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The Major Autolysin Acm2 from Lactobacillus plantarum Undergoes

Cytoplasmic O-Glycosylation

Lasse Fredriksen,? Geir Mathiesen,? Anders Moen,? Peter A. Bron,4 Michiel Kleerebezem,<9 Vincent G. H. Eijsink,2 and

Wolfgang Egge-Jacobsen®

Department of Chemistry, Biotechnology and Food Science, Norwegian University of Life Sciences, Aas, Norway?; Department of Molecular Biosciences, Glyconor Mass
Spectrometry, University of Oslo, Oslo, Norway®; NIZO Food Research, Ede, The Netherlands<; Tl Food & Nutrition, Wageningen, The Netherlands<; and Host-Microbe
Interactomics Group, Wageningen University and Research Centre, Wageningen, The Netherlandse

The major autolysin Acm2 from the probiotic strain Lactobacillus plantarum WCFS1 contains high proportions of alanine, ser-
ine, and threonine in its N-terminal so-called AST domain. It has been suggested that this extracellular protein might be glycosy-
lated, but this has not been experimentally verified. We used high-resolution liquid chromatography-tandem mass spectrometry
(LC-MS/MS) to study the possible occurrence of glycans on peptides generated from lactobacillary surface proteins by protease
treatment. This approach yielded five glycopeptides in various glycoforms, all derived from the AST domain of Acm2. All five
glycopeptides contained the hydroxy-amino acids serine and threonine, suggesting that Acm2 is O-glycosylated. By using lectin
blotting with succinylated wheat germ agglutinin, and by comparing the wild-type strain with an Acm2-negative derivative
(NZ3557), we found that the attached N-acetylhexosamines are most likely N-acetylglucosamines (GlcNAc). NZ3557 was further
used as a genetic background to express an Acm?2 variant lacking its secretion signal, resulting in intracellular expression of
Acm2. We show that this intracellular version of Acm2 is also glycosylated, indicating that the GIcNAc modification is an intra-

cellular process.

lycosylation is involved in a variety of biological processes
and is one of the most common protein modifications. In
protein glycosylation, glycan moieties are generally attached to
serine or threonine (O-linked glycosylation) or to asparagine (N-
linked glycosylation) residues. In eukaryotes, a vast number of
glycoproteins have been identified and characterized, whereas
bacterial protein glycosylation is still considered to be relatively
rare (30). Bacterial glycoproteins described so far are mainly
abundant polymeric surface proteins such as flagellins, pilins,
and S-layer proteins (2, 23, 36), as well as virulence factors of
pathogens (11, 17, 45). A general O-glycosylation system in Neis-
seria gonorrhoeae has been described (48), and numerous
O-glycosylated proteins have also been discovered in the Gram-
negative major gut symbiont Bacteroides fragilis (12). In Gram-
positive pathogens, such as streptococci and staphylococci, several
serine-rich fimbria-like adhesins undergo glycosylation (4, 33,
41). Inlactobacilli, the only glycoproteins characterized to date are
S-layer proteins, in addition to a peptide bacteriocin (27, 29, 44).
Lactobacillus plantarum is one of the most studied Lactobacillus
species and is considered a versatile bacterium capable of adapting
to a variety of environmental niches such as vegetable, meat, and
dairy substrates (42). In addition, L. plantarum is among the pre-
dominant Lactobacillus species found in the human gastrointesti-
nal tract (1), and some strains are regarded as probiotic (10, 28). L.
plantarum WCFSI is a single-colony isolate of the human pharyn-
geal strain NCIMB8826 and is recognized as a model probiotic
bacterium (19, 47). This organism has the largest Lactobacillus
genome sequenced to date (3.3 MB). This genome encodes 3,018
proteins, of which 222 are annotated as encoding secretome pro-
teins (6) (see http://www.cmbi.ru.nl/lab_secretome for detailed
information on the predicted secretome).
Secreted proteins are likely to play major roles in the interac-
tion between the bacterium and its environment (34) and are thus
important for bacterial behavior. Among the extracellular en-
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zymes in L. plantarum is the major autolysin Acm?2 (32).This en-
zyme is an N-acetylglucosaminidase responsible for cleavage of
the B-1-4 bond between N-acetylglucosamine (GlcNAc) and
N-acetyl muramic acid (MurNAc) of peptidoglycan in the cell wall
(5). It has been demonstrated that Acm?2 is functionally similar to
AcmA from Lactococcus lactis, and inactivation of its correspond-
ing gene results in incomplete cell separation (32). Acm2 contains
five C-terminal SH3 repeats, and previous studies have shown that
these are most likely involved in cell wall binding (24, 50). The
N-terminal domain of Acm? is rich in alanine, serine, and threo-
nine and is referred to as the AST domain. The functional role of
AST domains is unknown, but their importance is suggested by
the fact that similar domains occur in 11 of 16 L. plantarum pep-
tidoglycan hydrolases. While glycosylation of non-surface-layer
proteins in lactobacilli has not yet been described, it has been
hypothesized that the AST domains in proteins such as Acm?2
could be glycosylated (20).

The advent of high-resolution mass spectrometry-based meth-
ods for protein identification has opened up new avenues for the
detection of posttranslational modifications (22). Here, we used
these techniques to search for the occurrence of glycosylated pro-
teins in the secretome of L. plantarum. This led to the discovery
that the AST domain of Acm2 is glycosylated with 15 HexNAc
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TABLE 1 Strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Reference
Strains
L. plantarum
WCFS1 Host strain 19
NZ3557 Cm*; WCFS1 derivative; acm2::cat This work
E. coli Top10 Host strain Invitrogen
Plasmids
p2588sAmyA Em?; pSip401 derivative (43), containing the inducible P,,,, promoter translationally fused to the 26
Lp_2588 signal peptide followed by AmyA
pAcm2 Em?; pLp_2588sAmyA derivative with the acm2 gene translationally fused to the P, , promoter, This work
encoding secreted Acm2
pCytAcm?2 Em?; pAcm2 derivative with a trunctated acm2 gene translationally fused to the P,,, promoter; This work
encoding cytoplasmic Acm?2
pNZ5319H9 Cm" Em®; pNZ5319 derivative (21) with an H9 DNA tag® L. van Swam
pNZ3557 Cm* Em*; pNZ5319H9 derivative containing homologous regions up- and downstream of the acm2 gene This work

@ The H9 DNA tag (CTTTCAATCTTTGTTTCTATCTTACTTTCTTTCTTGCATACT) is located downstream of the lox71 site. This tag was not specifically used in this study.

moieties, which are most likely added prior to export of the pro-
tein.

MATERIALS AND METHODS

Bacterial strains, cultivation, and DNA manipulations. The bacterial
strains and plasmids used in this study are listed in Table 1. Escherichia coli
TOP10 cells (Invitrogen, Carlsbad, CA) were aerobically grown in BHI
broth (Oxoid Ltd., Basingstoke, United Kingdom) or TY broth (18) at
37°C with shaking. Lactobacillus plantarum and its derivative NZ3557 (19)
were grown in MRS (Oxoid) without aeration at 37°C. Solid media were
prepared by adding 1.5% (wt/vol) agar to the broth. The antibiotic con-
centrations used for positive clone selection were 5 wg/ml and 200 pg/ml
erythromycin for L. plantarum and E. coli, respectively.

All PCR amplifications were performed with hot-start KOD polymer-
ase (Toyobo, Osaka, Japan). PCR fragments were purified using the
Nucleo-Spin extract II kit (Macherey-Nagel GmbH & Co., Diiren, Ger-
many). Plasmid DNA was purified using the NucleoSpin plasmid kit
(Macherey-Nagel GmbH & Co) or the Jetstar Midi-Prep plasmid purifi-
cation system (Genomed GmbH, Germany). L. plantarum was trans-
formed by electroporation according to a previously described method
(16). The DNA sequences of all PCR-generated amplicons cloned into
plasmids were confirmed by sequence analyses.

Construction of a Aacm2 knockout mutant. The acm?2 gene was de-
leted using the Cre-lox system as previously described (21), with some
modifications. A variant of pNZ5319 designated pNZ5319TAG-H9 (P. A.

TABLE 2 Primers used in this study

Bron et al., unpublished data) was used as mutagenesis vector. By using
this vector, a unique 42-bp DNA tag is introduced in the mutant, allowing
mutant-specific tracking and identification in competitive experiments
(not relevant for the experiments reported here). Genomic DNA from L.
plantarum WCEFS1 was isolated as described before (16). The flanking
regions upstream and downstream of the acm2 gene, about 1,000 bp each,
were amplified using the primer pairs acm2LF-F/acm2LF-R and acm2RF-
F/acm2EF-R, respectively (Table 2). In addition, the lox-cat-lox fragment
of pNZ5319H9 was amplified using primers is128-lox66-F2 and is129-
lox71-R2. The resulting amplicons were used as templates in a SOE (splic-
ing by overlapping extension) PCR (14), where complementarity in the 5’
regions of the primers resulted in linkage of the acm2-flanking regions to
both sides of the lox-cat-lox fragment. The final SOE PCR product was
ligated into Swal-Ecl136II-digested pNZ5319H9, yielding the plasmid
pNZ3557. The plasmid, which does not replicate in L. plantarum, was
transformed into E. coli, purified, and electroporated into L. plantarum.
Chloramphenicol-resistant transformants were selected and subsequently
replica plated to check for erythromycin sensitivity. A correct pNZ3557
integrant in the acm?2 locus was confirmed by PCR analysis using primers
acm2HF and acm2HR (Table 2), which anneal to adjacent genomic re-
gions. A single acrm2 disruption mutant was isolated and used in subse-
quent studies.

Construction of Acm2 plasmids. All Acm2 expression vectors used in
this study (Table 1) are derivatives of pSIP401, a 5.67-kb vector designed
for inducible gene expression in lactobacilli (43) and further developed

Primer Sequence?

acm2F GATTCCAGTTTCAGCAGGGC

acm2LF-F GGTATACCTTCTTATTGTATTGGC

acm2LF-R CATTAGTCTCGGACATTCTGCTCCCGCATTCCAATTTTCAATTTTAAAATCCCC
acm2RF-F CCGATCGCTACGAGAAGACGCACTAGGCTAGGCATATTAGTTGTTCCG
acm2RF-R AGGCCGTAAATTCGTGACCC

acm2HF GATTCCAGTTTCAGCAGGGC

Acm2HR GTGATATTCTGATATTCTGGCGC

IFacm2cytF GGAGTATGATTCATATGGACAGTACAGGACCGCAAAGCC

IFacm2F GGAGTATGATTCATATGAAAATTGGAATGACAAAAAAAGTAGTAAC
IFacm2R CCGGGGTACCGAATTCCTAGCCTTCAAGCTTAGCAACATAGT

is128-lox66-F2
is129-lox71-R2

CGGGAGCAGAATGTCCGAGACTAATG
TAGTGCGTCTTCTCGTAGCGATCGG

@ Boldface indicates parts of the primers that are complementary to the is128-lox66-F2 and is129-lox71-R2 primers; underlining indicates 15-bp extensions that are complementary
to the ends of the Ndel-EcoRI digested p2588sAmyA vector, necessary for in-fusion cloning (In-Fusion HD cloning kit).
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for protein secretion and anchoring (13, 26). These vectors were con-
structed in order to complement the acm2 mutant with either native
Acm?2 or an N-terminally truncated version of Acm2 for cytoplasmic ex-
pression. The acm2 ORF was amplified from the L. plantarum genome
with primers IFacm2F and IFacm2R (Table 2). The PCR product was
cloned directly into NdeI-EcoRI-digested p2588sAmyA (a pSIP401 deriv-
ative) (Table 1) using the In-Fusion HD cloning kit (Clontech Laborato-
ries, Mountain View, CA), following the manufacturer’s instructions.
This yielded the plasmid pAcm2 (Table 1), which allows inducible expres-
sion of Acm2 with its native signal peptide. A plasmid encoding intracel-
lular Acm2 (pCytAcm?2, lacking 111 N-terminal amino acids) was con-
structed using the same cloning strategy as for pAcm2, except that
[Facm2CytF was used as forward primer.

Trypsin digestion of agar medium-grown cells. Bacteria from a
—80°C glycerol stock were streaked on MRS plates and incubated at 37°C
for ~18 h. Subsequently, 3 ml of phosphate-buffered saline (PBS) was
added, and the plates were swirled slowly on a shaker for 10 min to sus-
pend the cells. The cell suspension was transferred to Eppendorf tubes and
centrifuged at 500 X g for 3 min. The pellet was washed once in PBS and
recentrifuged. The cells were then washed in trypsin buffer (50 mM am-
monium bicarbonate) and recentrifuged. Proteomics grade trypsin (500
ng; Sigma) solubilized in 200 wl trypsin buffer was added and the resulting
cell suspension was incubated in a 37°C shaker at 700 rpm for 45 to 90
min. The samples were centrifuged, and tryptic peptides were collected by
ultrafiltration of the supernatant at 13,000 X g through a 10-kDa Pall
Nanosep centrifugal device (Sigma). The filtrate was transferred to vials,
and the peptide mixtures were subsequently analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS).

Isolation of intracellular and surface proteins. Fresh overnight cul-
tures of L. plantarum WCEFS1 and its derivatives were diluted in fresh MRS
and induced at an optical density at 600 nm (ODy,) of 0.1 by adding 25
pg/ml peptide pheromone, as previously described (25). After 6 h of
growth at 37°C, the cells were harvested by centrifugation at 3,000 X g for
10 min at 4°C. All the following steps were performed at 4°C. To remove
medium components, the cells were rapidly washed with PBS (137 mM
NaCl, 2.7 mM KCl, 4.3 mM Na,HPO,, 1.47 mM KH,PO, [pH 7.4]) and
recentrifuged. Surface proteins were extracted by incubation with 1 ml
cold PBS for 30 min under gentle agitation. The cell suspension was sub-
sequently centrifuged at 5,000 X g for 10 min. The resulting supernatant
was transferred to a clean Eppendorf tube, and the proteins were precip-
itated by addition of 16% (final concentration) trichloroacetic acid (TCA)
followed by incubation on ice for 20 min. After centrifugation at 16,000 X
g for 15 min, the precipitated proteins were washed with 200 ul acetone
and collected by recentrifugation. The protein pellets were dried in a
Speedvac and solubilized directly in NuPAGE loading buffer and reducing
agent (both from Invitrogen). The NuPAGE buffer volumes were ad-
justed according to the ODy, of the original culture to ensure that all
samples used for subsequent sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) represented similar amounts of cells. The
cell pellets were washed once with PBS, resuspended in 1 ml PBS, and
disrupted with glass beads (=106 uM; Sigma, St. Louis, MO), after which
cell debris was removed by centrifugation at 16,000 X g for 10 min. The
resulting cell extracts were stored at —20°C until use. Sample sizes in
subsequent SDS-PAGE were adjusted according to the ODy, of the orig-
inal culture to ensure that all samples represented similar amounts of cells.

SDS-PAGE. Samples containing NuPage loading buffer and reducing
agent were mixed by using a Vortex and boiled for 10 min prior to SDS-
PAGE. Proteins were separated under denaturing conditions on 10% Nu-
PAGE Novex bis-Tris gels (Invitrogen) and stained with Coomassie blue
R-250.

In-gel protein trypsinization. In-gel trypsinization of proteins sepa-
rated by SDS-PAGE was performed according to the method described by
Shevchenko et al. (40). Solubilized tryptic peptides were analyzed by lig-
uid chromatography combined with mass spectrometry (LC-MS).

January 2012 Volume 194 Number 2

Glycosylation of Acm2 from L. plantarum

Lectin blotting. Surface proteins separated on SDS-PAGE were trans-
ferred to a nitrocellulose membrane (iBlot system; Invitrogen). The mem-
brane was incubated with 25 ug biotinylated succinylated wheat germ
agglutinin (sSWGA; Vector Labs, Burlingame, CA) and subsequently with
20 ng streptavidin—poly-HRP (streptavidin conjugated to horseradish
peroxidase polymers; ImmunoTools GmbH, Friesoythe, Germany) using
the SNAP i.d. system (Millipore, Billerica, MA), according to the protocol
provided by the manufacturer. Proteins interacting with sWGA, which is
specific for GlcNAc, were visualized with the SuperSignal West Pico
chemiluminescent substrate (Pierce, Rockford, IL). Proteins used as con-
trols, RNase B and bovine serum albumin (BSA), were purchased from
New England BioLabs (Ipswich, MA).

LC-MS/MS analysis. Reverse-phase (C, ) chromatography of tryptic
peptides was carried out using a high-pressure liquid chromatography
(HPLC) system consisting of two Agilent 1200 HPLC binary pumps (nano
and capillary) with an autosampler, a column heater, and an integrated
switching valve. The LC system was coupled via a nanoelectrospray ion
source to an LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany). For the analyses, 4 ul of peptide solution were first
injected into a 5- by 0.3-mm extraction column filled with Zorbax 300 SB
C, ¢ with a particle size of 5 um (Agilent). After a washing for 7 min with
0.1% (vol/vol) formic acid, 3% (vol/vol) acetonitrile at a flow rate of 4
l/min, the switching valve was activated, and the peptides were eluted in
the back-flush mode from the extraction column onto a 150- by
0.075-mm C,4 column (3-um particle size; GlycoproSIL C18-804; Gly-
copromass, Stove, Germany). The mobile phase consisted of acetonitrile
and MS-grade water, both containing 0.1% formic acid. Chromato-
graphic separation was achieved using a binary gradient from 5 to 55% of
acetonitrile in 60 or 120 min. The nanoflow pump flow rate was 8 wl/min.
Mass spectra were acquired in the positive-ion mode applying a data-
dependent automatic switch between survey scan and tandem mass spec-
trum (MS/MS) acquisition. Peptide samples were analyzed either by
higher-energy C-trap dissociation (HCD) or by collision-induced disso-
ciation (CID) in the LTQ ion trap by acquiring one Orbitrap survey scan
in the mass range of 200 to 2000, followed by HCD and/or CID of the three
most intense ions in the Orbitrap. The target value in the LTQ-Orbitrap
was 1,000,000 for survey scan at a resolution of 30,000 at m/z 400 using
lock masses for recalibration to improve the mass accuracy of precursor
ions. Fragmentation was performed with a target value of 5,000 ions. The
ion selection threshold was 500 counts. Selected sequenced ions were
dynamically excluded for 180 s.

MS data analysis. Mass spectrometric data were analyzed using the L.
plantarum WCFSI genome sequence and the SEQUEST software pack-
age. The mass tolerances for a fragment ion and a parent ion were set to
0.05 Da and 7 ppm, respectively. Methionine oxidation and cysteine car-
bamidomethylation were selected as a variable and a fixed modification,
respectively. A false-discovery rate of 0.01 was set for proteins and pep-
tides with a minimum length of 6 amino acids. MS/MS spectra of putative
glycopeptides were manually inspected using Qual Browser version 2.0.7

RESULTS

Identification of Acm2 glycopeptides. Intact L. plantarum cells
were trypsinized, and the resulting peptides were analyzed by on-
line nano-LC-MS/MS using the Orbitrap XL mass spectrometer in
the higher-energy C-trap dissociation (HCD) fragmentation
mode. To perform glycoprofiling on tryptic peptides from L.
plantarum, we took advantage of the formation of the strong di-
agnostic oxonium ions at m/z 204.085 that emerge upon HCD
fragmentation of glycopeptides containing N-acetylhexosamine
(HexNACc) (35). Furthermore, we used losses 0f 203.079 Da within
the higher m/z region to identify glycopeptides containing
HexNAc. These diagnostic ion signals were used to select specific
MS/MS spectra for further subsequent fragmentation analysis.
Five different peptides met these criteria, all originating from
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SP AST GH73

SH3b repeats

SPase | CytAcm2

B MKIGMTKKVVTSLLLSTALLPMLSGKADTASANQK PAAATKGNSAASAASQ‘EVTLSAGSQ

TETTAAGATDQSVASDGAKTDDQAESTSTTTATTSATSRVTVRAASQAAKADSTGPQSQS
SASEAAKDNAATSATADSTTSAVDQLDKTAKASAATSQASHSTTNETAKASAAASQDSHV
TTDQSSVTVTSEVAKSAASSAAPKQATEQAVAAKISPKIETAVAADAVQSSAMMARSTRA
MTSQEIFLSQIKAGAISGWNKYQVLPSVTAAQAILESGWGQSQLATQGNNLFGIKGSYQG
QSIYFPTQEWNGSQYITIQDAFRKYPNWSASVEDHGAFLVVNPRYSNLIGVTDYRRVASLL
QQDGYATAPTYASSLISIIEYNKLHEWDQEALSGQASGGNDNNQVQPDQDVTPTSGTHK
FTKTTTIHNAPDATSAVVGTYNAGETVNYNGKLTVGNATWLRYQSYSGVSRYVMISQTT
TNDNNNQATVTPASGSYKFTAKTNIRSAASKTAQVVGTYNAGETVYYNGKITTGGTTWL
RYLSYSGAQHYVAMSGDEVGSVAKPDVVATSGSYRFTKTTAIKSSPATSATTVGSYNAGDT
VYYNGKVTTNGQTWLRYMSYSGAQHYVQISGESTSTNVDKPQVTPQSGSYRFTQTTAIK
NTPAGNAPSVGTYSAGDTVYYNAKVTANGQTWLRYLSYSGAQHYVAISGNAATGNTTSK
PVTNSQGAFRFVTTTNIRTAPSTRASVVGEYNPGETVYYNGTVQAEGYTWLRY

LSRSGATHYVAKLEG

C Glycopeptides No. of HexNAcs
GNSAASAASQQVTLSAGSQTETTAAGATDQSVASDGAK 3,2,1,0
TDDQAESTSTTTATTSATSR 32,10
ADSTGPQSQSSASEAAK 32,1,0
DNAATSATADSTTSAVDQLDK 32,1
ASAAASQDSHVTTDQSSVTVTSEVAK 3,2,1,0

FIG 1 Domain structure, identified tryptic fragments, and glycopeptides in Acm2. The peptides were analyzed by MS/MS using the Orbitrap XL mass
spectrometer in the HCD fragmentation mode. (A) Modular structure of Acm2. The protein consists of the signal peptide (SP), a (glycosylated) AST domain, an
enzymatic domain belonging to glycosyl hydrolase family 73 (GH73), and an SH3 domain with SH3b repeats. (B) Primary amino acid sequence of Acm2. The
AST domain is shown in a gray box. The arrows indicate the predicted cleavage site for signal peptidase I (SPase I) and the first amino acid of the truncated,
cytoplasmic version of Acm2 (CytAcm?2; see the text for more details). A second putative SPase I cleavage site (see the text; AGA |, T) is indicated by the line above
the sequence. Detected Acm2 peptides are shown in bold, and glycopeptides are underlined. (C) Overview of the HexNAc glycoforms detected for each
glycopeptide. All detected glycopeptides were detected in 3 glycoforms, except for DNAATSATADSTTSAVDQLDK, which is the only peptide for which the

unglycosylated form was not detected.

Acm?2 (Fig. 1). Representative examples of MS/MS spectra are
shown in Fig. 2. The fragmentation spectrum obtained for a triply
charged ion corresponding to a glycopeptide containing three
HexNAcs (Fig. 2A) shows series of y and b ions confirming the
sequence of the peptide (peptide fragments that contain the N
terminus of the peptide yield b ions, whereas fragments contain-
ing the C terminus yield y ions). In addition, and most impor-
tantly, the spectrum shows the diagnostic oxonium reporter ion
for HexNAc (m/z = 204.085), confirming the glycosylation (see
the legend to Fig. 2 for more details). An MS/MS spectrum col-
lected at lower fragmentation energy (Fig. 2B) shows partially and
fully deglycosylated full-length fragments of this same precursor
ion, as well as the HexNAc oxonium ion (#/z 204.085). The MS
analyses did not reveal any oxonium ions for other compounds
than single HexNAc glycans (e.g., disaccharide HexNAc-HexNAc
with oxonium ion at m/z 407.165), indicating that the glycans
attached to Acm?2 each consist of a single HexNAc.

A total of 34 unique Acm2 peptides were identified, which
corresponds to a sequence coverage of 57.1%. The five identified
glycopeptides are all located in the AST domain of Acm2 (Fig. 1B),
for which the sequence coverage was 83.2%. Similar experiments
using the endopeptidases chymotrypsin or proteinase K instead of
trypsin did not yield extra sequence coverage nor detection of
additional glycosylation sites (data not shown). As summarized in
Fig. 1C, four of the five identified glycopeptides were detected in
three glycoforms (singly, doubly, and triply glycosylated with

328 jb.asm.org

HexNAc) in addition to being detected in an unglycosylated state.
All five glycopeptides contained the hydroxy-amino acids serine
and threonine, while only two of them contained asparagines. This
indicates that the glycosylation of Acm2 is O linked, although we
cannot rule out possible N-glycosylation for two of the peptides.
sWGA lectin blot of surface proteins from L. plantarum. The
MS analysis of the glycopeptides does not discriminate between
HexNAcs with identical masses. Based on the ubiquitous presence
of GlcNAc in peptidoglycan and reports of O-GlcNAcylation of
listerial flagellin and streptococcal serine-rich proteins (37, 52),
we hypothesized that Acm2 was modified with GlcNAc. In order
to address this question, cell wall-associated proteins were ex-
tracted and separated by SDS-PAGE. After transferring the pro-
teins to a blot, they were hybridized with the GlcNAc-specific
lectin SWGA. The results (Fig. 3) show a band appearing in the
wild-type strain and in the Aacm2 strain complemented with a
plasmid encoding secreted Acm2 (pAcm?2) but not in the non-
complemented Aacm2 strain. RNase B, which is modified with a
GlcNAc-containing glycan, has previously been shown to have
WGA reactivity (31) and did indeed show a clear band (Fig. 3A,
lane 1). BSA, which is unglycosylated, was utilized as a negative
control and indeed did not bind sWGA (Fig. 3A, lane 2). This
indicates that Acm?2 is glycosylated with GlcNAc. Figure 3 shows
that Acm2 migrates slower than expected based on its predicted
molecular mass (78.9 kDa), which could be caused by glycosyla-
tion. Interestingly, the blots showed strong background signals,
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A 100 HexNAc
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FIG 2 Identification of a representative glycopeptide from Acm?2. (A) MS/MS spectrum (collision energy, 50 eV) of a triply charged glycopeptide modified with
three HexNAc moieties detected at 1m/z 1,062.829 ([M + 3H]3*). The derived mass for the single-charged glycopeptide ([M+H] ") is 3,186.473 Da (theoretical
value, 3,186.465 Da). The MS/MS spectrum shows the doubly charged, deglycosylated peptide appearing as a signal at m/z 1,289.116 ([M + 2H]?*), corre-
sponding to a peptide mass ([M+H]") of 2,577.225 Da (the theoretical mass is 2,577.227 Da, meaning that the accuracy was better than 1 ppm). The
deglycosylation is confirmed by the appearance of the diagnostic ion for HexNAc at m/z 204.085 ([M+H]™"). Furthermore, the difference between the mass of
the precursor ion and the doubly charged full-length ion at m/21,289.116 ([M + 2H]?*) corresponds to 609.248 Da (3,186.473 — 2,577.225), which corresponds
to the mass of three HexNAc residues [(3 X 204.085) — (3 X 1.0072) = 609.233]. The amino acid sequence of the peptide is confirmed by the accurate peptide
mass as well as by the detection of fragment y and b ions, as indicated. (B) MS/MS spectrum of the same triply charged glycopeptide at alower HCD fragmentation
energy (35 eV), which led to limited peptide backbone fragmentation but detectable neutral losses of the HexNAc moieties. The diagnostic HexNAc oxonium ion
appears as a signal at m/z 204.085, and the doubly charged peptide ([M + 2H]?>*) appears as nonglycosylated, singly glycosylated, and doubly glycosylated
fragment ions at m/z 1,289.116, 1,390.653 (glycopeptide mass, 2,780.299 Da; [M+H] "), and 1,492.192 (glycopeptide mass, 2,983.377 Da; [M+H]™"), respec-
tively.
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FIG 3 Lectin blot of the surface protein fraction from L. plantarum. The
cultures were cultivated for 18 h, and the isolated surface proteins were sub-
jected to SDS-PAGE followed by sWGA lectin blotting (A) or staining with
Coomassie blue (B). Lanes 1, 1 ug RNase B (positive control); lanes 2, 1 ug BSA
(negative control); lanes 3, wild type; lanes 4, Aacm2 strain; lanes 5, Aacm2
strain transformed with pAcm2. The arrow indicates the Acm2 protein (bands
visible in lanes 3 and 5 [A] and lane 3 [B]; note that the amount of Acm2 in lane
5 in panel B is too low to be detectable with Coomassie staining, but the protein
is clearly visible in the corresponding lane of the lectin blot [A]). The positions
of molecular mass markers (in kDa) are shown on the right.

which may be due to aspecific binding but which also could indi-
cate the presence of additional GlcNAc-containing compounds.
Notably, the fact that these proteins are also present in the sample
from the Aacm?2 strain excludes the possibility that these are Acm?2
degradation products.

Identification of the subcellular localization of Acm2 glyco-
sylation. To determine the subcellular localization of Acm2 gly-
cosylation, we constructed a strain expressing an intracellular ver-
sion of the Acm2 protein (Aacm2, pCytAcm?2). Initially, we
constructed a plasmid encoding Acm?2 lacking its predicted signal
peptide (32 N-terminal residues, predicted by the SignalP 3.0
Server [3]). We expected this strain to have cell separation defects
resulting in cell sedimentation when grown in MRS broth, a phe-
notype previously observed for L. plantarum lacking the acm2
gene (32). Surprisingly, L. plantarum harboring this construct dis-
played a phenotype similar to that of the wild type, and SDS-PAGE
analysis of the surface protein fraction of this strain clearly showed
that Acm2 was still secreted (results not shown). In order to de-
termine the glycosylation status of intracellularly expressed Acm?2
without the risk of contamination from extracellular Acm2, a sec-
ond construct, which encoded a variant of Acm2 lacking an addi-
tional 79 residues at the N terminus, was made (Fig. 1B). L. plan-
tarum harboring this construct displayed a growth phenotype
similar to that of the Aacm2 knockout strain. Analysis of the sur-
face protein fraction by SDS-PAGE (Fig. 4A) and by our standard
and much more sensitive LC-MS/MS method confirmed the ab-
sence of extracellular Acm2. The LC-MS/MS analysis (results not
shown) did not reveal any Acm2 peptides.

LC-MS/MS analysis of a subfraction of isolated, separated, and
in-gel-trypsinized intracellular proteins was then carried out to
check the presence and glycosylation status of intracellular Acm?2.
This analysis revealed the presence of several Acm2-derived pep-
tides, including glycosylated forms of all of the previously detected
glycopeptides (two of the five glycopeptides shown in Fig. 1 come
from the part of the protein that had been truncated and were
therefore not detected). As an example, Fig. 4B shows an MS/MS
spectrum for the triple-glycosylated version of the glycopeptide
MDSTGPQSQSSASEAAK that includes the N terminus of the
truncated Acm2. Note that this peptide, which corresponds to the
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third peptide shown in Fig. 1C, is the N-terminal peptide of the
engineered cytoplasmic Acm2 version (Fig. 1B), explaining why it
starts with methionine. The spectrum shows fully and partially
deglycosylated full-length fragments of this peptide as well as the
signature HexNAc oxonium ion.

DISCUSSION

It was recently suggested that peptidoglycan hydrolases from L.
plantarum could be glycosylated (20), and glycan modification of
AcmB, a peptidoglycan hydrolase from Lactococcus lactis, has also
been proposed (15). In this study, we demonstrate that the AST
domain of the major L. plantarum autolysin Acm?2 is glycosylated
and contains at least 15 sites for HexNAc modification. As is com-
mon in the type of LC-MS/MS experiments used for glycopeptide
detection, sequence coverage was incomplete (57.1% for the com-
plete protein, 83.2% for the AST domain), so it is possible that
additional glycosylation sites exist. The blotting experiments in-
dicate that the HexNAc moieties attached to Acm2 are GlcNAcs.
Studies with a truncated version of Acm2 indicated that GIcNAc
modification of Acm?2 is an intracellular process.

Interestingly, the nature of Acm2 glycosylation is similar to
protein glycosylation found in Gram-positive pathogens, in par-
ticular for flagellin from Listeria monocytogenes (37) and the
serine-rich adhesins from streptococci (52). It has been shown
that O-glycosylation of both the listerial flagellin and the large
surface adhesin GspB from Streptococcus gordonii with GlcNAc
most likely occurs in the cytoplasm (39, 46).

The conclusion that glycosylation of Acm?2 is an intracellular
process was drawn from experiments with an N-terminally trun-
cated version of the protein that was no longer secreted. Surpris-
ingly, Acm2 was still secreted after removal of its predicted signal
peptide (32 residues, predicted by SignalP; http://www.cbs.dtu.dk
[services/SignalP). Interestingly, SignalP predicted an alternative
SPase I processing site located between residues 68 and 69, which
may explain why the Acm2 variant lacking the 32-residue signal
peptide was still secreted. Therefore, an Acm?2 variant lacking the
111 N-terminal residues and free of SPase I processing sites ac-
cording to SignalP was constructed (Fig. 1B). It remains to be
determined whether the N-terminal part of the AST domain that
had to be removed to create intracellular Acm2 is somehow in-
volved in secretion under natural conditions.

Acm?2 glycopeptides were typically detected in several glycosyla-
tion states (Fig. 1C), suggesting that the glycosylation of Acm2 could
be of a dynamic nature. Recently, Berud and colleagues reached sim-
ilar conclusions in their studies on glycosylation of neisserial pilin (7).
Since O-glycosylation by GIcNAc is an important dynamic regulatory
signal in eukaryotic cells (51), one may speculate that the glycosyla-
tion of Acm2 has a regulatory function.

One intriguing and important question is which glycosyltrans-
ferase(s) is responsible for the modification detected in this study.
Glycosyltransferases involved in GIcNAc modification of listerial
flagellin (GmaR) and the streptococcal Fapl adhesin (Gtfl) have
been identified (8, 39, 49). The L. plantarum genome contains six
genes that encode putative glycosyltransferases (TagE1 to TagE6)
that share sequence similarities with Gtfl (>20% sequence iden-
tity), making it tempting to speculate that the glycosyltransferase
responsible for Acm2 glycosylation is among these enzymes.
Searches for homologues of known bacterial O-GlcNAcases (9,
38) did notyield any candidate genes putatively encoding enzymes
that could be responsible for deglycosylation of Acm?2. Clearly,
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FIG 4 Glycosylation analysis of a peptide obtained from intracellular Acm2. Surface proteins and proteins from lysed cells were separated by SDS-PAGE. (A)
Coomassie-stained SDS-PAGE gel of the surface protein fraction isolated from L. plantarum. Lane 1, wild type; lane 2, Aacm?2 strain; lane 3, Aacm?2 strain
complemented with pCytAcm?2; lane 4, Aacm2 strain complemented with pAcm2. Acm?2 is indicated by the arrow. (B) Intracellular proteins from sample 3
(Aacm2 strain complemented with pCytAcm2) were separated by SDS-PAGE, and a subfraction (boxed) was in-gel trypsinized and analyzed by mass spectrom-
etry. The MS/MS spectrum (collision energy, 35 eV) of the doubly charged glycopeptide MDSTGPQSQSSASEAAK modified with three HexNAcs is shown (/2
1,145.992; calculated mass for [M+H] ™, 2,290.977 Da; theoretical mass for [M+H]™,2,290.971 Da). A fragment corresponding to the peptide modified with one
HexNAc is shown at /2 1,884.819 ([M+H] "), and the naked peptide backbone gives an ion with m/z 1,681.729 ([M+H] *). The spectrum is dominated by the
glycan oxonium ion ([M+H]™") at m/z 204.085. The identity of the peptide is confirmed by the accurate peptide mass (theoretical mass for the nonglycosylated
peptide, [M+H]*, = 1,681.733 Da; accuracy, 2 ppm) as well as the detection of minor amounts of fragment ions, as indicated.

more work is needed to identify the enzymes involved in Acm2  proteins are also glycosylated. For example, the N-terminal AST
glycosylation and to create a deeper understanding of the func- domain of Acm2 is found in an additional 10 of the 16 peptidogly-
tional implications of protein glycosylation in lactobacilli. One  can hydrolases in L. plantarum (20), and some of these might be
related question concerns the possibility that other Lactobacillus  glycosylated.
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The characterization of glycoproteins in probiotic lactobacilli
is still in its infancy, and it is likely that more knowledge of such
glycoproteins will contribute to our understanding of the surface
biology, colonization ability, and symbiotic host interactions of
these bacteria.
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