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mycolic acids are the key components of 
the atypical outer membrane, which has 
been called the mycolate outer membrane 
(MOM) [2]. The presence of this MOM 
has been a matter of debate. Although 
the existence of a second membrane was 
already suggested in a model by Minnikin 
[30], it was only recently unequivocally 
shown as a lipid bilayer structure by cryo-

The architecture of the cell envelope of 
Mycobacterium tuberculosis has been an 
enigma for many years. This extraordinary 
hydrophobic cell envelope contains, in 
addition to a relatively normal cytoplasmic 
or inner membrane (IM), a polymer of 
peptidoglycan and arabinogalactan, 
which is covalently linked to fatty acids of 
considerable size, the mycolic acids. These 

A striking characteristic of mycobacteria is the presence of an unusual outer 
membrane, which forms a thick permeability barrier and provides resistance to 
many antibiotics. Although specialized proteins must reside in this layer, only 
few mycolate outer membrane (MOM) proteins have been identified to date. Their 
discovery is complicated by difficulties in obtaining good separation of mycobacterial 
inner- and outer membranes. During our efforts to identify novel mycobacterial outer 
membrane proteins (MOMPs), we discovered that we can enrich for MOMPs using 
differential solubilization of Mycobacterium marinum cell envelopes. Subsequently, 
these different fractions were analyzed by nanoLC-MS/MS. This proteomic analysis 
confirmed that our marker proteins for inner membrane and MOM were found in 
their expected fractions and revealed a few interesting candidate MOMPs. A number 
of these putative MOMPs were further analyzed for their expression and localization 
in the cell envelope. One identified MOMP, MMAR_0617, was purified and 
demonstrated to form a large oligomeric complex. Importantly, this protein showed a 
clear single channel conductance of 0.8±0.1 nS upon reconstitution into artificial planar 
lipid bilayers. The observed channel is highly voltage sensitive and slightly cation 
selective. The most surprising feature of MMAR_0617 was the extensive modifications 
at the long C-terminal threonine-rich domain. In summary, we have identified a novel 
mycobacterial outer membrane porin with unusual modifications. 

IMPORTANCE 
Mycobacteria have an unusual outer membrane that protects them against harmful 
agents, including many antibiotics. This outer membrane has to contain specialized 
proteins that are involved in membrane biogenesis, nutrient and protein transport 
and interaction with the environment.  Due to their location in the outer layer of the 
bacterial cell, these proteins represent attractive vaccine targets and understanding these 
membrane pores and carriers will help to design antibiotics with better penetrating 
abilities. In this study, we describe a new method to specifically enrich for mycobacterial 
outer membrane proteins and have identified candidates using proteomics. In addition, 
we have identified and characterized one of these candidates as a novel pore-like protein. 
Together, these data will help to discover more outer membrane proteins in mycobacteria 
and can be used to improve bioinformatic analysis of these proteins.

Differential detergent extraction of Mycobacterium marinum cell 
envelope proteins identifies an extensively modified threonine-rich 

outer membrane protein with channel activity
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and OmpATb (Rv0899). MctB is a putative 
porin [44] implicated to be involved in 
copper efflux [49], whereas OmpATb 
shows homology with the periplasmic 
domain of E. coli OmpA and has been 
the subject of a continuous debate about 
its function, localization and structure. 
Originally, OmpATb has been described 
as a surface-accessible porin with channel 
activity [43], but recently these results have 
been questioned [45]. 

Other mycolic-acid producing 
bacteria, such as Corynebacterium 
glutamicum and Nocardia sp, provide 
further knowledge of the proteins residing 
in the MOM. Channel forming porins 
resembling MspA have been identified in 
both these species [19]. In addition, porins 
have been described for these species that 
are proposed to have an α-helical structure 
[50] or modified by O-mycoloylation [17]. 
These results indicate that the classical 
model of outer membrane proteins as 
(predominantly) being β-barrels might 
not apply to all mycolate outer membrane 
proteins. Recently, various attempts were 
made to define proteins in the cell envelope 
or cell wall fractions of different strains of 
M. tuberculosis, M. bovis BCG and M. avium 
[13, 24, 25], but none were dedicated to the 
specific identification of MOMPs. 

In this study, we sought to identify 
novel MOMPs in an unbiased fashion and 
developed a method to specifically enrich 
for MOM proteins by differential detergent 
extraction of mycobacterial cell envelopes. 
By this method, we could specifically 
extract the two known MOMPs, while 
leaving the majority of IM proteins 
unsolubilized. 

RESULTS
Development of a differential detergent 
extraction method to enrich for MOMPs. 
Several techniques have been developed 
for the subcellular fractionation of 
mycobacteria, but none of them have been 

electron tomography [15, 41, 51]. As the 
observed thickness of the MOM is 7-8 nm, 
mycolic acids are proposed to be present 
in a folded conformation [1, 51], which is 
in agreement with recent Langmuir assays 
[48]. The outer leaflet of this membrane is 
probably formed by an array of unusual 
mycolate- or mycobacterium-specific 
(glyco)lipids, such as trehalose dimycolate, 
phtiocerol dimycoserosate and sulfolipids. 

The MOM forms an exceptionally 
efficient permeability barrier, with even 
lower permeability as compared to most 
Gram-negative bacteria. In analogy with 
the Gram-negative outer membrane, 
specific outer membrane proteins should 
be present to accommodate processes 
such as nutrient uptake, protein secretion 
and membrane biogenesis. Although 
more than 60 integral outer membrane 
proteins have been described for the 
Gram-negative Escherichia coli [31], not 
even a handful of mycobacterial outer 
membrane proteins (MOMPs) are known. 
Channel activity, indicative of specific 
porin proteins, has been identified in 
cell extracts of Mycobacterium bovis BCG. 
These experiments showed large cation-
selective channels with a single channel 
conductance of 4.0 nS and small anion-
selective channels with single channel 
conductance of approximately 0.8 nS [22]. 
However, the nature of these proteins was 
never established. The best studied MOMP 
is the major Mycobacterium smegmatis porin 
MspA. This extremely stable porin forms 
an octameric goblet-like β-barrel with 
a central 10 nm channel [11]. Although 
these features significantly differ from 
the general monomeric or trimeric porins 
found in Gram-negative bacteria [20], 
all these proteins have in common that 
they cross the membrane using a β-barrel 
structure. Unfortunately, no homologues 
of MspA are found in M. tuberculosis. For 
this species, the only proteins described to 
reside in the MOM are MctB (mycobacterial 
copper transport protein B; Rv1698) [49], 
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successfully used to isolate and identify 
mycobacterial outer membrane proteins 
[33]. In this work, we used a variety of 
different methods to identify inner and 
outer membrane proteins of M. marinum. 
As markers for successful fractionation, 
antibodies were used directed against the 
mycolate outer membrane (MOM) protein 
MctB and against the inner membrane 
(IM) proteins EccC5 and FtsH [47]; the 
latter antiserum additionally recognizes 
the cytosolic ATPase MMAR_0752 [7]. 
The most commonly used method to 
isolate different cell envelope fractions 
is by differential centrifugation [14, 21, 
40]. Using our markers we could show, 
in contrast to a previously study [40] that 
both IM and MOM proteins were pelleted 
by a centrifugation step at 27,000xg (Fig. 
1B). We also tried to separate IM and 
MOM proteins using sucrose gradient 
centrifugation [34], but this approach 
was not successful (results not shown). 
We furthermore performed  “shaving” 
of M. marinum cells using trypsin-coated 
beads that specifically cleave exposed 
protein domains [9]. This procedure only 
identified abundant cytosolic and secreted 
proteins, such as GroEL and EsxA, and not 
any known or putative membrane proteins 
(results not shown). Specific labeling of 
surface proteins by whole cell biotinylation 
using hydrophilic Sulfo-NHS-SS-biotin 
and subsequent purification of biotinylated 
proteins by streptavidin-beads did not 
identify any known MOMP either. Finally, 
we succeeded to specifically isolate 
MOMPs using a differential detergent 
extraction protocol. Treatment of the cell 
envelope fraction with different detergents 
showed that most detergents, such as 
Triton X-100, Sarkosyl and Genapol X-80, 
solubilized both IM and MOM marker 
proteins (Fig. 1A). However, by using 
n-octyl-β-D-glucopyranoside (OBG) we 
could differentially extract MctB, while 
leaving both IM proteins FtsH and EccC5 
in the pellet fraction (Fig. 1A). Also the 

Figure 1. Mycobacterial outer membrane proteins 
can be specifically enriched for by extraction with 
OBG. Immunoblots probed with antisera recognizing 
the inner membrane proteins FtsH and EccC5, MOM 
proteins MctB and OmpATb, and cytosolic proteins 
MMAR_0752 and GroEL2. (A) Equal amounts of 
pellet (DP) and supernatant (DS) fractions after 
solubilization of cell envelope (CE) with Sarkosyl 
(S), Triton X-100 (T100), Genapol-X80 (G) and OBG. 
(B) Immunoblot of fractions corresponding to equal 
OD units of total lysate (T), soluble fraction (cyt1 
27k) and pellet fraction (cell envelopes, CE 27k) 
after centrifugation at 27,000xg, after an additional 
centrifugation step at 100,000xg (cyt2 100k and P 
100k), and detergent pellet (DP) and supernatant (DS) 
obtained after solubilization of CE with 1% OBG. 
For the CBB-stained SDS-PAGE gel, all membrane 
fractions (last 4 lanes) were loaded in three fold excess 
as compared to total and cytosolic fractions. 
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putative MOMP OmpATb was extracted by 
this detergent (Fig. 1B). Interestingly, this 
specific detergent, OBG, has previously 
been used to specifically disrupt the MOM 
after treatment of whole mycobacterial 
cells [15]. Coomassie Brilliant Blue (CBB) 
staining of the detergent treated fractions 
reproducibly showed that a large group 
of cell envelope proteins was specifically 
extracted with this detergent (Fig. 1B).

Identification of MOMP candidates. 
To identify which proteins are specifically 

extracted by OBG, both the detergent 
pellet and supernatant fractions of three 
independent biological replicates were 
analyzed by nanoLC-MS/MS (Fig. S1A, 
Table S2). Spectral counts of identified 
proteins were normalized and supervised 
clustering of the fold change between 
detergent pellet and supernatant 
confirmed major differences in protein 
content (Fig. S1B). Next, we determined for 
every detected protein the relative amount 
of peptides extracted by the detergent (i.e. 
found in the detergent supernatant fraction 
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Figure 2. Mass spectrometry 
analysis of differentially 
detergent extracted cell 
envelopes (A) Relative detergent 
extractability of detected 
proteins, grouped according to 
the number of predicted TMDs, 
presence of predicted signal 
peptides and lack of TMDs 
(secreted proteins), lipoboxes and 
lack of TMDs (lipoproteins) and 
PE/PPE motifs. The remaining 
proteins are considered soluble. 
<30% extracted proteins are 
considered putative inner 
membrane proteins (IMPs), 31-
89% extracted proteins are the 
middle group, and putative 
mycobacterial outer membrane 
proteins (MOMPs) are >90% 
extracted. The relative abundance 
of protein groups in the total 
cell envelope (CE) fraction 
is indicated. (B) Functional 
classification of detected proteins 
in total CE and MOMPs group, 
as described by the Mycobrowser 
[18].
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as compared to the pellet fraction). Both 
known MOMPs, MctB and OmpATb, were 
found to be >90% extracted, whereas the IM 
markers FtsH and EccC5 were on average 
29% and 32% extracted (Table S2). Based on 
these findings, we divided the identified 
proteins into three groups: I) a putative IM 
protein group, containing the proteins that 
were less than 30% extracted, II) a putative 
MOMP group with proteins, which were 
over 90% extracted, and III) a middle group 
with all the other proteins (Fig. 2A). In silico 
analysis for signal peptide, lipobox, PE/
PPE and transmembrane domain (TMD) 
predictions showed that the IM protein 
group had an enrichment of proteins with 
multiple predicted TMDs. The detergent 
extracted group enriched for MOMPs 
consisted of 219 proteins and was enriched 
for lipoproteins, putative secreted proteins 
(i.e. containing predicted signal peptides) 
and proteins with one putative TMD (Fig. 
2A). Functional classification analysis [18] 
indicated that this latter group contains 
more conserved hypothetical proteins 
and proteins involved in cell wall and cell 
processes compared to the other groups 
(Fig. 2B). To identify putative MOMPs, we 
further polished this list based on several 
criteria. Notably, because MOMPs reside 
in a unique membrane and therefore 

might have unexpected features, we 
did not select for proteins with a signal 
sequence or an overall β-sheet prediction. 
We did preclude proteins with a known 
cytosolic or inner membrane function and 
lipoproteins. An additional criterion is 
the absence of close homologs in closely 
related species that lack mycolic acids and 
a MOM, such as Streptomyces. Based on 
these criteria, we obtained a shortlist of 
64 candidate MOMPs (Table S3), of which 
a number of proteins were selected for 
further characterization. 

Expression and characterization of 
putative MOMPs. 
Four candidate MOMPs, all hypothetical 
proteins that were reproducibly detergent 
extractable in all biological replicates, 
were selected for further characterization, 
namely MMAR_0617, MMAR_4057, 
MMAR_4366 and MMAR_5387 (Table 1). 
The latter two candidates are described 
as core mycobacterial genes [28] that are 
highly conserved among mycolata, but 
absent in Streptomyces sp.. MMAR_0617 
was chosen for its exceptionally 
threonine-rich C terminus, indicating 
possible modification (see below), while 
MMAR_4057 represents one of the two 
Mce-associated proteins present on the 

Table 1. Characterization of marker proteins and candidate MOMPs
a TMD: predicted transmembrane domains (TMHMM), SP: predicted signal peptide (SignalP); MW: molecular 
weight
b Extractability by OBG of endogenous protein quantified by nanoLC-MS/MS
c Extractability of HA-tagged protein by OBG as quantified from immunoblot signals (Fig. 3A) using Quantity 

One
d Closest homologue of MMAR_0617, orthologue of Rv0312c is MMAR_0562

Orthologue
H37Rv

FtsQ Rv2151c 1 N 34 40 24% 36%
OmpATb Rv0899 1 N 34 40 100% 97%
MctB Rv1698 1 Y 32 35 90% 82%
MMAR_0617 Rv0312d 1 N 62 120, 80 100% 75%
MMAR_4057 Rv1972 1 N 26 34, 25 98% 53%
MMAR_4366 Rv1100 1 N 22 30, 24 100% 93%
MMAR_5387 Rv3835 1 N 48 75, 60, more 100% 87%

extraction 
+HA-tag cProtein TMD a SP a Predicted 

MW (kDa)
Observed MW 

(kDa)
extraction 

endogenous
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MOMP candidate shortlist. Mce-associated 
proteins have been implicated in lipid 
import [36] .  

The corresponding genes were 
cloned into a shuttle vector behind an 
hsp60 promoter with a linker coding for 
a C-terminal HA epitope. As controls, IM 
marker protein FtsQ and MOM marker 
proteins OmpATb and MctB were cloned 
in a similar manner. After introduction 
of the constructs into M. marinum E11, 
immunoblot analysis using anti-HA 
serum showed that the protein levels of the 
different HA-tagged proteins were highly 
variable (Fig. S2). Expression ranged from 
hardly detectable (MMAR_4057-HA), to 
high (MMAR_0617-HA, see below). Since 
all constructs contain the same promoter 
and ribosome binding site, this variation is 
probably caused by differences in mRNA- 
or protein stability. Interestingly, the 
observed products for MMAR_0617-HA 
and MMAR_5387-HA were significantly 
larger than their expected molecular 
weight (MW). In addition, some proteins 
also displayed various products smaller 
than the predicted MW (Fig. 3A), which 
indicates processing or degradation. 

First, we set out to verify the results 
obtained by nanoLC-MS/MS. Subcellular 
fractionation and subsequent detergent 
extraction confirmed that three of the 
four HA-tagged MOMPs and also the two 
MOMP markers MctB and OmpATb are 
primarily localized to the cell envelope 
and >75% detergent extractable with 
OBG, whereas IM marker FtsQ-HA is only 
approximately 30% extracted (Fig. 3A 
and Table 1). The only conflicting result 
was obtained with MMAR_4057-HA, 
which was only 50% extractable. Because 
this protein was also very inefficiently 
expressed, MMAR_4057-HA was excluded 
from the follow-up experiments. As 
might be expected, the highly expressed 
MMAR_0617-HA and MMAR_5387-HA, 
while mainly cell envelope associated, also 
show considerable cytosolic localization 

(Fig. 3A).

Heat modifiability and cell envelope 
association of MOMP candidates. 
One of the common characteristics of 
β-barrel proteins found in the OM of 
Gram-negative bacteria, such as OmpA 
and Omp85, is their heat modifiability 
[3]. β-barrel proteins specifically resist 
complete denaturation when treated 
with 0.2% SDS at room temperature, but 
unfold when boiled in 2% SDS. This heat-
dependent unfolding can be visualized 
by a shift in MW on SDS-PAGE gels [35]. 
Interestingly, while two of our proteins 
did not reveal a molecular shift upon 
heat treatment, the unboiled samples of 
MMAR_5387-HA migrated roughly 5 
kDa lower as compared to the denatured 
form (Fig. 3B). Although the observed 
heat modifiability indicates a β-barrel 
structure, bioinformatic analysis of the 
MMAR_5387 amino acid sequence does 
not confirm this. Therefore, the nature of 
the heat modifiability of MMAR_5387 is 
still unclear. Notably, the marker MOMPs 
MctB and OmpATb did not exhibit heat 
modifiability (not shown).

To further investigate the membrane 
association of the putative MOMPs, 
we tested their protease accessibility. 
Unfortunately, protease treatment of whole 
cells did not affect any of the MOMPs, 
including OmpATb and MctB (not shown), 
possibly due to the thick capsule layer 
[41]. We additionally performed limited 
proteolysis on isolated cell envelopes 
and on MOMPs solubilized from the cell 
envelope fractions using OBG. All tested 
proteins are more protease sensitive when 
solubilized from the cell envelope (Fig. 
3C), indicating they are indeed embedded 
in the membrane. This is most apparent 
for MMAR_0617 and MMAR_4366. 
Interestingly, protease treatment of 
MMAR_0617 resulted in a C-terminal HA-
tag-containing fragment of ~70 kDa that is 
highly resistant to trypsin and, to a lesser 
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extent, proteinase K. Notably, this product, 
which is still larger than the predicted 
MW of 62 kDa, was also resistant towards 
trypsin when solubilized by detergent 
(also see below). In contrast, MMAR_5387, 
the heat modifiable protein, is relatively 
sensitive to trypsin and proteinase K 
(Fig. 3C). These results suggest that 
MMAR_0617 and MMAR_4366 are deeply 
embedded in the cell envelope, while at 
least the C-terminal HA-tag-containing 
domain of MMAR_5387 is exposed.

We also investigated the membrane 
localization of the candidate MOMPs by 
immunogold electron microscopy. None 
of the C-terminal HA-tagged constructs 
could be detected upon labeling of whole 
cells (not shown). This detection problem 
might again be caused by the thick 
capsular layer or by the possibility that the 
C-terminal epitope is exposed towards the 
periplasm instead of the cell surface. To 
circumvent these problems, we performed 
immunogold labeling on Tokuyasu cryo-
sections. Since in these sections only a 
limited amount of membrane is accessible 
for antibody-labeling, especially compared 
to the cytosol that exposes a relative large 
surface, the detection of a membrane 
protein is strongly linked to its expression 
levels and the percentage of cell envelope 
association is also not absolute. While 
MMAR_4366 showed little labeling, 
MMAR_0617 and MMAR_5387 were very 
efficiently labeled (Fig. 3D). This is also 
confirmed in quantitative analysis of gold 
particles per cell (Fig. 3E). Wild-type cells 

and cells expressing periplasmic DppA-
HA were used as controls in this analysis. 
The immunogold labeling showed clear 
association of the proteins with the cell 
envelope, although also some cytosolic 
localization was observed, which is in 
line with the biochemical fractionation 
results (Fig 3A). Unfortunately, in these 
experiments we were unable to distinguish 
between the inner and outer membrane 
fraction due to the size of the antiserum-
gold complex (~20 nm). Quantification 
of gold particles for their localization did 
show that especially MMAR_0617 was 
detected primarily at the cell wall and 
membrane fractions (Fig. 3E). 

MMAR_0617 is extensively modified at its 
C terminus. 
MMAR_0617 has a C-terminal domain 
that contains exceptionally large stretches 
of threonine residues (up to 11 consecutive 
residues, Fig. 4A). Curiously, this protein 
has a predicted MW of 62 kDa, but the 
apparent MW observed on SDS-PAGE is 
~120 kDa, with an additional minor form 
of ~80 kDa (Fig. 3A). This large ~120 kDa 
product of MMAR_0617-HA is abundantly 
present in the cell envelope fraction and is 
even visible by CBB staining (Fig. 4B). The 
appearance of this SDS-stable product was 
irrespective of the C-terminal label, as also 
the His-tagged protein migrated similarly 
(Fig.  4C). Deletion of the C-terminal 91 
amino acids, containing 56 threonines 
(Fig. 4A), resulted in a truncated protein 
that migrated at the predicted MW of 

Figure 3. Candidate MOMPs localize to the detergent extractable cell envelope fraction. (A-C) Immunoblots 
were probed with antisera recognizing FtsH, MMAR_0752 or the HA epitope. (A) Subcellular fractions of M. 
marinum expressing HA-tagged versions of the control proteins and the candidate MOMPs. Total lysate [T], 
soluble lysate after 27000xg centrifugation [cyt], detergent pellet [DP] and supernatant [DS] obtained after 
treatment of cell envelopes with PBS or 1% OBG were loaded in a 1:1:5:5:5:5 ratio. (B-C) Heat modifiability 
and protease accessibility of MMAR_0617-HA, MMAR_4366-HA or MMAR_5387-HA. (B) Cell envelope 
fractions were denatured in 2% SDS at 95°C [+] or incubated in 0.2 % SDS at 37°C [-] and loaded on an SDS-free 
PAGE gel. (C) MOMPs were treated with different concentrations of proteinase K [protK] or trypsin, without 
or after detergent extraction with OBG. (D) Representative Tokuyasu cryo-sections of M. marinum expressing 
MMAR_0617-HA or MMAR_5387-HA probed with HA antiserum followed by goat anti-mouse conjugate 
labelled with 10 nm gold particles. Scale bar is 100 nm. (E) Quantification of gold particles assigned to different 
subcellular compartments (see Material & Methods for definitions). 
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in MW. Remarkably, the deletion of this 
domain also greatly affected the cell 
envelope localization of MMAR_0617, 
as nearly all of the truncated version 

~50 kDa (Fig. 4C). This indicates that 
(post-translational modification of) the 
C-terminal Thr stretch of MMAR_0617 
is responsible for the observed increase 

Figure 4. Extensive modification of MMAR_0617 (A) Amino acid sequence of MMAR_0617. Highlighted in 
grey are peptide sequences that were detected by MS/MS analysis and therefore do not contain modifications. 
Underlined are trypsin digestion sites and the Thr-rich C-terminal domain that is deleted in the truncated 
MMAR_0617ΔC is indicated in bold. (B) CBB-staining and immunoblots using the HA-antibody and HRPO-
conjugated Concanavalin A (ConA) of cell envelope fractions (CE) without (-) and with (+) MMAR_0617-
HA (indicated with *). (C) Immunoblot of total lysate (T), cytosol (cyt) and CE of M. marinum expressing 
MMAR_0617-His or MMAR_0617DC-His loaded in a 1:1:1 ratio. (D) Immunoblot of subcellular fractions of 
M. marinum expressing MMAR_0617-HA probed with anti-FtsH, anti-MctB and anti-HA; T, cyt, CE, detergent 
pellet (DP) and supernatant (DS) obtained after solubilization of CE with 1% OBG, and DS treated with 0.15 M 
NaOH (DS NaOH) loaded in a 1:1:3:5:5:5 ratio.
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MMAR_0617 forms an oligomer with 
channel-forming activity in lipid bilayer 
experiments. 
To examine whether MMAR_0617 could 
function as a porin in the MOM, the His-
tagged version of this protein was purified 
from M. marinum cell envelopes using Ni-
NTA affinity chromatography and channel 
activity was analyzed by reconstitution 
of purified protein into planar lipid 
membranes. As negative controls, the 
same purifications were performed for 
strains lacking MMAR_0617-His or 
expressing MMAR_0617-His with the 
C-terminal deletion (Fig. S3A). Analysis 
of purified MMAR_0617-His by blue 
native PAGE indicated that this protein 
forms two major oligomeric complexes 
with an apparent molecular weight of 
~200 and ~400 kDa (Fig. S3B). Lowering 
the Triton X-100 concentration to 0.1% 
during the purification (see material and 
methods) slightly decreases the apparent 
MW of both complexes (Fig. S3B). Further 
purification of these eluates by gel 
filtration chromatography also confirmed 
that MMAR_0617 forms an oligomeric 
complex of ~400 kDa (Fig. S3C). 

Next, we used the planar lipid 
bilayer technique to characterize the 
single channel properties of Ni-NTA 
purified MMAR_0617-His, both before 
(not shown) and after gel filtration 
(Fig 5A). Channel properties, such as 
conductance, selectivity and gating, were 
investigated. When MMAR_0617 was 
reconstituted into stable 1,2-diphytanoyl-
s n - g l y c e r o - 3 - p h o s p h a t i d yl c h o l i n e 
(DPhPc) lipid bilayers, it formed a stable 
channel that allowed a specific ion current 
under applied transmembrane voltage. 
Notably, no activity was recorded in 
control experiments using the Ni-NTA 
purifications from the empty strain or 
expressing MMAR_0617ΔC-His (results 
not shown). Single MMAR_0617 channels 
in the bilayer membrane showed a 
characteristic conductance of 0.8±0.1 nS in 

was found in the cytosolic fraction (Fig. 
4C). This result is surprising, because 
MMAR_0617 contains a predicted TMD 
that was preserved in the truncated 
version, suggesting that this domain does 
not function as a membrane anchor.

The excessive number of Thr residues 
in the C-terminal domain MMAR_0617 
could be post-translationally modified by 
O-glycosylation, as has been described for 
e.g. the M. tuberculosis antigens Apa [8] 
and Mpb83 [29]. To test for glycosylation, 
lectin-blots were performed with the 
HRP-conjugated glucose- or mannose-
recognizing lectin Concanavalin A (ConA). 
The clear recognition of the 120 kDa band 
by this lectin indicates the presence of 
α-linked glucose or, more likely, mannose 
residues on MMAR_0617 (Fig. 4B). A faint 
120 kDa reacting band was observed in 
the negative control as well, which might 
represent the endogenous MMAR_0617. 
Cell envelope-solubilized MMAR_0617-
HA was also tested for its sensitivity to 
mild alkaline hydrolysis, which releases 
ester-linked modifications. This treatment 
resulted in a distinct shift in MW of ~20 kDa 
of the 120kDa product of MMAR_0617 (Fig. 
4D), further indicating that MMAR_0617 is 
indeed extensively modified. This latter 
treatment also affected ConA reactivity 
of the protein (not shown), whereas the 
control protein MctB remained unaffected 
(Fig. 4D). Finally, MS/MS analysis of 
purified MMAR_0617 resulted in 38% 
peptide coverage (Fig. 4A), revealing 
the peptides without posttranslational 
modifications. The Thr-rich tail was not 
identified in this analysis, but it should be 
noted that a large part of the C-terminal 
domain lacks trypsin digestion sites and is 
therefore probably too large to be detected 
by mass spectrometry, even without 
modifications. In conclusion, the putative 
MOMP MMAR_0617 is extensive modified, 
likely at the Thr-rich C-terminus, by at 
least ester-linked and glycosyl groups.
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However, the exact physical orientation of 
the channel could not be detected in this 
type of measurements. Further analysis of 
the data showed that MMAR_0617 forms 
a highly voltage-sensitive channel. In 
addition, single MMAR_0617 channels 
showed asymmetry in the channel closure 

1 M KCl (Fig. 5B), which was consistently 
observed using independent biological 
replicates. Moreover, the channel showed 
a slight asymmetry in the channel 
conductance with respect to the polarity of 
the applied voltage, i.e. at negative voltage, 
the channel conductance is slightly higher. 

Figure 5. Purified MMAR_0617-His shows channel activity in lipid bilayer experiments. (A) Silver-stained 
SDS-PAGE gel containing Ni NTA-purified MMAR_0617-His in 1% Triton X-100 (T100) before (-) and after 
gel filtration chromatography. Obtained fractions 20, 21, 22 and 33 (negative control) were TCA-precipitated 
before loading. A background signal of ~15 kDa was observed in all fractions, which likely represents the co-
precipitated T100. MMAR_0617 is indicated by an asterisk and the fraction used for single channel activity 
recordings is marked by an arrow. (B-C) Single channel activity recordings representative for three biological 
replicates. Experimental conditions were 1 M KCl, 10 mM HEPES, pH 7.4 at room temperature. (B) Ionic currents 
through a single channel at -100 mV and +100 mV. At -100 mV, the channel exists in one open conductance state, 
whereas at +100 mV the channel fluctuates between different conductance states. (C) Corresponding amplitude 
histograms. 
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lipid bilayer indicates that channel proteins 
are necessary for transport of proteins and 
nutrients across the MOM. In this study, 
we have tried various methods to discover 
novel MOMPs, using marker proteins to 
ascertain successful separation. We failed 
to separate inner and outer membranes by 
differential centrifugation [40] or sucrose-
gradient centrifugation of isolated cell 
envelope fractions. The latter method has 
been successfully used for C. glutamicum, 
for which two fractions of different 
density were observed in a gradient of 
35-56% sucrose [27]. However, multiple 
attempts for M. marinum always showed 
one fraction at a density of 31-34%, which 
contained both inner and outer membrane 
proteins (not shown). This disparity 
might reflect a difference in composition 
of the corynebacterial and mycobacterial 
MOM, perhaps caused by the length of 
their mycolic acids (i.e the mycobacterial 
mycolic acids are considerably longer). 
In the end, fractionation of IM and 
MOM proteins by differential detergent 
extraction was successful. While most 
detergents solubilized both inner and 
outer membrane proteins, we found that 
OBG preferentially solubilizes the known 
MOMPs, leaving IM marker proteins in the 
detergent pellet. Analysis of the obtained 
fractions by nanoLC-MS/MS identified a 
number of putative MOMP candidates. 
One of these candidates, MMAR_0617, 
indeed exhibited channel activity in lipid 
bilayer experiments, indicating it is a novel 
porin protein. 

Protease accessibility experiments 
showed that MMAR_0617 is embedded in 
the membrane, probably via its C-terminal 
domain. Thus far, it is unknown how 
this protein is transported across the IM; 
it does not contain an N-terminal signal 
sequence, nor the recently identified 
general type VII secretion motif [6]. The 
MS/MS analysis of MMAR_0617 purified 
from cell envelopes also indicates that 
no N-terminal processing takes place. 

with respect to the polarity of the applied 
voltage. For example, at positive voltage 
above 100 mV, the channel fluctuated 
between several different subconductance 
states, whereas at negative voltage the 
channel remained in one open steady state 
(Fig. 5B). At present, this mechanism of 
voltage sensitivity is not understood. 
The corresponding current amplitude 
histograms showed that the MMAR_0617 
channel fluctuates between two states at 
positive voltage, whereas it remains mostly 
in one open state at negative voltage (Fig. 
5C). The ion selectivity was determined 
with reversal potential measurements 
after applying a 10 fold salt gradient (0.1 M 
KCl cis side/1 M KCl trans side). We used 
Goldman-Hodgkin-Katz (GHK) equation 
to determine the ratio of cation and anion 
permeability. The calculated PK/Cl ratio 
around ~2 indicates that the channel is 
slightly cation selective. 

To further exclude that other 
proteins that co-purify with MMAR_0617-
His are responsible for the observed channel 
activity, we also purified C-terminally 
HA-labeled MMAR_0617 using a different 
technique, i.e. using beads coated with HA-
antibodies (Fig. S4A). Also this purified 
MMAR_0617-HA preparation clearly 
demonstrated channel activity in lipid 
bilayers (Fig. S4B), although the channels 
fluctuated between different conductance 
states with very high noise. This relative 
instability might be caused by the HA-tag 
or the purification procedure that involved 
elution at low pH. In conclusion, in three 
different MMAR_0617 purifications, we 
have observed that MMAR_0617 exhibits 
channel activity in artificial lipid bilayers, 
which indicates it forms a pore in the      
MOM.                              

                           
DISCUSSION

Recent studies have revealed that 
mycobacteria contain a second lipid bilayer, 
the mycolate outer membrane (MOM) [15, 
41, 51]. The presence of this impermeable 
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SDS-PAGE, while the predicted MW is 62 
kDa. Although we have not yet been able to 
specifically determine which modifications 
are present at the C terminus due to the 
absence of trypsin digestion sites, its 
reactivity to ConA suggests MMAR_0617 
is glycosylated. Glycan moieties seem to 
be important for pathogen recognition by 
various receptors on host immune cells [46] 
and it is therefore tempting to speculate 
this protein is involved in host recognition. 
Bacterial O-linked glycosylation is usually 
restricted to short stretches of glycans 
(usually up to three residues). Therefore, 
it seems unlikely that the increase in MW 
of 60 kDa of MMAR_0617 is solely due 
to glycosylation, even if all C-terminal 
threonines are modified. Interestingly, 
two outer membrane proteins of C. 
glutamicum, PorA and PorH, have 
recently been described to be modified by 
O-mycolyolation of serine and threonine 
residues [17]. Similarly, MMAR_0617 
could be additionally acylated, perhaps 
via O-mycolyolation, which is also 
indicated by the 20 kDa shift observed 
upon mild alkaline treatment. In line with 
this hypothesis is the observation that the 
C terminus of MMAR_0617 is responsible 
for the cell envelope interaction of this 
protein. Future studies will be dedicated 
to map the modifications of MMAR_0617. 

Interestingly, although M. tuberculosis 
does not contain an orthologue of MMAR-
0617, several conserved proteins can be 
identified that contain Thr-rich stretches. 
These proteins, Rv0312, Rv0538 and 
Rv2198c, have a similar organization as 
MMAR_0617, i.e. a single predicted TMD 
in the middle of the protein followed by a 
Thr-rich C-terminal domain, and have been 
shown through proteomic approaches 
to be located in the cell envelope [26]. 
Their orthologues MMAR_0884 and 
MMAR_3358 are also highly detergent 
extractable (Table S2). These data could 
indicate that all these Thr-rich proteins are 
in fact MOMPs.  

Reconstitution of this protein into planar 
lipid membranes clearly showed it has a 
single-channel conductance of 0.8±0.1 nS. 
Furthermore, MMAR_0617 was shown 
to be highly voltage sensitive, exhibiting 
different conductance states when positive 
voltages were applied. Importantly, gel 
filtration chromatography and blue native 
PAGE analysis indicated that the channel 
is formed by an oligomer of MMAR_0617. 
Bioinformatic analysis with JPred3 [4] 
revealed that the protein contains some 
β-strands, but also several α-helices 
(not shown). It thus seems unlikely that 
MMAR_0617 has a β-barrel structure 
comparable to MspA [11]. The channel 
conductance is also considerably lower 
than that of MspA. Accordingly, the high 
expression level of MMAR_0617 does 
not significantly affect bacterial viability 
or antibiotic sensitivity (not shown). 
Interestingly, under a different purification 
condition (0.1% in stead of 1% Triton 
X-100 during the Ni-purification and 
before the gel filtration step), we observed 
two channel activities. We additionally 
measured channels with higher 
conductance of 4-10 nS (Fig. S5), although 
less frequent than the ~0.8 nS channel 
activity. This larger channel was voltage-
dependent, a behavior that is similar to 
MspA [10]. Using the same sample we also 
observed that few channels reconstituted 
into lipid bilayers fluctuated between 
difference subconductance states with very 
high noise (data not shown). Importantly, 
in preparations using 1% Triton X-100 
or including further purification by gel 
filtration in the presence of 0.1% Triton 
X-100 such channels were never observed, 
indicating these channel activities are due 
to contaminating proteins. Future research 
will focus on identifying the proteins that 
are responsible for these activities.

MMAR_0617 is an unusual channel-
forming protein. Its threonine-rich C 
terminus seems to be highly modified, 
resulting in an apparent MW of 120 kDa on 
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Subcellular fractionation of M. marinum 
- A culture of 200 to 500 ml of M. marinum 
was grown to mid-log phase. Prior to lysis, 
bacteria were killed by addition of 100µg/
ml Ciprofloxacin (Sigma) to the culture 
medium and incubation for an hour at 
30°C. Out of several killing procedures 
tested, this was the one with the smallest 
effect on cell envelope isolation. Cells 
were harvested at 4°C by centrifugation 
at 4000xg, washed three times with 
phosphate-buffered saline (PBS) and 
resuspended in PBS supplemented with 
proteinase inhibitor (Complete, Roche), 
1 mM ethylenediamine tetra acetic acid 
(EDTA) and 0.1 mg/ml DNAse. Cells were 
broken either by a three times passage 
through a French Press (12000 lb/inch) 
or two passages through a One-Shot cell 
disrupter (Constant Systems). After the 
first passage 1 mM dithiothreitol (DTT) 
was added to the lysate. Lysates were 
subjected to low speed centrifugation for 
5 min at 3000xg to remove unbroken cells, 
which was repeated twice. Subsequently, 
cytosolic and cell envelope fractions were 
separated by centrifugation at 27000xg. 
The obtained pellet was resuspended in 
PBS and centrifuged again at 27000xg 
to obtain the final cell envelope fraction. 
In addition, the soluble fraction of the 
first centrifugation step, representing 
the cytosol fraction, was subsequently 
centrifuged at 100000xg to remove residual 
membrane fractions. 

Detergent extraction of cell envelope 
proteins - Cell envelope fractions were 
resuspended in PBS or PBS containing 
either 1% w/v n-octyl-β-D-glucopyranoside 
(OBG, Calbiochem), 0,5 % v/v Genapol-X80 
(Fluka), 1% w/v sodium-lauryl sarcosinate 
(Sarkosyl, Sigma) or 1% v/v Triton X-100 
(Sigma) and incubated for 30 min at room 
temperature. Subsequently, samples were 
centrifuged twice at 27000xg to separate 
the soluble from the insoluble fraction. The 
final soluble fraction was subjected to TCA 

By differential detergent solubilization 
we could separate inner membrane proteins 
from a specific group of proteins that 
contains MOMPs. Curiously, the OMPs 
of Gram-negative bacteria generally resist 
detergent solubilization and detergent 
treatment in these bacteria is used to 
specifically solubilize inner membrane 
proteins [12, 42]. This discrepancy could 
indicate major structural differences 
between mycobacterial and Gram-negative 
outer membrane proteins, which reflects 
the difference in composition of their 
respective outer membranes. Alternatively, 
we have identified a specific relatively 
detergent-sensitive subpopulation of 
MOMPs, whereas others do resist detergent 
solubilization. This might be related to 
specific lipid patches, in which this MOMP 
subpopulation resides. Interestingly, most 
of the candidate MOMPs that we tested 
showed an increased MW on SDS-PAGE, 
indicative of posttranslational modification 
(Table 1). We also confirmed a modification 
of MMAR_5387, as this protein showed a 
minor shift in MW upon treatment with 
NaOH, indicating it contains O-linked 
modifications (not shown). 

In conclusion, we have developed a 
method to specifically solubilize specific 
MOMPs, which led to the discovery of 
a novel mycobacterial channel-forming 
protein with extensive modifications. 

MATERIALS AND METHODS
Bacterial strains and culture conditions - 
M. marinum strain E11 [39] was routinely 
grown at 30°C in Middlebrook 7H9 (Difco) 
liquid medium and on Middlebrook 
7H10 plates (Difco) supplemented with 
10% Middlebrook ADC and 0.05% 
Tween-80 (BD, Biosciences) or only 
OADC, respectively. Escherichia coli strain 
DH5α was used for amplification and 
manipulation of plasmid DNA. Antibiotics 
concentrations used: hygromycin 50µg/ml. 
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identified proteins were annotated and 
functionally classified using MarinoList 
obtained from the Mycobrowser website 
[18]. Prediction of possible signal 
sequences and TMDs 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. Subsequently, 
identified proteins were ordered according 
to the number of spectral counts detected 
in the detergent solubilized fraction 
compared to the total number of counts, 
resulting in a list of proteins that were 
almost exclusively (>90%) found in the 
solubilized fraction in three biological 
replicates. This group of 219 proteins was 
subjected to BLASTp analysis to determine 
their overall conservation in the bacterial 
kingdom. Additionally, spectral counts 
were normalized by dividing the spectral 
counts per protein by the sum of all counts 
per sample, multiplied by the average 
sum across all samples. Subsequently, the 
fold change (Fc) and p-values between 
counts for detergent pellet and detergent 
supernatant were calculated using the Beta 
Binominal test for spectral count data [37].

Molecular cloning - Selected M. marinum 
genes mmar_3191 (ftsQ), mmar_4637 
(ompA), mmar_2503 (mctB), dppA, 
mmar_0617, mmar_4057, mmar_4366 
and mmar_5387, were amplified by PCR 
using Pfu polymerase (Fermentas) and 
specific anchored primers containing 
restriction sites and a C-terminal HA-tag 
(YPYDVPDYA) or His6-tag (Table S1). 
After restriction with NheI / XbaI / SpeI 
and BamHI / BglII (for specific details, see 
Table S1), the resulting PCR fragments 
were ligated into NheI – BamHI digested 
pSMT3-LipYtb [5], directly behind the hsp60 
promoter. Resulting vectors were checked 
by restriction digestion and subsequent 
sequencing of the relevant part.

precipitation, whereas the pellet fraction 
was washed by PBS. Both fractions were 
dissolved in SDS solubilization buffer 
(50mM Tris–HCl, pH 6.8, 5mM EDTA, 
10% (v/v) glycerol, 2% (w/v) SDS, 100 mM 
DTT and bromophenol blue) and boiled at 
95°C prior to analysis by SDS-PAGE and 
immunoblotting. 

SDS-PAGE, blue native PAGE and 
immunostaining - Samples were loaded 
on SDS-PAGE gels (Bio-Rad/Hoefer) 
or NativePAGE gels (Invitrogen) and 
subsequently visualized by staining with 
Coomassie GT-250 (Biorad), PageSilver™ 
Silver Staining Kit (Fermentas) or by 
immunoblotting. Antisera used for 
immunostaining are rabbit antisera 
reactive to FtsH [47] or EccC5 [16] and 
mouse monoclonal antibodies against the 
influenza hemagglutinin (HA) epitope 
(HA.11, Covance), the His6 epitope 
(Roche) or GroEL2 (CS44, Colorado 
State University). Rabbit antiserum 
recognizing MctB was raised against a 
peptide corresponding to amino acids 
123-135 of MctB (Rv1698), prepared by 
Innovagen (Sweden). HRP-conjugated 
lectin Concanavalin A (Sigma) was used 
to investigate protein glycosylation. 
The presence of bound HRP-conjugated 
secondary antibodies was detected 
via chemiluminescence (Pierce) using 
a CCD camera (Bio-Rad). Provided 
QuantityOne software (Bio-Rad) was used 
to (semi)quantify signals obtained via 
immunostaining.

Mass spectrometric analysis - Protein 
lanes from CBB-stained SDS-PAGE gels 
were excised and prepared for nanoLC-
MS/MS analysis as previously described 
[38, 41], using Scaffold 3 for protein 
identification.

Bioinformatic analysis - Proteins were 
quantified by spectral counting and 
exported to Microsoft Excel (Table S2). All 



75

3

Identification of a novel porin in Mycobacterium marinum

Analysis of putative MOMPs - All 
HA-tagged and His-tagged constructs 
were introduced into M. marinum E11 
by electroporation [5]. After culturing 
the strains expressing the HA-tagged 
proteins, cell envelopes were obtained by 
subcellular fractionation and subsequently 
subjected to detergent extraction by 1% 
OBG as described above. In addition, 
the expressed proteins were tested for 
heat modifiability. In short, cell envelope 
fractions were either boiled at 95°C in 
solubilization buffer containing 2% SDS 
and 100 mM DTT or incubated at 37°C in 
SDS solubilization buffer with 0.2% SDS 
and no DTT. These samples were run on a 
polyacrylamide gel lacking SDS, followed 
by normal immunoblotting procedure.

To examine protease sensitivity of 
MMAR_0617-HA, MMAR_4366-HA and 
MMAR_5387-HA, isolated cell envelopes 
were either directly incubated with 
different concentrations of proteinase K 
(Sigma) or trypsin (Sigma) or solubilized 
by 1% OBG as described above prior to 
protease treatment. Protease activity was 
inhibited after incubation for 30 min at room 
temperature using phenylmethylsulfonyl 
fluoride or trypsin inhibitor (Sigma), 
respectively.

Immunogold Electron Microscopy (EM) - 
Fixation of bacterial cells, cryo-sectioning 
and immunogold labeling of fixed cells 
were essentially done as described in [41]. 
The HA.11 mouse monoclonal (Covance), 
bridging antibody Rabbit anti Mouse 
(Dako) and proteinA attached to 10 nm gold 
(University Utrecht) was used to visualize 
the HA-tagged MOMPs. Localization 
of gold particles was quantified double-
blind. For each strain a representative 50-
200 cells were counted for gold particles, 
which were assigned to three different 
compartments: intracellular (cytosol), 
associating with the observed membrane 
layers (membrane) or localized external to 
the membrane layers, including electron 

transparent zone (cell wall).

Purification of MMAR_0617-His - Large 
(500-1000 ml) cultures of M. marinum E11 
with or without pSMT3::MMAR_0617-
His or pSMT3::MMAR_0617ΔC-His 
were fractionated as described above. 
Obtained cell envelopes were incubated 
for 30 minutes at room temperature in 
phosphate buffer (20 mM Na phosphate 
pH 7.8, 500 mM NaCl) containing 1% v/v 
Triton X-100 (Sigma) and 10 mM imidazole 
and centrifuged at 27000xg to obtain the 
solubilized proteins. Subsequently, these 
protein samples were loaded on HisTrap 
HP Columns (GE Healthcare) equilibrated 
with wash buffer (phosphate buffer 
containing 10 mM imidazole and 1% v/v 
Triton X-100) coupled to an ÄKTA FPLC 
system (Amersham Biosciences) at 0.5 ml/
min. After extensive washing with the 
same wash buffer, proteins were eluted by 
applying a linear gradient of 40 to 160 mM 
imidazole in phosphate buffer containing 
1% v/v Triton X-100. The same purification 
procedure was also performed using the 
same buffers containing 0.1 % v/v Triton 
X-100. Fractions containing the Ni2+-purified 
protein were optionally precipitated using 
ammonium sulfate and further purified 
by size-exclusion chromatography. Size-
exclusion chromatography was performed 
using a SuperdexTM 200 HR 10/30 column 
(Amersham Pharmacia no. 17-1088-
01) coupled to the ÄKTA FPLC system 
and the same buffer as used for the Ni2+ 
purification leaving out the imidazole. To 
analyze these samples by SDS-PAGE, they 
were precipitated with 10% TCA before 
loading. 

In addition, a small-scale purification 
of HA-labeled MMAR_0617 from 
solubilized cell envelope proteins was 
performed using the HA Tag IP/Co-
IP kit (Pierce). Supplied buffers were 
supplemented with 1% v/v Triton X-100 to 
avoid protein aggregation.
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Table S1: primers used in this study

Table S2: Proteins identified by nanoLC-MS/MS analysis (supplied as Microsoft Excel-file upon request)
Spectral counts of cell envelope-derived detergent pellet (DP) or detergent supernatant (DS) of three biological 
replicates (A, B, C). Each identified protein (1433 in total) is annotated and functionally classified using 
MarinoList. For each protein the number of predicted transmembrane helices (TM), Isoelectric point (pI) and the 
presence (Y) or absence (N) of a signal peptide (SigP) is described. Proteins are ordered according to the number 
of spectral counts detected in the detergent solubilized fraction compared to the total number of counts (% extr 3 
rep). In an additional sheet, the spectral counts of the proteins are normalized and their fold change (Fc) between 
detergent pellet and supernatant is calculated with p-values. 

Primer name Sequence
Restriction 
site

Resulting plasmid 

FtsQ-SpeI-F cccactagtgtgaccgaagctagcgacg SpeI pSMT3-FtsQ-HA

FtsQ-BamHI-HA-R
cccggatcctcacgcgtagtccggcacgtcgtacgggtacttcac
ggtcggcagatcg

BamHI pSMT3-FtsQ-HA

MctB-NheI-F cccgctagcatgatctcgttacgccaaca NheI pSMT3-MctB-HA

MctB-BamHI-HA-R
cccggatcctcacgcgtagtccggcacgtcgtacgggtactgagc
gaccgtgaccga

BamHI pSMT3-MctB-HA

OmpAMm-NheI-F cccgctagcgtgggtaccgacgcggg NheI pSMT3-OmpA-HA

OmpAMm-BamHI-HA-R
cccggatcctcacgcgtagtccggcacgtcgtacgggtagctgac
cacaatttcgacac

BamHI pSMT3-OmpA-HA

dppA-NheI-F cccgctagcatgcggcggatgcgggcc NheI pSMT3-DppA-HA

dppA-HA-R 
ccctcacgcgtagtccggcacgtcgtacgggtaggccttgacgag
gttctcg

blunt pSMT3-DppA-HA

pSMT3-Mm0617-HA
pSMT3-Mm0617-His
pSMT3-Mm0617ΔC-His

Mm0617-BamHI-HA-R
cccggatcctcacgcgtagtccggcacgtcgtacgggtaggcgc
ggccgtcgtcgt

BamHI pSMT3-Mm0617-HA

Mm4057-NheI-F cccgctagcgtgagtgattccacgactct NheI pSMT3-Mm4057-HA

Mm4057-BglII-HA-R
cccagatcttcacgcgtagtccggcacgtcgtacgggtacggcac
gaactccacattg

BglII pSMT3-Mm4057-HA

Mm4366-NheI-F cccgctagcgtgactggtgagccgcag NheI pSMT3-Mm4366-HA

Mm4366-BamHI-HA-R
cccggatcctcacgcgtagtccggcacgtcgtacgggtaattcttg
gtcggcagcggc

BamHI pSMT3-Mm4366-HA

Mm5387-SpeI-F cccactagtatggaactgatgttggacgc SpeI pSMT3-Mm5387-HA

Mm5387-BamHI-HA-R
cccggatcctcacgcgtagtccggcacgtcgtacgggtagcctcc
cggtgcgggttc

BamHI pSMT3-Mm5387-HA

Mm0617-BamHI-His6-R cccggatcctcagtgatggtgatggtgatgggcccctggcgcctc BamHI pSMT3-Mm0617-His
Mm0617ΔC-BamHI-His6-R cccggatcctcagtgatggtgatggtgatgtatcacggtcacggtg BamHI pSMT3-Mm0617ΔC-His

Mm0617-SpeI-F cccactagtatgagcgagtcgctcggg SpeI

SUPPLEMENTAL DATA
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Gene name Function MW SigP pI TM A: DP B: DP C: DP A: DS B: DS C: DS % extr 
MMAR_4485 conserved hypothetical secreted protein 62 kDa Y    5.20 0 4 3 13 80 66 56 91%
MMAR_3297 exported protease 56 kDa Y    6.58 1 1 0 2 49 50 46 98%
MMAR_0671 conserved membrane protein 29 kDa N    4.55 1 0 0 0 55 47 39 100%
MMAR_3994 conserved hypothetical alanine-rich protein 30 kDa N    4.13 1 3 2 0 40 32 26 95%
MMAR_2503 conserved hypothetical protein 32 kDa Y    4.77 1 6 5 0 39 36 23 90%
MMAR_5087 conserved membrane protein 28 kDa Y    5.92 1 2 2 2 30 32 28 94%
MMAR_2122 ABC-type dipeptide transport system, 60 kDa Y    5.72 0 0 1 0 35 25 28 99%
MMAR_4770 oxidase 59 kDa N    6.13 0 0 1 0 27 25 25 99%
MMAR_5387 conserved hypothetical membrane protein 48 kDa N    4.36 1 0 0 0 22 20 22 100%
MMAR_3835 conserved hypothetical membrane protein 52 kDa N    7.28 0 2 3 0 16 39 8 93%
MMAR_0617 conserved protein 62 kDa N    4.53 1 0 0 0 24 22 16 100%
MMAR_0418 conserved Mce associated membrane 24 kDa N    4.16 1 2 2 1 20 22 15 92%
MMAR_0872 thioredoxin protein (thiol-disulfide 22 kDa Y    6.25 0 2 1 1 17 22 16 93%
MMAR_4057 conserved Mce associated membrane 26 kDa N    4.00 1 1 0 0 20 19 12 98%
MMAR_3060 conserved hypothetical membrane protein 30 kDa Y    6.67 0 0 0 0 17 15 15 100%
MMAR_4366 conserved protein 22 kDa N    5.22 1 0 0 0 18 16 13 100%
ompA outer membrane protein a OmpA 34 kDa N    4.48 1 0 0 0 18 16 13 100%
MMAR_2060 catalase 33 kDa N    8.65 0 0 4 1 20 14 10 90%
MMAR_1667 conserved membrane protein 45 kDa Y    7.26 0 1 0 0 12 13 12 97%
MMAR_0650 conserved membrane protein 31 kDa Y    6.90 0 0 0 0 13 13 9 100%
MMAR_3870 conserved hypothetical protein 26 kDa N    4.44 1 0 0 0 14 11 8 100%
MMAR_1533 conserved hypothetical membrane protein 31 kDa Y    5.93 0 0 0 0 12 10 10 100%
MMAR_2632 conserved membrane protein 21 kDa Y    4.25 0 0 0 0 12 11 9 100%
MMAR_0565 conserved membrane protein 24 kDa N    5.11 1 1 1 1 13 9 9 91%
MMAR_4494 conserved hypothetical secreted protein 23 kDa Y    6.39 0 0 0 0 11 11 8 100%
MMAR_1677 conserved hypothetical protein 23 kDa N    6.79 0 0 0 0 14 9 5 100%
MMAR_2710 haloalkane dehalogenase 32 kDa N    6.85 0 0 0 0 12 10 6 100%
MMAR_1345 conserved alanine and valine rich protein 42 kDa Y    8.29 1 0 0 0 10 11 6 100%
MMAR_0661 membrane oxidoreductase 24 kDa N    5.15 1 0 0 0 11 10 5 100%
MMAR_1042 conserved protein 24 kDa Y    8.00 0 0 0 1 8 10 7 96%
MMAR_4964 conserved hypothetical membrane protein 27 kDa N    4.78 1 1 0 0 11 10 4 96%
MMAR_1570 conserved hypothetical secreted protein 22 kDa N    4.27 1 0 0 0 9 8 7 100%
MMAR_1194 conserved hypothetical protein 81 kDa N    4.62 0 0 0 0 9 9 5 100%
MMAR_3188 conserved protein 28 kDa N    8.93 0 1 0 0 9 11 0 95%
MMAR_3995 conserved hypothetical protein 24 kDa N    4.13 1 0 0 0 8 8 2 100%
MMAR_0441 conserved hypothetical protein 20 kDa N   0 0 0 0 4 7 6 100%
MMAR_2444 transmembrane serine/threonine-protein 60 kDa N    6.95 1 1 0 0 6 5 6 94%
MMAR_2234 conserved hypothetical protein 29 kDa N    6.14 0 0 0 0 6 6 4 100%
MMAR_5236 cyclopropane-fatty-acyl-phospholipid 49 kDa N    6.51 0 0 0 0 6 8 2 100%
MMAR_5358 conserved hypothetical membrane protein 40 kDa N    5.46 0 0 0 0 6 5 4 100%
MMAR_3573 hypothetical protein 33 kDa Y    5.34 1 0 0 0 6 3 4 100%
MMAR_1577 hydrolase 67 kDa N    5.46 0 0 0 0 2 3 8 100%
MMAR_4605 conserved hypothetical protein 18 kDa N    4.70 0 0 0 0 4 5 4 100%
MMAR_0765 conserved membrane protein 24 kDa N    4.83 1 0 0 0 5 3 4 100%
MMAR_0774 conserved membrane protein 16 kDa Y    5.70 1 0 0 0 4 4 3 100%
MMAR_4495 conserved hypothetical secreted protein 23 kDa Y    4.96 0 0 0 0 3 4 4 100%
MMAR_5061 conserved hypothetical secreted protein 15 kDa Y    5.81 1 0 0 0 4 5 2 100%
MMAR_1734 conserved hypothetical membrane protein 21 kDa N    4.30 1 0 0 0 4 4 3 100%
MMAR_1900 ABC-type sugar transport protein 48 kDa Y    8.20 0 0 1 0 4 3 4 92%
MMAR_0361 quinone oxidoreductase 33 kDa N    5.36 0 1 0 0 5 2 4 92%
MMAR_2054 conserved hypothetical secreted protein 28 kDa Y    4.33 1 0 0 0 2 2 5 100%
MMAR_2837 hypothetical protein 21 kDa Y    4.43 0 0 0 0 3 3 3 100%
MMAR_0605 conserved protein 13 kDa N    4.13 0 0 0 0 2 5 2 100%
MMAR_2018 conserved hypothetical protein 26 kDa N    4.35 0 0 0 0 2 0 7 100%
MMAR_3358 conserved hypothetical proline rich protein 65 kDa N    4.39 1 0 0 0 4 3 2 100%
MMAR_0573 conserved hypothetical membrane protein 39 kDa Y    6.35 1 0 0 0 4 3 1 100%
MMAR_1890 conserved transmembrane alanine rich 18 kDa Y    6.51 1 0 0 0 3 3 2 100%
MMAR_2704 conserved protein 17 kDa N    4.11 0 0 0 0 4 2 2 100%
MMAR_2779 conserved hypothetical protein 40 kDa N    4.54 0 0 0 0 2 2 4 100%
MMAR_1512 conserved hypothetical membrane protein 12 kDa Y    4.04 1 0 0 0 2 3 2 100%
MMAR_1696 conserved membrane protein 15 kDa Y    4.99 1 0 0 0 4 1 2 100%
MMAR_0877 conserved hypothetical membrane protein 6 kDa N   1 0 0 0 3 2 2 100%
MMAR_3227 conserved hypothetical protein 13 kDa N    4.79 0 0 0 0 2 3 2 100%
MMAR_4384 conserved protein 10 kDa N    4.10 1 0 0 0 3 2 2 100%

Table S3: Shortlist of putative MOMPs. See the main text for the selection criteria.
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Figure S1. Coomassie stained SDS-PAGE gel used for nanoLC-MS/MS analysis and supervised clustering. (A) 
Three replicates (A, B, C) of cell envelopes of M. marinum E11 were treated with 1% n-Octyl-β-D-glucopyranoside, 
detergent pellet and detergent supernatant fractions were loaded in a 1:1 ratio on SDS-PAGE and stained by CBB. 
The entire lanes were cut out, trypsinized and subjected to nanoLC-MS/MS analysis. (B) Supervised clustering 
of fold change in identified proteins by nanoLC-MS/MS (p-value <0.05) between the detergent pellet (DP) and 
detergent supernatant (DS).
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Figure S2. Expression levels of HA-labelled 
candidate MOMPs. Immunoblot of total lysates of 
strains expressing HA-tagged marker and candidate 
MOMPs under the control of an hsp60 promoter. 
Proteins were detected with antiserum against the 
HA epitope and are indicated with an asterisk. An 
antiserum against GroEL was used to assure equal 
loading.

Figure S3. MMAR_0617-His purification and 
oligomerization. (A) CBB-stained SDS-PAGE gel of 
Ni-NTA purification in 0.1% Triton X-100 using cell 
envelopes without (-) and with (+) MMAR_0617-
His (indicated with *) or MMAR_0617ΔC-His 
(indicated with <). (B) Immunoblot after blue 
native PAGE analysis of different fractions after 
Ni-NTA purification and subsequent gel filtration 
chromatography of MMAR_0617-His in the presence 

Ft
sQ

-H
A

O
m

pA
-H

A
M

ct
B-

HA
M

m
06

17
-H

A
M

m
40

57
-H

A
M

m
43

66
-H

A
M

m
53

87
-H

A

GroEL

HA

*
* *

*

*

*

*
75

50

100

150

37

25

75

50

kDa

146

242

480

720

His

E19   E22  E12   E16

Mmar_0617-His 
A B

0,1%T100  1%T100

CBB

75

50

100

150
250

37

25

20

15

10

-    +     -    ∆C

*

0,1%T100 

<

C

kDa

kDa

440 43158marker proteins (kDa; +/-15%):
ml

#

100

150
18 19  20 21 22 23  

His

elution #

kDa

of 0.1% or 1% Triton X-100, probed with an anti-His antibody. (C) Immunoblot and absorbance measurements 
(280 nm) of the gel filtration analysis of MMAR_0617-His in 1% Triton X-100 buffer. Fractions in which marker 
proteins were found in a separate run using the same buffer are indicated.
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Figure S5. Additional channel activities of MMAR_0617-His after an alternative Ni-NTA purification 
procedure. Typical ion current recordings through a single channel showing larger conductance of ~4-10 nS 
measured at 100 mV observed in MMAR_0617-His purification of 0.1 % Triton X-100. Channel closes in several 
conductance states. Experimental conditions were 1 M KCl, 10 mM HEPES, pH 7.4 at room temperature.

Figure S4. Immunoprecipitation and channel activity of HA-labelled MMAR_0617. (A) Immunoblot analysis 
of fractions obtained by immunoprecipitation using beads coated with anti-HA and Triton X-100-solubilized 
cell envelopes of  M. marinum expressing MMAR_0617-HA. Unbound proteins (FT), the three washing steps 
(W1-3) and eluted proteins (E) are shown in a 1:4:4 ratio. In addition, the eluate (HA) is compared to the Ni-NTA 
purification of MMAR_0617-His (His) by CBB staining. (B) Single channel activity recordings in lipid bilayers of 
purified MMAR0617-HA.
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