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The surface of Geobacillus stearothermophilus NRS 2004/3a cells is covered by an oblique surface layer (S-layer)
composed of glycoprotein subunits. To this S-layer glycoprotein, elongated glycan chains are attached that are
composed of [—2)-a-L-Rhap-(1—3)-3-L-Rhap-(1—2)-a-L-Rhap-(1—] repeating units, with a 2-O-methyl modifi-
cation of the terminal trisaccharide at the nonreducing end of the glycan chain and a core saccharide as linker to
the S-layer protein. On sodium dodecyl sulfate-polyacrylamide gels, four bands appear, of which three represent
glycosylated S-layer proteins. In the present study, nanoelectrospray ionization time-of-flight mass spectrometry
(MS) and infrared matrix-assisted laser desorption/ionization orthogonal time-of-flight mass spectrometry were
adapted for analysis of this high-molecular-mass and water-insoluble S-layer glycoprotein to refine insights into its
glycosylation pattern. This is a prerequisite for artificial fine-tuning of S-layer glycans for nanobiotechnological
applications. Optimized MS techniques allowed (i) determination of the average masses of three glycoprotein
species to be 101.66 kDa, 108.68 kDa, and 115.73 kDa, (ii) assignment of nanoheterogeneity to the S-layer glycans,
with the most prevalent variation between 12 and 18 trisaccharide repeating units, and the possibility of extension
of the already-known —3)-a-L-Rhap-(1—3)-a-L-Rhap-(1— core by one additional rhamnose residue, and (iii)
identification of a third glycosylation site on the S-layer protein, at position threonine-590, in addition to the known
sites threonine-620 and serine-794. The current interpretation of the S-layer glycoprotein banding pattern is that in
the 101.66-kDa glycoprotein species only one glycosylation site is occupied, in the 108.68-kDa glycoprotein species
two glycosylation sites are occupied, and in the 115.73-kDa glycoprotein species three glycosylation sites are

occupied, while the 94.46-kDa band represents nonglycosylated S-layer protein.

Protein glycosylation is an emerging field in bacteriology
and, particularly, the envisaged medical and biotechnological
applications make prokaryotic glycoproteins an interesting sys-
tem for further analysis and exploitation (for details, see ref-
erences 19, 23, 30, 33, 36, 40, 41, and 43). This endeavor
requires a thorough understanding of the protein glycosylation
processes that occur in the prokaryotic cell.

The glycosylated surface layer (S-layer) protein SgsE from
Geobacillus stearothermophilus NRS 2004/3a is a promising
model for studies on prokaryotic glycosylation because of
the homopolymeric nature of the glycan, which is composed
only of rhamnose residues (35). In sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis,
the mature S-layer glycoprotein is separated into four bands.
Three of them represent broad bands in the molecular mass
range of approximately 119 to 170 kDa which also give a
positive periodic acid-Schiff (PAS) staining reaction, indi-
cating the presence of covalently linked glycan chains (7, 14,
35). The 93-kDa band is nonglycosylated, and the estimated
molecular mass concurs with the calculated mass derived
from the amino acid sequence of the mature structural pro-
tein, SgsE, after cleavage of the 30-amino-acid signal pep-
tide from the precursor protein (GenBank accession num-
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ber AF328862) (35). Dependent on the cultivation
conditions of the organism (batch versus continuous cul-
ture), variations exist in the degree of glycosylation of the
individual protein bands, all of which possess identical N
termini indicative of identical protein portions (20, 35). Pre-
vious nuclear magnetic resonance (NMR) experiments have
demonstrated that only one type of glycan chain is present
on the individual glycoprotein species, however, with con-
siderable length variations. The S-layer glycans consist of
trisaccharide repeats with the structure [—2)-a-L-Rhap-
(1-=3)-B-L-Rhap-(1—2)-a-L.-Rhap-(1—],, and of a short
core saccharide consisting of a-1,3-linked L-Rhap residues,
attached to carbon 3 of a 3-p-galactose residue that serves
as the linkage sugar to the S-layer polypeptide backbone
(35). So far, two glycosylation sites for O-linked glycans
have been determined after a papain degradation experi-
ment of SgsE glycoprotein, namely, amino acids threonine-
620 and serine-794 (with the numbers referring to the po-
sitions on the precursor protein) (35). These data, however,
cannot satisfactorily explain the existence of three broad
S-layer glycoprotein bands on SDS-PAGE gels.

To better understand the glycosylation pattern of the S-layer
glycoprotein of G. stearothermophilus NRS 2004/3a, we have
investigated the intact, glycosylated S-layer protein SgsE and
selected glycopeptides derived thereof using different mass
spectrometric approaches. These data will allow interpretation
of S-layer protein glycosylation in a more general way, because
similar SDS-PAGE patterns of S-layer glycoproteins have also
been observed with other organisms (24).
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MATERIALS AND METHODS

Bacterial strain and growth conditions. Geobacillus stearothermophilus NRS
2004/3a (22, 26) was grown at 57°C on modified SVIII medium, either in pH-
controlled continuous culture in a fermentor (35) or in batch culture in 1-liter
Erlenmeyer flasks without pH control (containing 400 ml medium; 5-h cultiva-
tion with shaking at 200 rpm). Cells grown in the fermentor were separated from
culture broth by continuous centrifugation (Sepatech 17 RS centrifuge; Heraeus,
Vienna, Austria) at 16,000 X g and 4°C. The biomass was stored at —20°C.

General methods. SDS-PAGE was carried out according to a standard proto-
col (15) using a Protean II electrophoresis apparatus (Bio-Rad Laboratories,
Vienna, Austria). Protein bands were visualized with Coomassie blue R-250
staining reagent. The protein concentration was determined using the Bradford
reagent (Bio-Rad) (4). PAS staining for carbohydrates was performed according
to the methods of Hart and coworkers (11).

Preparation of S-layer glycoprotein and glycopeptide samples. S-layer glyco-
protein was isolated according to a standard procedure (21). The lyophilized
protein was further purified on a Sephacryl S-200 column (1.6 by 60 cm; GE
Healthcare, Uppsala, Sweden) using 2 M guanidinium hydrochloride (GHCI) in
50 mM Tris-HCl buffer, pH 7.5, as eluent. After extensive dialysis, first against 15
mM CaCl, and then against distilled water, the protein was lyophilized and
stored.

After degradation with papain (Sigma-Aldrich, Vienna, Austria), S-layer gly-
copeptides were isolated and purified as described elsewhere (35). Individual
glycopeptide fractions were dried in a SpeedVac centrifuge and stored at —20°C.

B-Elimination and alkyl-aminylation of the S-layer glycoproteins and glyco-
peptides. A 200-pmol aliquot of S-layer glycoprotein (corresponding to approx-
imately 20 wg) or 500 pmol of glycopeptides was dissolved in 50 to 100 wl of 50%
aqueous isopropylamine (Sigma-Aldrich) and incubated at 50°C for 18 h (10).
The amine was evaporated at 50°C in a fume hood. The protein was washed twice
with 10% ammonia to evaporate residual amines followed by two washes with
distilled water and dried in a SpeedVac centrifuge. The dried protein was resus-
pended in distilled water by ultrasonication and proteolytically digested. Rou-
tinely, 200 pmol of S-layer protein was treated with 0.2 g of trypsin or chymo-
trypsin (both from Roche Diagnostics, Mannheim, Germany) in a final volume of
20 pl of 10 mM NH,HCOj solution. Digestion was carried out at 37°C for 18 to
36 h. Peptides were desalted prior to mass spectrometric analysis on ZipTip
clean-up columns (Millipore, Eschborn, Germany) according to the manufactur-
er’s instructions.

Release of the O-linked glycan. The reductive release of glycans was per-
formed according to a protocol of Huang and coworkers (13), with minor mod-
ifications. A 20-ug aliquot of glycoprotein was dissolved in 10 pl of a solution
containing 5 mg of NaBH, in 1 ml of 28% ammonia and incubated at 50°C for
18 h. After drying the sample in a SpeedVac centrifuge and redissolving it in
distilled water, the released oligosaccharides were purified on house-made car-
bon columns (29).

MS analyses. (i) Orthogonal TOF-MS. The orthogonal time-of-flight mass
spectrometry (TOF-MS) apparatus is a modified prototype machine which was
described recently (9). For infrared matrix-assisted laser desorption/ionization
mass spectrometry (IR-MALDI-MS), an Er:YAG laser (Speser, Spektrum
Laser, Berlin, Germany) emitting pulses of ~100-ns duration at a wavelength of
2.94 pm was used. Analysis was performed in positive ion mode, and mass
spectra were processed using the MoverZ3 software (version 2001.02.13;
Genomic Solutions, Ann Arbor, MI). The S-layer protein (50 pmol/ul) was
dissolved in 8 M urea, and 0.5 ul of the respective sample was premixed with
glycerol and then spotted on a glass plate. Mixtures with different sample-to-
matrix ratios (5:1, 1:1, 1:5, 1:10, and 1:50 [vol/vol]) were examined. A modified
MALDI sample plate containing a 1.2-mm-thick groove was used to accommo-
date the glass plate.

(i) ESI-QTOF. Positive ion mode (+) MS of the (glyco)peptides and oligo-
saccharides was carried out by use of an electrospray ionization-quadrupole TOF
(ESI-QTOF) instrument (Micromass, Manchester, United Kingdom). A house-
made capillary puller was used for the production of nanospray glass capillaries.
Capillary voltage applied on an internal wire electrode was 1,100 V; the cone
voltage used for peptide analysis was 40 V, for oligosaccharides it was 60 V, and
for glycopeptides it was 40 to 90 V. Peptide sequencing was conducted using
argon as the collision gas. The applied collision energy was 15 to 40 V. The
B-eliminated samples were dissolved in water, yielding a concentration of the
stock solution of 20 pmol/pl. Four microliters of that solution was mixed with 5
pl of methanol and 1 pl of 10% formic acid. The final concentration of the
B-eliminated samples was 8 pmol/ul. The final concentration of glycopeptides
and glycan chains varied between 4 and 20 pmol/pl in 50% methanol containing
various concentrations of formic acid (0.1 to 10%, vol/vol).
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FIG. 1. SDS-PAGE analysis of the S-layer glycoprotein of G.
stearothermophilus NRS 2004/3a (8% gel). Lane 1, molecular mass
standard (AllBlue Precision Plus Protein standard; Bio-Rad); lanes 2
and 4, S-layer glycoprotein derived from continuous culture; lanes 3
and 5, S-layer glycoprotein derived from batch culture; lanes 2 and 3,
Coomassie blue staining; lanes 4 and 5, periodic acid-Schiff staining.
The amounts of total protein loaded per gel lane were 10 pg in lanes
2 and 3 and 25 pg in lane 4 and 5. The arrow indicates the nonglyco-
sylated S-layer protein protomer.

RESULTS AND DISCUSSION

Analysis of the S-layer glycoprotein of Geobacillus stearother-
mophilus NRS 2004/3a. On an SDS-PA gel (Fig. 1, lanes 2 and
3), the mature S-layer glycoprotein of G. stearothermophilus
NRS 2004/3a is separated into four bands with apparent mo-
lecular masses of 93, 119, 147, and 170 kDa. The three high-
molecular-mass bands give a positive PAS staining reaction for
carbohydrates. However, the apparent molecular masses of
S-layer proteins with extended glycan chains are usually too
high (16, 24, 39). The finding that the masses of nonglycosy-
lated or chemically deglycosylated S-layer proteins correspond
well with the theoretical values from protein sequencing ex-
periments indicates that glycosylation of these proteins is re-
sponsible for the aberrant migration behavior of bacterial S-
layer glycoproteins on SDS-PA gels (3, 6, 35). Upon chemical
deglycosylation of the S-layer glycoprotein of G. stearother-
mophilus NRS 2004/3a, a single 93-kDa band representing the
nonglycosylated SgsE protein remains visible on the gel (20,
35). Notably, according to the SDS-PAGE evidence, S-layer
glycoprotein preparations of cells harvested from a batch cul-
ture show an increased amount of the highest-molecular-mass
glycoprotein species (Fig. 1, lanes 3 and 5, batch culture, com-
pared to lanes 2 and 4, continuous culture).

In comparison to SDS-PAGE analysis, where the migration
behavior of glycoproteins on the gel is frequently influenced by
the attached glycan chains, MS is a more reliable alternative
for accurate mass determination of glycoproteins (12, 45). MS
has also been the method of choice for the exact determination
of molecular masses of various complex biological compounds,
such as high-molecular-mass proteins, glycoconjugates, lipids,
and organic compounds (for details, see references 8, 30, 31,
42, and 45). However, up to now, only a few S-layer glycopro-
teins have been analyzed directly by MS (1, 18).

For analysis of the three S-layer glycoprotein species of G.
stearothermophilus NRS 2004/3a, different MS approaches
have been pursued. In MALDI-MS sample preparation, the
solubilized sample is mixed with various matrices and loaded
onto a metal target. Since S-layers usually are poorly soluble in
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FIG. 2. (+)IR-MALDI-orthogonal TOF mass spectrum of the S-
layer glycoprotein of G. stearothermophilus NRS 2004/3a. The spec-
trum shows the average mass of the nonglycosylated species of SgsE at
94.46 kDa and those of the three inherently heterogeneic glycoprotein
species at 101.66 kDa, 108.68 kDa, and 115.73 kDa.

water, solubilization is frequently performed using GHCI (25).
This solubilization procedure, however, is not directly compat-
ible with MS analysis. Allmaier and coworkers have developed
a method for investigations on the S-layer glycoprotein of
Thermoanaerobacterium thermosaccharolyticum E207-71 in
which GHCI has been almost completely removed from the
target by gentle washing with water (1). However, this proce-
dure did not work for the S-layer glycoprotein of G. stearother-
mophilus NRS 2004/3a. Urea, another chaotropic agent, has
also been reported for solubilization of S-layer proteins (25);
notably, this agent has previously been successfully used as a
matrix in IR-MALDI (28).

For optimizing the IR-MALDI conditions for the analysis of
the S-layer glycoprotein of G. stearothermophilus NRS 2004/3a
derived from batch culture, different ratios of urea to glycerol
have been tested. Glycerol is widely used as a matrix for IR-
MALDI-MS, e.g., for the analysis of large proteins (2). By
diluting the sample, dissolved in 8 M urea, with glycerol in a
ratio of 1:5 and 1:10 (vol/vol), acquisition of spectra was pos-
sible. The other concentrations (5:1, 1:1, and 1:50 [vol/vol])
only produced at most minor analyte intensities. Figure 2 dis-
plays the mass spectrum acquired from the 1:10-diluted sam-
ple. The average masses of the four ion signals were deter-
mined to be 94.46, 101.66, 108.68, and 115.73 kDa,
respectively. Taking into account that both urea and glycerol
are known to form analyte-matrix adducts with the sample,
which results in an increase of the apparent mass of the pro-
tein, and the reduced mass resolution in the high-mass range,
the average mass of the first ion peak (94.46 kDa) is in good
agreement with the calculated theoretical molecular mass of
the mature S-layer protein (93.68 kDa; mass deviation, 0.83%).
The average mass differences between two neighboring peaks
of the singly charged ions were calculated to be 7.09 kDa,
which corresponds to a glycan chain composed of 15 tri-rham-
nose repeating units with an average molecular mass of 7.05
kDa (mass deviation, 0.57%). Relation of these results to the
SDS-PAGE evidence, where three S-layer glycoprotein species
are visible, supports the hypothesis of three glycosylation sites
on the SgsE protein of G. stearothermophilus NRS 2004/3a.
The first peak (94.46 kDa) would originate from the nongly-
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cosylated protein, the second peak (101.66 kDa), differing in
the mass of a single glycan chain, implies a single glycosylation
site, the third peak (108.68 kDa) corresponds to SgsE with two
occupied glycosylation sites, and the fourth peak (115.73 kDa)
would represent triply glycosylated SgsE.

Glycosylation sites of G. stearothermophilus NRS 2004/3a. In
a previous study, only two glycosylation sites of the SgsE pre-
cursor were determined, namely, at positions threonine-620
and serine-794 (35). A third glycosylation site could not be
detected, most probably because in the S-layer glycopeptides
obtained after a papain digest of S-layer glycoprotein from
continuous-culture biomass (35), the highest-molecular-mass
band, in which three sites are proposed to be glycosylated, was
of very low abundance. Thus, that material was obviously not
sufficient for NMR analysis of the third glycosylation site.

In the present study, B-elimination followed by Michael ad-
dition of isopropylamine was used to replace the glycan chains
at the respective glycosylation sites of the S-layer glycoprotein
by an alkylamine. After proteolytic digestion, the peptides
were analyzed by nano-ESI-QTOF tandem MS (MS/MS). The
alkylaminylated peptides were identified by the observed mass
shift in comparison to the theoretical mass of the nonglycosy-
lated peptide. By this method, however, only the serine glyco-
sylation site could be unambiguously identified. Threonine is
known to be less reactive under alkaline conditions due to the
presence of a methyl group, which might protect the B-carbon
against nucleophilic attack (5, 17, 32). On the other hand,
stronger alkaline reaction conditions give rise to a number of
side reactions, which make the unequivocal identification of
the glycosylation site(s) impossible (38).

Despite these drawbacks, we succeeded in determining the
position of the third glycosylation site by analyzing various
glycopeptide fractions available from a previous papain digest
(35) by nano-ESI-QTOF, either directly or after B-elimination.
In one fraction, a new glycopeptide species was detected, but
the abundance of the respective high-molecular-mass glyco-
peptide ions [M + 2H+Na+K]** with m/z = 2,102.96 and
m/z = 2,212.31, corresponding to the theoretical average mass
of the peptide TFDEEVTTGSNITVVQ with 14 and 15 re-
peating units, respectively, was too low to perform MS/MS
(data not shown). When choosing cone conditions, which favor
in-source fragmentation, a short glycopeptide with one galac-
tose and one rhamnose residue attached to the peptide moiety
was isolated as doubly charged ions with m/z of 1,024.68 and
subjected to a virtual MS? experiment (Fig. 3A). In the result-
ing spectrum, the loss of one rhamnose residue followed by the
loss of one galactose residue was clearly displayed by the dou-
bly charged ions with m/z of 951.65 and 870.59, respectively.
The identity of the peptide portion was proven by a number of
y and b ions and by sequence comparison with the already-
known sequence of SgsE. Unfortunately, loss of the glycan is
the first fragmentation event to occur on the glycopeptide.
Thus, due to the presence of four threonine residues and one
serine residue in the peptide, an unambiguous identification of
the glycosylation site was impossible. The same glycopeptide
fraction was also subjected to B-elimination with isopro-
pylamine. Several doubly charged peptides resulting from com-
plete and incomplete Michael addition of isopropylamine to
the peptide TFDEEVTTGSNITVVQ were detected as non-
sodiated and sodiated species. In Fig. 3B, the CID spectrum
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FIG. 3. (A) (+)Nano-ESI-QTOF MS/MS spectrum of the doubly charged ions at m/z = 1,024.68, representing glycopeptide TFDEEVTTGS
NITVVQ with one galactose and one rhamnose attached to the peptide backbone. (B) (+)Nano-ESI-QTOF MS/MS spectrum of the doubly
charged ions at m/z = 872.53 originating from glycopeptide TFDEEVTTGSNITVVQ after 3-elimination. The glycosylation site is displayed by the
Yo ion and the bg ion and a loss of water from the threonine-590 in the sequence of SgsE. #, sodiated ions.

derived from the ion [M + H+Na-H,O]** with m/z of 872.53 glycosylation site has been determined by the increment mass
is displayed; the additionally obtained CID spectra of the pep- differences of 83.08 and 83.06 Da between ions yg* and y,* and
tide ions [M + 2H+IAJ** with m/z of 891.08 and [M + 2H- b, and by, respectively. This shift corresponds to the mass of a
H,O]*" with m/z of 861.55 are not shown. The position of the B-methyldehydroalanine residue replacing a threonine residue.
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TABLE 1. Nano-ESI-QTOF MS analysis of oligosaccharides released from the S-layer glycoprotein of G. stearothermophilus NRS 2004/3a“

m/z
RU? [M + 2H+Na+K]J** [M + 2H+2K]** [M + H+Na+2K]**

Theor® Exptl Theor® Exptl Theor® Exptl
12 1,453.43 ND“ 1,457.46 1,457.38 1,462.96 1,462.77
12 + Rha 1,489.97 1,489.94 1,494.00 1,493.94 1,499.49 1,499.36
13 1,563.04 1,563.07 1,567.07 1,566.93 1,572.56 1,571.78
13 + Rha 1,599.58 1,599.70 1,603.60 1,603.51 1,609.10 1,609.13
14 1,672.65 1,672.65 1,676.68 1,676.55 1,682.17 1,681.90
14 + Rha 1,709.18 1,709.13 1,713.21 1,712.97 1,718.71 1,718.48
15 1,782.26 1,782.22 1,786.28 1,786.14 1,791.78 1,791.82
15 + Rha 1,818.79 1,818.96 1,822.82 1,822.78 1,828.31 1,827.90
16 1,891.86 1,891.47 1,895.89 1,895.87 1,901.39 1,901.15
16 + Rha 1,928.40 1,928.13 1,932.43 1,932.52 1,937.92 1,937.80
17 2,001.47 ND 2,005.50 2,005.34 2,010.99 ND
17 + Rha 2,038.01 ND 2,042.03 2,042.39 2,047.53 ND

“ Data show the theoretical (Theor) and experimentally determined (Exptl) average m/z values of quadruply charged ions containing different numbers of Na* and
K™ ions.

> RU designates the number of trisaccharide repeating units, with the terminal rhamnose of the repeating unit at the nonreducing end being O-methylated. The core
structure consists of two rhamnoses and one galactose. An additional rhamnose in the core is indicated by “+ Rha.”

¢ Theoretical molecular masses were calculated using average masses.

4ND, not determined.

B-Methyldehydroalanine is the reaction product of the B-elim-
ination reaction of threonine without Michael addition of iso-
propylamine. Except for the N-terminal amino acid, full se-
quence coverage of that peptide has been achieved by MS/MS.

By comparing the analyses of both the glycopeptide and the
B-eliminated peptide, the third glycosylation site could be un-
ambiguously demonstrated to be threonine-590 of the SgsE
precursor of G. stearothermophilus NRS 2004/3a.
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FIG. 4. (+)Nano-ESI-QTOF mass spectrum of the released glycan chains of the S-layer glycoprotein from G. stearothermophilus NRS 2004/3a.
The main peaks correspond to [M + 2H+2K]**. Chain lengths vary between of 12 and 17 repeating units (RU) for both the glycan structure with
two core rhamnoses (first series; RU = X) and the one with three core rhamnoses (second series; RU = X + Rha).
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TABLE 2. NanoESI-QTOF MS analysis of the S-layer glycopeptide
ATLTSADVIRVD of G. stearothermophilus NRS 2004/3a“

Mass
RUI)

M theor® M exptl
13 7,428.44 ND“
13 + Rha 7,574.59 ND
14 7,866.87 7,866.25
14 + Rha 8,013.01 8,013.41
15 8,305.30 8,305.05
15 + Rha 8,451.44 8,450.85
16 8,743.73 8,743.57
16 + Rha 8,889.87 8,890.21
17 9,182.16 9,181.53
17 + Rha 9,328.30 ND

“ Data show the theoretical (Theor) and experimentally determined (Exptl)
average molecular masses.

? RU designates the number of trisaccharide repeating units, with the terminal
rhamnose of the repeating unit at the nonreducing end being O-methylated. The
core structure consists of two rhamnoses and one galactose. An additional
rhamnose in the core is indicated by “+ Rha.”

¢ Theoretical molecular masses were calculated using average masses.

4 ND, not determined.

Core variability. The released S-layer glycan chains from G.
stearothermophilus NRS 2004/3a were analyzed by nano-ESI-
QTOF-MS. The peak distribution correlates with the theoret-
ical average masses of a repeating unit variation between 12
and 18. The most abundant peaks belong to the series [M +
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2H+2K]*" and [M + 3H+3K]°". Both series are accompa-
nied by two series of ions containing different numbers of Na™
and K" ions. Most interestingly, not only the series corre-
sponding to a glycan chain with a varied number of repeating
units (designated as glycoform) with different associated ad-
duct ions was found, but also a second series, which contained
an additional rhamnose residue (Table 1 and Fig. 4). Due to
the impossibility of obtaining MS/MS spectra of the second-
series ions, no direct conclusion can be drawn as to whether
this additional rhamnose residue is in a branched or in a linear
linkage. However, considering the core structures from other
S-layer glycoprotein glycans that are composed of rhamnose
residues (23), it is conceivable that the additional rhamnose in
the core of the G. stearothermophilus NRS 2004/3a S-layer
glycoprotein glycan is a linear, a-1,3-linked sugar residue. The
distribution of chain length was confirmed by the analysis of
several purified glycopeptides derived from a previous papain
digest of the S-layer glycoprotein (35). Nano-ESI-QTOF-MS
analysis of the glycopeptides revealed charge states from +4 to
+6. Different combinations of charge-specifying adducts with
hydrogen, sodium, and potassium generate multiple peaks of
the same charge state. Considering these different charge-spec-
ifying adducts, the masses derived from the experimentally
acquired data were calculated and compared with the theoret-
ical average masses, e.g., for the glycopeptide species with the
sequence ATLTSADVIRVD (Table 2). The mass spectrum of

RU=15
A=109.64 508778 A=108.98
1007
RU=14
A=109.38 1978.14
RU= 14 + Rha RU =15+Rha
2014.73 212471
RU=16
2196.73 A=110.59
2RU=13 pty_13 + Rha
1868.76
foo e RU = 16 + Rha
2233.50
*‘ ;L Bt RU=17
: WI i 2307.32
‘}' w RU=17 + Rha
* 234278
!
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FIG. 5. (+)Nano-ESI-QTOF mass spectrum of glycopeptides belonging to the peptide ATLTSADVIRVD derived from the S-layer glycoprotein of
G. stearothermophilus NRS 2004/3a. The most abundant peaks derive from overlapping peaks of the two molecular ion series [M + 3H+K]*" and [M +
2H+2Na]**; all glycopeptides carry a single glycan chain attached to serine-794. The number of repeating units (RU) varies between 13 and 17.
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the glycopeptide ATLTSADVIRVD carrying a single glycan
chain with a distribution of 13 to 17 repeating units and fur-
thermore with an additional rhamnose is displayed in Fig. 5.

Since previous NMR analyses of the S-layer glycan chain
from G. stearothermophilus NRS 2004/3a revealed that the
a-1,3-linked rhamnose residue of the terminating trisaccharide
repeating unit at the nonreducing end is O-methylated at car-
bon 2 (35), it is more likely that the newly identified additional
rhamnose residue represents core variation rather than struc-
tural variation at the nonreducing end of the glycan chain. This
further implies that in the S-layer glycoprotein glycan structure
of G. stearothermophilus NRS 2004/3a, the already-known core
region —3)-a-L-Rhap-(1—3)-a-L-Rhap-(1— (35) can be op-
tionally extended by one additional rhamnose residue. Core
variability has already been observed in S-layer glycoprotein
glycans of Aneurinibacillus thermoaerophilus DSM 10155 (44)
and A. thermoaerophilus GS4-97 (34).

Conclusions. In general, S-layer glycoproteins are regarded
as promising tools for nanobiotechnological applications (33,
37) because (i) they represent natural protein self-assembly
systems, (ii) they can be tuned for distinct purposes through
the addition of functional peptide or protein domains by ge-
netic engineering methods, and (iii) naturally occurring glyco-
sylation sites and attached S-layer glycan chains, which may be
eventually rationally modified for certain applications by car-
bohydrate engineering, add a new and very valuable dimension
to this S-layer protein-based molecular construction kit. A
detailed understanding of the naturally occurring S-layer gly-
coprotein is a prerequisite for the envisaged nanobiotechno-
logical applications of S-layer glycoproteins (e.g., carbohydrate
vaccines or receptor mimics).

In the present study, a thorough analysis of an S-layer pro-
tein glycosylation pattern has been performed using G. stearo-
thermophilus NRS 2004/3a as a model system. This organism
has been chosen because the structural and biosynthetic knowl-
edge about its S-layer glycoprotein is most advanced in our
laboratory (20, 27, 35). So far, the lack of adequate analytical
techniques has prevented a conclusive interpretation of the
multiple banding pattern of this S-layer glycoprotein as ob-
served on SDS-PA gels. Optimization and adaptation of MS
methods to the water-insoluble S-layer glycoprotein (this
study) allowed (i) determination of the average masses of the
three inherently heterogeneic glycoprotein species of SgsE to
be 101.66 kDa, 108.68 kDa, and 115.73 kDa, corresponding to
SgsE with different numbers of attached glycan chains, (ii)
clear assignment of nanoheterogeneity to each glycan chain,
with each of them revealing the most prevalent variation be-
tween 12 and 18 trisaccharide repeating units and the possi-
bility of extension of the already-known di-rhamnose core
region by one additional rhamnose residue, and (iii) unam-
biguous identification of a third glycosylation site on the 93-
kDa SgsE S-layer protein, namely, at position threonine-590, in
addition to the known sites of threonine-620 and serine-794.
These data lead to the current interpretation that in the
101.66-kDa glycoprotein species only one glycosylation site is
occupied, in the 108.68-kDa glycoprotein species two glycosy-
lation sites are occupied, and in the 115.73-kDa glycoprotein
species three glycosylation sites are occupied. Future efforts
will be directed towards identifying which glycosylation sites
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are used in the 101.66-kDa and in the 108.68-kDa glycoprotein
species.

These data clearly support the high in vivo potential for
diversification of bacterial S-layer glycoproteins in general.
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