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Abstract Based on the previous demonstration of surface
(S-) layer protein glycosylation in Lactobacillus buchneri
41021/251 and because of general advantages of lactic acid
bacteria for applied research, protein glycosylation in this
bacterial species was investigated in detail. The cell surface
of L. buchneri CD034 is completely covered with an oblique
2D crystalline array (lattice parameters, a =5.9 nm; b =6.2 nm;
v ~77°) formed by self-assembly of the S-layer protein SlpB.
Biochemical and mass spectrometric analyses revealed that
SlpB is the most abundant protein and that it is O -glycosylated
at four serine residues within the sequence Sqs5>-A-S;54-S155-
A-S;5; with, on average, seven Glc(cx1-6) residues, each.
Subcellular fractionation of strain CD034 indicated a sequen-
tial order of SIpB export and glucosylation as evidenced by
lack of glucosylation of cytosolic SlpB. Protein glycosylation
analysis was extended to strain L. buchneri NRRL B-30929
where an analogous glucosylation scenario could be detected,

J. Anzengruber - G. Sekot - P. Messner - C. Schiffer (<)
Department of NanoBiotechnology, NanoGlycobiology unit,
Universitét fiir Bodenkultur Wien,

Muthgasse 11, 1190 Vienna, Austria

e-mail: christina.schaeffer@boku.ac.at

J. Anzengruber
e-mail: julia.anzengruber@boku.ac.at

G. Sekot
e-mail: gerhard.sekot@acib.at

P. Messner
e-mail: paul.messner@boku.ac.at

M. Pabst - L. Neumann * F. Altmann
Department of Chemistry, Universitit fiir Bodenkultur Wien,
Muthgasse 18, 1190 Vienna, Austria

M. Pabst
e-mail: martin.pabst@org.chem.ethz.ch

L. Neumann
e-mail: laura.neumann@boku.ac.at

with the S-layer glycoprotein SIpN containing an O-glycosyl-
ation motif identical to that of SlpB. This corroborates previ-
ous data on S-layer protein glucosylation of strain 41021/251
and let us propose a species-wide S-layer protein O-
glucosylation in L. buchneri targeted at the sequence motif
S-A-S-S-A-S. Search of the L. buchneri genomes for the said
glucosylation motif revealed one further ORF, encoding the
putative glycosyl-hydrolase LbGH25B and LbGH25N in L.
buchneri CD034 and NRRL B-30929, respectively, for which
we have indications of a glycosylation comparable to that of
the S-layer proteins. These findings demonstrate the presence
of a distinct protein O-glucosylation system in Gram-positive
and beneficial microbes.
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Abbreviations
SipB S-layer protein of L. buchneri CD034

SIpN S-layer protein of L. buchneri NRRL B-30929

LbGH25B  Glycosyl-hydrolase of L. buchneri CD034

LbGH25N  Glycosyl-hydrolase of L. buchneri NRRL B-
30929

Introduction

Glycosylation is one of the most common protein modifications
involved in many pivotal biological processes [1]. While having
long been overlooked, nowadays, glycosylation of proteins in
bacteria is becoming increasingly documented, including both
O- and N-linked protein glycosylation [2—8]. Most bacteria
known to glycosylate proteins have specialized glycosylation
systems where a few abundant polymeric surface proteins such
as flagellins, pilins, or surface (S-) layer proteins [9—11] as well
as virulence factors of pathogens [12—14] are glycosylated.
Relatively few bacterial species have been shown to have gen-
eral protein glycosylation systems where glycans are added to
many proteins with diverse functions and subcellular localiza-
tions. Campylobacter spp. were the first bacteria demonstrated
to have a general protein glycosylation system where target
proteins are N-glycosylated [15], with Campylobacter jejuni
being the first bacterium for which the glycosylation machinery
was fully reconstituted in E. coli [16]. General O-glycosylation
systems have so far been described in pathogenic Neisseria spp.
[17], in the major gut symbiont Bacteroides fragilis [18] and in
phylogenetically related species, such as the periodontal patho-
gen Tannerella forsythia [19].

In Gram-positive and beneficial bacteria, such as lactic acid
bacteria, general glycosylation systems have not been docu-
mented so far. Lactic acid bacteria are used in various ways of
applied research due to their GRAS (generally regarded as
safe) status, including food and feed production [20] and
production of recombinant proteins and metabolites [21-23].
Furthermore, they are promising candidates for carbohydrate
engineering purposes, aimed at, for instance, the improvement
of the therapeutic behavior of protein drugs [24] or the design
of immunomodulatory agents [25].

Glycosylation of lactobacillar proteins was previously re-
ported for the S-layer proteins of Lactobacillus buchneri
41021/251 [26], Lactobacillus helveticus ATCC12046 [27],
Lactobacillus acidophilus NCFM [28], Lactobacillus
plantarum 41021/252 [26], and various Lactobacillus kefir
strains [29]. These S-layer glycoproteins share the common
feature of self-assembling into closed, 2D crystalline arrays on
the bacterial cell surface [8, 30]. While S-layer glycosylation
of most of these proteins was inferred only from a positive
periodic acid-Schiff staining reaction of an SDS-PAGE gel,
for L. buchneri 41021/251, the S-layer glycans were shown to
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be glucose oligomers attached to serine residues of the S-layer
protein [26]. Other known lactobacillar glycoproteins are ex-
tracellular, cell wall-hydrolyzing enzymes containing O-
linked carbohydrate moieties, found in Streptococcus faecium
ATCC 9790 [31], L. plantarum WCFS1 [32, 33], and Lacto-
bacillus rhamnosus GG [34]. Recently, even cysteine S-gly-
cosylation, a novel post-translational modification, was re-
ported in glycopeptide bacteriocins of L. plantarum [35,
36]. The demonstration of glycans on several extracellular
proteins of lactobacilli supports recent studies pinpointing
the importance of lactobacillar cell surface glycosylation for,
e.g. adhesion and biofilm formation [37] as wells as gastro-
intestinal persistence [38] and adaptation [39].

Here, S-layer protein glycosylation in the species L.
buchneri was investigated in detail. L. buchneri strains are
Gram-positive, obligatory hetero-fermentative, facultative an-
aerobes; they have been isolated from different sources, ranging
from stable grass silage [40, 41], ethanol production plants [42],
pickled juice [43] and acid-coagulating cheese samples [44] to
the human intestine [45]. One strain was shown to have probi-
otic effects manifested in cholesterol reduction, acid and bile
tolerance, and antimicrobial activity [43]. L. buchneri strains
are intensively investigated because of their property of effi-
cient preservation of animal feed silages against aerobic spoil-
age. The obligatory hetero-fermentative nature and acid resis-
tance have drawn attention to this species for applications as
silage starter culture [46-51]. L. buchneri strains used in this
work include L. buchneri CD034, isolated from grass silage
[40, 41], L. buchneri 41021/251, isolated from a dairy factory
[26], and L. buchneri NRRL B-30929, isolated from an etha-
nol production plant [42]. The complete genome sequences of
L. buchneri CD034 [52] and L. buchneri NRRL B-30929 [53]
were published recently.

To assess the significance of protein glycosylation in the
species L. buchneri this study specifically deals with the 1)
identification and electron-microscopic visualization of the S-
layer glycoprotein SlpB of L. buchneri CD034, ii) elucidation
of its S-layer glycan structure, iii) analysis of SlpB glycosyla-
tion sites, iv) determination of the cellular site of SlpB glyco-
sylation, v) identification of the S-layer glycoprotein SIpN in
the closely related strain L. buchneri NRRL B-30929, and vi)
investigation of glycosylation of the putative glycosyl-hydro-
lases, LbGH25B and Lb GH25N, in L. buchneri CD034 and
NRRL B-30929, respectively.

Materials and methods
Bacterial strains and culture conditions
L. buchneri CD034 [40, 41, 52], L. buchneri NRRL B-30929

[42, 53, 54], and L. buchneri 41021/251 [26] were grown in
De Man-Rogosa-Sharpe (MRS) broth (Oxoid, Basingstoke,



Glycoconj J (2014) 31:117-131

119

Hampshire, UK) [55] at 37 °C without shaking. Escherichia
coli DH5« cells (Life Technologies, Vienna, Austria) and £.
coli BL21 (DE3) cells (Life Technologies) were cultivated at
37 °C and 200 rpm in Luria-Bertani (LB) medium supple-
mented with 50 pg mL™" kanamycin (Km).

Freeze-etching and transmission electron microscopy

Cell morphology of L. buchneri CD034 was examined by
transmission electron microscopy (TEM) of freeze-etched in-
tact bacteria [56]. Cells were harvested by centrifugation and
washed three times with sterile double-distilled water (MilliQ-
water). Freeze-etching was carried out in a BAF 060 unit
(Leica, Wetzlar, Germany). Fracturing and etching of frozen
samples was done at -96 °C for 90 s prior to platinum/carbon
shadowing. Replicas were purified for 30 min in 70 % sulfuric
acid, neutralized in MilliQ-water and subsequently subjected
to 14 % sodium hypochloride solution (for 3-5 min), followed
by three washing steps in MilliQ-water water and immobiliza-
tion on 400-mesh TEM copper grids (Agar Scientific,
Stansted, UK). Samples were investigated in a Tecnai G* 20
Twin TEM (FEI, Eindhoven, The Netherlands), operating at
80 keV, and micrographs were taken with an FEI Eagle 4 k
CCD camera (4,096%4,096 pixels). S-layer lattice pa-
rameters were obtained from the power spectra directly
taken in the TEM as published recently [57].

Production and purification of recombinant proteins

The coding sequences for the S-layer protein SlpB of L.
buchneri CD034 (LBUCDO034 1608) devoid of the N-
terminal signal peptide sequence (corresponding to amino
acids 1-31 of the pre-protein) was PCR-amplified with the
primers (Life Technologies) SIpB _F (5'- AATCA
CCATGGGCAAATCATATGCCAAAGTTAC -3', Ncol site
is underlined) and SlpB R (5'- AATCACTCGAG
ATTAAACGGTGTAACAGTAAC -3', Xhol site is
underlined), digested with Ncol- and Xhol and ligated into
pET28a+ expression vector (Novagen, Madison, WI, USA).
Similarly, the coding sequences for LAGH25B
(LBUCDO034 0240) and LbGH25N (Lbuc_0200) were
PCR-amplified without signal peptides (amino acids 1-29)
using the primers LbGH25B/N_F (5'-AATCATCTAGA
AATAATTTTGTTTAACTTTAAGAAGGAGATATACCAT-
GGCTTTGACGCCGTCCAGTACC-3', Xbal site is underlined)
and LbhGH25B/N His stop R (5'- AATCAAAGCTT
TTAATGATGATGATGATGATGATTCAAATAACCGCGCC-
AAATCC-3', HindIII site is underlined), digested with Xbal
and HindII- and ligated into pET28a+. The resulting recombi-
nant plasmids (pET28a-SlpB_Hiss, pET28a-LbGH25B Hisg
and pET28a-LbGH25N_Hisg) were propagated in E. coli
BL21 Star (DE3) for production of hexahistidine-tagged
proteins.

The transformed strains were grown in LB broth supple-
mented with kanamycin (50 g mL™") at 37 °C and 200 rpm.
At the mid-exponential growth phase (ODgoo~0.6), protein
expression was induced with 1 mM isopropyl (3-D-1-thio-
galactopyranoside (IPTG) and cultivation was continued for
4 h. Cells were pelleted by centrifugation (10,000 x g,
20 min), resuspended in lysis buffer (50 mM sodium citrate
buffer, pH 6.2, 0.1 % Triton X-100) and, after addition of
lysozyme (800 pg mL™'; Sigma-Aldrich, Vienna, Austria)
and benzonase (50 U mL'; Sigma-Aldrich), incubated for
30 min at 37 °C. Bacteria were further lysed by ultrasonication
(Branson sonifier, duty cycle 50 %; output 6) applying ten
cycles of 10 pulses with 30 s breaks, each, and insoluble
inclusion bodies containing the recombinant proteins were
pelleted. The proteins were extracted from the pellets with
binding buffer (50 mM sodium citrate buffer, pH 5.5, 5 M
GdHCI (guanidinium hydochloride), 20 mM imidazol, 0.5 M
NaCl) for 1 h at 4 °C. The extracts were subjected to centri-
fugation and membrane-filtering (0.45-um pore size). The
resulting protein samples were applied to a 1-ml HisTrap HP
column (GE Healthcare, Vienna, Austria) and recombinant
proteins were recovered with elution buffer (50 mM sodium
citrate buffer, pH 5.5, 5 M GdHCI, 1 M imidazol, 0.5 M
NaCl). Recombinant proteins were dialyzed against 50 mM
sodium citrate buffer, pH 5.5.

SDS-PAGE

SDS-PAGE was carried out on 15 % and 20 % slab gels in a
Mini Protean electrophoresis apparatus (Bio-Rad, Vienna,
Austria) according to Laemmli [58]. Laemmli buffer
contained 62.5 mM Tris-HCI, pH 6.9, 2 % SDS, 1 % f3-
mercaptoethanol, and 10 % glycerol. Protein bands were
visualized with colloidal Coomassie Brilliant Blue R-250
(CBB) staining reagent, carbohydrates with periodic acid-
Schiff (PAS) staining reagent or with Pro-Q Emerald 300
fluorescent stain (Life Technologies) [59], and the gels were
imaged at 700 nm using the Odyssey imaging system
(LICOR, Lincoln, NE, USA) and at 300 nm using the
Infinity-3000 apparatus (Vilber-Lourmat, Marne-la-Vallée,
France), respectively.

Western-immunoblotting

Immunization of mice and preparation of polyclonal antise-
rum against purified recombinant SIpB and the predicted
glycosyl-hydrolase LbGH25N was done at EF-BIO s.r.o.
(Bratislava, Slovakia). Due to high amino acid homology
(99 %) of the predicted glycosyl-hydrolases, the Lo GH25N-
specific antiserum recognized also the homologous protein
LbGH25B.

Proteins were transferred from the SDS-PAGE gel to a
polyvinylidene difluoride membrane (Bio-Rad) using a Mini

@ Springer



120

Glycoconj J (2014) 31:117-131

Trans-Blot Cell (Bio-Rad). The S-layer and glycosyl-hydro-
lase specific antisera were used in combination with IR Dye
800CW goat anti-mouse antibody (LI-COR) and detection
was performed at 800 nm using the Odyssey Infrared Imaging
System (LI-COR).

O-glycan preparation

The S-layer proteins SIpB and SIpN as well as the predicted
glycosyl-hydrolases LbGH25B and LbhGH25N of L.
buchneri CD034 and L. buchneri NRRL B-30929, respec-
tively were excised from SDS-PAGE gels and O-glycans
were isolated by applying in-gel reductive (3-elimination
[60]. Excised gel slices were transferred to a 1.5-ml Eppendorf
tube, covered with 250-500 uL of 1 M NaBH, in 0.5 M
NaOH, and incubated at 50 °C for 18 h. Excess of salt was
removed using 10 mg HyperSepHypercarb SPE cartridges
(Thermo Fisher Scientific, Vienna, Austria) according to pub-
lished protocols [61-63]. For comparison, O-glycans of the S-
layer protein L. buchneri 41021/251 were isolated by apply-
ing in-gel reductive 3-elimination with 1 M NaBD, in 0.5 M
NaOH. Borohydride- and borodeuteride-reduced glycans
were vacuum-dried and further analyzed.

Monosaccharide analysis

To identify SlpB glycan constituents, borohydride-reduced O -
glycans were hydrolyzed with 25 % TFA at 110 °C for 4 h and
released monosaccharides were analyzed by high-
performance anion-exchange chromatography with pulsed
electrochemical detection (HPAEC-PED) (Dionex, Sunny-
vale, CA, USA, [64]).

LC-ESI-MS

Borohydride- and borodeuteride-reduced O-glycans were an-
alyzed by PGC-ESI-MS as described recently (Hypercarb,
0.32x150 mm, inner diameter 5 um) [19, 63, 65]. Ammoni-
um formate buffer (0.3 % formic acid, pH 3.0) was used as
buffer A, and a gradient was performed from 0 % to 35 %
acetonitrile in buffer A within 35 min using a Dionex Ultimate
3000 (cap flow, 8 uL min ). Detection was done by an ESI-
Q-TOF Global Ultima from Micromass (Waters, Eschborn,
Germany). Data were evaluated using MassLynx 4.0
software.

Proteomics

For the identification of peptides of the L . buchneri CD034 and
L. buchneri NRRL B-30929 glycoproteins, an in-gel trypsin
digest of the respective bands from SDS-PAGE gels was per-
formed as described recently [19].
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Extracted peptides from L. buchneri CD034 were further
subjected to RP liquid chromatography coupled to ESI-MS/
MS [63]. GPM and the X!tandem algorithm (http:/www.
thegpm.org/) were used for protein database search of the
MS/MS data. Results were further evaluated using log(e)
values to estimate correctness of peptide assignments.

L. buchneri NRRL B-30929 peptides were dissolved in
50 % acetonitrile and 0.1 % trifluoroacetic acid. An aliquot
(0.5 ul) was directly spotted onto a ground steel sample plate
and analyzed by MALDI-TOF MS with «-cyanocinnamic
acid as matrix. The sample was analyzed in positive ion mode
using a Bruker Autoflex Speed (Bruker Daltonics, Bremen,
Germany) equipped with a Smartbeam-II solid-state 1,000 Hz
laser; typically 1,000-2,000 shots were summed. Data were
analyzed and predicted using the ProteinProspector MS-Fit
and MS-Digest on-line software (http://prospector.ucsf.edu).
SignalP 4.0 Server was used for prediction of signal
peptides. Secondary structure prediction of SIlpB was
computed with PSIPRED protein structure prediction
server.

O-glycosylation site analysis

Mass spectrometric determination of the O-glycosylation sites
was performed according to a published protocol [66]. Briefly,
an in-gel trypsin digest of the respective band on SDS-PAGE
gels was performed, tryptic peptides were extracted and dried
under vacuum. The whole digest was further digested with
GluC in 20 mM ammonium bicarbonate overnight and the
digest was further fractionated by RP chromatography (see
above). Glyco-positive fractions were evaluated by ESI-MS.
Glycans were released from the peptide by ammonia-based
non-reductive {3-elimination (25 % ammonia for 18 h at
37 °C). The peptide was further subjected to RP liquid chro-
matography coupled to ESI-MS/MS [63]. The deglycosylated
peptide was sequenced and free serine residues could be
distinguished from originally glycan-carrying serines by a
mass difference of one Da.

Subcellular fractionation of L. buchneri CD034

L. buchneri CD034 was grown overnight in MRS broth at
37 °C without shaking. The bacterial cell pellet obtained after
centrifugation (10,000 x g, 20 min) was washed with 50 mM
Tris-HCI, pH 7.2 (buffer B) and, subsequently, lysed by
ultrasonication in buffer B (Branson sonifier, duty cycle
50 %; output 8) by applying six cycles of 10 pulses, with
30 s breaks, each.

Cell wall fraction Cell wall fragments were pelleted (30,000 x
g, 15 min) and resuspended in buffer B, containing 1 % Triton
X-100, and pelleted again. After four washing steps with buffer
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B, proteins were resuspended in PBS and mixed with Laemmli
buffer prior to SDS-PAGE analysis.

Cytosol Cytosolic proteins were obtained from the superna-
tant of the centrifugation step directly after ultrasonication
during the cell wall isolation described above. Proteins were
precipitated with trichloroacetic acid (20 % final concentra-
tion) at 4 °C for 30 min. After centrifugation (9,000 x g,
20 min), precipitated proteins were washed twice with ice-
cold 100 % acetone. The pellet was air-dried and proteins
resuspended in Laemmli buffer.

Results
Description of the cell surface of L. buchneri CD034

L. buchneri CD034 possesses a typical Gram-positive cell
wall profile with a thick peptidoglycan layer that is addition-
ally covered by an S-layer as outermost cell envelope decora-
tion. This S-layer is formed by self-assembly of the glycopro-
tein SlpB into a 2D lattice. Freeze-etching experiments of
intact bacterial cells showed an oblique S-layer lattice with
the base vectors @ =5.9 nm, » =6.2 nm, and an enclosed angle
of y ~ 77° (Fig. 1). This compares well to the S-layer lattice
parameters of L. buchneri strains 41021/251 (a=5.4 nm, b=
6.1 nm, and y ~ 80°) [29] and ATCC 4005 [67]. For the latter
strain, careful inspection of the published power spectrum and

Fig. 1 TEM micrograph of a
freeze-etched and metal-carbon-
shadowed preparation of L.
buchneri CD034 cells. a Oblique
S-layer lattice; b power spectrum
of the S-layer lattice from the
boxed area in (a), ¢ lattice
reconstruction

also of an undisturbed area of the S-layer protein lattice as
revealed by a freeze-etched preparation of intact cells, unam-
biguously revealed the presence of an S-layer with oblique
lattice symmetry (center-to-center spacing, ~ 6.0 nm) in con-
trast to the published hexagonal lattice symmetry.

SDS-PAGE analysis of protein glycosylation in L. buchneri
CDO034

Strong carbohydrate staining reactions with Pro-Q Emerald
reagent upon separation of a crude cell extract by SDS-PAGE
were observed for L. buchneri CD034 (Fig. 2, lane 2). The
most abundant glyco-positive stained protein band with an
apparent molecular mass of ~60 kDa (indicated by an arrow in
Fig. 2) was excised from the SDS-PA gel, digested with
trypsin, and subjected to reversed phase LC (RP)-ESI-MS/
MS peptide mapping. This glycoprotein could be clearly
identified as the S-layer protein of the bacterium by running
the MS/MS data against the L. buchneri CD034 proteome
database using GPM and the X!tandem algorithm (http://
www.thegpm.org/). The high abundance of that protein on
the CBB-stained SDS-PA gel of the whole cellular proteome
(Fig. 2, lane 1) correlates with the feature of S-layer proteins
being the most abundant cellular proteins, with a total protein
biosynthesis effort of up to 20 % being devoted to S-layer
protein biosynthesis. The high amount of S-layer proteins is
required for a complete coverage of the bacterial cell with a
closed S-layer lattice during all stages of the growth cycle
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[30]. The detected S-layer glycoprotein, SIpB (gene
LBUCDO034 1608), is one out of eight putative S-layer pre-
cursor proteins encoded on the genome of L. buchneri CD034
[52]. It is composed of 558 amino acid residues corresponding
to a calculated molecular mass of 58.3 kDa and contains 11 %
of a-helices, 30 % of [-sheets, and 59 % of random coils
according to computed secondary structure prediction; this is
in agreement with the predicted secondary structure of other
lactobacillar S-layer proteins [68]. As predicted by SignalP 4.
0 Server and confirmed by ESI-MS/MS peptide mapping
(data not shown), the S-layer protein contains an N-terminal
signal peptide of 31 amino acids, exhibiting the sequence
MKKSLKKTLFAGVAALSFVAVAGVSSTNASA which in-
cludes the commonly found A-X-A motif preceding the cleav-
age site for type I signal peptidases [69]. Overall SlpB pos-
sesses a basic pl of 10.2 that is typical of lactobacillar S-layer
proteins [30, 70]. Interestingly, the amino acid sequence of the
newly identified S-layer protein SlpB includes the amino acid
motif S-S-A-S-S-A-S-S-A, which is also present in the S-layer
protein of L. buchneri strain 41021/251 [26].

Additionally, a second, ~42-kDa, slightly blurred, glyco-
positive band of lower abundance was detected with Pro-Q

Mm 1 2

rd
o

Fig. 2 SDS-PAGE analysis (15 % gel) of a crude cell extract from L.
buchneri CD034. Mm, PageRuler Plus pre-stained protein ladder (Ther-
mo Scientific). Gels were stained with CBB (lane 1) and Pro-Q Emerald
(lane 2). Two glyco-positive protein bands were detected. The arrow
indicates the S-layer glycoprotein SlpB of L. buchneri CD034 which
makes up the main portion of the whole cellular proteome. A second ~42-
kDa, glyco-positive protein was detected and is indicated by an asterisk

@ Springer

Emerald reagent (indicated with by asterisk in Fig. 2). Details
about this band are given below.

S-layer glycan profiles of L. buchneri CD034 and L. buchneri
41021/251

The presence of the amino acid signature motif S-S-A-S-S-A-S-
S-A, ranging from amino acid 151 to 159 within SlpB of the
currently investigated L. buchneri CD034 as well as in the L.
buchneri 41021/251S-layer protein [26], let us hypothesize that
comparable or even identical S-layer protein glycosylation
might occur in these bacteria. This hypothesis was tested by
first analyzing the S-layer glycan structure of SlpB of L.
buchneri CD034 and comparing it with the known S-layer
glycan structure of strain 41021/251 [26]. Extracts of cellular
proteins of either bacterial strain were separated by SDS-PAGE
and S-layer protein bands were excised from the 15 % SDS-PA
gels. S-layer glycans from L. buchneri CD034 were released
from the protein backbone by in-gel reductive (3-climination
using borohydride, while those of strain 41021/251 were re-
leased using borodeuteride. Subsequently, glycan analysis was
performed by LC-PGC (porous graphitized carbon)-ESI-MS/
MS. The LC profile clearly indicated the presence of identical
glycans on the S-layer proteins of L. buchneri CD034 and on
41021/251 (Fig. 3a), and showed both glycans to be composed
of hexose units and, most probably, according to identical
retention times of the S-layer glycans of either strain on the
PGC column [65], of Glc(x1-6). Figure 3b shows a summa-
rized ESI-MS spectrum representing the mass units of repeating
hexose units. L. buchneri CD034 S-layer glycans were found
with monoisotopic values of 848, 1,010, 1,172 and 1,334 Da
corresponding to homooligomers composed of five, six, seven
and eight units, respectively. As expected, a mass increase of
1 Da was observed for the borodeuteride-reduced S-layer gly-
cans of strain 41021/251 compared to borohydride-reduced S-
layer glycans of strain CD034 (Fig. 3b). Further, monosaccha-
ride analysis of borohydride-reduced and TFA-hydrolyzed S-
layer glycans from L. buchneri CD034 was performed by
HPAEC-PED. The only monosaccharide constituent detected
was glucose (Fig. 3¢), suggesting that the SIpB glycans consist
of a glucose oligomer; this is corroborated by identical PGC
retention times of the S-layer glycans of either strain.

Glycosylation sites in the S-layer protein of L. buchneri
CD034

After an in-gel trypsin digest of the glycosylated S-layer
protein SlpB of L. buchneri CD034, the glycopeptide (amino
acid sequence, 147SASASSASSASSAEQTTALTDAQK;7¢)
was analyzed by LC-ESI-MS. A major peak in the spectrum
atan m/z value of 6828.51 was found to correspond to the sum
of the mass of the amino acids and 28 glucose residues
(Fig. 4a). The mass accuracy of this peak compared to the
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of the L. buchneri 41021/251 S-layer glycan, a mass difference of 1 Da
compared to the 'H-reduced glycan of L. buchneri CD034 was observed. As
shown in (b), glycans from both strains could therefore be analyzed in one
single measurement. Adducts are according to ammonium and sodium as
depicted in the inset. Molecular ions indicated with an asterisk are [M+NH,]".
Peaks representing repeating glucose units were observed for both strains. ¢
HPAEC-PED profile of SlpB glycan monosaccharides after TFA hydrolysis
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Fig. 4 a Mass distribution of the glycosylated peptide of the S-layer
protein of L. buchneri CD034. After a tryptic digest the glycopeptide
(amino acid sequence given in the figure) was applied to LC-ESI-MS.
The m/z values correspond to the sum of the mass of the amino acids and
the glucoses attached to the peptide. The major peak at an m/z value of
6828.51 refers to the mass of 28 glucoses distributed over the peptide,
with a calculated m/z value of 6828.57. [M+H+2NH;]" ions and [M+
NH,]" ions are indicated by an asterisk and a double asterisk, respective-
ly. Derivatization of glycosylated serines via ammonia based non-

calculated m/z value of 6828.57 is —8.79 ppm. The whole
tryptic sample was further digested with GIuC and the
smallest possible glycopeptide was fractionated by RP-HPLC.
An aliquot of the vacuum-dried glycopeptide was subjected to
ammonia-based non-reductive (3-elimination [66]. During that
procedure, glycosylated serines were transformed into
ammonia-derivatives leading to a mass decrease of 1 Da
compared to non-glycosylated serines. The deglycosylated
peptide was further analyzed by RP-ESI-TOF-MS/MS
(Fig. 5, Table 1). Four serine residues (underlined) within
the sequence S-S ;5»-A-S54-S155-A-S157-S-A could be de-
tected with the above described mass decrease and, therefore,
identified as the glycosylation sites on the S-layer protein
SIpB of L. buchneri CD034 (compare with Fig. 4a). Distrib-
uting 28 glucoses, as found in the major glycopeptide peak,
over the four glycosylation sites resulted in an O-glycan
consisting of, on average, seven glucose residues. A schematic
drawing of the S-layer glycoprotein of L. buchneri CD034
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reductive 3-elimination and ESI-TOF-MS/MS analysis (Fig. 5) revealed
the presence of four glycosylation sites (underlined). b Schematic draw-
ing of the S-layer glycoprotein of L. buchneri CD034. Based on glycan,
glycopeptide as well as protein analysis, the S-layer glycoprotein pos-
sesses a signal peptide (black) consisting of 31 amino acids and an O-
glycan consisting of on average seven Glc(1-6) units attached to four
serines within the acceptor sequence motif S-S-A-S-S-A-S-S-A (grey),
corresponding to positions Ser; s, Ser;sy, Ser;ss, and Ser;s;

including the glycosylation sequence motif and the O-glycan
structure is given in Fig. 4b.

Cellular localization of S-layer protein glycosylation in L.
buchneri CD034

To determine the subcellular localization of the S-layer glyco-
sylation event, (glyco)proteins were isolated from the cell wall
and the cytosol, and Western-immunoblotting for S-layer detec-
tion as well as PAS staining for glycan detection was performed.
While Western-immunoblotting with SlpB-specific antiserum
confirmed the presence of the S-layer protein in both the cell
wall and the cytosolic fractions, only the cell wall fraction
exhibited strong reactivity with the PAS reagent, the cytosolic
fraction, in contrast, showed no significant reactivity (Fig. 6).
This observation supports our hypothesis of a sequential order of
S-layer protein export to the cell surface and glycosylation.
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Fig. 5 Mass spectrometric determination of the O-glycosylation sites on
the S-layer protein of L. buchneri CD034. The glycopeptide was
subjected to RP-ESI-TOF-MS/MS after ammonia-based non-reductive
[3-elimination. As depicted in the inset, the deglycosylated peptide eluted
at a high percentage of acetonitrile (>30 %) as a broad peak. Mainly the

Table 1 MS/MS peak identification and O-glycosylation site determi-
nation. Red colored masses were detected after the MS/MS experiment of
the deglycosylated peptide. The series of minus 18 Da originates, most

m/z

B- and Y- series ions were found in the MS/MS spectrum. All ions in the
spectrum, if not indicated elsewise, are [M+H]". Loss of 18 Da was
deteceted for each peak originating from the Ser residues, most probably,
due to loss of OH-groups. Deglycoslyted Ser was found with 86 Da
(-1 Da)

probably, from the loss of the serine OH groups. Glycosylation sites,
indicated in bold, were found with 86 Da. Mass deviation was found to be
—0.5 Da for larger masses

mi  AA loss of 18 B series Y series loss of 18

87 S 34.0 52.0 70.0 88 1195.5 1177.5 1159.5 1141.5
71 A 105.1 123.1 141.1 159.1 1108.5 1090.5 1072.5 1054.5
87 S 192.1 210.1 228.1 246.1 1037.4 1019.4 1001.5 983.4
71 A 263.1 281.1 299.1 317.1 950.4 932.4 914.4 896.4
87 S 350.2 368.2 386.2 404.2 879.4 861.4 843.4 825.4
86 S 436.2 454.2 472.2 490.2 792.3 774.3 756.3 738.3
71 A 507.2 525.2 543.2 561.2 706.3 688.3 670.3 652.3
86 S 593.3 611.3 629.3 647.3 635.3 617.3 599.3 581.3
86 S 679.3 697.3 715.3 7333 549.2 531.2 513.2 495.2
71 A 750.3 768.3 786.3 804.3 463.2 445.2 427.2 409.2
86 S 836.4 854.4 872.4 890.4 392.2 374.2 356.2 338.2
87 S 923.4 941.4 959.4 977.4 306.1 288.1 270.1 252.1
71 A 994.4 1012.4 1030.4 1048.4 219.1 201.1 183.1 165.1
129 E 1123.5 1141.5 1159.5 1177.5 148.1 130.1 112.1 94.1
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Fig. 6 Cellular localization of protein glycosylation and in L. buchneri
CDO034. L. buchneri proteins were isolated from the cell wall (lanes 1 and
3) and the cytosolic fraction (lanes 2 and 4) of L. buchneri CD034 as
described in Materials and Methods. Samples were run on SDS-PAGE

Identical S-layer protein glycosylation among L. buchneri
strains and determination of a common S-layer glycosylation
motif

Based on the detected commonalities of O-glycosylation among
S-layer proteins in L. buchneri CD034 and L. buchneri 41021/
251, protein glycosylation analysis was extended to strain L.
buchneri NRRL B-30929 [53] in order to potentially unravel
a general S-layer protein glycosylation theme in this bacterial
species. In silico proteome analysis of L. buchneri NRRL B-
30929 revealed the presence of two gene products containing
an S-S-A-rich region potentially representing a glycosylation
motif. These are Lbuc 0578 and Lbuc 1557 containing the
amino acid sequences 15;S-S-A-S-S-A-S-S-A 59 and 149S-S-
S-A-S-S-A-S; 56, respectively. Comparable glycoprotein pat-
terns were observed in crude cell extracts of L. buchneri
strains NRRL B-30929 and CD034 according to SDS-PAGE
analysis (Fig. 7a), revealing two glyco-positive protein bands
and with apparent molecular masses of ~65 kD and 42 kDa,
respectively. The prominent glycoprotein band at ~65 kDa
(indicated with an arrow in Fig. 7a, lane 2) was identified as
the S-layer protein SIpN (gene Lbuc 1557) of L. buchneri
NRRL B-30929 after in-gel trypsin digest and MALDI-MS/
MS analysis (data not shown). SIpN contains an N-terminal
signal peptide including a type I signal peptidase cleavage site
and possesses a basic pl of 9.9, which all compares well to
SIpB of L. buchneri CD034.

For glycan analysis, the band corresponding to glycosylat-
ed SIpN was subjected to LC-ESI-MS after in-gel reductive (3-
elimination. O-Glycans, identical to the S-layer glucose
homooligomer of strains CD034 and 41021/251 could be
identified on the S-layer of L. buchneri NRRL B-30929
(Fig. 7b). Based on this observation, the S-S-A-rich sequences
of all identified S-layer glycoproteins were aligned revealing
the presence of the confirmed glycosylation motif S-A-S-S-
A-S of the S-layer protein SlpB of L. buchneri CD034
(Fig. 7c¢).

Indication of a putative glycosyl-hydrolase in L. buchneri
possessing the S-layer glycosylation theme
Glycans from the ~42-kDa glyco-positive protein band of L.

buchneri strains CD034 and NRRL B-30929 on SDS-PAGE
(indicated with asterisks in Figs. 2 and 7a) were released from
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(15 % gel), PAS-stained for carbohydrates (lanes 1 and 2) and Western-
blotted and detected with S-layer specific antiserum (lanes 3 and 4). Mm,
PageRuler prestained protein ladder (Thermo Scientific)

the protein backbone by in-gel borohydride-reductive f3-
elimination and subjected to LC-ESI-MS. Glycan profiles
identical to that of the S-layer glycans were detected, showing
an oligosaccharide consisting of hexose residues (Fig. 7b).

In silico proteome analysis of L. buchneri CD034 and
NRRL B-30929 indicated the presence of two further pro-
teins, besides the S-layer proteins, containing the characteris-
tic S-A-S-S-A-S glycosylation motif (Fig. 7c). These are the
putative extracellular glycosyl-hydrolase homologues
LbGH25B (gene LBUCDO034 0240) and LbGH25N (gene
Lbuc 0200) of L. buchneri CD034 and NRRL B-30929,
respectively, both containing a glycosyl-hydrolase family 25
domain. Similar to the S-layer proteins, the highly homolo-
gous putative glycosyl-hydrolyses Lo GH25B and Lb GH25N
contain an N-terminal, 29-amino acid signal peptide
including a type I signal peptidase cleavage site and possess
a basic pl of 9.5.

Western-immunoblot analysis of crude cell extracts from
L. buchneri CD034 and L. buchneri NRRL B-30929 using
glycosyl-hydrolase specific antiserum detected both
LbGH25B and LbGH25N at an apparent molecular mass of
~42 kDa (Fig. 8, lane 1 and 3) which is in accordance with the
apparent molecular mass of the additional glyco-positive pro-
tein band as inferred from SDS-PA gels (Fig. 8a). Further,
purified recombinant, non-glycosylated LbGH25B and
LbGH25N were applied to the immunoblots, revealing a
slightly downshifted apparent molecular mass when com-
pared to the native glycosyl-hydrolases (Fig. 8, lanes 2 and
4). These data supported a posttranslational modification of
the glycosyl-hydrolases and confirmed the identities of the 42-
kDa bands as LbGH25B and LbGH25N. As evidenced by

Fig. 7 Comparative analysis of protein glycosylation in L. buchneri P
strains. a Crude extracts of L. buchneri CD034 (lane 1) and L.
buchneri NRRL B-30929 (lane 2) were run on SDS-PAGE (20 % gels)
and PAS-stained for carbohydrates. The arrow and the asterisk indicate
the S-layer proteins and the 42-kDa glyco-positive band, respectively.
Mm, PageRuler Plus prestained protein ladder (Thermo Scientific);
MmCC, Candy Cane Glycoprotein Molecular Weight Standards (Life
Technologies). b Deconvoluted ESI-TOF-MS spectra of glycans released
from L. buchneri CD034 and NRRL B-30929 glycoprotein bands after
in-gel 3-elimination in comparison with O-glycans of the S-layer protein
SIpB of L. buchneri CD034. O-glycans from all proteins were found to
be identical. Molecular ions indicated with an asterisk are [M+NH,4]". ¢
Confirmed (SlpB) and predicted glycosylation sites of O-glycans in L.
buchneri strains. The common sequence motif S-A-S-S-A-S (yellow
background) was found in all investigated proteins



Glycoconj J (2014) 31:117-131

127

b

Intensity

Mm 1 MwCC
70 - S L/ P4 - 82
55 - .. G T —
* ¢ -42
35 - -
25 - ..
L. buchneri CD034 6 Glc TOF MS ES+ | IMeNH
SIRg 0 o133 @ Glc (MeNa]
5 Glc - 5
* g53.27 7 Gle

L. buchneri NRRL B-309291010.88

SlpN

* 95368
848.71

*

1015.83

1155.95

* 1173.00

17791

1178.04

* 1335.12

134012

L. buchneri CD034
42-kDa protein band

*853.23

* 101040

1015.38

993.37

L. buchneri NRRL B-30929 30-25

42-kDa protein band

838.23
831.31 |848.23

853.18
*

1015.28

C S-layer proteins

SIpB
SIpN

SIpL. buchneri 41021/251 (primary structure unkown)

Glycosyl hydrolases

LbGH25B
LbGH25N

X 117244
17739
* 133448
1156.02 13395
|
4 1
1
*1172.34
*
1173.38 Tesasn
1177.35
1334.55
1155.24
1178.33 J338.37

800 825 850 875 900 925 950 97510001025 1050 1075 1;(3:)11251150 1175 1200 1225 1250 1275 1300 1325 1350 1375 1400
Z

17 SASASSASSASSAEQT 4,
1ANTSSSASSASINTQG

SSASSASSA

»:sNANSSSASSASSASSS,;,
- NANSSSASSASSESSS, .,

@ Springer



128

Glycoconj J (2014) 31:117-131

Mm 1 2 3 4 5 6
55 -

Fig. 8 Apparent mass differences between native and recombinant gly-
cosyl-hydrolases. L. buchneri CD034 and NRRL B-30929 cell extracts
(lanes 1 and 3), recombinant LbGH25B and LAGH25N (lanes 2 and 4),
premixed L. buchneri CD034 cell extract and recombinant L6GH25B
(lane 5) and premixed L. buchneri NRRL B-30929 and recombinant
LbGH25N were run on SDS-PAGE (9 % gel), Western-blotted and
detected with glycosyl-hydrolase specific antiserum. Mm, PageRuler
prestained protein ladder (Thermo Scientific)

LC-ESI-MS the modification would be glycans identical to
the O-glycans attached to the S-layer proteins.

Closer inspection of the SDS-PA gels revealed that the
native glycosyl-hydrolases appear as double bands, with the
band of lower molecular mass running at the same size as the
recombinant enzyme (Fig. 8, lanes 1-4), indicative of the
presence of non-glycosylated LbGH25B and L6 GH25N in
addition to the glycosylated enzymes in the native L. buchneri
hosts. The only slight shift in molecular mass between glyco-
sylated (upper band) and non-glycosylated (lower band) gly-
cosyl-hydrolases can be well explained by a difference of only
~1.3 kDa resulting from the 8-unit glucose oligomer. To
exclude that matrix effects would cause the different running
behavior of the different L6 GH25B and LbGH25N forms,
i.e., native, glycosylated versus recombinant, non-
glycosylated, the recombinant, purified enzymes were mixed
with the L. buchneri cell extracts prior to application onto the
SDS-PA gel. On a Western blot, the double bands of both
LbGH25B and LbGH25N could be still clearly detected by
the glycosyl-hydrolase-specific antiserum, with the lower
bands now appearing more intensive due to the contribution
of the recombinant proteins migrating at the same size (Fig. 8,
lane 5 and 6). This supported our assumption that Lb GH25B
and LbGH25N are glycoproteins with a certain fraction of the
native enzyme being non-glycosylated.

Discussion

We report the presence of an S-layer with oblique lattice
symmetry covering L. buchneri CD034 cells. We identified
the S-layer protein SIlpB as most abundant protein of the
whole cellular proteome and as the LBUCD034 1608 trans-
lation product, one out of eight open reading frames on the
genome of L. buchneri CD034 encoding putative S-layer
proteins [52]. Furthermore, we provided evidence of S-layer
protein glycosylation by using a combined biochemical and
mass spectrometric approach. It was demonstrated that the S-
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layer protein of L. buchneri CD034 carries O-glycans com-
posed of homooligomers of, on average, seven Glc(x1-6)
residues. The glycosylation sites on the SlpB protein were
identified as four serines (underlined) within the sequence S-
S 152-A-S 154-S 155-A-S 157-S-A by ammonia-based non-
reductive [3-elimination combined with ESI-MS/MS.

These results concur with the finding that protein glycosyl-
ation in lactobacilli occurs preferentially at domains rich in
alanine, serine and also threonine residues (AST domain), as it
was shown for the major autolysin Acm2 and hypothesized
for several other cell wall associated proteins in L. plantarum
[32, 33, 71]. A functional role of AST domains, however, is
still unexplored. Bacterial O-glycans containing glucose as
the only carbohydrate constituent have so far only been doc-
umented for our reference strain L. buchneri 41021/251 [26]
and have been suggested for an N-acetylmuramylhydrolase in
the lactic acid bacterium Streptococcus faecium [31]. Besides
that, several protein O-glycans were reported in lactobacilli so
far, including mannose-containing structures of L. rhamnosus
[34] and GIcNAc-containing structures of L. plantarum [32]
as well as other glycans in L. acidophilus showing ConA
lectin reactivity [28] and in L. kefir according to PAS staining
[29]. However, none of these glycans has been structurally
elucidated.

Concerning the cellular topology of the S-layer protein
glucosylation process, our data on the cellular localization of
the S-layer glycoprotein of L. buchneri CD034 reveal a
sequential order between protein export to the cell surface
and glycosylation. This corroborates previous observations
indicating that (i) the S-layer glycosylation process occurs
on the external face of the cytoplasmic membrane [72-74],
and (ii) S-layer glycosylation is lagging behind S-layer protein
biosynthesis, evidenced by the presence of non-glycosylated
SIpB in the cytosol. Similar results concerning the cellular
topology of protein glycosylation in lactobacilli were obtained
for protein O-glycosylation in L. rhamnosus GG, where the
secreted protein Mspl was shown to be only glycosylated in
the supernatant fraction [34].

We further demonstrated that the discovered S-layer gly-
cosylation theme is also valid for the strain L. buchneri NRRL
B-30929. The common glycosylation motif S-A-S-S-A-S
which is part of the seven amino-acid stretch S-S-A-S-S-A-S
was identified within the investigated S-layer protein SIpN of
L. buchneri NRRL B-30929. Also, S-layer O-glucans iden-
tical to those attached to SlpB could be identified on SIpN
glycoprotein band after separation of a crude cell extract on
SDS-PAGE. These findings suggest the presence of species-
wide S-layer protein O-glucosylation within the sequence
motif S-A-S-S-A-S in L. buchneri strains.

There are strong indications that the S-layer glycosylation
theme can be extended to another L. buchneri protein. The
putative glycosyl-hydrolases Lo GH25B and LbGH25N of L.
buchneri CD034 and NRRL B-30929, respectively, were
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found to be the only proteins in the proteome of either strain,
in addition to the S-layer proteins, that contain the character-
istic sequence motif S-A-S-S-A-S. Compared to the S-layer
proteins, these enzymes are of markedly lower abundance
according to CBB- and PAS-stained SDS-PAGE and
Western-immunoblotting. The “S-layer” glucose oligomer
could be unambiguously detected by mass spectrometry on
the corresponding glyco-positive protein band of either L.
buchneri strain. This, together with the observed migration
difference between native and recombinant Lb GH25B and
LbGH25N detected with glycosyl-hydrolase-specific antise-
rum on a Western-immunoblot, supports the posttranslational
modification of the glycosyl-hydrolases by glucosylation. The
scenario of different proteins of a bacterium carrying the “S-
layer glycan” is not new; it has been shown recently for the
oral pathogen Tannerella forsythia [19]. We would like to
note that due to the low abundance of LHGH25B and
LbGH25N in L. buchneri cell extracts, a glycoproteomics
approach using glycopeptides, as has been performed with the
S-layer glycoprotein SlpB, has not been not successful, so far.
For this purpose, homologous overexpression of the glycosyl-
hydrolases is currently under way in our laboratory.

LbGH25B and LbGH25N, both, contain a glycosyl-hydro-
lase family 25 domain, which predicts them to function as
bacterial cell wall hydrolases. Several reports on glycosylated
extracellular cell wall-hydrolyzing enzymes in lactic acid
bacteria are in line with our finding of LbGH25B and
LbGH25N being glycosylated. It is interesting to note that
the first example of a proven glycosylated enzyme in bacteria
was a glycosyl-hydrolyzing enzyme, namely the endogenous,
autolytic N-acetylmuramoyl hydrolase of Streptococcus
faecium [31]. Glycosylation of AcmB, the peptidoglycan-
hydrolyzing N-acetylglucosaminidase of Lactococcus lactis,
was proposed based on the presence of potential O- and N-
glycosylation sites [75]. O-glycans attached to the N-terminal
AST domain were found on the extracellular autolysin Acm2
of Lactobacillus plantarum [32] and also Lactobacillus
rhamnosus expresses O-glycosylated Mspl (major secreted
protein), a cell wall hydrolase [34, 76].

The glycosyltransferases involved in the protein
glucosylation pathway of L. buchneri strains are currently
unknown. Especially, O-oligosaccharyltransferases (O-
OTases) as key modules of many glycosylation systems dis-
play relatively low homology and typically have rather broad
substrate specificities [77, 78] which makes their identifica-
tion challenging. A high number of transmembrane spanning
domains of the putative glycosyl transferases and homologous
gene products LBUCDO034 2252 and Lbuc 2151 as well as
LBUCDO034 0503 and Lbuc 0464 of L. buchneri CD034
and NRRL B-30929, respectively, make them possible O-
OST candidates responsible for coupling of the glucose olig-
omer to specific serine residues on the target proteins. More
detailed studies are needed to identify involved enzymes and

to obtain a deeper understanding of the protein O-
glucosylation machinery in L. buchneri.

The lactobacillar glycoproteins investigated in this study,
i.e., the S-layer proteins SlpB and SIpN as well as the en-
zymes LbGH25B and Lb GH25N, share common properties;
this includes a basic pl, which is a common trait of S-layer
proteins of lactobacilli [30, 70], the presence of the S-A-S-S-
A-S motif, and a type I signal peptidase cleavage site required
for protein export across the cytoplasmic membrane, which
supports that these glycoproteins are extracellularly located.
Glycosylation of extracellular proteins in L. buchneri might
possibly facilitate adherence to solid substrates, support cell-
cell interaction and contribute as cellular sugar coat to the
protection against environmental stresses and proteolytic
degradation.

In conclusion, we provided evidence of species wide S-
layer O-glucosylation in L. buchneri strains within a com-
mon, serine rich sequence motif and provided strong indica-
tions that L. buchneri glycosyl-hydrolases undergo the same
O-glucosylation process. These findings pinpoint new oppor-
tunities for glyco-engineering of customized glycans in a
Gram-positive, beneficial and safe bacterial organism.
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