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The outer membranes (OMs) of members of the Corynebacteriales
bacterial order, also called mycomembranes, harbor mycolic acids
and unusual outer membrane proteins (OMPs), including those
with a-helical structure. The signals that allow precursors of such
proteins to be targeted to the mycomembrane remain uncharac-
terized. We report here the molecular features responsible for
OMP targeting to the mycomembrane of Corynebacterium gluta-
micum, a nonpathogenic member of the Corynebacteriales order.
To better understand the mechanisms by which OMP precursors
were sorted in C. glutamicum, we first investigated the partition-
ing of endogenous and recombinant PorA, PorH, PorB, and PorC
between bacterial compartments and showed that they were both
imported into the mycomembrane and secreted into the extracel-
lular medium. A detailed investigation of cell extracts and purified
proteins by top-down MS, NMR spectroscopy, and site-directed
mutagenesis revealed specific and well-conserved posttransla-
tional modifications (PTMs), including O-mycoloylation, pyrogluta-
mylation, and N-formylation, for mycomembrane-associated and
-secreted OMPs. PTM site sequence analysis from C. glutamicum
OMP and other O-acylated proteins in bacteria and eukaryotes
revealed specific patterns. Furthermore, we found that such mod-
ifications were essential for targeting to the mycomembrane and
sufficient for OMP assembly into mycolic acid-containing lipid bi-
layers. Collectively, it seems that these PTMs have evolved in the
Corynebacteriales order and beyond to guide membrane proteins
toward a specific cell compartment.
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Protein lipidation, once assumed to act as a stable membrane
anchor for soluble proteins, is now attracting widespread
attention for its emerging role in diverse signaling pathways and
regulatory mechanisms (1). Among the different classes of post-
translational protein fatty acid modifications, O-acylation is quite
rare. Only a few examples have been reported, mostly in eukary-
otes. For example, the O-octanoylation of ghrelin, a secreted 28-aa
peptide, is essential for growth hormone, orexigenic, metabolic,
and insulin secretion effects (2, 3), whereas the O-palmitoleylation
of Wingless (Wnt) signaling proteins is required for targeting to
the endoplasmic reticulum and secretion and activation of cell
surface receptors (4, 5). In contrast, O-mycoloylation recently
discovered in Corynebacteriales (6) is the only type of O-acylation
found in bacteria. This modification consists of the addition of a
mycoloyl residue, a C32-C36 a-alkyl, f-hydroxy-fatty acyl chain, to
serine residues through an O-ester linkage. O-mycoloylation is
catalyzed by a well-conserved mycoloyltransferase C (cMytC),
which was found to be associated with the bacterial cell envelope
and secreted into the extracellular medium (7). cMytC belongs to
the o/p hydrolase superfamily and uses trehalose dimycolate and
protein as substrates.

Corynebacteriales, which are diderm Gram-positive bacteria,
include species like Corynebacterium glutamicum, which has been
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harnessed for industrial production of amino acids, as well as
Corynebacterium diphtheriae and Mycobacterium tuberculosis,
which cause devastating human diseases. Corynebacteriales con-
tain a unique structure termed the mycoloyl-arabinogalactan—
peptidoglycan (mAGP) complex. The mAGP complex consists of
a heteropolymer of peptidoglycan covalently linked to arabino-
galactan, which in turn, is covalently associated with mycolic acids
of the inner leaflet of the outer membrane. The collection of
mycolic acids and associated membrane proteins is referred as the
mycomembrane. To date, bacterial O-mycoloylation has been
reported on small porins located in the cell envelope of C. glutamicum
and homologs, including the cation-selective channels PorA
(45 residues), PorH (57 residues), and protein of unknown
function, ProtX, all of which are small polypeptides (6). Although
the function and underlying mechanisms of O-mycoloylation re-
main elusive, the biological consequences of having long acyl
moieties attached to proteins include enhancement of membrane
binding as well as protein—protein interactions. For example,
in vitro studies revealed that protein posttranslational modifica-
tion (PTM) was essential for PorA/PorH pore-forming activity (8).
Interestingly, the mycoloylated PorA, PorH, and ProtX proteins
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all lack dedicated signal sequences for export but are only found in
the mycomembrane. Hence, it can be assumed that posttransla-
tional O-mycoloylation may provide a structural element for sub-
cellular targeting of secreted outer membrane proteins (OMPs).

Thus far, studies have failed to identify a well-defined sequence in
mycomembrane-associated proteins that can function as a targeting
signal. To decipher the putative role of O-mycoloylation in the
biogenesis of mycomembrane-associated proteins, we used a strat-
egy based on homologous expression and structural characterization
of the four major porins in C. glutamicum, all of which are found or
thought to be found in the mycomembrane. This set includes the
cation-selective channels PorA and PorH, which do not contain any
leader sequence and are posttranslationally modified by a mycolic
acid on serine residues S15 and S56 (6, 9), respectively. In addition,
we selected the anion-selective channel PorB and its homolog
PorC containing 99 and 97 residues, respectively, after proteolytic
cleavage of the N-terminal signal sequence specific for the Sec
apparatus. The a-helical PorB (10) is known to be targeted to
the cell wall, whereas PorC, by virtue of its colocation in the same
operon, is thought to be similarly targeted, although no evidence
currently exists for this (11). We first investigated the partitioning
of endogenous or recombinantly expressed PorA, PorH, PorB, and
PorC porins between bacterial compartments. Next, we purified
proteins from each cell compartment and identified proteoforms
containing PTMs that are associated with specific cellular com-
partments. We determined the nature and the position of the PTMs
by combining site-directed mutagenesis, top-down electrospray
ionization (ESI)-MS/MS, and NMR spectroscopy and propose
short linear motifs for O-acylation of proteins from different
kingdoms. Finally, we showed that the presence of one or mul-
tiple mycoloyl residue(s) constitutes the main driving force for
membrane association and is essential for targeting porins to the
mycolic acid-containing lipid bilayer.

Results

C. glutamicum Porins Are Targeted to the mAGP Complex and
Secreted into the Extracellular Medium. We first created recombi-
nant expression systems for C. glutamicum porins in the native
host and compared the distribution of His-tagged PorA, PorH,
PorB, and PorC within the bacterial compartments. These ex-
periments were carried out in both exponential and stationary
growth phases of WT C. glutamicum (ATCC13032) expressing
individual porA, porH, porB, and porC genes with native signal
sequences using an isopropyl-p-D-1-thiogalactopyranoside (IPTG)-
inducible Ptac promoter on high-copy plasmids (Table S1). After
cell fractionation, the cytosol (CYT), the plasma membrane (PM),
the mAGP comprising the mycomembrane-associated compo-
nents, and the extracellular medium containing secreted proteins
were isolated. Pure PM and mAGP fractions were obtained by
sucrose density ultracentrifugation using a procedure described
elsewhere (12). Cell debris was removed from CYT and extracel-
lular medium fractions by two cycles of ultracentrifugation. SDS/
PAGE followed by Western blot analysis of subcellular CYT, PM,
and mAGP fractions showed that PorA, PorH, and PorB were
correctly and specifically targeted to the outer membrane, and no
residual signal was observed in other cell compartments (Fig. 14).
PorC was also found associated with the mAGP, constituting evi-
dence for its specific targeting. Surprisingly, significant amounts of
PorH, PorB, and PorC and traces of PorA were also detected in
the extracellular medium, indicating the existence of soluble pro-
teoforms secreted by the bacteria (Fig. 14).

Posttranslational 0-Acylation Is a Common Feature of Mycomembrane-
Associated Porins, Whereas Secreted Porins Are Not Modified. Next,
we wanted to test whether mAGP-associated PorA, PorH, PorB,
and PorC proteins possess specific targeting and sorting signals
that were absent in the secreted proteoforms. In this context, we
carried out top-down nanoliquid chromatography (nano-LC)-MS
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Fig. 1. Identification of distinct proteoforms for C. glutamicum OMPs as-
sociated with the mAGP complex and secreted in the extracellular medium.
(A) C. glutamicum ATCC13032 cells expressing recombinant PorA-His, PorH-
His, PorB-His, and PorC-His were cultured under identical conditions. Sub-
cellular fractions corresponding to the CYT, the PM, the mAGP complex, and
the extracellular medium were analyzed by SDS/PAGE after staining with
InstantBlue (Left) and Western blotting (Right) with antibodies against the
protein His tag. Fractions isolated from WT, untransformed cells were coa-
nalyzed as control. Molecular mass markers (in kilodaltons) are indicated
next to the gel. (B) Extracted ion chromatograms of PorB-His purified from
mMAGP (Upper) and extracellular medium (Lower) fractions containing non-
mycoloylated (black), monomycoloylated (green), and dimycoloylated (red)
proteoforms. (C) Representation of the multicharged MS spectra (Left) and
deconvoluted (DC) spectra obtained for PorB-His proteoforms with isotopic
resolution (Right). The mycolic acid compositions of each proteoform are
indicated by triangle and circle symbols. EM, extracellular medium.

analysis on the recombinant porins purified from the extracellular
medium (extracellular medium fraction) and the mAGP complex.
We were able to separate the different proteoforms of both se-
creted and mAGP-associated porins using reverse-phase C4
chromatography (Fig. 1B), thus enabling subsequent detection and
characterization by MS (Fig. 1C). The analysis of purified mAGP-
associated PorB yielded three resolved chromatographic peaks
(Fig. 1B, Upper) and high-quality MS spectra from multicharged
species (Fig. 1C, Left). Because of the high resolution and mass
accuracy of the MS instrumentation, the molecular weight de-
termination of each proteoform was sufficient to unambiguously
decipher the protein PTM. The first chromatographic peak (elu-
tion time of 9 min) corresponded to a mature, unmodified form
of PorB (Fig. 1C, Top), whereas the second peak (elution time of
10.5 min) contained three proteoforms with mass increments of
478.5, 504.6, and 530.6 Da that could readily be assigned as
monoacylated species with C32:0, C34:1, and C36:2 mycolic acyl
residues, respectively (Fig. 1C, Middle). The third chromatographic
peak (elution time of 13.5 min) consisted of dimycoloylated pro-
teoforms with five distinct acylation patterns: C32:0/C32:0, C34:1/
C32:0, C34:1/C34:1 or C32:0/C36:2, C34:1/C36:2, and C36:2/C36:2
(Fig. 1C, Bottom), reflecting the mycolic acid composition of the
C. glutamicum mycomembrane under standard bacterial growth
conditions (6). Overall, nine distinct proteoforms of PorB were found
to be associated with the mAGP complex compartment. Assuming
that the ionization yields of the mycoloylated and nonmycoloylated
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species were roughly similar, we could compare the signal inten-
sities of a given charge state (9+) obtained for each species,
showing a significant prevalence of dimycoloylated PorB species in
the mAGP complex (Figs. 1B and 2C, Top). Next, we performed
the analysis of secreted PorB under identical experimental con-
ditions (Fig. 1B, Lower) and found a single proteoform that was
consistent with mature, nonacylated PorB (Fig. 1C, Top). These
results prompted us to extend the analysis to other recombinant
porins and check whether the O-acylation represented the major
structural discrepancy between secreted and mAGP-associated
porins. Following identical protocols, we found that PorA, PorH,
and PorC purified from the extracellular medium were all consis-
tent with nonmycoloylated species, whereas mAGP-associated
proteoforms were acylated by one or two mycolic acids (Fig. S1).
Together, these results confirmed that posttranslational O-acyla-
tion is a common feature of mAGP-associated porins, whereas
secreted proteins are not acylated (Table S2). We show that
(i) PorB and PorC have been shown to be mycoloylated, (ii) pol-
ymycoloylation is evidenced at the molecular level, and (iii) any of
four porins have been found in a secreted, soluble form.

The Secretion of Nonacylated Porins Is Physiologically Relevant.
Whereas O-mycoloylated porins have been previously identified
from natural extracts of C. glutamicum and other Corynebacteriales
(6), the detection of soluble proteoforms in the extracellular me-
dium has remained elusive. In this context, we wanted to further
investigate the modifications on secreted proteoforms using top-
down nano-LC-MS/MS. Although collision-induced dissociation
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Fig. 2. Characterization of protein modifications by MS/MS, NMR, and site-
directed mutagenesis. Example of PorB. (A) Top-down CID of dimycoloylated
PorB-His-10+ charge state (m/z 1,336.10 Th) with nonmycoloylated, mono-
mycoloylated, and dimycoloylated y and b fragments colored black, green,
and red, respectively. The sequence coverage was obtained by fragmenting
the 8+, 9+, and 10+ charge states of PorB-His, identifying S98 and S7/
S8 residues (polygons) as putative mycoloylation sites and a disulfide bond
between C22 and C81 (yellow line). (B) Solution NMR analysis of non-
mycoloylated (black) and mycoloylated (red) PorB-His. Selected strips extracted
from 3D "H, ®N, "H heteronuclear single quantum coherence-total correlation
spectroscopy (HSQC-TOCSY) spectra obtained on (U-'>N)-labeled PorB-His
showing Ha and Hp, chemical shifts of S7 and S8 residues for the two proteo-
forms. Although "H resonances from $8 were not affected, significant spectral
changes were observed for Ha of residue S7 (blue arrows), thus identifying the
O-acylation of the S7 hydroxyl of PorB-His. (C) The positions of PTM within the
protein sequence were validated by site-directed mutagenesis of S7 and
S98 residues and subsequent MS analysis of PorB-His WT (WT-mAGP; Top) and its
mutant derivatives PorB-S98A (S98A-mAGP; Middle) and PorB-S7AS98A
(S7AS98A-MAGP; Bottom). Nonmycoloylated (black), monomycoloylated (green),
and dimycoloylated (red) proteoforms were semiquantified from extracted ion
chromatograms of the corresponding 9+ charge states.
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(CID) fragmentation may prevent the detection of most labile
modifications, such as phosphorylation and O-glycosylation, it
generally yields better fragmentation. In the case of O-mycoloyla-
tion, we did not see any neutral loss of the mycolic acid residue,
allowing their precise localization. All of the proteoforms of PorA-
His and PorH-His were systematically found with a mass increment
of +28 Da that was readily assigned to the formylation of the
N-terminal methionine. Interestingly, secreted PorA-His was al-
ternatively found with an additional mass difference of +80 Da,
consistent with the phosphorylation of a hydroxyl residue in addi-
tion to the N-terminal formylation (Fig. S1). However, this phos-
phorylation was further localized on the S51, which is part of the
additional residues of the His-Tag (Table S2). PorC proteoforms
were characterized by a mass discrepancy of —19 Da, in agreement
with the presence of a disulfide bond (-2 Da) and the cyclization of
the N-terminal glutamyl residue on signal peptide cleavage, yield-
ing a pyroglutamyl residue (—17 Da) (Table S2). Although such
N-terminal protein modifications (i.e., N-formylation and the for-
mation of pyroglutamyl residues) have been identified in bacterial
secreted proteins and OMPs (13, 14), we sought additional evi-
dence about the natural relevance of secreted porin species. To
check whether nonacylated soluble porins resulted from a physio-
logical secretion process, endogenous proteins secreted from
stationary-phase, untransformed C. glutamicum cells were isolated
using an identical protocol. We then conducted a discovery mode
data-dependent analysis, in which the three most intense precur-
sors of each MS scan were selected and fragmented. The resulting
MS/MS spectra were then automatically searched against the
C. glutamicum protein database in discovery mode (SI Experimental
Procedures). This unbiased approach enabled the identification of
24 proteins in WT C. glutamicum, among which the nonacylated
PorB, PorH, and PorA were unambiguously identified with good
mass accuracy (<20 ppm) and sequence coverage (30-50% of the
fragments explained) (Fig. S2), thus confirming that secretion of
nonacylated porins is physiologically relevant. Furthermore, the
N-formylation of PorA and PorH together with PorB disulfide
bridge formation were also confirmed. We found identical proteo-
forms at the same retention times for PorB, PorH, and PorA in the
extracellular medium extract of the C. glutamicum AcMytC strain
for which the ¢cMytC responsible for the O-acylation of mAGP-
associated PorA and PorH porins has been deleted. However, in
contrast to recombinantly expressed PorC, endogenous protein was
not detected in the extracellular medium. This result suggests that
PorC is not readily expressed by the bacterium under standard
in vitro conditions, consistent with a previous publication (11).

Identification of O-Acylation Sites by Combining MS/MS, NMR, and
Site-Directed Mutagenesis. Previously, we have shown that PorA
and PorH were O-mycoloylated on S15 (6) and S56 residues (9),
respectively. The identification of O-acylation sites within mono-
and multiacylated proteoforms of PorB and PorC represents a
new challenge considering the protein size, the large number
of acylated proteoforms, and the putative heterogeneity of
O-mycoloylation sites. As shown in Fig. 24, CID fragmentation
of PorB dimycoloylated proteoforms yielded a set of unmodified,
monomycoloylated, and dimycoloylated fragment ions consistent
with the presence of a first O-acylation site on S98 and a second
site located between S7-L13. The analysis of fragment ions
stemming from monomycoloylated PorB proteoforms confirmed
these results but did not allow determining whether S7 or S8 was
the site of modification (Fig. S34). To decipher the position of
the O-acylation within this protein segment, we analyzed and
compared the 'H sidechain chemical shifts of serine residues
S7 and S8 in nonacylated and acylated (U-""N)-labeled PorB
(Fig. 2B). As expected, well-defined 'H resonances were ob-
served at expected chemical shifts for both S7 and S8 residues of
the nonacylated PorB sample [Fig. 2B (note that the Ha reso-
nance of S8 is obscured by overlap with the peak from the Ho of
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residue F3) and Fig. S4]. However, both Ha and Hp resonances
of residue S7 exhibited significant differences between non-
acylated and acylated PorB species. In particular, the Ha
chemical shift of S7 was strongly perturbed by acylation and
shifted from 4.45 to a different frequency, likely at 4.90 ppm. The
Hp resonance was broadened beyond detection, probably be-
cause of the presence of conformational exchange in the milli-
second range. However, the S8 'H resonances of acylated PorB
were not affected, thus suggesting the S7 hydroxyl group as the
sole site of O-acylation within the protein segment S7-L13. To
confirm the O-acylation sites, we generated a set of single and
double mutants in which the native serine was substituted by an
alanine (i.e., PorB-S98A, PorB-S7A, and PorB-S7AS98A). We
purified both secreted and mAGP-associated PorB mutants and
confirmed the presence of the mutations and a concomitant loss
of PTM in a semiquantitative manner (Fig. 2C and Fig. S54).
This strategy was also successfully applied to the mono and
dimycoloylated proteoforms of PorC, leading to the unambiguous
identification of acylation sites on residues S87 and S91 (Figs. S3 B
and C and S5B).

Sequence Analysis of PTM Sites Reveals Consensus Patterns for
0-Acylation. After complete PTM mapping of secreted and
mAGP-associated C. glutamicum porins PorA, PorH, PorB, and
PorC had been obtained (Fig. 34 and Table S2), we examined
the amino acid composition of the O-acylation sites. The data
were analyzed using the Motif-X algorithm, but no specific motif
was found, indicating that the conservation is not strong (15).
Therefore, we constructed an alignment of known O-acylated
peptides comprising C. glutamicum porins and human Ghrelin
and Wnt-3a (Fig. 3B), centered on the modified serine residue,
that revealed moderately conserved short linear motifs around
the PTM site. The frequency of residue- and position-specific
amino acid occurrences was calculated. These O-acylation sites
exhibited an increased occurrence of certain amino acids (e.g., S,
L, N, and F) and the total absence of others (R, M, W, and Y)
for both C. glutamicum and human proteins. The enrichment
factor depended on the proximity to the modified serine, sug-
gesting a putative role of these residues in enzyme-substrate
interactions. Subsequently, we examined if such short linear
amino acid stretches were conserved among PorA, PorH, PorB,
and PorC orthologs (Fig. S6). Each query sequence was searched

A B

Pora ] 515
1

Probability

PorH
1

57
M $S M
1 99
$5 MM
ol
1 97

Fig. 3. O-acylation of OMPs occurs in short linear motifs. (A) Schematic
representation of protein modifications along the protein sequences of
C. glutamicum PorA, PorH, PorB, and PorC. The sites of modifications are
reported onto the sequence using the following code: M, O-mycoloylation;
pE, pyroglutamate; and S-S, disulfide bond. (B) Sequence alignments of se-
lected O-acylated proteins from C. glutamicum and human genomes within
a region surrounding the fatty acylation residue. The sequence logo was
calculated from the C. glutamicum peptide sequences only and displays the
position-specific frequency of each amino acid composing the motif. AA,
amino acid; CG, C. glutamicum; HS, Homo sapiens. *Fatty acylation residue.

A
CG-PorA LGNLDVLSGSGLIGY 22
cG-PorH GENLDNFSS 57
cG-PorB SDFANLSSTNKELS 14
cG-Por8 SELSSNFSS 99
cG-PorC LSQLQLLSSNLSSSF 94
CG-Porc QLLSSNLSSSFTA 96

HS-wnt:3A KCKCHGLSGSCEVKT 216
HS-Ghrelin GSSFLSPEHQ 10
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using BLAST against the Corynebacteriales proteome, and only
sequences having at least 30% global similarity to the original
query were kept for inclusion. Orthology was detected in
more than 10 different organisms, including C. diphtheria and
Corynebacterium efficiens, species known to possess mycoloyl-
transferase activity or mycoloylated proteins associated with the
cell envelope (6, 7). We found that the motif was well-conserved
between orthologs in contrast to generally nonconserved sur-
rounding regions of the protein. Focusing on regions with evo-
lutionarily conserved residues, we discovered putative O-acylation
sites within cell envelope-associated proteins in C. glutamicum, such
as lipocalin, flotillin, esterase, and mycoloyltransferase (Table S3).
These proteins are known to interact with the outer membrane in
their nonacylated (mycoloyltransferase and esterase) or acylated
(lipocalin and flotillin) forms in Corynebacteriales and Gram-
negative bacteria. These results strongly suggest the presence of
short linear motifs that can be O-acylated and in the case of
C. glutamicum proteins, result in mAGP association. These sequences
may have been evolutionarily conserved across kingdoms, because
they have also been detected in two human O-acylated proteins.

Targeting to the mAGP Complex Is Dependent on the Presence of the
0-Mycoloylation. Protein acylation often regulates trafficking,
segregation, or clustering of proteins within membrane com-
partments (16). To ascertain that the O-mycoloylation plays a role
in protein targeting to the mycomembrane, we expressed PorA,
PorH, PorB, and PorC in WT and cmytC-deleted C. glutamicum
strains using an IPTG-inducible Ptac promoter on a high-
copy plasmid (pXmjl9) and compared the distribution of
recombinant porins within the mAGP complex and the PM (Fig.
44). Results showed the absence of nonacylated mature His-
tagged PorH, PorB, and PorC in both the mAGP complex and
the PM when cMytC is depleted, confirming that O-acylation
plays an essential role in the targeting and/or the retention of
proteins to the mycomembrane. However, a significant amount
of PorA was detected in the mycomembrane and to a lesser
extent, the PM when O-mycoloylation activity was abolished. The
PorA sequence clearly contains a stretch of 45 predominantly
hydrophobic residues that is not present in the other porins. This
inherent hydrophobicity likely explains the residual membrane
association of the unmodified protein. Interestingly, the loss of
the mycoloyl residue was associated with a nonspecific mem-
brane association with both the mAGP complex and the PM.
Furthermore, because multiacylated proteoforms were charac-
terized for both PorB and PorC, we questioned whether both
PTMs were mandatory for mAGP localization (Fig. 4B). Con-
sequently, we monitored the presence of WT PorB and PorC
and mutant derivatives PorB-S7A, PorB-S98A, PorB-S7AS98A,
PorC-S87A, PorC-S91A, and PorC-S87AS91A in mAGP frac-
tions when expressed in the WT C. glutamicum strain. Although
mature forms of PorB and PorC were predominantly found as-
sociated with the mAGP fraction, aggregated forms of non-
acylated precursor were copurified in the case of PorC (Fig. S7).
As depicted in Fig. 4B, mutation of the S7 site of PorB and
S91 site of PorC significantly reduced the association of these
proteins with mAGP complex. In contrast, mutation of S98 in
PorB and S87 in PorC resulted in minimal or no change in mAGP
association, suggesting that, in both proteins, association is driven
by predominantly one mycoloylation site (i.e., PorB-S7 and PorC-
S91). Dual mutants of these proteins totally abrogated mAGP
association and in both cases, result in enhanced secretion of
nonacylated PorB and PorC into the extracellular medium.

Discussion

Protein secretion is an essential determinant of bacterial physiology
and virulence, and a variety of mechanisms are responsible for
transporting proteins into or across the PM, maintaining them in a
soluble form, targeting them to their correct cell envelope locations,
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Fig. 4. The O-acylation is essential for retention of PorH, PorB, and PorC
at the mycomembrane but not PorA. (A) The mAGP complex and the PM
were isolated from WT (W) and cMytC-deficient (A) C. glutamicum strains
expressing recombinant PorA-His, PorH-His, PorB-His, and PorC-His and
analyzed by SDS/PAGE after immunodecoration with antibodies against
protein His tag. (B) Analysis of the mAGP complex purified from WT
C. glutamicum cells expressing native recombinant proteins (WT) or the
mutant derivatives of PorB-His [i.e., PorB-S7A, PorB-S98A, and PorB-S7AS98A
(Left)] and PorC-His [i.e., PorC-S87A, PorC-S91A, and PorC-S87AS91A (Right)]
by SDS/PAGE and immunodecoration with antibodies against protein His
tag. Fractions isolated from untransformed WT cells were coanalyzed as
control. Bands corresponding to the recombinant proteoforms are indicated
with arrows using the following code: M, mature form corresponding to the
recombinant protein without its N-terminal signal sequence; M*, mature
form without O-mycoloylation; P, recombinant protein precursor containing
the N-terminal signal sequence. Molecular mass (MW) markers (in kilo-
daltons) are indicated next to the gel.

and then, folding them into the correct structures. Corynebacter-
iales have evolved a complex cell envelope containing a PM and a
mycomembrane harboring mycolic acids and unusual OMPs.
Additionally, an outermost layer may exist in some suborder (17,
18). The biogenesis and the organization of the Corynebacter-
iales mycomembrane are far less documented than for the LPS-
containing counterpart from Gram-negative outer membranes
(19-21). Notably, very few mycomembrane proteins have been
structurally and functionally characterized (10, 22), and secre-
tion pathways resulting in mycomembrane association remained
an enigma.

In this paper, we investigated the biogenesis of OMPs in
C. glutamicum and deciphered the role of O-mycoloylation in tar-
geting OMPs to the mycomembrane by using dedicated expression
systems, refined cell fractionation procedures, and a combination
of NMR and advanced top-down MS approaches (Fig. 5). In
contrast to traditional bottom-up proteomics relying on trypsin
digestion, the top-down MS approach consists of the analysis of
entire proteins, enabling the identification of combinations of
PTMs and the direct semiquantification of proteoforms (23-25).
This approach is particularly relevant for the analysis of
C. glutamicum porins that are rather hydrophobic with the presence
of PTMs consisting of C32-C36 mycoloyl residues and that lack
arginine and lysine residues for the generation of adequate tryptic
peptides. This strategy was developed on both purified recombi-
nant proteins and crude cell extracts and yielded the unambiguous
identification of nonacylated, monoacylated, and diacylated pro-
teoforms. Each proteoform was then analyzed and fragmented
individually to determine the nature and the position of the PTM
sites. In total, we identified 5 proteoforms for PorA (with an
N-formylation on M1 associated or not with a phosphorylation on
S51 or a mycoloylation of S15), 4 proteoforms for PorH (with an
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N-formylation on M1 associated or not with a mycoloylation of
S56), 9 proteoforms for PorC (with a disulfide bond and a pyro-
glutamylation that are associated or not with one or two mycoloyl
residues on S87 and S91), and 12 proteoforms for PorB (with a
disulfide bond associated or not with one or two mycoloyl residues
on S7 and S98).

The analysis of the O-mycoloylation sites reveals conserved
short linear motifs, which typically consist of a three- to four-
residue stretch of the protein sequence with one or two more
wildcard positions [i.e., (F/L)SS and VLSG]. Multiple sequence
alignments showed a good conservation of the PTM site com-
position and localization within the orthologous protein sequences
(Fig. S6). More importantly, we identified the O-acylation motif in
a larger panel of C. glutamicum proteins involved in the biogenesis
of the cell envelope, including mycoloyltransferases, an acyl trans-
ferase, and a peptidoglycan hydrolase, or the maintenance of its
integrity, such as lipocalin and flotillin. Whereas the two latter
proteins are known to be acylated in Escherichia coli via an amide
linkage (26-29), other proteins, including the mycoloyltransferases,
have only been characterized in their soluble, nonacylated forms (7,
30, 31). Furthermore, we showed a physicochemical similarity in
the properties of the O-acylation sites between Corynebacteriales
and two human proteins (i.e., the ghrelin and Wnt-3a). This ob-
servation suggests a possible similarity in the recognition of these
sites by the acylating enzymes. In eukaryotes, posttranslational
O-acylation is carried out by dedicated membrane-bound O-acyl
transferases (MBOATs). Porcupine, the Wnt MBOAT, appends
palmitoleate and shorter cis-unsaturated fatty acids to Wnt. A
consensus sequence in Wnt-3a (CXCHGXSXXCXXKXC) sur-
rounding the acylated S209 mediates enzyme binding, fatty acid
transfer, and Wnt signaling with G207, K215, and disulfide bonds
required for fatty acylation (32). In ghrelin, the octanoate is linked
to S3 within the N-terminal GSSFL sequence, with G1 and F4 also
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Fig. 5. Model for the biogenesis of major OMPs in C. glutamicum. After
synthesis in the CYT and translocation across the PM through Sec-dependent
(PorB and PorC) or —independent (PorA and PorH) pathways, OMPs are
transported into the perisplam and acylated with one or several mycolic
acids by the cMytC on serine residues located within short linear motifs.
Specific posttranslational O-mycoloylations of OMPs are essential for tar-
geting to the mycomembrane and may be involved in the subsequent for-
mation of pore-forming assemblies. Nonacylated proteoforms are released
in the extracellular medium (EM), but their function remains to be eluci-
dated. AG, arabinogalactan; PG, peptidoglycan; M, O-mycoloylation; MM,
mycomembrane; PM, plasma membrane; SEC, general secretion pathway;
TAT, twin arginine translocation pathway.
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contributing to substrate recognition by Ghrelin O-acyltransferase
(3, 33).

We showed that the mycoloyl residue is a bona fide signal to
direct the modified protein to bind to mycomembrane (Fig. 4).
There seems to be a correlation between the hydrophilicity and
the amount of mycoloylation (Fig. 4B). Thus, PorB and PorC
being the most hydrophilic porins are predominantly doubly
mycoloylated. When protein O-acylation is abolished in the
bacterium, PorB, PorC, and PorH are released into the extra-
cellular medium, implying that mycolate hydrophobicity is the
main driving force for mycomembrane association. However, for
PorA, which is much more hydrophobic, a substantial amount of
nonacylated protein remained associated with the membranes.
Interestingly, PorA is not specifically associated with the myco-
membrane when nonmycoloylated, and it is also detected in the
PM (Fig. 44), confirming the essential role of the mycoloylation
for specific targeting to the mAGP complex.

The O-ester linkage between a mycoloyl residue and the
protein is relatively stable. So far, an esterase/hydrolase activity
that could cleave a mycoloyl residue from serine has not been
shown. However, the existence of nonacylated soluble proteo-
forms might suggest the reversibility of the O-mycoloylation and
resulting porin trafficking between the (myco)membrane and the
extracellular medium. Indeed, we showed that nonacylated PorB,
PorC, and PorH were predominantly secreted (Figs. 1 and 4 and
Fig. S1). Hence, like Wnt proteins, for which palmitoleylation was
recently shown to be reversible (34, 35), fatty acid cleavage by a
carboxylesterase may regulate targeting of hydrophilic porins. In-
deed, such potential carboxylesterases/hydrolases with a consensus
mycoloylation site have been found in C. glutamicum (Table S3).
This study has advanced our understanding of membrane bio-
genesis in Corynebacteriales. Nonetheless, important questions
remain. One crucial issue is determining whether the O-myco-
loylation is a general process to specifically retain proteins at the
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mycomembrane in C. glutamicum and other Corynebacteriales or
indeed, if it is the only modification capable of doing so. Of equal
importance will be determining the molecular mechanisms by
which O-acylation affects OMP folding and interaction with the
mycomembrane. This research line will generate knowledge in
fundamental microbiology and in so doing, could bring to light
vulnerabilities that could be exploited for new antibacterial drugs
or provide efficient new industrial biotechnology procedures.

Experimental Procedures

Expression of Recombinant Cg Porins. Plasmid construction, site-directed mu-
tagenesis, and bacterial growth media are described in S/ Experimental Pro-
cedures. For the expression of C-terminal His-tag fusion proteins, Brain Hearth
Infusion or CGXIl growth medium was inoculated with freshly transformed
C. glutamicum cells at Aggo of 0.4. The expression of Lacl-regulated genes was
induced by adding 1 mM IPTG in the early log phase (i.e., Agoo ~ 3-4) and
maintained during 16-18 h at 30 °C. Cell fractionation and protein purification
were achieved using procedures described in S/ Experimental Procedures.

Top-Down LC-MS and LC-MS/MS. Nano-LC-MS and MS/MS analyses of cell
extracts (extracellular medium fractions) and purified recombinant proteins
were performed on a nanoRS UHPLC system (Dionex) coupled to an LTQ-
Orbitrap Velos mass spectrometer (ThermoFisher Scientific). Additional in-
formation on experimental procedures is in S/ Experimental Procedures.
Data have been deposited in the Mass Spectrometry Interactive Virtual En-
vironment repository with the dataset identifier MSV000080529 (massive.
ucsd.edu).
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