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able to thwart innate immune defense 
mechanisms of their host cell and survive in 
these macrophages [39, 46]. Subsequently, 
additional immune cells are recruited to 
the infected macrophages and together 
they form highly organized and distinctive 
aggregates, known as granulomas [8, 15, 
26]. Although granulomas have long been 
considered host-protective structures, 

Mycobacterium tuberculosis is one of the most 
devastating bacterial pathogens, infecting 
roughly 9 million people and responsible 
for an estimated 1.4 million deaths each 
year [58]. Upon infection of the lungs, 
M. tuberculosis is internalized by alveolar 
macrophages through phagocytosis. By 
different mechanisms, such as arresting 
phagosomal maturation, bacilli are 

Analysis of SecA2-dependent Substrates in Mycobacterium 
marinum Identifies Protein Kinase G (PknG) as a Major Virulence 

Effector

The pathogenicity of mycobacteria is closely associated with their ability to secrete 
virulence factors. For this purpose, mycobacteria possess different protein secretion 
systems, including the accessory Sec translocation pathway, SecA2. Although this 
pathway is associated with intracellular survival and virulence, the SecA2-dependent 
effector proteins remain largely undefined. In this work, we show that disruption 
of secA2 in Mycobacterium marinum impairs initiation of granuloma formation in 
zebrafish embryos. By comparing the proteomic profile of cell envelope fractions from 
the secA2 mutant with wildtype M. marinum, we identified putative SecA2-dependent 
substrates. Immunoblotting procedures confirmed that the periplasmic dipeptide-
binding lipoprotein DppA, peptidoglycan hydrolase IipA and protein kinase G 
(PknG) are largely dependent on SecA2 for their membrane localization. Notably, 
two of these substrates are homologues of Listeria monocytogenes SecA2 substrates, 
indicating evolutionary conservation. Overexpression of PknG in the secA2 mutant 
restored its localization to the cell envelope. Importantly, PknG-overexpression 
also partially restored the virulence of the secA2 mutant, as indicated by enhanced 
infectivity in zebrafish embryos and restored inhibition of phagosome maturation. 
These results suggest that SecA2-dependent membrane localization of PknG is an 
important determinant for M. marinum virulence.

Authors summary
Mycobacteria have a complex and unusual cell envelope. This also implies that they 
need special requirements for their protein secretion systems. One secretion pathway 
that has puzzled tuberculosis researchers for a long time is the so-called accessory Sec 
system, SecA2. Although this system has been convincingly shown to be crucial for the 
virulence of M. tuberculosis, the actual SecA2 substrates responsible for this effect are still 
unknown. Here, we studied a secA2 mutant in Mycobacterium marinum, a close relative 
of M. tuberculosis. By a combination of techniques, we have identified different cell 
envelope proteins that largely depend on SecA2 for their localization. Furthermore, by 
overexpressing one of these SecA2-dependent substrates, i.e. protein kinase G (PknG), we 
were able to restore not only its cell envelope localization but also virulence of the secA2 
mutant. These results shed new light on the effect of SecA2 secretion on mycobacterial 
virulence.
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in recent years it has been demonstrated 
that mycobacteria also benefit from 
these structures and promote granuloma 
formation [12, 16, 54].

In addition to several highly 
specific membrane (glyco)lipids [19], 
also numerous secreted proteins are key 
mycobacterial virulence factors [32]. 
Protein secretion in mycobacteria is not 
trivial, given the presence of a highly 
impermeable cell envelope, composed of 
an inner membrane and a special outer 
membrane. This outer membrane consists 
of long acyl chains, mycolic acids, that 
are intercalated by different extractable 
(glyco)lipids and are covalently linked to 
a periplasmic polymer of arabinogalactan 
and peptidoglycan. To transport proteins 
to the different locations in and beyond this 
unusual cell envelope, mycobacteria have 
developed specialized secretion pathways 
to transport virulence factors, which 
are known as ESX or type VII secretion 
systems [1]. In addition, mycobacteria 
also possess the more universal Tat and 
Sec transport systems for translocation of 
proteins across the inner membrane. The 
core of the Sec system is formed by the 
SecYEG translocon and the cytosolic motor 
protein SecA. Proteins transported via this 
pathway contain a classical N-terminal 
signal sequence, which is cleaved from the 
precursor protein during or after transport. 
In this process, SecA acts both as a 
chaperone to guide cytoplasmic precursor 
proteins to the translocon and as a motor 
protein that uses ATP to provide the energy 
for translocation [13, 36]. In addition to 
the generic Sec system, mycobacteria 
also feature a specialized accessory Sec 
pathway for the transport of proteins across 
the inner membrane [5, 6]. This accessory 
Sec pathway is present in a number of 
Gram-positive bacteria and mycolata. 
The system consists of an additional 
SecA homologue, SecA2, either with or 
without an additional SecY homologue, 
SecY2 [42]. In contrast to the SecA2/SecY2 

systems, the SecA2-only systems found 
in Listeria monocytogenes [31], Clostridium 
difficile [14] and mycobacteria [5] seem to 
depend on the canonical Sec translocon for 
activity. Unlike SecA, SecA2 is usually not 
essential for in vitro growth. However, in 
several pathogenic species, including L. 
monocytogenes and M. tuberculosis, SecA2 is 
involved in virulence [6, 31]. Mycobacterial 
SecA2 has a role in evading both innate and 
adaptive immune responses [24]. A major 
determinant of the attenuation of the secA2 
mutant is its inability to block phagosomal 
maturation [50]. Despite its importance, 
the responsible SecA2-dependent effector 
protein(s) are still largely unknown.

In the saprophytic Mycobacterium 
smegmatis two lipoproteins, MSMEG1712 
and MSMEG1704, were found to depend 
on SecA2 for their cell envelope localization 
[18, 43]. However, these proteins are not 
conserved in pathogenic mycobacteria, 
such as M. tuberculosis, and therefore not 
involved in virulence. Analysis of the 
culture filtrate of a secA2 mutant in M. 
tuberculosis mainly identified superoxide 
dismutase A (SodA) as a putative SecA2 
substrate. Notably, as SodA does not have a 
predicted signal sequence, the mechanism 
of membrane targeting and translocation 
remains to be defined [6] and the protein 
is also identified in substantial amounts 
in the cytosol [44]. SodA is involved in the 
detoxification of reactive oxygen species 
and, as such, could contribute to the role 
of secA2 in virulence. However, the secA2 
mutant was also attenuated for growth 
in vitro in macrophages that are defective 
for the generation of reactive oxygen 
intermediates [29]. This suggests that not 
SodA but a different unknown substrate 
is responsible for the SecA2-associated 
attenuation. 

In this study, we have followed 
up on our work using the Mycobacterium 
marinum - zebrafish embryo infection 
model to characterize a secA2 mutant that 
was attenuated and showed reproducible 
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secA2 mutant we identified several novel 
SecA2 substrates, which could explain the 
attenuation of the mutant. 

defects in initiation of granuloma 
formation. By comparing the cell envelope 
proteome of wildtype M. marinum and the 
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Figure 1. M. marinum secA2 mutant is attenuated for granuloma formation. (A) Representative overlays of 
brightfield and fluorescent images (left) and corresponding fluorescent images (right) of embryos at 5 dpi with 
wildtype M. marinum (wt), secA2 mutant (secA2) or complemented secA2 mutant (comp). Inocula were 98, 196 
and 148 CFU, respectively. Scale bars represent 500 μm. (B) Representative confocal z-stacks of aggregates of 
red-fluorescent bacteria and green-fluorescent leukocytes, detected by L-plastin immunostaining, in the tail of 
embryos at 5 dpi with wildtype M. marinum, secA2 mutant or complemented secA2 mutant. Inocula were 55, 65 
and 50 CFU, respectively. Scale bars represent 35 μm. (C and D) Quantification of embryo infection at 5 dpi with 
wildtype M. marinum, the secA2 mutant or complemented secA2 mutant. (C) Shows mean + SEM of fluorescence 
intensity as determined with specially designed software. (D) Each data point represents the number of CFU per 
embryo and the bars indicate means after log transformation. The graphs represent data of 3 to 5 independent 
experiments. Mean ± standard deviation of inocula were 134±32, 130±48 and 109±25 CFU, respectively. *p<0.05, 
***p<0.0001, one-way ANOVA, Bonferroni’s multiple comparison test.
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bacterial load of infected embryos at five 
days post infection (dpi) (Fig. 1C and D). 
The pixel count showed that the infection 
level of embryos infected with the secA2 
mutant was 31.5% of the wildtype level 
(Fig. 1C). By plating infected embryos, we 
determined that the mean bacterial load 
of embryos infected with the mutant was 
5.5-fold reduced as compared to embryos 
infected with wildtype bacteria (513 
versus 2818 colony forming units (CFU), 
respectively, see Figure 1D). Therefore, 
both quantification methods confirm the 
attenuated phenotype of the secA2 mutant. 
Next, we reintroduced an intact copy of 
the secA2 gene in the secA2 mutant and 
analyzed granuloma formation. Upon 
infection with the complemented secA2 
mutant, more bacterial clusters were 
formed and the structure of these clusters 
resembled that of wildtype clusters (Fig. 
1A and B). In addition, quantification 
of infection using the fluorescent pixel 
count showed that the infection level was 
increased to 59.1% of the wildtype level 
(Fig. 1C). Also the bacterial load was 
significantly increased upon infection 
with the complemented strain, the mean 
bacterial load was 1505 CFU per embryo, 
representing a 3-fold increase as compared 
to the mutant (Fig. 1D). These data 
demonstrate that, as already reported for 
M. tuberculosis [6, 29] and consistent with 
a recent study [56], SecA2 is required for 
full virulence.

Cell envelope proteomics reveals putative 
SecA2 substrates.
To identify SecA2 substrates of M. marinum, 
we focused on differences in cell envelope 
protein composition between wildtype and 
the secA2 mutant, because in earlier studies 
only minor differences in the composition 
of culture filtrates were observed [6]. M. 
marinum wildtype and secA2 mutant were 
cultured and lysed by high-pressure cell 
disruption (see materials and methods). 
Subsequently, cell envelopes were obtained 

RESULTS

M. marinum SecA2 is involved in 
initiation of granuloma formation.
To study mycobacterial granuloma 
formation, we use the M. marinum – 
zebrafish embryo model. Intravenous 
infection of embryonic zebrafish at one 
day post fertilization with M. marinum 
results in phagocytosis of bacteria by 
macrophages, extravasation of infected 
macrophages and aggregation of infected 
macrophages within five days of infection. 
Though zebrafish only have an innate 
immune system at this early developmental 
stage, it has been demonstrated that the 
cellular aggregates formed in response 
to M. marinum infection represent early 
granulomas, based on histological features 
and bacterial gene expression patterns [11, 
49].

We have performed a large screen, 
in which we analyzed single transposon 
mutants of M. marinum strain E11 (Mma11) 
for their ability to initiate granuloma 
formation in zebrafish embryos by 
fluorescent microscopy [49]. Out of 1,000 
random mutants, 23 repeatedly showed 
reduced early granuloma formation. 
In one of these granuloma mutants the 
transposon is inserted 630 bp downstream 
of the start codon of gene MMAR_2698. 
The encoded protein is 82% identical to its 
M. tuberculosis orthologue SecA2 (Rv1821).

Whereas infection with wildtype 
M. marinum resulted in substantial bacterial 
clustering, we observed that secA2 mutant 
bacteria were more scattered throughout 
the embryo (Fig. 1A). Aggregates that were 
formed in embryos infected with the secA2 
mutant remained considerably smaller 
than wildtype clusters and consisted 
of more loosely associated (infected) 
leukocytes (Fig. 1A and B). Infection was 
quantified using specifically designed 
software to calculate the number of red 
fluorescent pixels in images of infected 
embryos [49] and by determination of the 
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Encoding gene TM SigP wt secA2_I secA2_II Fc wt secA2_I secA2_II Fc
mmpL3 10 N 80.0 14.5 31.2 -3.5 11.4 12.0 5.0 -1.3
pknG 0 N 19.6 1.8 1.1 -13.4 17.0 6.5 6.3 -2.7
ppm1A 8 N 10.6 2.7 3.3 -3.5 13.3 8.7 10.0 -1.4
trcS 2 Y 10.6 3.6 0.0 -5.9 18.0 4.4 5.0 -3.8
pknE 1 N 2.4 0.0 0.0 -100.0 22.7 9.8 6.3 -2.8
ilvB1 0 N 5.7 3.6 4.5 -1.4 15.1 6.5 1.3 -3.9
iipA 0 Y 4.9 5.4 1.1 -1.5 14.2 4.4 5.0 -3.0
MMAR_3060 0 Y 1.6 0.0 0.0 -100.0 17.0 4.4 5.0 -3.6
lprM_1 1 Y 4.9 5.4 6.7 1.2 5.7 1.1 1.3 -4.9
secA2 0 N 4.1 0.0 0.0 -100.0 14.2 2.2 0.0 -13.1
pca 0 N 0.8 3.6 5.6 5.6 8.5 1.1 0.0 -15.7
mce4D 1 Y 10.6 2.7 3.3 -3.5 0.9 0.0 1.3 -1.5
mycP3_1 2 Y 0.0 0.0 0.0 - 11.4 2.2 3.8 -3.8
lpqF 0 Y 4.9 1.8 1.1 -3.4 4.7 0.0 0.0 -100.0
MMAR_3721 0 N 1.6 1.8 2.2 1.2 4.7 1.1 0.0 -8.7
ilvD 0 N 0.8 0.0 1.1 -1.5 6.6 1.1 0.0 -12.2
MMAR_0573 1 Y 0.8 0.0 0.0 -100.0 6.6 1.1 0.0 -12.2
trpA 0 N 3.3 0.0 0.0 -100.0 1.9 3.3 0.0 -1.2
MMAR_2491 8 N 3.3 0.9 1.1 -3.2 2.8 0.0 0.0 -100.0
atsD_2 0 N 2.4 0.0 0.0 -100.0 2.8 2.2 0.0 -2.6
gnd2 0 N 2.4 0.0 0.0 -100.0 3.8 1.1 0.0 -7.0
dppA 1 Y 0.0 0.9 0.0 100.0 4.7 0.0 1.3 -7.6
opcA 0 N 3.3 0.0 0.0 -100.0 0.9 1.1 1.3 1.2
mmpL5_4 11 N 4.1 0.0 1.1 -7.3 0.9 0.0 0.0 -100.0
MMAR_0650 0 Y 0.0 0.0 0.0 - 4.7 1.1 0.0 -8.7
ispG 0 N 0.8 0.0 1.1 -1.5 3.8 0.0 0.0 -100.0
pknH_1 1 N 5.7 0.0 0.0 -100.0 0.0 0.0 0.0 -
glnQ 5 Y 2.4 0.0 0.0 -100.0 1.9 0.0 1.3 -3.0
MMAR_2557 0 N 1.6 0.0 0.0 -100.0 3.8 0.0 0.0 -100.0
MMAR_2380 10 N 2.4 0.0 0.0 -100.0 0.9 1.1 0.0 -1.7
zur 0 N 2.4 0.0 0.0 -100.0 0.9 1.1 0.0 -1.7
MMAR_2074 0 N 1.6 0.0 0.0 -100.0 2.8 0.0 0.0 -100.0
MMAR_3039 5 Y 0.0 0.0 0.0 - 3.8 0.0 0.0 -100.0
MMAR_2054 1 Y 0.0 0.0 0.0 - 3.8 0.0 0.0 -100.0
lpqY 1 Y 0.0 0.0 0.0 - 3.8 0.0 0.0 -100.0
MMAR_4071 0 N 0.0 0.9 0.0 100.0 2.8 0.0 0.0 -100.0
MMAR_1890 1 Y 0.0 0.0 0.0 - 2.8 0.0 0.0 -100.0
modA 0 Y 0.0 0.0 0.0 - 2.8 0.0 0.0 -100.0
MMAR_1083 0 N 0.0 0.0 0.0 - 2.8 0.0 0.0 -100.0
hemD 0 N 2.4 0.0 0.0 -100.0 0.0 0.0 0.0 -

detergent pellet detergent supernatant



91

4

Mycobacterial SecA2 substrates

is relatively low under normal growth 
conditions.

DppA, MMAR_3060 and IipA depend on 
SecA2 for cell envelope localization.
To confirm the nanoLC-MS/MS results, 
we selected a number of candidates with 
a predicted signal sequence that were 
expressed with a C-terminal HA-tag. 
These candidates include the hypothetical 
protein MMAR_3060, periplasmic 
dipeptide-binding lipoprotein (DppA) and 
mycobacterial invasion and intracellular 
persistence protein (IipA) (Table 1). 
MMAR_3060 was chosen because of its 
high spectral counts, whereas DppA and 
IipA were specifically selected for their 
resemblance to SecA2 substrates described 
in L. monocytogenes, respectively the 
oligopeptide binding protein OppA and 
secreted autolysin p60 [30]. Of particular 
interest is the cell wall hydrolase IipA. 
Disruption of M. marinum iipA results in 
reduced virulence in both macrophages 
and zebrafish, which was mainly 
attributed to the absence of the C-terminal 
p60 domain [17]. 

To analyze the SecA2-dependency 
of the three selected candidate proteins, 
they were cloned with a C-terminal HA 
tag into a mycobacterial shuttle vector 
under control of the hsp60 promoter and 
introduced in M. marinum wildtype, secA2 
mutant and the complemented mutant. 
The resulting colonies were tested for 
expression of the HA-labeled proteins by 
immunoblotting. Especially for DppA and 
IipA, we encountered highly variable and 
unstable expression levels in the secA2 
mutant (Fig. S2A). Although these results 
indicate that these putative substrates 
indeed depend on a functional SecA2, the 

from two biological replicates of the secA2 
mutant and one of wildtype bacteria by 
differential centrifugation. These cell 
envelope fractions were further treated 
with detergent to enrich for lipoproteins 
and putative outer membrane proteins 
(van der Woude et al., in preparation). 
Analysis of the obtained fractions by 
SDS-PAGE and coomassie staining did 
not show obvious differences between 
wildtype and mutant (Fig. S1). For more 
in depth analysis, the gel lanes were cut in 
equal slices, trypsinized and analyzed by 
nanoLC-MS/MS. After comparison to the 
M. marinum proteome sequence, a total of 
1,684 proteins were detected with 2 or more 
peptides in the combined fractions (Table 
S1). Only a minor fraction of these proteins 
was reproducibly reduced or absent in 
the secA2 mutant cell envelope fractions. 
After normalization of spectral counts, 40 
proteins were found to be >3-fold reduced 
(p-value <0.05) in the mutant as compared 
to wildtype (Table 1). As expected, also 
SecA2 itself is present on this shortlist. 
Approximately one third of these putative 
SecA2 substrates have a predicted signal 
peptide. The level of some proteins, such as 
the MmpL proteins or Mce4D, were found 
to be specifically reduced in the detergent 
pellet fraction, which is the fraction 
enriched for inner membrane proteins, 
whereas others were specifically reduced 
in the outer membrane-enriched fraction. 
Another group of proteins, including PknG 
and TrcS, were reduced in both fractions 
(Table 1). Additionally, only a few proteins 
were found to be significantly increased in 
the cell envelope of the secA2 mutant, most 
of them with low spectral counts (Table 
S1). This indicates that compensation for 
the absence of the accessory Sec pathway 

Table 1. Significant differences between cell envelope of M. marinum wildtype and secA2 mutant.
Selected proteins with a fold change (Fc) larger than 3 (p-value <0.05) between normalized spectral counts of 
wildtype (wt) and secA2 mutant (secA2_I and secA2_II) in cell envelope-derived detergent pellet or detergent 
supernatant, which represent fractions enriched for inner membrane proteins and putative outer membrane 
proteins, respectively. For each protein the number of predicted transmembrane helices (TM) and the presence 
(Y) or absence (N) of a signal peptide (SigP) is described. Proteins are ordered according to their spectral count 
abundance.
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cells showed that this lipoprotein is 
clearly less abundant in the cell envelope 
of the secA2 mutant as compared to 
wildtype and the complemented mutant 
(quantified as a four-fold reduction) and 
a concomitant accumulation in the cytosol 
was observed (Fig. 2A). Also localization 
of MMAR_3060-HA was strongly affected 
in the secA2 mutant, although this resulted 
in an overall diminished expression of the 
protein in the total lysate, possibly due to 
degradation of non-translocated material 
(Fig. 2B). IipA-HA showed two main 
expression forms: a full-length product 
of ~60 kDa and a processed product of 
~25 kDa, of which the cell envelope-
associated portion is partially detergent-
extractable (Fig. 2C). This latter product 
likely represents the active p60 domain, 

localization of the proteins could not be 
tested. Therefore, we decided to reclone 
the genes under transcriptional control of 
their own promoters.

This strategy worked, irrespective 
of the genetic background all tested 
colonies now showed comparable 
protein levels of the HA-labeled DppA, 
MMAR_3060 and IipA (Fig. S2B). Next, 
we performed fractionation experiments 
to determine the localization of these 
proteins. Indeed, all three HA-labeled 
proteins largely associated with the cell 
envelope (Fig. 2). These proteins were, at 
least partially, extractable with detergent 
(Fig. 2) to a comparable extent as observed 
with the mass spectrometry analysis of 
the endogenous proteins (Table 1). The 
fractionation of DppA-HA-expressing 

Figure 2. DppA, MMAR_3060 and IipA depend on SecA2 for cell envelope localization. M. marinum E11 
wildtype (wt), secA2 mutant (sec) and complemented mutant (c) were lysed and fractionated by differential 
centrifugation and detergent extraction. Strains contained HA-labeled (A) DppA, (B) MMAR_3060 or (C) IipA, 
respectively. The following fractions were loaded on a polyacrylamide gel: total lysate (T), cytosol (cyt), cell 
envelopes (CE), detergent-treated CE pellet (DP) and detergent-treated CE supernatant (DS). These fractions, 
each representing 0.5 OD units of original culture, were analyzed on immunoblot with an antiserum directed 
against both FtsH and the cytosolic MMAR_0752, and an antiserum directed against the HA epitope.
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by immunoblotting using polyclonal 
antiserum raised against Mycobacterium 
bovis BCG PknG [55] (Fig. 3). Interestingly, 
this analysis showed that in M. marinum 
PknG locates primarily to the cell envelope, 
which seems to be different from the 
situation in M. tuberculosis [9]. Antiserum 
against the membrane protein EccC5 and 
the cytosolic protein GroEL2 were used as 
controls in this experiment. In accordance 
with the data obtained by nanoLC-MS/MS, 
PknG was significantly reduced in the cell 
envelope of the secA2 mutant. In addition, 
a small increase of a putative degradation 
product of PknG was observed in the 
cytosol fraction of the mutant (Fig. 3). 
Importantly, this defect is restored in the 
complemented mutant, confirming that 
the cell envelope localization of PknG in 
M. marinum is indeed dependent on SecA2.

SecA2 is involved in cell wall integrity .
Both IipA and PknG are required for 
resistance to antibiotics, specifically 
for those that target cell wall synthesis 
[17, 20, 57]. Therefore, the secA2 mutant 
was tested for susceptibility to such 
antibiotics. Ethambutol interferes with 
the biosynthesis of the mycobacterial cell 
wall by blocking arabinogalactan synthesis 
[51]. We compared the susceptibility of our 

which needs to be cleaved to become 
enzymatically active [45]. Interestingly, 
whereas the overall expression of IipA 
does not seem to be affected in the secA2 
mutant, a significant increase in full-
length IipA and concomitant decrease 
in the processed form was observed in 
the mutant, which is most apparent in 
the cell envelope fraction (Fig. 2C). In 
these experiments, antiserum against the 
membrane protein FtsH was used as a 
control to ensure equal sample loading. 
This antiserum recognizes both FtsH 
and the cytosolic ATPase MMAR_0752, 
and confirms the proper separation of 
cytosol and cell envelope fractions (Fig. 2). 
Together, these data confirm that all three 
candidate substrates identified by mass 
spectrometry are indeed SecA2-dependent 
for optimal targeting to the cell envelope.

Cell envelope localization of PknG is 
dependent on SecA2.
The list of putative SecA2 substrates (Table 
1) contains a number of proteins lacking a 
classical signal sequence. Since the major 
SecA2 substrate of M. tuberculosis, SodA, 
also lacks a signal sequence, the absence of 
a signal sequence should not be a reason to 
exclude candidate proteins. Interestingly, 
the shortlist shows an overrepresentation 
of regulatory proteins, including three 
different serine/threonine protein kinases. 
Especially for PknG, a relatively high 
number of spectral counts were detected in 
the cell envelope of wildtype bacteria and 
almost none in the secA2 mutant (Table 
1), which strongly suggests that cell wall 
localization of PknG is SecA2 dependent. 
PknG is particularly interesting because 
of its described role in pathogenicity and 
survival within macrophages [9, 55]. 
Although PknG is soluble and does not 
have a signal sequence, it has been shown 
to partially localize to the cell envelope [9].

To verify whether the cell envelope 
localization of PknG is SecA2 dependent, 
we analyzed subcellular fractions directly 

Figure 3. SecA2-dependent cell wall localization 
of PknG. Fractionation of M. marinum E11 wildtype 
(wt), secA2 mutant (sec) and complemented mutant 
(c). Total lysate (T), cytosol (cyt) and cell envelopes 
(CE) were loaded on a polyacrylamide gel in 1:1:3 
ratio, transferred to a nitrocellulose membrane and 
immunostained using antisera against EccC5, PknG 
and GroEL2.
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mutant, while their diameter was similar 
(data not shown).

Overexpression of PknG restores 
virulence of secA2 mutant.
Because we could not observe the cell-
division defect belonging to a block in IipA 
translocation, we reasoned that probably 
not IipA but the PknG localization defect 
was linked to decreased virulence. To 
test this, we made use of the observation 
that most identified SecA2 substrates 
do not seem to completely depend on 
the accessory Sec pathway [6, 18](our 
current analysis), which means that also 
probably the canonical Sec pathway is 
able to transport these proteins, albeit with 
reduced efficiency. An integrative plasmid 
containing constitutively expressed pknG, 
derived from M. bovis BCG (pknGBCG), was 
introduced in both wildtype M. marinum 
and secA2 mutant. Fractionation of these 
cells showed that overexpression of PknG 
indeed restored its localization to the cell 
envelope of the secA2 mutant, although 
roughly 70% of the PknG remained soluble 
(Fig. 4A). Upon overexpression of PknG no 
differences in localization were observed 
between wildtype and secA2 mutant, 
indicating that the cell envelope-located 
PknG molecules are able to bypass the 
SecA2 pathway. Notably, the reaction of 
the anti-PknG serum to endogenous M. 
marinum PknG is much weaker than that 
to endogenous M. bovis BCG PknG [23]. 

strains to this antibiotic by disc diffusion 
and observed that the disc zone diameter 
of the secA2 mutant was significantly 
increased compared to the wildtype, 
whereas the zone of the complemented 
mutant was comparable to wildtype (Table 
2). Meropenem is a β-lactam antibiotic that 
affects cell wall synthesis by inactivating 
penicillin-binding proteins. Also for this 
antibiotic, we found that the minimal 
inhibitory concentration for the secA2 
mutant was decreased as compared to 
the wildtype and the complemented 
mutant (Table 2). Furthermore, when we 
co-cultured GFP-expressing wildtype 
M. marinum and the mcherry-expressing 
secA2 mutant in a 1:1 ratio on 7H10 agar 
plates, we could clearly determine that 
mutant bacteria were more susceptible 
to meropenem (Fig. S3). The decreased 
resistance of the secA2 mutant to these 
antibiotics indicates a defect in cell wall 
synthesis, which might be due to defective 
functioning of IipA and/or PknG.

Disruption of iipA is associated 
with several morphological defects, 
including septation defects resulting in 
elongated cells [17]. Interestingly, for secA2 
mutants, structural defects in cell wall 
integrity and altered colony morphology 
under specific culture conditions have 
been reported, for which the underlying 
mechanism is unknown [5, 43, 56]. Since 
mutation of secA2 affects the localization/
processing of the p60 domain of IipA, 
we analyzed whether the secA2 mutant 
exhibited morphological defects similar 
to the iipA mutant. However, examination 
of bacterial morphology of single cells 
revealed no apparent length differences 
between wildtype, secA2 mutant and 
complemented mutant, indicating that 
IipA is largely functional. Measurements 
of the relative length and diameter of 
approximately 2,000 single bacteria of 
each group showed that the secA2 mutant 
bacteria were actually slightly smaller 
(~5%) than wildtype and the complemented 

Clear zone

ethambutol 
(mm)

wt 27 ± 6 0.9 ± 0.1

secA2 63 ± 6 0.3 ± 0.1

comp 17 ± 15 0.7 ± 0.3

Strain
MIC 
meropenem 
(µg/ml)

Table 2. Susceptibility of the M. marinum strains to 
antibiotics
Results represent mean ± standard deviation from 
three to four independent experiments.
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PknG could restore virulence, zebrafish 
embryos were infected with the secA2 
mutant overexpressing PknGBCG and 
infection levels were compared with 
wildtype M. marinum and the secA2 mutant 

This makes it difficult to ascertain the level 
of PknGBCG present in these cell envelopes 
compared to endogenous M. marinum 
PknG.

To test whether relocalization of 

Figure 4. Overexpression of PknG restores secA2 mutant phenotype. (A) Immunoblot of fractionation of 
wildtype (wt) and secA2 mutant (sec) bacteria both expressing PknGBCG. Fractions total lysate (T), cytosol (cyt) and 
cell envelope (CE) were loaded in a 1:1:2 ratio. (B) Quantification of infection as determined by plating infected 
embryos at 5 dpi with M. marinum wildtype (wt), secA2 mutant (secA2) and secA2 mutant expressing PknGBCG 
(secA2+PknG). Mean ± standard deviation of inocula were 128±22, 111±16 and 131±21 CFU, respectively. Each 
data point represents the number of CFU per single embryos. Data of three independent replicates are shown 
and bars represent means after log transformation. *** indicates p<0.001 as assessed by one-way ANOVA with 
Bonferroni post-test on log transformed data. (C) Representative confocal images of J774 macrophages infected 
with M. marinum wildtype, secA2 mutant and secA2 mutant expressing PknGBCG and immunostained with 
antibodies raised against mycobacteria (green) and LAMP-1 (red). Scale bars represent 2 μm. (D) Quantification 
of the lysosomal delivery of the M. marinum strains in J774 macrophages as in figure C as determined by confocal 
microscopy. The data represent mean + SEM of three independent experiments (n≈80). * p<0.05, **p<0.01 as 
assessed by one-way ANOVA with Bonferroni post-test.
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containing the empty vector. Infection was 
analyzed by determining bacterial loads 
of the infected embryos. As can be seen 
in Figure 4B, overexpression of PknGBCG 
significantly increased the infectivity of the 
secA2 mutant in zebrafish embryos. The 
bacterial load of embryos infected with 
the secA2 mutant overexpressing PknG 
was comparable with the bacterial load of 
embryos infected with the complemented 
secA2 mutant, indicating that PknG is 
indeed a major effector.

It has been demonstrated that M. 
tuberculosis PknG promotes intracellular 
survival by the inhibition of phagosomal 
maturation [55]. Remarkably, for M. 
tuberculosis SecA2, similar effects on 
phagosomal maturation arrest and 
intracellular growth have been observed 
[29, 50]. Therefore, we investigated 
whether a defective phagosomal 
maturation arrest contributes to the 
attenuation of the secA2 mutant, and 
most importantly, whether this defect is 
a result of defective PknG localization. 
Macrophages were infected with wildtype 
M. marinum, the secA2 mutant and the 
secA2 mutant overexpressing PknGBCG, 
and intracellular trafficking was analyzed 
by confocal microscopy. In accordance 
with what was observed previously for 
M. tuberculosis [50], a significantly higher 
percentage of secA2 mutant bacteria 
colocalized with the lysosomal marker 
LAMP-1 as compared to the wildtype 
strain (Fig. 4C and D). Strikingly, the 
affected phagosomal maturation arrest of 
the mutant was partially but significantly 
restored upon overexpression of PknGBCG. 
While intracellular trafficking was 
clearly affected, intracellular growth of 
M. marinum did not alter upon secA2 
disruption or PknG overexpression (Fig. 
S4). Together, these results indicate that 
PknG-mediated phagosomal maturation 
arrest is indeed an important determinant 
of SecA2-dependent virulence.

DISCUSSION

It is well established that SecA2 
significantly contributes to M. tuberculosis 
virulence [6, 29]. Recent studies have 
indicated that an auxotrophic M. 
tuberculosis mutant with a secA2 deletion is 
a prime candidate for vaccine studies, due 
to its attenuation and defect in inhibition 
of apoptosis [21, 24]. These developments 
have spurred an interest in the accessory 
Sec pathway. However, the mechanism 
and substrates involved in the attenuation 
of the secA2 mutant remain an enigma. Our 
zebrafish embryo screen for identification 
of mycobacterial factors involved in 
granuloma formation confirmed a role 
for SecA2 in mycobacterial virulence. We 
demonstrate that the accessory Sec system 
is required for early granuloma formation 
and confirm that SecA2 is involved in 
phagosomal maturation arrest. This 
attenuated phenotype is very similar to 
that of the M. tuberculosis secA2 mutant [6, 
29, 50], confirming the strong functional 
conservation between the two species. 
Because of this similarity, we decided to 
search for SecA2 substrates in M. marinum.

Up to now, the search for SecA2 
substrates in pathogenic mycobacteria 
has mainly focused on secreted material. 
Because the Sec pathway facilitates 
transport of proteins into and across 
the inner membrane, we focused on the 
identification of novel SecA2 substrates 
located in the cell envelope. Separation of 
mycobacterial cell envelope and cytosolic 
fractions is substantially improved upon 
lysis by high pressure (van der Woude 
et al., in preparation)[41], instead of bead 
beating, a method commonly used for 
M. tuberculosis fractionation due to BSL-
III regulations. The improved subcellular 
fractionation of M. marinum allowed us to 
study the SecA2-dependent cell envelope 
composition in more detail. One critical 
factor in this analysis is that many of the 
previously described SecA2 substrates are 
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localization of PknG in the secA2 mutant 
and also partially complemented the 
attenuation of the secA2 mutant in zebrafish 
embryos. This indicates that PknG is indeed 
an important SecA2-dependent virulence 
factor, in contrast to the previously 
reported SecA2 substrate SodA [50]. In line 
with this observation, the reported defects 
of a pknG mutant, i.e. reduced phagosomal 
maturation arrest, in vitro replication and 
in vivo survival, also closely resemble those 
described for the secA2 mutant [9, 50, 55]. 
We were able to confirm that an inability to 
block phagosomal maturation contributes 
to the attenuation of the secA2 mutant and 
that this defect could be compensated for 
by overexpressing PknGBCG. Notably, the 
defective phagosomal maturation arrest 
did not lead to significantly decreased 
intracellular growth of the secA2 mutant 
in macrophages, which is in conflict with 
the reported phenotype of a M. tuberculosis 
secA2 mutant [29, 50]. However, a recent 
report on a M. marinum secA2 mutant 
corroborates our results [56] and it has 
been previously demonstrated that 
defects in phagosomal maturation arrest 
do not necessarily lead to a decline in 
intracellular replication [7]. Differences 
in intracellular physiology between 
M. tuberculosis and M. marinum might 
account for differences in the observed 
phenotypes in vitro. Alternatively, it might 
be possible that differences are related to 
the fact that the physiological temperature 
for the macrophages is normally 37°C, 
as opposed to the lowered temperature 
of 33°C utilized here to accommodate 
infection with M. marimum. Collectively, 
our results indicate that mislocalization of 
PknG is a major determinant for the secA2 
mutant phenotype in M. marinum. The fact 
that overexpression of PknG in the secA2 
mutant does not restore virulence and 
phagosomal maturation arrest to wildtype 
levels suggests that either PknG expression 
and/or localization is not completely 
optimal in the mutant, or that additional 

not completely SecA2-dependent, i.e. some 
residual translocation is always observed 
[6, 18]. We obtained similar results: only 
a small group of proteins differed >3-fold 
in spectral counts between wildtype and 
mutant.

One of the most striking 
differences between the secA2 mutant 
and wildtype M. marinum is the strongly 
reduced cell envelope localization of PknG. 
Interestingly, M. marinum expression 
levels of PknG are relatively low and PknG 
is mainly cell envelope localized, whereas 
in M. tuberculosis and M. bovis BCG a 
significant amount appears to be cytosolic 
[9, 27, 55]. How PknG associates with 
the cell envelope is currently unknown. 
Since PknG has no evident classical signal 
sequence, its SecA2-dependency might 
be indirect. On the other hand, increasing 
evidence suggests that proteins without 
signal sequence can be translocated via 
the Sec pathway. A prime example of this 
alternative targeting mechanism is SodA [3, 
6, 28]. The secretion of SodA in Rhizobium 
leguminosarum was shown to depend 
on the Sec translocon and a negatively 
charged N-terminus, instead of a signal 
sequence [28]. Similarly, the N-terminus of 
PknG could be involved in Sec-mediated 
inner membrane transport. This region 
was not included for the structure solution 
of PknG, since heterologous PknG was 
more stable without its N-terminal region 
[47], but was shown to be crucial for 
PknG-mediated survival of mycobacteria 
in macrophages [48, 52]. The main reason 
for this essentiality appeared to be the 
autophosphorylation of specific N-terminal 
threonine residues [33, 48, 52], but perhaps 
the N-terminus of PknG also contains an 
atypical secretion motif. Curiously, the 
N-terminal domain of PknG is relatively 
variable between different mycobacterial 
species [23], indicating a non-structural 
role of this region.

Overexpression of PknGBCG 
resulted in restored cell envelope 
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SecA2 substrates contribute to virulence as 
well.

In addition to PknG, our study 
also identified other SecA2 substrates. 
More than half of the candidate SecA2 
substrates identified by nanoLC-MS/
MS are predicted to contain either a 
classical signal peptide or transmembrane 
domain(s). We have confirmed SecA2-
dependency for three of the candidates 
with a signal peptide by immunostaining. 
One of these candidate substrates, IipA, 
has been clearly implicated in virulence 
[17]. The involvement in virulence is 
attributed to a role in the assembly of the 
mycobacterial cell wall, as both IipA and 
its M. tuberculosis orthologue RipA have 
been associated with septum development 
in dividing cells and susceptibility to 
antibiotics [17, 20]. Nevertheless, we did 
not observe any septation defects in the 
secA2 mutant. The observed increased 
susceptibility to specific antibiotics does 
indicate that cell wall integrity of the 
secA2 mutant is impaired. Mislocalization 
of either IipA or PknG could explain this 
defect, since both proteins are associated 
with antibiotic susceptibility [9, 57]. We 
tested overexpression of either of these 
proteins separately in the secA2 mutant, but 
neither restored antibiotic resistance (data 
not shown). However, we cannot exclude 
a role for IipA in this process, because it 
remains uncertain whether overexpression 
of IipA leads to proper rerouting and 
optimal localization in the secA2 mutant. 
Alternatively, other candidate SecA2 
substrates, such as Mce4D and TrcS, of 
which the SecA2 dependency remains to 
be confirmed, might also influence the cell 
wall integrity and virulence of the secA2 
mutant [34, 35].

Notably, both DppA and IipA 
resemble previously identified SecA2-
dependent substrates in L. monocytogenes 
[30]. Consistently, also a SodA homologue 
is SecA2-dependent in this species [3]. In 
our assay, we did not identify SodA as a 

SecA2 substrate. However, this is likely due 
to the fact that SodA is a highly abundant 
soluble proteins, which is hardly detected 
in the cell envelope [44]. These substrate 
similarities indicate that the accessory Sec 
pathways of mycobacteria and Listeria 
species are functionally conserved and 
might have evolved from a common 
ancestor. However, an important difference 
between the two species is that disruption 
of secA2 in L. monocytogenes results in major 
changes in the protein composition of the 
culture filtrate [30], whereas the effect on 
the mycobacterial culture filtrate is limited 
[6]. This difference might be explained by 
the fact that SecA2 substrates additionally 
need to be transported across the outer 
membrane in mycobacteria.

In conclusion, our study has 
revealed several novel SecA2 substrates 
in the cell envelope of M. marinum, which 
greatly contributes to the understanding 
of this dedicated translocation pathway. 
Importantly, we have shown that the 
virulence factor PknG depends on SecA2 
for its cell envelope localization and that 
PknG mislocalization is a major contributor 
to the attenuation of the M. marinum secA2 
mutant.

MATERIALS AND METHODS

Ethics Statement - Zebrafish lines were 
handled in compliance with the local 
animal welfare regulations and maintained 
according to standard protocols (zfin.org). 
The breeding of adult fish was approved 
by the local animal welfare committee 
(DEC) of the VU University medical center. 
All protocols adhered to the international 
guidelines specified by the EU Animal 
Protection Directive 86/609/EEC.

Bacterial strains and growth conditions 
- The M. marinum strain E11 [40] was 
routinely grown at 30°C in Middlebrook 
7H9 (BD Biosciences) supplemented 
with 10% albumin-dextrose-catalase (BD 
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4% paraformaldehyde and 0.4% Triton 
X-100. Embryos were washed several 
times in PBS containing 1% Triton X-100 
(PBTx) and subsequently permeabilized 
with 0.24% trypsin in PBS for 6 min on ice. 
Embryos were then rinsed several times in 
PBTx and incubated in block buffer (10% 
goat serum in PBTx) for 3 h. Anti-L-plastin 
antibodies were diluted in PBTx containing 
1% goat serum and 1% BSA (w/v), and 
incubated with embryos overnight at room 
temperature. Embryos were then washed 
extensively with PBTx and incubated 
in block buffer for 1 h. The secondary 
antibody, goat anti-rabbit conjugated to 
Alexa Fluor 488 (Invitrogen), diluted in 
PBTx containing 1% goat serum and 1% 
BSA, was incubated with the embryos 
overnight at 4°C. Finally embryos were 
washed in PBTx several times. Analysis 
was performed using a Leica TCS SP2 
AOBS confocal laser scanning instrument 
mounted on a Leica DM IRE2 microscope 
and equipped with the Leica confocal 
software (Leica Microsystems).

Molecular cloning - M. marinum E11 
chromosomal DNA was used as a 
template for gene amplification by PCR 
with Phusion polymerase (Finnzymes). 
To complement the secA2 mutant, the 
secA2 gene was amplified with specific 
primers (Table S2) and cloned into the 
StuI-digested integration vector pUC-
Int-cat [2] under the control of an ag85 
promoter, resulting in pUC-Int-cat-SecA2. 
This plasmid was introduced in the secA2 
mutant by electroporation.

To generate plasmids containing 
C-terminally labeled SecA2 substrates 
under the control of the constitutive 
hsp60 promoter, iipA (MMAR_2284), 
MMAR_3060 or dppA (MMAR_5154) were 
amplified with a specific forward primer 
containing a NheI restriction site in front 
of the start codon and reverse primers 
with a sequence encoding the HA epitope 
(YPYDVPDYA) in front of a stop codon 

Biosciences) and 0.05% Tween 80 shaking 
at 90rpm or on 7H10 agar (BD Biosciences) 
with 10% oleic acid-albumin-dextrose-
catalase supplement (BD Biosciences). 
For cloning procedures, E. coli strain 
DH5a was grown at 37°C in Luria-Bertani 
(LB) broth or agar. When appropriate, 
antibiotics were added at the following 
concentrations: hygromycin (50 μg/ml), 
chloramphenicol (30 μg/ml), ampicillin 
(100 μg/ml) and kanamycin (25 or 50 μg/
ml for M. marinum or E. coli, respectively).

Mutant screen for early granuloma 
formation in zebrafish embryos - The 
zebrafish embryo screen was performed 
as described previously [49]. Briefly, 
the M. marinum strain E11 (Mma11) 
containing the pSMT3-mcherry vector 
was used to generate a transposon mutant 
library using the mycobacterial phage 
φMycoMarT7 containing the Himar1 
transposon. Bacteria were grown until 
exponential phase and 50-200 colony 
forming units of bacterial suspension was 
used to infect zebrafish embryos at ~1 day 
post fertilization by microinjection into 
the caudal vein. At 5 days post infection, 
embryos were monitored by fluorescence 
microscopy. Bacterial mutants that were 
repeatedly impaired for early granuloma 
formation as compared to wildtype M. 
marinum, determined by specially designed 
software, were selected. The transposon 
insertion sites were detected by ligation-
mediated PCR and sequence analysis. For 
determining bacterial loads of infected 
zebrafish embryos, individual embryos 
were homogenized and decontaminated as 
previously described and serial dilutions 
were plated [49]. Procedures involving 
embryonic zebrafish were carried out in 
compliance with local animal welfare laws.

Whole-mount immunohistochemistry and 
confocal imaging of infected embryos - 
Infected zebrafish embryos at 5 dpi were 
fixed overnight at 4°C in PBS containing 
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and an optional restriction site (Table S2). 
Next, these PCR fragments and target 
vector pSMT3::LipYtb [10] were digested 
with NheI and optionally BamHI/BglII/
EcoRI and subsequently ligated to result in 
pSMT3::iipA-HA, pSMT3::dppA-HA and 
pSMT3::MMAR_3060-HA, respectively. 
Plasmids with iipA, MMAR_3060 or 
dppA controlled by their endogenous 
promoter were constructed similarly, 
now using a forward primer containing 
a XbaI restriction site annealing roughly 
1,000 bp in front of the start of the gene, 
or in the case of MMAR_3060, in front of 
MMAR_3061 (Table S2). After digestion, 
the resulting PCR fragments were 
cloned into XbaI-BamHI/EcoRI digested 
pSMT3::LipYtb, generating pSMT3::pr-
iipA-HA, pSMT3::pr-dppA-HA and 
pSMT3::pr-mm3061-60-HA, respectively.

To obtain high expression of 
PknG in the secA2 mutant, the kanamycin 
resistance cassettes of pMV361-PknGBCG 
and pMV361-GFP [23] were removed by 
HindIII-SpeI digestion and replaced by a 
hygromycin resistance cassette using the 
same restriction sites, resulting in pMV361-
PknGBCG-hyg and pMV361-GFP-hyg. The 
plasmids containing SecA2 substrates were 
electroporated in M. marinum wildtype or 
in the secA2 mutant or the complemented 
secA2 mutant which were cured from the 
pSMT3-mcherry vector by subculturing in 
the absence of antibiotic pressure.

Preparation of M. marinum membrane 
fractions - M. marinum cultures were 
routinely grown to an OD600 of 0.8-1.3, 
and then killed by one hour incubation 
with 100 μg/ml ciprofloxacin. Cells were 
harvested, washed twice with PBS and 
resuspended in PBS complemented with 
complete protease inhibitor cocktail 
(Roche) and 1 mM EDTA. Subsequently, 
cells were lysed by two passages through a 
One Shot cell disrupter (Constant Systems 
Ltd) at 0.83 kbar, adding 1mM DTT after 
the first press. Unbroken cells were spun 

down by repeated centrifugation at 3000xg. 
After taking a sample representing the 
total lysate, the cytosolic fraction (cyt) and 
cell envelope fraction (CE) were separated 
by ultracentrifugation at 27.000xg. 
Next, the CE fractions were incubated 
in PBS containing 1% (w/v) n-Octyl-β-
D-glucopyranoside (Calbiochem) for 
30 minutes at room temperature. These 
samples were then centrifuged at 27000xg 
to separate detergent pellet (DP) and 
detergent supernatant (DS) fractions. This 
DS fraction was precipitated using 10% 
trichloroacetic acid. All obtained samples 
were dissolved in protein solubilisation 
buffer and boiled at 95°C before continuing 
SDS-PAGE analysis.

SDS-PAGE and immunoblotting - Protein 
samples were electrophoresed on SDS-
PAGE gels, which were either directly 
stained with Coomassie G250 (Biorad) 
or used for transfer to nitrocellulose 
membranes by western blotting. 
These membranes were subsequently 
immunostained using polyclonal rabbit 
antisera against FtsH [53], EccC5 [22] or 
PknG [23] or a monoclonal mouse antisera 
against the influenza hemagglutinin 
epitope (HA.11; Covance) or GroEL2 (CS44; 
John Belisle, National Institutes of Health, 
Bethesda, MD, Contract AI-75320). After 
incubation with a horseradish peroxidase-
conjugated secondary antiserum, the 
proteins were visualized using Supersignal 
West Dura chemiluminescent substrate 
(Pierce) and a ChemiDoc XRS Imager 
(Biorad). 

Mass spectrometric analysis - Protein 
lanes from Coomassie stained SDS-
PAGE gels were excised, prepared 
and analyzed by nanoLC-MS/MS as 
previously described [38]. Briefly, tryptic 
peptides were separated using a U3000 
nanoLC (Dionex, Amsterdam, The 
Netherlands) coupled on-line to an LTQ-
FT mass spectrometer (Thermo Scientific, 
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at the point where inhibition of growth 
intersected with the strip, according to the 
manufacturer’s guidelines.
Length and diameter of bacteria was 
determined as described previously 
[4]. Shortly, plate-grown bacteria were 
de-clumped using 0.1% Tween-80 and 
subsequently immobilized on a slide with 
1% agarose. Phase-contrast images were 
taken using an Olympus BH2 microscope. 
Analysis of roughly 2,000 single-cell 
bacteria was performed using ObjectJ 
(http://simon.bio.uva.nl).

Macrophage infection experiments - For 
confocal microscopy, J774 macrophages 
were seeded in wells of 10-well slides at a 
density of 2.5*104 cells per well in DMEM 
(Sigma) supplemented with 10% fetal calf 
serum (DMEM/FCS) and incubated at 37°C 
and 5% CO2 for 2 h. Mycobacterial cultures 
grown until exponential phase were 
centrifuged at low-speed to spin down 
clumps and the supernatant was washed 
with DMEM/FCS and resuspended in 
DMEM/FCS. Mycobacteria were added 
to the macrophages at an MOI of 10 and 
incubated at 32°C and 5% CO2 for 1 h. 
After infection, the cells were washed 
with DMEM/FCS and chased in DMEM/
FCS at 32°C and 5% CO2 for 3 h. Infected 
macrophages were fixed in methanol at 
-20°C for 4 min. After blocking with 5% 
FCS in PBS for 1 h, cells were incubated 
with the primary antibodies rabbit anti-
Mycobacterium tuberculosis (Serotec) 
and rat anti-LAMP-1 (clone 1D4B; IgG2a, 
developed by T. August, obtained from the 
Developmental Studies Hybridoma Bank, 
University of Iowa) followed by incubation 
with the secondary antibodies goat anti-
rabbit Alexa Fluor 488 and goat anti-rat 
Alexa Fluor 568 (Invitrogen). Samples 
were mounted with Prolong Gold antifade 
reagent (Invitrogen) and analyzed using a 
Zeiss CLSM 510 Meta confocal scanning 
microscope and the corresponding 
software (Zeiss). For quantification, cells 

Bremen, Germany). MS/MS spectra 
were acquired in a top 5 data-dependent 
experiment and were searched against the 
Mycobacterium marinum database using 
Sequest (Thermo Scientific, San Jose, CA). 
Identified peptides and associated MS/
MS spectra were imported in to Scaffold 
3 (Proteome software, Portland Or) to 
organize and validate the peptide and 
protein identifications. Peptides with a 
PeptideProphet score >95% and proteins 
with a ProteinProphet score >99% were 
retained. Only protein identifications with 
at least 2 different peptides in one of the 
samples were accepted.

Bioinformatic analysis - Proteins were 
quantified by spectral counting and 
exported to Excel (Table S1). These counts 
were normalized by dividing the spectral 
counts per protein by the sum of all counts 
per sample and multiplying by the average 
sum across all samples. Subsequently, the 
fold change (Fc) and p-values between 
counts for wildtype and secA2 mutant were 
calculated using the Beta Binominal test 
for spectral count data [37]. All identified 
proteins were annotated and functionally 
classified using the Mycobrowser website 
[25]. Prediction of possible signal sequences 
and transmembrane (TM) regions was 
performed using the SignalP 3.0 Server 
(http://www.cbs.dtu.dk/services/SignalP/) 
selecting the Gram positive option and 
TMHMM v2.0 (http://www.cbs.dtu.dk/
services/TMHMM/), respectively. 

Antibiotic susceptibility testing and 
bacterial length measurement - Bacterial 
suspensions at an OD600 of 1 were applied 
on routine 7H10 agar plates using cotton 
swabs. When the agar surface was dry 
either paper discs containing 33 μg 
ethambutol or meropenem E-test strips 
(Biomérieux) were applied and plates 
were incubated at 30°C. For ethambutol 
the clear zone diameter was measured and 
for meropenem the MIC was determined 
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containing mycobacteria in LAMP-1 
positive compartments were scored.

For mycobacterial intracellular 
survival analysis, J774 macrophages were 
seeded in wells of 24-well tissue culture 
plates at a density of 5*104 cells per well 
in DMEM/FCS and infected as described 
above at an MOI of 0.1 at 32°C and 5% CO2 
for 3 h. After infection, the macrophages 
were washed with DMEM/FCS and 
incubated with amikacin (200 μg/ml) at 
32°C and 5% CO2 for 45 min. Cells were 
washed with DMEM/FCS twice and chased 
in DMEM/FCS at 32°C and 5% CO2 for the 
indicated time-points. For determination of 
colony forming units (CFU), macrophages 
were washed 3 times with DMEM/FCS 
before lysis with 1% Triton-X100 in PBS 
and serial dilutions were plated onto 7H10 
agar plates containing hygromycin and 
incubated at 30°C.
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SUPPLEMENTAL DATA

Table S1. Proteins identified by nanoLC-MS/MS analysis (supplied as Microsoft Excel-file upon request)

Table S2. Primers used in this study

Primer name Sequence (5'to 3')
secA2_F aagaccgaactcgctgaaga
secA2_R agacgaacactgggatcagg
Mm2284-NheI-F cccgctagcatgagacggacccgccgta
Mm2284-BglII-HA-R cccagatcttcacgcgtagtccggcacgtcgtacgggtagtactcgatgtagcggacca
dppA-NheI-F cccgctagcatgcggcggatgcgggcc
dppA-HA-R ccctcacgcgtagtccggcacgtcgtacgggtaggccttgacgaggttctcg
Mm3060-NheI-F cccgctagcatgcgaatccgatccgagtt
Mm3060-BamHI-HA-R cccggatcctcacgcgtagtccggcacgtcgtacgggtatgcattcgcgctcattgacg
dppA-XbaI-prF ccctctagaagcagaaacaatggctgctc
Mm2284-XbaI-prF ccctctagaggaaccccaattttcgactc
Mm3061-XbaI-prF ccctctagacaatcgtggattggataggc

Figure S1. Coomassie stained gel used for nanoLC-MS/MS analysis. Detergent extraction of cell envelopes of 
M. marinum wildtype (wt) and secA2 mutant in duplo (sec_I and sec_II). Fractions detergent pellet and detergent 
supernatant in a 1:1 ratio are loaded on SDS-PAGE and stained by coomassie.
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Figure S2. Expression levels of HA-tagged constructs. Immunoblots of M. marinum wildtype (wt), secA2 mutant 
(sec) and complemented secA2 mutant (c) (A) expressing IipA-HA behind hsp60 promoter in liquid culture and 
(B) expressing HA-tagged constructs with dppA, iipA and MMAR_3060 behind their own promoter. Blots were 
probed with an antiserum against the HA epitope. Anti-GroEL2 is used as loading control.
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Figure S4. Intracellular replication of secA2 mutant. J774 macrophages were infected at an MOI of 0.1 with M. 
marinum wildtype (wt + pMV), M. marinum WT overexpressing PknGBCG (wt + pMV::PknG), the secA2 mutant 
(secA2 + pMV) and the secA2 mutant overexpressing PknGBCG (secA2 + pMV::PknG). The number of CFU was 
determined by lysing infected J774 cells and plating lysates at the indicated time-points. Graph represents mean 
± SEM from three independent experiments.
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Figure S3. Effects of SecA2 on antibiotic susceptibility. Meropenem E-test result of a 1:1 mix of M. marinum 
wildtype (wt) containing the pSMT3-eGFP vector and the secA2 mutant (secA2) containing the pSMT3-mcherry 
vector monitored by fluorescent microscopy. At increasing meropenem concentration (top), growth of the secA2 
mutant (right panel) is more restricted than that of wildtype bacteria (middle panel). This result is representative 
for 2 independent experiments.
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