ThermoFisher), and
processed as described above.

THP-1 cell death assays. M. tuberculosis strains for THP-1 human macrophage infections were cul-
tured axenically in 7H9 with ADC and 0.05% Tween 80. After measuring the ODy,, and calculating the
number of CFU per milliliter, aliquots of the bacteria were added to RPMI medium (supplemented with
10% fetal bovine serum) to obtain the required ODy,, and used to infect THP-1 cells at a multiplicity of
infection (MOI) of 5. Survival of THP-1 cells 3 days postinfection was determined using the PrestoBlue re-
agent (ThermoFisher) as described previously (7, 35, 54, 55).

Mouse infection. M. tuberculosis strains for mouse infections were axenically cultured in 7H9 with
ADC and 0.05% Tween 80. After measuring the OD,,, and calculating the number of CFU per milliliter,
aliquots of the bacteria were added to PBS at the required number of CFU per milliliter for aerosol
infections. Mice were challenged with ~200 CFU of either WT M. tuberculosis or espK:Tn mutant via the
aerosol route using a custom-built aerosol exposure unit (Madison Exposure Chambers, LLC). Animal use
protocols were reviewed and approved by the chief veterinarian of the Swiss Federal Institute of
Technology, by the Service de la Consommation et des Affaires Vétérinaires of the Canton of Vaud, and
by the Swiss Office Vétérinaire Fédéral. Lung and spleen bacterial burden in CFU were enumerated at
3 and 6 weeks postinfection.

Statistical analysis. ImageJ was used to perform densitometric analysis of immunoblots. GraphPad
Prism was used to determine statistical differences in cell death induced in THP-1 cells infected with M.
tuberculosis strains and replication of M. tuberculosis strains in lungs and spleens of mice.

SUPPLEMENTAL MATERIAL
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SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.
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