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Summary
The ESX-1 secretion system of M. tuberculosis delivers bacterial virulence factors to host cells
during infection. The most abundant factor, the ESAT-6/CFP-10 dimer, is targeted for secretion
via a C-terminal signal sequence on CFP-10 that is recognized by the cytosolic ATPase, Rv3871.
However, the selection determinants for other ESX-1 substrates appear to be more complex. Some
substrates, such as ESAT-6, are secreted despite lacking signal sequences. Furthermore, all
substrates require targeting of the other ESX-1 secreted proteins, a distinguishing feature of this
system. How ESX-1 substrates are selected and the basis for co-dependent secretion is unknown.
Here we show that the EspC substrate interacts with Rv3868, a cytosolic AAA ATPase, through
its C-terminus. Swapping the C-termini of EspC and CFP-10 revealed that these signals are
functionally distinct, suggesting that the proteins are targeted via interactions with different
ATPases. Surprisingly, biochemical purification experiments demonstrate that these substrates and
ATPases form multi-protein complexes inside the cell and identified a new secreted substrate. By
interfering with this protein interaction network, we have partially uncoupled co-dependent
substrate secretion. Our results suggest that proper functioning of the ESX-1 pathway requires the
interaction of multiple ESX-1 substrates and components prior to their secretion. Ultimately,
understanding the details of ESX-1 targeting may allow for engineering of better vaccines to
prevent tuberculosis.

Introduction
Gram-positive and mycobacterial pathogens use the ESX-1 (ESAT-6 system 1) secretion
system (Type VII SS) to manipulate the host cell response during infection (Abdallah et al.,
2007, Burts et al., 2005, Gao et al., 2004, Guinn et al., 2004, Hsu et al., 2003, Stanley et al.,
2007, Stanley et al., 2003). While there are many proteins required for ESX-1 function in
mycobacteria, how the majority of these proteins contribute to virulence factor secretion is
unclear (Abdallah et al., 2007, Brodin et al., 2006, Gao et al., 2004, Guinn et al., 2004, Hsu
et al., 2003, MacGurn et al., 2005, McLaughlin et al., 2007, Raghavan et al., 2008, Stanley
et al., 2003). In M. tuberculosis, the core components of the ESX-1 system include Rv3877,
and two AAA ATPases, including Rv3870 and Rv3871 (Guinn et al., 2004, Stanley et al.,
2003). The two major substrates, ESAT-6 (early secreted antigen, 6kDa) and CFP-10
(culture filtrate protein, 10kDa), form a heterodimer, and are targeted for secretion by a C-
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terminal signal sequence on CFP-10 that is recognized by Rv3871 (Champion et al., 2006,
Guinn et al., 2004, Hsu et al., 2003, Renshaw et al., 2005, Renshaw et al., 2002, Stanley et
al., 2003). In addition to the ESAT-6/CFP-10 pair, there are at least four additional ESX-1
substrates, including EspR (Rv3849), EspA (Rv3616c), EspB (Rv3881c), and EspC
(Rv3615c) (Fortune et al., 2005, MacGurn & Cox, 2009, McLaughlin et al., 2007, Raghavan
et al., 2008, Xu et al., 2007). EspC was previously identified in genetic screens to identify
M. tuberculosis genes required for growth during mouse infection and intracellular
trafficking (Cox et al., 1999, MacGurn & Cox, 2007, MacGurn et al., 2005). EspC is
required for the secretion of ESAT-6 and CFP-10 and is also an ESX-1 substrate that
requires Rv3870, Rv3871, Rv3877, ESAT-6 and CFP-10 for secretion from M. tuberculosis
(MacGurn & Cox, 2009, MacGurn et al., 2005).

One of the most distinctive aspects of ESX-1 secretion is that all of the substrates are
mutually dependent upon each other for secretion (Fortune et al., 2005). For example, in
strains lacking the ESAT-6/CFP-10 complex, none of the other known substrates are
secreted by ESX-1 (Fortune et al., 2005, MacGurn & Cox, 2009, McLaughlin et al., 2007,
Raghavan et al., 2008, Xu et al., 2007). Likewise, strains lacking EspA, EspB, EspC, or
EspR fail to secrete ESAT-6/CFP-10 (Fortune et al., 2005, MacGurn & Cox, 2009,
McLaughlin et al., 2007, Raghavan et al., 2008, Xu et al., 2007). One possible explanation is
that substrates interact prior to, or during export by ESX-1, and that these interactions are
critical for ESX-1 function (Fortune et al., 2005, Ize & Palmer, 2006). An alternative
explanation of this phenomenon is that these proteins are not only substrates, but also
components of the secretion machine itself (Fortune et al., 2005, Ize & Palmer, 2006).

M. marinum, a close relative of M. tuberculosis, causes a tuberculosis-like infection in
ectotherms but rarely causes serious disease in humans (Stamm & Brown, 2004). The
ESX-1 system is conserved and functional in M. marinum, and mutant M. marinum strains
lacking ESX-1 components are attenuated in macrophage and animal infections (Gao et al.,
2004, McLaughlin et al., 2007, Volkman et al., 2004). This attenuation can be
complemented using the paralogous genes from M. tuberculosis suggesting that the
functions of these proteins are the same in both species (Gao et al., 2004, McLaughlin et al.,
2007). Importantly, the mechanism of ESX-1 substrate targeting is also likely conserved, as
the CFP-10 signal sequence required for ESAT-6/CFP-10 secretion in M. tuberculosis is
identical in M. marinum, making this organism an attractive model for studying ESX-1
protein secretion.

Here we report the results of our studies focused on the targeting of EspC to the ESX-1
secretion system in both M. marinum and M. tuberculosis. Like CFP-10, the C-terminus of
EspC is required for proper targeting through ESX-1. However, these sequences are not
functionally interchangeable with those of CFP-10 and bind to a different ATPase than the
CFP-10 signal sequence. Furthermore, co-purification studies in M. marinum, together with
yeast two-hybrid studies in M. tuberculosis, revealed interactions between EspC and other
ESX-1 secreted proteins, supporting the model that the formation of substrate complexes
inside the cell underlies the phenomenon of co-dependent secretion. Finally, identification of
proteins in this complex revealed a new ESX-1 substrate, EspF.

Results
The C-terminus of EspC is necessary for secretion by ESX-1

Previously we demonstrated that the C-terminus of CFP-10 functions as a signal sequence
that targets the CFP-10/ESAT-6 substrate pair for secretion by the ESX-1 system in M.
tuberculosis (Champion et al., 2006). Based on this discovery, we sought to identify
additional proteins that bear an ESX-1 signal sequence. To this end, we used the FASTA
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algorithm and searched the last 25 amino acids of all predicted proteins in M. tuberculosis
for similarity to the CFP-10 signal sequence. The protein with the highest similarity to the
C-terminus of CFP-10 is EspC (Rv3615c) (Figure 1A). While there are some conserved
residues within the last 25 amino acids of CFP-10 and EspC, the signal sequence region
(L94-F100) is divergent between the two substrates (Figure 1A). Since these amino acids are
critical for targeting CFP-10 and for its interaction with Rv3871 (Champion et al., 2006),
this suggested that the targeting sequences for these two substrates are likely different.

To test whether the C-terminus of EspC is required for targeting, we created constructs to
express N-terminally FLAG-tagged M. tuberculosis EspC or truncated versions lacking the
terminal seven, 14 or 25 amino acids. These genes were used to replace the wild-type espC
gene in an integrating plasmid containing the Rv3616c-Rv3614c operon, such that the
normal signals for transcription and translation were preserved (Figure 1B). In an effort to
determine if M. marinum can be used as a model to study ESX-1 substrate targeting, these
plasmids were introduced into M. marinum and FLAG-EspC secretion was monitored by
western blot analysis (Figure 1B and 1C). The full-length M. tuberculosis FLAG-EspC
protein (FLAG-EspCMt) was present in M. marinum cell pellets (P) and secreted into the
culture supernatants (S) in an ESX-1 dependent manner (Figure 1C, lanes 1-4). In both M.
tuberculosis and M. marinum, FLAG-EspCMt migrates aberrantly on SDS-PAGE gels, for
unknown reasons (MacGurn & Cox, 2009). However, deletion of the terminal seven, 14, or
25 amino acids of FLAG-EspCMt resulted in stable production the mutant proteins, but
blocked their secretion into the M. marinum culture supernatants (Figure 1C, lanes 5-10).
The FLAG antibody specifically recognized the M. tuberculosis FLAG-EspCMt proteins, as
there were no size appropriate cross reacting bands in wild-type M. marinum samples
lacking the FLAG-EspCMt plasmid (Figure S1, S2).

We also monitored the secretion of the other known ESX-1 substrates from M. marinum in
the presence of FLAG-EspCMt. M. marinum CFP-10 (CFP-10Mm), and EspB (Mh3881c, M.
marinum homolog of Rv3881c, EspBMm) were secreted into the culture supernatant
independently of FLAG-EspCMt secretion, although expression or stability of both was
slightly diminished in some of these strains (Figure 1C, lanes 1-10). However, despite the
presence of a functional ESX-1 secretion machine in M. marinum, the EspA protein from M.
tuberculosis (EspAMt) was retained in the cell pellets of M. marinum strains bearing
truncated FLAG-EspCMt proteins, while it was secreted from M. marinum strains expressing
wild-type FLAG-EspCMt (Figure 1C, lanes 1 and 2 compared to lanes 3-10). Why the
secreted form of the protein migrates slower through the gel is currently unclear, however,
the EspA antibody (Fortune et al., 2005) specifically recognized the M. tuberculosis EspAMt
protein, and did not cross react with any M. marinum protein (Figure S1). Together, these
data indicate that expression of the truncated forms of FLAG-EspCMt had a specific,
dominant effect on the secretion of M. tuberculosis EspAMt in M. marinum.

In an effort to both confirm the results from the M. marinum experiments, and to study EspC
targeting in a single copy system, we expressed the same FLAG-EspCMt constructs in an M.
tuberculosis strain bearing a transposon insertion in the espC gene (MacGurn et al., 2005).
As in M. marinum, full length FLAG-EspCMt was secreted into the culture supernatant
(Figure 1C, lanes 11 and 12), but the truncated forms of FLAG-EspCMt were retained in the
cell pellet (Figure 1C, lanes 13-18). These results demonstrate that, as with CFP-10, the C-
terminal region of EspCMt is required for secretion by the ESX-1 system in mycobacteria.

In the M. tuberculosis espC mutant strain, the ESX-1 secretion system is non-functional
(MacGurn et al., 2005)(Figure S2), and this defect is complemented by expression of full-
length FLAG-EspCMt (Figure 1C and S2). In contrast, the C-terminally truncated forms of
FLAG-EspCMt failed to promote secretion of ESAT-6, CFP-10, and EspA (Figure 1C, lanes
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11-18), though the levels of EspA were reduced in the FLAG-EspCMt deletion strains,
indicating that EspA stability and/or expression requires EspC (Figure 1C, lanes 13-18).
Surprisingly, despite variability in the levels of EspB in the cell pellets, EspB was secreted
into the culture supernatants regardless of FLAG-EspCMt secretion (Figure 1C, lanes 11-18;
Figure S3). Taken together, these data demonstrate that the C-terminal region of EspC is
required for secretion by the ESX-1 system in both M. marinum and M. tuberculosis.

The C-termini of EspC and CFP-10 are not functionally equivalent
To determine if the C-terminus of EspC could substitute for the CFP-10 signal sequence, we
replaced the last seven or 14 amino acids of CFP-10 with the corresponding amino acids
from EspC, and expressed these hybrid proteins in esxB mutant M. tuberculosis cells (Figure
2A). The CFP-10-EspCMt hybrid protein bearing the last seven amino acids of EspC
remained in the cell pellet and was not secreted into the culture supernatant (Figure 2A,
lanes 7 and 8). Additionally, the CFP-10-EspCMt hybrid protein bearing the last 14 amino
acids of EspC was undetectable (Figure 2A, lanes 9 and 10), likely due to instability as a
result of disruption of the CFP-10/ESAT-6 complex (Guinn et al., 2004, Stanley et al.,
2003). Indeed, we have shown previously that aspartate 87 of CFP-10, which is changed to
alanine in this construct, is required for interaction with ESAT-6 and that disruption of the
CFP-10/ESAT-6 dimer leads to instability of the proteins (Champion et al., 2006).
Furthermore, whereas the terminal seven amino acids of CFP-10 are bound by Rv3871
(Champion et al., 2006), yeast two-hybrid analysis using proteins from M. tuberculosis
demonstrated that the last seven amino acids of EspC failed to interact with this protein
(Figure 2B). Taken together, these data demonstrate that although the C-termini of both
CFP-10 and EspC are required for secretion, the EspC C-terminus does not mediate an
interaction with Rv3871, and is not functionally equivalent to the CFP-10 signal sequence.

Rv3868 interacts with the C-terminus of EspC
Given the differences between the seven terminal amino acids of CFP-10 and EspC (Figure
1A), we reasoned that another cytosolic component of the secretion machine likely interacts
with the C-terminus of EspC. A candidate for EspC recognition was Rv3868, a cytosolic
AAA ATPase that is required for ESX-1 secretion but whose role in secretion is unknown
(Brodin et al., 2006, Gao et al., 2004). Using directed yeast two-hybrid analysis with
proteins from M. tuberculosis, we found that EspC interacted with Rv3868, and deletions
from the C-terminus of EspC abrogated this interaction (Figure 2C). CFP-10 failed to
interact with Rv3868 by this method, in agreement with previous biochemical interaction
studies (Luthra et al., 2008), which further suggested that the Rv3868/EspC interaction is
specific.

To test whether this interaction occurs in vivo in M. marinum, we expressed M. tuberculosis
FLAG-EspCMt in M. marinum, performed immunoprecipitation on cell pellet extracts, and
identified potential interacting proteins by mass spectrometry. As a control, we performed
the same experiment using FLAG-Mpt64Mt, an unrelated protein secreted by the Sec
secretion pathway. We surmised that interacting proteins would be enriched by
immunoprecipitation with FLAG-EspCMt relative to the immunoprecipitation with FLAG-
Mpt64Mt. Four ESX-1 associated proteins were specifically enriched by
immunoprecipitation with FLAG-EspCMt, most notably Mh3868, the M. marinum homolog
of Rv3868 (Figure 2D and Table S3). Using quantitative mass spectrometry, we found that
Mh3868 was enriched at least 20-fold by immunoprecipitation with FLAG-EspCMt as
compared to Flag-Mpt64Mt (Figure 2D). Mh3868 and the other ESX-1 associated proteins
did not co-immunoprecipitate with the FLAG-EspC-CFP-10Mt hybrid protein bearing the
last 25 amino acids of CFP-10Mt, indicating that the interaction between EspCMt and
Mh3868 in vivo requires the C-terminus of EspCMt (Figure 2D).
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Taken together, the genetic and biochemical data presented here suggest that the EspCMt C-
terminus interacts with the Rv3868 AAA ATPase, and that this interaction also occurs in
vivo in M. marinum. This indicates that the C-termini of two ESX-1 substrates from M.
tuberculosis, CFP-10 and EspC, interact with different AAA ATPases, Rv3871 and Rv3868.

ESX-1 substrates interact with at least two ATPase components of ESX-1
Given that the CFP-10 signal sequence is recognized by Rv3871, and the C-terminus of
EspC interacts with Rv3868, we hypothesized that there are at least two ways in which
substrates can interact with ESX-1 components. We tested if the C-terminus of CFP-10
could promote interaction of FLAG-EspCMt with Rv3871. We substituted the last seven, 14,
or 25 amino acids of EspC with the corresponding amino acids of CFP-10 (Figure 1A), and
monitored interaction with Rv3871 by yeast two-hybrid analysis using proteins from M.
tuberculosis. Both EspC and EspC-CFP-10 bearing the last seven amino acids of CFP-10
failed to interact with Rv3871 by this method, while the EspC-CFP-10 hybrid proteins
bearing the terminal 14 or 25 amino acids of CFP-10 interacted robustly with Rv3871
(Figure 3A). It was curious that the EspC-CFP-10 bearing the last seven amino acids of
CFP-10 failed to interact with Rv3871, since the last seven amino acids of CFP-10 fused to
LexA is sufficient for Rv3871 interaction (Champion et al., 2006). It is possible that the
addition of EspC between LexA and the terminal seven amino acids of CFP-10 precludes
interaction with Rv3871 by folding in such a way that makes the last seven amino acids
unavailable for interaction.

We expressed the EspC-CFP-10Mt hybrid proteins in wild-type M. marinum and found that
FLAG-EspCMt bearing the last seven amino acids of CFP-10 was secreted into the culture
supernatant (Figure 3B, lanes 1-4). This is consistent with our previous finding that the
terminal seven amino acids of CFP-10 represent a portable signal sequence for ESX-1
(Champion et al., 2006). For unknown reasons, it also appeared that levels of FLAG-EspC-
CFP-10-7CTMt protein present in both the cell pellet and supernatant samples were
increased, despite loading equal amounts of protein sample (Figure 3B, lanes 1-4). The
FLAG-EspC-CFP-10Mt hybrid proteins bearing the terminal 14 or 25 amino acids of CFP-10
were retained in the cell pellets and not secreted by ESX-1 (Figure 3B lanes 5-8).

We monitored the secretion of additional ESX-1 substrates from M. marinum to determine if
EspCMt bearing the C-terminal sequence of CFP-10 affected ESX-1 secretion in the
presence of a functional secretion machine. Although FLAG-EspC-CFP-10Mt bearing the
last seven amino acids of CFP-10 was secreted into the culture supernatant, EspAMt from M.
tuberculosis was retained in the M. marinum cell pellet (Figure 3B, lanes 3 and 4). EspAMt
was also retained in the cell pellets of the strains expressing the “trapped” EspC-CFP-10Mt
hybrid proteins (Figure 3B, lanes 5-8). So, as in Figure 1C, perturbing EspCMt secretion
uniquely affected EspAMt secretion.

In the M. marinum strains expressing the FLAG-EspC-CFP-10Mt hybrid proteins, the
endogenous M. marinum substrates, EspBMm and CFP-10Mm were secreted into the culture
supernatants (Figure 3B). Interestingly, western blot analysis revealed that endogenous
CFP-10Mm accumulated in the cell pellets of the strains expressing the “trapped” FLAG-
EspC-CFP-10Mt hybrid proteins bearing the last 14 or 25 amino acids of CFP-10 (Figure 3B,
lanes 5-8). One possible explanation for the accumulation of CFP-10Mm in the cell pellet is
that the hybrid proteins are competing with CFP-10Mm for secretion, likely through the
interaction with Mh3871 (M. marinum homolog of Rv3871). A second explanation is that
the hybrid protein itself is slowing CFP-10Mm export.

To further understand this, we monitored the accumulation of endogenous CFP-10Mm and
ESAT-6Mm in the M. marinum pellets of strains expressing either FLAG-EspCMt, or the
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FLAG-EspC-CFP-10Mt hybrid proteins using quantitative mass spectrometry (Figure 3C).
Relative to the strain expressing FLAG-EspCMt, M. marinum strains expressing the FLAG-
EspC-CFP-10Mt hybrid proteins with the terminal seven, 14 or 25 amino acids of CFP-10
accumulated 1.2, 2.6, and nearly 3-fold amounts of endogenous CFP-10Mm in the cell
pellets, but ESAT-6Mm secretion was unaffected (Figures 3C). Mh3865 (also named
EspFMm), an ESX-1 substrate identified in this study (Figure 4) accumulated 1.4, 2.1, and
3.0 fold, respectively. It is also notable, that although CFP-10Mm accumulated in the cell
pellets of the strains bearing the FLAG-EspC-CFP-10Mt hybrid proteins, it was still secreted
into the culture supernatants to levels similar to strains bearing wild-type FLAG-EspCMt
(Figure 3B, lanes 5-8). This suggests that expression of FLAG-EspCMt bearing the CFP-10
signal sequence leads to the accumulation of some ESX-1 substrates in the M. marinum cell
pellet perhaps through interaction of the hybrid proteins with Mh3871. It is unclear why
ESAT-6Mm does not accumulate in the M. marinum cell pellet (see Discussion).

To test if the C-terminus of CFP-10 could promote the secretion of FLAG-EspCMt in the
absence of endogenous EspC, we expressed the FLAG-EspC-CFP-10Mt hybrid proteins in
espC mutant M. tuberculosis cells. Although FLAG-EspCMt bearing the last seven amino
acids of CFP-10 was expressed at lower levels than FLAG-EspCMt, the hybrid protein was
still secreted into the culture supernatant (Figure 3B, lanes 9-12). Again, this is consistent
with the terminal seven amino acids of CFP-10 functioning as a portable ESX-1 signal
sequence (Champion et al., 2006). As in M. marinum, the FLAG-EspC-CFP-10Mt hybrid
proteins bearing the terminal 14 or 25 amino acids of CFP-10 were retained in the cell
pellets and not secreted by ESX-1 (Figure 3B, lanes 13-16). Interestingly, CFP-10 and
ESAT-6 secretion mirrored that of EspC; CFP-10 and ESAT-6 were secreted into the culture
supernatant of strains expressing FLAG-EspCMt or the EspC-CFP-10 Mt hybrid protein
bearing the terminal seven amino acids of CFP-10 (Figure 3B, lanes 11 and 12). The hybrid
proteins that interacted with Rv3871 by yeast two-hybrid analysis (Figure 3A) blocked
secretion of CFP-10 (Figure 3B, lanes 13-16).

EspA was not secreted from any of the M. tuberculosis strains expressing the FLAG-EspC-
CFP-10 Mt hybrid proteins (Figure 3B lanes 9-16), and the levels of EspA in the cell pellets
were greatly diminished. This is again consistent with the requirement of EspC for either
stability or expression of EspA. In contrast, although EspB was expressed at lower levels, it
was secreted from M. tuberculosis independently of the FLAG-EspC-CFP-10 Mt hybrid
proteins (Figure 3B, lanes 11-16 and Figure S3).

These data argue that there are intrinsic differences between the targeting of ESX-1
substrates and that the interaction with at least two ESX-1 associated ATPases is required.
Specifically, while EspA requires the proper targeting of EspC for secretion, likely though
Rv3868, CFP-10 and EspB are targeted independently of EspC and EspA.

At least four ESX-1 substrates form a multi-protein complex in vivo
The co-immunoprecipitation studies of FLAG-EspCMt from M. marinum, which led to the
identification of Mh3868, also identified three other ESX-1 associated proteins that were
specifically enriched for interaction with FLAG-EspCMt, namely ESAT-6Mm, EspFMm and
Mh3864. ESAT-6Mm was enriched approximately 60 fold, while a second protein EspFMm
(Mh3865) was enriched almost 30-fold relative to co-immunoprecipitation using FLAG-
Mpt64Mt (Figure 2D, Table S3). As with Mh3868, the co-immunoprecipitation of these
proteins required the C-terminus of EspCMt, since the Flag-EspC-CFP-10Mt hybrid protein
failed to enrich for these proteins. The interactions we observed in M. marinum were
confirmed using yeast two-hybrid analysis with proteins from M. tuberculosis, which
revealed direct interactions between ESAT-6 and EspF, EspF and EspC, and EspF and
Rv3868 (Figure 4A).
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In addition to these proteins, Mh3864, a recently identified ESX-1 substrate in M. marinum
(Carlsson et al., 2009) was also specifically enriched by immunoprecipitation with FLAG-
EspCMt (Table S3). We were unable to directly link this protein to known components of the
ESX-1 secretion system using yeast two-hybrid analysis with proteins from M. tuberculosis
(data not shown). It is likely that Mh3864 interacts indirectly with the known ESX-1
components and substrates identified here, and the direct binding partners of this substrate
await discovery.

Surprisingly, while ESAT-6Mm was enriched by immunoprecipitation with FLAG-EspCMt
from M. marinum cell lysates, CFP-10Mm was not, despite being stable and detectable by
western blot analysis in this strain (Figure 2D, Figure 1C, lane 1). This was not expected
since in M. tuberculosis, ESAT-6 and CFP-10 are known to form a heterodimer, and are
dependent upon each other for stability in vivo (Hsu et al., 2003, Renshaw et al., 2005,
Renshaw et al., 2002, Stanley et al., 2003). Given that we detected a strong interaction
between M. tuberculosis ESAT-6 and EspF, it is possible that ESAT-6Mm forms
heterodimers with both EspFMm and CFP-10Mm in vivo, which may explain why ESAT-6Mm
but not CFP-10Mm co-immunoprecipitated with FLAG-EspCMt from M. marinum in these
experiments.

EspF was previously identified in proteomic studies as a secreted mycobacterial protein
(Bahk et al., 2004). Additionally, EspF is paralogous to EspC, and the two M. tuberculosis
proteins share 52% similarity and 37% identity at the amino acid level. We therefore
hypothesized that EspFMm is an ESX-1 substrate in M. marinum. We monitored the
production and secretion of EspFMm using mass spectrometry and found that EspFMm was
present in the cell pellet and the culture supernatant of wild-type M. marinum (Figures 4B
and S4). In contrast, EspFMm was retained in the cell pellet, and no longer secreted into the
culture supernatant of an M. marinum strain bearing a deletion of the esxA gene, the M.
marinum homolog of ESAT-6 (Figures 4B and S4). Additionally, we found that EspFMm
was not secreted into the culture supernatant of strains lacking Mh3871, the M. marinum
homolog of Rv3871 (Figure S5). This demonstrates that EspFMm is an ESX-1 substrate in
M. marinum.

We attempted similar experiments to determine if EspF is an ESX-1 substrate in M.
tuberculosis. While it is a highly abundant in M. marinum, EspF was barely detectable in
cell pellet and culture supernatants of M. tuberculosis, making it difficult to distinguish
between active secretion of EspF and release due to autolysis (data not shown). These data
demonstrate a distinct difference between ESX-1 secretion in M. marinum and M.
tuberculosis.

Discussion
Our data support a model in which different C-terminal sequences of ESX-1 substrates
function to target proteins to cognate ATPases (Figure 5). Specifically, the CFP-10 signal
sequence targets substrates to Rv3871, while the C-terminal amino acids of EspC targets
substrates to Rv3868. We previously showed that the terminal seven amino acids of CFP-10
constitute a portable signal sequence (Champion et al., 2006), and here we find that this
signal can promote the secretion of EspC. These data, considered alone, would suggest a
simple model in which targeting substrates to ATPases is sufficient for secretion. However,
our data from this study strongly suggests that the cis-acting sequences required for substrate
targeting and for translocation across the membrane and cell well is more complicated.
Specifically there are four results which prompt us to elaborate on our model: 1) the C-
termini of CFP-10 and EspC are not functionally equivalent, 2) adding more than the
terminal seven amino acids of CFP-10 to EspC blocks secretion, 3) EspA secretion is
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uniquely blocked in the presence of the EspC-CFP-10-7CT hybrid protein, and 4) multiple
ESX-1 substrates interact with each other inside the mycobacterial cell prior to secretion.
We propose a model for ESX-1 targeting that incorporates these new complexities (Figure
5). Specifically, we posit that the substrates have multiple signals to facilitate substrate
targeting and translocation across the cell wall, and that the interactions between substrates
and components are critical for ESX-1 function.

First, although the EspC C-terminus is required for secretion, it is not sufficient, suggesting
that other sequences within the protein are important for secretion. Furthermore, unlike the
CFP-10 signal sequence, the C-terminus of EspC is necessary but not sufficient for
interaction with Rv3868 (Figure S8) and for translocation. We hypothesize that once
directed to the ATPases by the C-terminal amino acids, other sequences present on the
substrates are required for further steps in translocation. This would also explain why simply
targeting proteins to ATPases is not sufficient for secretion. For example, EspC bearing the
last 25 amino acids of CFP-10 still interacts with Rv3871, but is not secreted.

Second, the interactions between the substrates and components of the ESX-1 system prior
to secretion are likely important for function. We envision a scenario where Rv3871 and
Rv3868 are brought together via interactions between the various substrates (including
CFP-10, ESAT-6, EspF and EspC), activating the ATPases for secretion. Here we found that
the EspC-CFP-10-7CT protein was able to complement the secretion of known ESX-1
substrates in an espC mutant strain, but specifically blocked the secretion of EspA. We refer
to this as substrate uncoupling. One possibility is that the EspC-CFP-10-7CT hybrid protein
is able to interact with both Rv3868 and Rv3871, bringing these ATPases together and
activating them, possibly rendering EspA unnecessary for secretion. Of course other models
are possible, including one in which EspA is uniquely dependent on proper targeting of
EspC. The dependence of ESX-1 on the formation of these protein complexes inside the cell
either simultaneously or sequentially, likely explains the mechanism of co-dependent
substrate secretion.

Our studies also provide insight into how EspB and EspA are differentially targeted for
secretion by ESX-1. EspB secretion is not dependent upon EspC secretion, but is dependent
upon the secretion of ESAT-6/CFP-10. The dependence of EspB on the secretion of
ESAT-6/CFP-10 is consistent with the findings by Xu et al., but in contrast to those
observed by McLaughlin et al. (McLaughlin et al., 2007, Xu et al., 2007). This is the first
report of an ESX-1 substrate (EspB) that is dependent on the secretion of a subset of ESX-1
substrates (ESAT-6 and CFP-10, but not EspC). Although the precise molecular
mechanisms of EspA secretion remain unclear, our data suggest that EspA requires the
proper secretion of EspC. Clearly further work is required to dissect how EspA is targeted
for secretion.

This study raises new questions about the ESAT-6/CFP-10 complex in vivo. It was
previously shown that ESAT-6 and CFP-10 from M. tuberculosis interact to form a
heterodimer, and require each other for stability in vivo (Guinn et al., 2004, Renshaw et al.,
2005, Stanley et al., 2003). However, we found two instances in which ESAT-6 and CFP-10
were independent of each other in M. marinum. First, immunoprecipitation of FLAG-
EspCMt from the M. marinum cytosol resulted in enrichment of ESAT-6Mm, but not
CFP-10 Mm. Second, targeting EspC using the CFP-10 signal sequence led to the
accumulation of CFP-10 Mm in the M. marinum cytosol but not ESAT-6 Mm. Consistent with
this, certain mutations in the M. marinum ESX-1 system (Mh3876, Mh3878 and Mh3879)
lead to the secretion of CFP-10 Mm but block ESAT-6 Mm secretion (Gao et al., 2004,
McLaughlin et al., 2007). Together with the yeast two-hybrid analysis performed with
proteins from M. tuberculosis, which demonstrated an interaction between ESAT-6 Mt and
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EspF Mt, these data argue that ESAT-6 is promiscuous, and interacts with multiple substrates
in vivo. Indeed, ESAT-6 Mm also interacts directly with EspB Mm (Xu et al., 2007), further
suggesting that the promiscuous nature of ESAT-6 allows for stability in the absence of
interaction with CFP-10. Clearly this phenomenon suggests that the ESX-1 secretion system,
and the interaction between substrates, is more complex than previously thought.

The question remains as to why the ESX-1 substrates are dependent upon each other for
secretion. In most other bacterial protein secretion systems, each substrate is secreted
independently; in the absence of one substrate, the remaining substrates are secreted. What
benefit is gained by coupling the secretion of ESX-1 substrates? One possibility is that co-
dependent secretion ensures the correct stoichiometry or timing of substrate secretion during
infection. Since at least two of the substrates (EspA and EspC) are regulated at the level of
transcription by EspR in M. tuberculosis (Raghavan et al., 2008), it could be that all of the
substrates must be present in the cytosol for secretion to occur, allowing coordinated
secretion of all substrates by controlling the expression of a few. The fact that two substrates
interact with distinct AAA ATPases further indicates that coordination is important for
ESX-1 protein secretion.

Finally, this work directly compared the molecular mechanisms of ESX-1 secretion in M.
marinum and M. tuberculosis. While the majority of our findings were identical in both
mycobacterial species, a curious difference is that EspF is secreted at much higher levels
from M. marinum than its homolog in M. tuberculosis. This may have functional
consequences that could reflect differences in the function of ESX-1 in these pathogenic
mycobacteria. For example, M. marinum is known to escape the phagosome more robustly
that M. tuberculosis during macrophage infection, and ESX-1 is thought to play a role in
phagosomal escape (de Jonge et al., 2007, Stamm et al., 2003, van der Wel et al., 2007). It is
possible that greater levels of EspFMm, or other ESX-1 substrates, could lead to greater
amounts of phagosomal membrane damage.

Experimental Procedures
Strains and Plasmids

All strains, plasmids and primers are listed in Tables S1 and S2. M. marinum (M) was grown
in Middlebrook 7H9 liquid broth plus glycerol and .05% Tween-80. M. tuberculosis
(Erdman) was grown as previously described. Plasmid containing strains were grown in
liquid media with 20ug/ml Kanamycin (Sigma). Constructs for M. tuberculosis FLAG-EspC
expression were created using pJAM69 as a template for site-directed mutagenesis as in with
primers in Table S2. Constructs were verified by DNA sequence analysis. Constructs for
EspC-CFP-10 protein expression were constructed using fusion PCR with primers in Table
S2.

Protein Preparation and Analysis
M. tuberculosis proteins were prepared for secretion analysis as in (Stanley et al., 2003). M.
marinum proteins were prepared as M. tuberculosis proteins, with the following differences.
50ml cultures of M. marinum were grown to saturation in 7H9 liquid media with .05%
Tween-80. The bacteria were diluted to .800 OD600 in 50 ml Sauton's liquid media with .
05% Tween-80 and Kanamycin when appropriate. After growth for 48 hours at 30°C
shaking at ∼200 rpm, the strains were harvested by centrifugation. For both M. tuberculosis
and M. marinum, 10ug of cell lysates and supernatants, as determined by a MicroBCA assay
(Promega) were separated using 4-20% Criterion polyacrylamide gels (BioRad). Proteins
were visualized by immunoblot analysis as in (Champion et al., 2006, Stanley et al., 2003),
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Rv3881c (Arizona State University CIM Antibody Core), or Rv3616c (kind gift of S.
Fortune).

Yeast Two-Hybrid Analysis
Yeast two-hybrid analysis was performed as in (Champion et al., 2006). Bait constructs
were created by PCR amplification from either plasmids in Table S1 or M. tuberculosis
genomic DNA using primers in Table S2, and introduced into pEG202 by yeast homologous
recombination. Prey constructs were created by PCR amplification from M. tuberculosis
genomic DNA using primers in Table S2, and introduced into pJSC401 by yeast
homologous recombination. All constructs were confirmed by DNA sequence analysis and
expression was confirmed by immunoblot analysis as in (Champion et al., 2006). Bait and
prey constructs were introduced into EGY48 bearing the pSH18-34 lacZ+ reporter. Yeast
strains were grown on agar containing X-gal (5-bromo-4-chloro-3-indolyl β-D-
galactosidase). Liquid β-galactosidase assays were performed in triplicate as in (Champion
et al., 2006). All error bars represent the standard deviation.

Co-immunoprecipitation Experiments
M. marinum strains were grown as described for secretion analysis above. Strains expressing
FLAG-Mpt64, FLAG-EspC, or FLAG-EspC-CFP-10 25CT from M. tuberculosis were
harvested by centrifugation, resuspended in lysis buffer (Stanley et al., 2003), and lysed.
Lysates were clarified by centrifugation. Ezview FLAG affinity beads (Sigma) were blocked
for 1 hour in 5% Milk in PBST (PBS + .1% tween-20), and washed 3 times in PBST.
Lysates were incubated with the FLAG-beads at 4°C overnight. Samples were washed five
times in PBST, and the co-immunoprecipitating proteins were removed from the beads by
three elutions with FLAG peptide.

Mass Spectrometry
M. marinum were quantified using a Micro BCA assay (Promega) and frozen. Samples were
prepared for digestion with trypsin as described elsewhere (Champion et al., 2006).

IP IDA Analysis
Peptides were analyzed by ESI (electrospray ionization) LC/MS/MS (liquid chromatography
tandem mass spectrometer) on a QqQ-LIT (Triple quadrupole hybrid linear ion trap,
4000QTrap Applied Biosystems) in IDA (information dependent acquisition) mode
essentially as described elsewhere (Champion et al., 2006, Jorge et al., 2005). Protein Pilot
2.0.1 was used for ID, The decoy strategy used for false-positive assessment (local FDR
=0% for proteins used from IP) is described here (Shilov et al., 2007, Tang et al., 2005).

Quantitative MRM and Relative MRM Analysis
Following identification, peptides were selected for MRM (multiple reaction monitoring) as
in (Anderson & Hunter, 2006)(Specific transitions are shown in the respective
chromatogram and in the supplementary confirmatory spectra. 250ng of each sample digest
was analyzed by ESI LC/MS/MS on a QqQ-LIT (4000QTrap Applied Biosystems).
Operation was in MRM-EPI mode for confirmation and determination of peptide transitions.
About 50-100 transitions were monitored for development, which included a Q0-trapped
EPI (enhanced product ion MS/MS) spectrum from mass 225-1500 for the top two
transitions per cycle, excluded for 120sec after acquisition. Verified peptides and transitions
were then monitored in MRM only mode for improved quantitative accuracy in substrate
detection and accumulation experiments (Fig 3). Multiquant 1.1 (Applied Biosystems) was
used for peak integration and quantification, the results of the peak areas are in Figures S6
and S7. Data were corrected by normalizing to the peak areas of common peptides unrelated
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to ESX-1 similar to the method described in (Champion et al., 2006). For the fold-
enrichment in the IP analysis, peak areas were near-noise in the mock-bait experiments, thus
the reported enrichment likely underestimates the degree of specificity.
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Fig. 1. The C-terminus of EspC is required for secretion
(A) Alignment of the C-terminal amino acids of CFP-10 and EspC. Residues required for
CFP-10 signal recognition are in red. (B) Schematic of the M. tuberculosis Rv3616c operon.
Rv3615c is FLAG-tagged at its N-terminus. Constructs for expression of EspC truncated or
hybrid proteins are shown. (C) Immunoblot analysis of cell pellets (P) and supernatants (S)
from (left) wild-type or ΔRD1 M. marinum or (right) Rv3615c∷Tn M. tuberculosis cells
expressing FLAG-EspC or truncated forms of FLAG-EspC. GroEL is used as a control for
autolysis, and Mpt32 is used as a loading control for all samples.
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Fig. 2. Rv3868 interacts with the C-terminus of EspC in vitro and in vivo
(A) Immunoblot analysis of cell pellets (P) and supernatants (S) from wild-type or ΔesxB M.
tuberculosis cells harboring plasmids expressing ESAT-6 and either CFP-10 or CFP-10-
EspC hybrid proteins. GroEL is used as a control for autolysis, and Mpt32 is used as a
loading control for pellet and supernatant samples. The resulting C-terminal sequences of
the CFP-10 EspC hybrid proteins are shown (right). (B) Yeast two-hybrid analysis of the
interaction between CFP-10 or CFP-10-EspC hybrid proteins with Rv3871 (amino acids
248-591). (C) Yeast two-hybrid analysis of interaction between C-terminal truncations of
EspC and Rv3868. For B and C, blue yeast colonies grown on solid media containing X-gal
were positive for interaction. β-galactosidase activity is shown; error bars represent standard
deviation. For all yeast two-hybrid experiments, M. tuberculosis constructs were used to
study interaction. (D) Relative fold-enrichment of each protein selectively identified in the
immunoprecipitation from M. marinum was assessed using quantitative mass spectrometry.
The average enrichment over three injections is plotted for each protein. The fold
enrichment was normalized to the average enrichment from immunoprecipitation with
FLAG-Mpt64.
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Fig. 3. Interaction of substrates with at least two ESX-1 associated ATPases is required for
secretion
(A) Yeast two-hybrid analysis of the interaction between EspC or EspC-CFP-10 hybrid
proteins with Rv3868. Blue yeast colonies grown on solid media containing X-gal were
positive for interaction. β-galactosidase activity is shown; error bars represent standard
deviation. M. tuberculosis constructs were used to study interaction. The resulting C-
terminal sequences of the EspC-CFP-10 hybrid proteins are shown (right). (B) Immunoblot
analysis of cell pellets (P) and supernatants (S) of wild-type M. marinum strains (left) or M.
tuberculosis bearing a transposon insertion in Rv3615c (right) expressing FLAG-EspC or
FLAG-EspC-CFP-10 hybrid proteins. GroEL is used as a control for autolysis, and Mpt32 is
used as a loading control for pellet and supernatant samples (C) Accumulation of M.
marinum ESX-1 substrates in M. marinum due to expression of FLAG-EspC-CFP-10 hybrid
proteins. Shown is the fold-change of cytosolic ESX-1 proteins in strains expressing the
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FLAG-EspC with the CFP-10 targeting region relative to wild-type M. marinum. 3 peptides
were averaged together for CFP-10 and ESAT-6, and 5 were used for Mh3865 (EspFMm).
Error bars are the %CV for the average of three measurements per peptide. Peak areas are
available in the supplementary data (Table S4) and confirmatory spectra can be found in
Figures S6 and S7.
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Fig. 4. At least three ESX-1 substrates interact for form a multi-protein complex in the cytosol
(A) Yeast two-hybrid analysis measuring the interaction of M. tuberculosis ESX-1
substrates with Rv3868. Error bars represent standard deviation. Interaction map of ESX-1
associated AAA ATPases and substrates is shown. (B) Mh3865 (EspFMm) is an ESX-1
substrate. Shown are the MRM elution profiles for EspFMm and ESAT-6Mm peptides in
digested M. marinum pellets (P) or supernatants (S). Two transitions (Red&Blue) for each
peptide in WT or ΔesxA M. marinum cells are shown. For Mh3865 (EspFMm) and
ESAT-6Mm, the transitions are shown as parent mass (m/z) -> fragment mass (m/z), and are
shown to the right in red and blue. Additional peptides, including those for GroES and
confirmatory spectra are in the supplementary data (Figures S6 and S7).
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Fig. 5. A model for ESX-1 substrate targeting in mycobacteria
Our work supports a model in which the C-terminal regions of ESX-1 substrates function to
target them to cognate ATPases, either directly or through protein interaction with other
substrates. The CFP-10 signal sequence targets substrates to Rv3871, while the C-terminal
amino acids of EspC targets substrates to Rv3868. One possibility is that prior to
engagement of these sequences by Rv3871 and Rv3868, the secretion machine is non-
functional (left). Either prior to or after the formation of a multi-substrate complex (likely
including CFP-10, ESAT-6, EspF and EspC), engagement of the C-termini by the ESX-1
associated ATPases activates the machine for secretion (right). EspB likely is indirectly
recognized through Rv3879c by Rv3871 (McLaughlin et al., 2007), while EspA is likely
targeted through Rv3868, though the mechanism by which this occurs is unknown thus far.
Mh3864, a recently identified substrate that localizes to the cell wall, is also secreted by
ESX-1, but the way that it is targeted remains unknown (Carlsson et al., 2009). ML is
mycolate layer, CM is cytoplasmic membrane.
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