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Abstract

The structural S-layer proteins of 28 differentCorynebacterium glutamicumisolates have been analyzed systematically.
Treatment of wholeC. glutamicumcells with detergents resulted in the isolation of S-layer proteins with different apparent
molecular masses, ranging in size from 55 to 66 kDa. The S-layer genes analyzed were characterized by coding regions ranging
from 1473 to 1533 nucleotides coding for S-layer proteins with a size of 490–510 amino acids. Using PCR techniques, the
corresponding S-layer genes of the 28C. glutamicumisolates were all cloned and sequenced. The deduced amino acid sequences
of the S-layer proteins showed identities between 69 and 98% and could be grouped into five phylogenetic classes. Furthermore,
sequence analyses indicated that the S-layer proteins of the analyzedC. glutamicumisolates exhibit a mosaic structure of
highly conserved and highly variable regions. Several conserved regions were assumed to play a key role in the formation
of theC. glutamicumS-layers. Especially the N-terminal signal peptides and the C-terminal anchor sequences of the S-layer
proteins showed a nearly perfect amino acid sequence conservation. Analyses by atomic force microscopy revealed a committed
hexagonal structure. Morphological diversity of theC. glutamicumS-layers was observed in a class-specific unit cell dimension
(ranging from 15.2 to 17.4 nm), which correlates with the sequence similarity-based classification. It could be demonstrated that
differences in the primary structure of the S-layer proteins were reflected by the S-layer morphology.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Paracrystalline cell surface-layers (S-layers) are
one of the most common surface structures inBac-
teria and Archaea (Beveridge, 1994; Sleytr and
Beveridge, 1999). S-layers are generally composed
of single (glyco-)protein species which greatly vary
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within their molecular masses from 40 to 200 kDa
in different bacterial genera. The S-layer protein can
represent up to 15% of the total protein content of
the bacterial cell (Boot and Pouwels, 1996). Follow-
ing transport across the membrane, S-layer proteins
assemble into two-dimensional arrays with oblique,
square or hexagonal symmetry on the cellular surface
(Sleytr and Messner, 1983). Assembly of S-layers is
an entropy-driven process in which all information
for crystallization into a regular array resides within
the monomers. Because of their location, S-layers are
involved in the interaction between bacteria and their
environment. Therefore, diverse functions have been
attributed to the S-layers of individual bacterial species
(Beveridge et al., 1997), including protection of the
cell from hostile factors, serving as molecular sieves
(Sara and Sleytr, 1987) and mediation of attachment to
host tissues (Schneitz et al., 1993). Nowadays, a broad
spectrum of biotechnological applications involves the
use of S-layer lattices in suspension or attached to sup-
ports as immobilization matrices for binding mono-
layers of functional molecules, like antibodies and lig-
ands (Sara and Sleytr, 1996b; Sleytr and Sara, 1997).

Most S-layer proteins are acidic (pI 4–6) and con-
tain about 40% hydrophobic amino acids and very
few sulfur-containing amino acids (Sleytr, 1997).
They differ markedly in their primary structures. Only
very low levels of amino acid similarity have been
found between S-layer proteins of different species.
From secondary structure data of S-layer proteins
known to date it was concluded that S-layer proteins
are in general composed of�-sheets with a minor
portion of �-helices. How these secondary structure
components are organized into tertiary structures is
only known in a few instances (Engelhardt and Peters,
1998). An example is the filamentous archaebacterial
surface protein ofStaphylothermus marinus(Peters
et al., 1996, 1995). Electron microscopy and more
recently also atomic force microscopy (AFM) has
been applied to obtain further structural information
of S-layers down to the nanometer range (Engel and
Müller, 2000; Müller et al., 1999).

Recently, AFM techniques were applied to
analyze the S-layer of the Gram-positive bac-
terium Corynebacterium glutamicumATCC 17965
(Scheuring et al., 2002). C. glutamicumis well known
for its capacity to produce large quantities of amino
acids and it is used for industrial fermentation pro-

cesses ofl-glutamate andl-lysine (Hermann, 2003).
It belongs to theCorynebacterineae,a supragenic
group of bacteria that includes corynebacteria, my-
cobacteria, nocardia, and rhodococci (Stackebrandt
et al., 1997). C. glutamicumshares with each other
genera of this group a specific cell wall structure
mainly characterized by the presence of mycolic acids
(reviewed inBayan et al., 2003). The S-layer ofC.
glutamicumATCC 17965 is strongly associated with
the cell wall and thus also part of the cell envelope.

The S-layer of theC. glutamicumATCC 17965 is
formed by the PS2 protein which is encoded by the
cspBgene (Peyret et al., 1993). The mature PS2 pro-
tein has a molecular mass of 52.5 kDa, is devoid of
any sulfur-containing amino acid and is characterized
by a high content of hydrophobic amino acid residues
(Peyret et al., 1993). The PS2 protein ofC. glutamicum
ATCC 17965 exhibits no similarities to any other pro-
tein in the EMBL database (Peyret et al., 1993). The
hydrophobic C-terminus of the PS2 protein was found
to be involved in the attachment of PS2 to the cell wall
(Chami et al., 1997). The S-layer ofC. glutamicum
ATCC 17965 is characterized by a hexagonal lattice
symmetry (Chami et al., 1995). AFM analyses of
S-layer sheets indicate that monomers from hexameric
cores are connected to six other cores (Scheuring et al.,
2002). Accordingly, the S-layer ofC. glutamicum
ATCC 17965 was classified as an M6C3 layer type
(Saxton and Baumeister, 1986; Scheuring et al., 2002).

In order to gain a deeper understanding of theC.
glutamicumS-layer and its structural features, com-
parative studies of similar S-layer proteins were per-
formed. In this report, we present the cloning and se-
quencing of 28cspBgenes from differentC. glutam-
icum isolates. Based on nucleotide sequence and pro-
tein analysis coupled with atomic force microscopy,
the C. glutamicumS-layers were classified into five
groups. This classification is a first step in identifying
conserved protein regions which are involved in the
formation ofC. glutamicumS-layers.

2. Materials and methods

2.1. Bacterial strains and growth conditions

C. glutamicum isolates used in this study were
obtained from the American Type Culture Collection
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(ATCC; Manassas, VA) and from Deutsche Samm-
lung von Mikroorganismen und Zellkulturen (DSMZ;
Braunschweig, Germany), with the exception ofC.
glutamicum22220 and 22243 (Takeda et al., 1990)
and C. glutamicumLP-6 (Sonnen et al., 1991). Es-
cherichia coli TOP10 (Invitrogen, Karlsruhe, Ger-
many) andE. coli DH5�MCR (Grant et al., 1990)
were used in cloning experiments and were routinely
grown at 37◦C on solid Antibiotic Medium No. 3
(Oxoid, Wesel, Germany). Selection for the pres-
ence of cloning vectors inE. coli was performed by
the addition of 50�g ml−1 kanamycin.C. glutam-
icum isolates were cultivated in minimal medium
1 (MMYE without yeast extract;Katsumata et al.,
1984) at 30◦C. Minimal medium 1 was prepared with
2% acetate and 30 mg l−1 protocatechuic acid instead
of glucose where required.

2.2. Extraction of S-layer proteins from C.
glutamicum

S-layers were extracted according to a protocol of
Peyret et al. (1993)with minor modifications. Briefly,
1.2 × 109 C. glutamicumcells were harvested by
centrifugation at 5000× g for 5 min. The cell pellet
was resuspended in 500�l of 50 mM Tris–HCl buffer
(pH 6.8) containing 2% SDS. Subsequently, the cell
suspension was incubated with intensive shaking
(300 rpm) at room temperature for 1 h and was then
centrifuged again at 5000× g for 5 min. This exper-
imental treatment of the cells does not result in the
solubilization of the cytoplasmic membrane or in cell
lysis (Peyret et al., 1993).

2.3. Separation and identification of PS2 proteins by
SDS–PAGE and MALDI-TOF-MS

Proteins were separated by one-dimensional de-
naturing sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS–PAGE) with a 4% stacking gel
and a 12.5% resolving gel. Samples were denatured in
the presence of 2% SDS and 4%�-mercaptoethanol
in 60 mM Tris–HCl buffer (pH 6.8) by heating to
100◦C for 5 min. Molecular masses were determined
using the Unstained Broad Range Precision Pro-
tein Standard (Bio-Rad Laboratories, Hercules, CA).
Following electrophoresis, gels were stained with
Coomassie brilliant blue R-250 and G-250 as de-

scribed bySambrook et al. (1989)and briefly treated
with 7% acetic acid to visualize protein bands.

For the identification of proteins, the protein bands
were excised from fresh Coomassie-stained 12.5%
SDS–PAGE. The protocols ofHermann et al. (2001)
for tryptic digestions and MALDI-TOF-MS analyses
were applied to generate peptide mass fingerprints.
The Bruker Biflex III MALDI TOF mass spectrome-
ter (Bruker Daltonik, Bremen, Germany) was used to
generate mass spectra. Peptide mass fingerprints were
compared with in silico-generated tryptic fingerprints
using the MASCOT software (Perkins et al., 1999).

2.4. PCR amplification, cloning and sequencing of
C. glutamicum S-layer genes

Routine manipulation of DNA followed the proto-
cols of Sambrook et al. (1989). The cspB genes of
C. glutamicumisolates were amplified using combi-
nations of the forward primers pcspB1-4 and reverse
primers pcspB5-7 (Table 1). PCR experiments were
carried out with a PTC-100 thermocycler (MJ Re-
search, Watertown, MA) andPfx DNA polymerase
(Invitrogen). Initial denaturation was conducted at
94◦C for 2 min followed by denaturation for 30 s,
annealing for 35 s at a primer-dependent temperature
and extension at 68◦C for 90 s. This cycle was re-
peated 30 times, followed by a final extension step at
68◦C for 4 min. PCR products were purified using the
QIAquick PCR Purification Kit (Qiagen, Hilden, Ger-
many). The PCR products were cloned into the vector
pZERO-2 or into pCR-Blunt II using the Zero Blunt
TOPO PCR Cloning Kit (Invitrogen). Sequencing of
cloned PCR products was performed by IIT Biotech
(Bielefeld, Germany). The nucleotide sequences of

Table 1
Oligonucleotides used as PCR primers to amplifycspBgenes of
C. glutamicumisolates

Name Sequence

pcspB1 CCATGTCGTGATCAGCCATT
pcspB2 GATACTGGTACCTATGCGCTTCAGAGCTTC
pcspB3 GATAAGGAATTCGTTCGGTGGCCTAGTGAG
pcspB4 GAAGTCTGACGTTCTGGTTCG
pcspB5 GATACGTCTAGATGGTGCTGTTAGCCAAGG
pcspB6 GGTTGCACGCTCGAGGAAGA
pcspB7 GCCAGTGGCGAGTCATTAAG
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Table 2
Characteristics of S-layer proteins and their respective genes ofC. glutamicumisolates

Number C. glutamicum
isolate

Length of
cspB coding
region (bp)

G + C
content of
cspB coding
region (%)

Expression
level of cspB
coding
regiona

Nucleotide
identity to cspB
of ATCC
17965b (%)

Length of PS2
protein (aa)

Theoretical
molecular mass
of processed
PS2 (kDa)

Theoretical
IEP of
processed PS2

No. of
sulfur-containing
amino acids of
processed PS2
[Cys+Met]

Length of
C-terminal
anchor (aa)

Amino acid
identity to
PS2 of ATCC
17965b (%)

GenBank
accession
number

1 ATCC 13058 1482 55.2 0.22 77.2 493 50.6 4.22 0+ 0 21 70.8 AY524990
2 ATCC 13744 1497 54.2 0.22 75.8 498 51.0 4.21 1+ 0 21 69.2 AY524991
3 ATCC 13745 1491 54.9 0.23 77.2 496 50.7 4.14 0+ 0 21 71.4 AY524992
4 ATCC 14017 1491 55.6 0.24 81.5 496 50.9 4.20 0+ 0 21 77.2 AY524993
5 ATCC 14020 1524 55.5 0.25 84.7 507 51.9 4.20 0+ 0 21 81.0 AY525009
6 ATCC 14067 1476 55.0 0.24 82.0 491 50.5 4.19 0+ 0 21 77.4 AY524994
7 ATCC 14068 1524 55.6 0.26 84.9 507 52.0 4.20 0+ 0 21 81.1 AY525010
8 ATCC 14747 1497 55.2 0.23 75.9 498 50.9 4.22 0+ 0 21 69.2 AY525011
9 ATCC 14751 1491 55.3 0.23 81.0 496 51.0 4.16 1+ 0 21 75.8 AY524995

10 ATCC 14752 1497 55.5 0.26 77.0 498 51.1 4.24 0+ 0 21 70.2 AY524996
11 ATCC 14915 1476 55.3 0.25 79.7 491 50.3 4.17 0+ 0 21 73.9 AY524997
12 ATCC 15243 1491 54.8 0.23 80.8 496 51.2 4.19 0+ 0 21 76.1 AY524998
13 ATCC 15354 1491 55.2 0.24 80.1 496 50.8 4.24 0+ 0 21 76.2 AY524999
14 ATCC 17965 1533 55.5 0.26 100.0 510 52.6 4.24 1+ 0 21 100.0 AY525000
15 ATCC 17966 1533 55.1 0.26 98.6 510 52.5 4.23 0+ 0 21 97.1 AY525001
16 ATCC 19223 1503 54.9 0.25 82.0 500 51.6 4.11 0+ 1 21 76.4 AY525002
17 ATCC 19240 1488 54.9 0.22 77.4 495 50.9 4.14 0+ 1 21 71.6 AY525012
18 ATCC 21341 1491 55.7 0.23 81.0 496 51.2 4.16 0+ 2 21 77.5 AY525003
19 ATCC 21645 1497 54.8 0.22 73.0 498 51.0 4.27 0+ 0 21 68.9 AY525004
20 ATCC 31808 1482 55.1 0.18 77.1 493 50.6 4.20 0+ 0 21 69.5 AY525013
21 ATCC 31830 1473 55.0 0.22 77.2 490 49.9 4.22 0+ 0 14 71.3 AY525007
22 ATCC 31832 1533 55.3 0.27 99.1 510 52.3 4.23 0+ 0 21 98.0 AY525008
23 LP-6 1503 55.0 0.25 82.5 500 51.6 4.12 0+ 0 21 76.8 AY525014
24 DSM 20137 1533 55.6 0.27 99.3 510 52.5 4.23 0+ 0 21 98.4 AY525015
25 DSM 20598 1482 54.8 0.23 81.8 493 50.9 4.23 1+ 0 21 76.6 AY525016
26 DSM 46307 1497 55.4 0.22 76.8 498 51.1 4.14 0+ 0 21 70.4 AY525017
27 22220 1500 54.6 0.24 86.6 499 51.4 4.17 0+ 0 21 80.5 AY525005
28 22243 1527 55.4 0.24 91.3 508 52.5 4.21 0+ 0 21 87.8 AY525006

a The expression levels of thecspB coding regions were calculated by the Cobias program (McHardy et al., 2004).
b The calculation of nucleotide and amino acid sequence identity is based on thecspBgene from ATCC 17965 determined in this study. ThecspBsequence shows 0.7% difference to that published byPeyret et al. (1993).
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thecspBgenes fromC. glutamicumisolates were de-
posited in the EMBL database. Accession numbers are
listed inTable 2.

2.5. Bioinformatics tools used to analyze nucleotide
and amino acid sequences

Nucleotide sequences were assembled with the
STADEN software package (Staden, 1996). Database
searches were performed with the BLAST programs
(Altschul et al., 1997). Comparisons of DNA se-
quences and protein sequences were done by the
SSEARCH program, using the Smith–Waterman
algorithm (Smith and Waterman, 1981). Global nu-
cleotide and amino acid sequence alignments were
carried out with the CLUSTALX program (Thompson
et al., 1997). Phylogenetic trees were calculated using
the neighbor-joining method (Saitou and Nei, 1987)
integrated in the CLUSTALX software package.
Signal peptides were determined with SignalP for
Gram-positive bacteria, using the neural network and
the Hidden–Markov model methods (Nielsen et al.,
1997). Secondary structure predictions were per-
formed by GOR (Garnier et al., 1996). The analysis of
hydrophobicity patterns was performed by ProtScale
(Kyte and Doolittle, 1982). To measure expression
level-dependent features in the synonymous codon
usage of the gene sequenceg, the CoBias program
(McHardy et al., 2004) was used with a log-odds ra-
tio scoring matrix reflecting the differences between
highly and non-highly expressed genes in the syn-
onymous codon usage ofC. glutamicum.P(B|g) is an
estimate of the significance of the observed feature in
the gene sequence; the lower the value of P(B|g), the
more significant are the expression-level dependent
features in the codon usage ofg. The strength of the
feature which may be related to the expression level
of a gene can be assessed using the values of S(g)/L.

2.6. Atomic force microscopy of S-layer proteins

Mica surfaces (Provac AG, Balzers, Liechtenstein)
were silanized with aminopropyl-triethoxysilane in
an exsiccator (Lyubchenko et al., 1993) and incubated
with 5�l of S-layer solution (∼0.5 mg/ml in 10 mM
Tris–HCl, 2% SDS, pH 6.8) for 1 h at room tem-
perature. The sample then was carefully rinsed with
1–2 ml of milliQ deionized water (Millipore) to re-

move weakly attached proteins and dried under a gen-
tle flow of nitrogen gas. Imaging was performed with
non-contact silicon probes (NanoSensors, Wetzlar,
Germany) on a Nanoscope IIIa AFM system equipped
with a Multimode head and a type E piezoelectric
scanner (Multimode, Veeco Instruments, Santa Bar-
bara, CA, USA). The AFM was operated in tapping
mode (Möller et al., 1999) at a scan line frequency of
1–2 Hz. Raw AFM images have been processed only
for background removal (flattening) by using the mi-
croscope manufacturer’s image-processing software.
Image analysis by Fast Fourier Transforms (FFT)
was performed with the WSxM 2.0 SPM software
(Nanotec, Madrid, Spain).

3. Results

3.1. Identification of surface-layer proteins of 28
different C. glutamicum isolates

It has been reported previously that the soil iso-
lateC. glutamicumATCC 17965 harbors an hexagonal
S-layer (Chami et al., 1997; Peyret et al., 1993), but
the existence of S-layer proteins in otherC. glutam-
icum strains has not been investigated systematically
to date. For this reason, we cultivated 28 differentC.
glutamicumisolates obtained from culture collections
in minimal medium 1 supplemented with 2% glucose
as sole carbon source and performed S-layer extrac-
tions according to the protocol byPeyret et al. (1993)
using chaotropic detergents. The extracted S-layers
were then visualized in SDS–PAGE (Fig. 1), where-
upon the S-layer isolation ofC. glutamicumATCC
17965 served as positive control. The S-layer extrac-
tions from 26 out of the 28C. glutamicumisolates
exhibited one major band in SDS–PAGE (Fig. 1A),
whereas S-layer extractions ofC. glutamicumATCC
19223 andC. glutamicumLP-6 yielded no products
under the applied conditions (Fig. 1A; lanes 16 and
23). The apparent molecular masses of the putative
S-layer proteins varied between 55 and 66 kDa. Af-
ter tryptic digestion, MALDI-TOF-MS analyses of the
putative S-layer proteins were performed to obtain
peptide mass fingerprints, which were used in MAS-
COT searches against the published amino acid se-
quence of the PS2 protein fromC. glutamicumATCC
17965 (Peyret et al., 1993). Using this method, the
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Fig. 1. Coomassie blue-stained SDS–PAGE of cell envelope protein fractions from 28 differentC. glutamicumisolates. (A) S-layer analysis
from C. glutamicumisolates cultivated in minimal medium 1 with glucose as sole carbon source. The arrows indicate the S-layer proteins
verified by MALDI-TOF-MS analyses. The S-layer isolation ofC. glutamicumATCC 17965 (lane 14) served as a reference. (B) S-layer
analysis from the twoC. glutamicumisolates ATCC 19223 and LP-6 grown in minimal medium 1 with acetate as sole carbon source.
Key: lane S, molecular weight standard (kDa); lane 1–28,C. glutamicumisolates listed inTable 2.

prominent protein bands of the fourC. glutamicum
isolates ATCC 17965, ATCC 17966, DSM 20137, and
ATCC 31832 were unequivocally identified as PS2 ho-
mologous proteins. Peptide mass fingerprints of the
remaining major protein bands revealed neither highly
significant hits to the PS2 fromC. glutamicumATCC

17965 nor to other protein sequences deposited in pub-
lic databases.

As shown earlier, the S-layer production ofC. glu-
tamicum isolates may depend on the carbon source
used for cultivation (Soual-Hoebeke et al., 1999).
To test whether different carbon sources stimulate
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the expression of S-layer proteins inC. glutamicum
ATCC 19223 andC. glutamicumLP-6, we cultivated
both strains in minimal medium 1 supplemented
with acetate as sole carbon source. Interestingly, the
S-layer extractions of both strains showed distinct
bands with molecular masses of around 60 kDa in
SDS–PAGE (Fig. 1B). This indicates that in bothC.
glutamicumATCC 19223 andC. glutamicumLP-6
the expression of S-layer proteins is stimulated by
acetate. SDS–PAGE of S-layer extractions from other
C. glutamicum isolates revealed no differences in
S-layer expression during growth on acetate as car-
bon source compared to the growth on glucose (data
not shown). It is interesting to note that neither the
complete genome sequence ofC. glutamicumATCC
13032 (Kalinowski et al., 2003; Ikeda and Nakagawa,
2003) nor one of the other corynebacterial genomes
(C. efficiens(Nishio et al., 2003); C. diphtheriae
(Cerdeno-Tarraga et al., 2003)) contain acspBgene
(data not shown). Based on the observation that only
four of the isolatedC. glutamicumS-layer proteins
were identifiable as PS2 proteins with high signifi-
cance by MASCOT analyses and that the molecular
masses of the proteins varied between 55 and 66 kDa,
it can be assumed that significant differences in the
corresponding genes are to be expected.

Fig. 2. Schematic representation of the 2.7-kbcspBgene region ofC. glutamicumATCC 17965. The putative Shine-Dalgarno sequence
(AGGAG) and two putative transcriptional terminators are indicated. The positions of amplified PCR products pcspBl-6, pcspB2-6, pcspB3-6,
pcspB4-5, and pcspB4-7 used for DNA sequencing are shown. The expressed PS2 proteins contain an N-terminal signal peptide (SP) and
a C-terminal hydrophobic anchor sequence (HA) (Peyret et al., 1993; Chami et al., 1995).

3.2. Sequence analysis of S-layer genes isolated
from 28 different C. glutamicum isolates

To determine the nucleotide sequences of the
S-layer genes from the differentC. glutamicumiso-
lates, oligonucleotide primers based on the known
cspBgene sequence ofC. glutamicumATCC 17965
were designed (Table 1). The DNA regions used for
the design of seven PCR primers were located up-
stream of the initiation codon, in the central part of
the gene and downstream of the termination codon
of cspB (Fig. 2). Five primer combinations were
successfully applied to obtain PCR products for all
C. glutamicumisolates, indicating the conservation
of the primer sequences. These PCR amplifica-
tions yielded fragments of a length from∼800 to
∼1100 bp. The PCR fragments, named pcspBl-6,
pcspB2-6, pcspB3-6, pcspB4-5, and pcspB4-7 (Fig.
2), were cloned inE. coli into the vectors pZERO-2
and pCR-Blunt II and completely sequenced. Gen-
eral features deduced from this set of gene sequences
are summarized inTable 2. All predicted open read-
ing frames (ORFs) were clearly identified ascspB
homologs by similarity searches, showing 73–99%
nucleotide sequence identity with thecspBgene ofC.
glutamicumATCC 17965. Based on these similarity
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data and additional multiple alignments, thecspBho-
mologs of the differentC. glutamicumisolates were
designated ascspBgenes at this point.

Analysis of the 28 sequences revealed one com-
plete ORF characterized by a varying length between
1473 and 1533 nucleotides, an ATG start codon and
the termination codon TAA. The coding regions of
thecspBgenes have also very similar G+ C contents,
ranging from 54.2 to 55.7%. This is very close to
the mean G+ C content of theC. glutamicumATCC
13032 genome sequence (Kalinowski et al., 2003).
Based on theC. glutamicumcodon usage, predictions
of the cspBgene expression levels were performed.
To measure expression level-dependent features in the
synonymous codon usage of a gene sequence, the Co-
Bias program was used with a log-odds ratio scoring
matrix reflecting the differences between highly and
not-highly expressed genes in the synonymous codon
usage ofC. glutamicum(McHardy et al., 2004). All
analyzedcspBgenes showed very high SAv(g) values
(S (g)/L > 0.18;Table 2), which are characteristic for
highly expressed genes. The significance levels of the
analyzedcspB genes show very low P(B/g) values
(P (B/g) < 1e−38), corresponding to high signifi-
cance of the observed feature. These bioinformatics
data, showing very high expression levels of thecspB
genes fromC. glutamicum,coincide well with the
initial detection of prominent S-layer protein bands
in SDS–PAGE (Fig. 1).

At the nucleotide level, sequence alignments re-
vealed that the upstream and downstream region of
the 28 analyzedcspBgenes is highly conserved. All
cspBgenes are preceded by a putative Shine-Dalgarno
sequence (AGGAG) located 12 or 13 bp in front of
the assigned ATG initiation codon. Two highly con-
served putative transcriptional terminators were found
in the downstream region of the S-layer genes. The
first transcriptional terminator is located 6 bp down-
stream of thecspBstop codon, its stem-loop structure
possesses a calculated�G of −68.3 kJ mol−1. The
second transcriptional terminator is located further
33 bp downstream. Variations in the loop size of this
terminator were found in the differentC. glutamicum
isolates (data not shown). Downstream of thecspB
locus, an ORF with no apparently related function
to S-layer formation was identified in allC. glutam-
icum isolates in the opposite strand. The amino acid
sequences deduced from this ORF are identical and

display substantial similarity (64% positives, E-value:
5e−43) to a Zn-dependent class III alcohol dehydroge-
nase fromC. glutamicumATCC 13032 (CAF21131;
Kalinowski et al., 2003).

In contrast to their highly conserved surround-
ing, thecspBcoding regions themselves seem to be
highly variable. Translation of the 28cspBgenes re-
vealed PS2 proteins with lengths ranging from 490
to 510 amino acids. The calculated molecular masses
of the processed PS2 homologs vary between 49.9
and 52.6 kDa (Table 2). The deduced PS2 proteins
all show a predicted weak acidic isoelectric point
between 4.11 and 4.27 resulting from a high content
of acidic amino acids (26.1–28.0%) as compared to
basic amino acids (7.2–8.3%). Moreover, the PS2
proteins contain around 50% hydrophobic amino
acids. Additionally, sequence analysis of all PS2
homologs shows a high content of alanine residues
(18.5–19.8%), exceedingly localized in the N- and
C-terminal regions of the PS2 protein. As a feature
common with other S-layer proteins from different
bacteria and PS2 fromC. glutamicumATCC 17965
the newly identified S-layer proteins contain only a
few sulfur-containing amino acids (Table 2).

In order to verify that the identified S-layer pro-
teins are PS2 homologs, the PS2 protein sequences
were digested in silico with trypsin, and the resulting
peptides were used to establish a PS2-specific MAS-
COT database. Using this database it could be con-
firmed that all of the prominent bands represented in
SDS–PAGE (Fig. 1) are indeed PS2 homologs (data
not shown). The previously observed diversity of the
PS2 proteins in the SDS–PAGE is thus reflected by
differences in the nucleotide sequence of the corre-
spondingcspBgenes.

3.3. Classification of C. glutamicum S-layer proteins
based on sequence similarities

Multiple alignments (Thompson et al., 1994) of the
S-layer proteins from the analyzedC. glutamicumiso-
lates showed highly conserved regions in the amino
acid sequence of the respective PS2 proteins (Fig. 3).
The N-terminal signal peptide of PS2 having a length
of 30 amino acid residues is nearly identical in all iso-
lates. A high degree of conservation was also found
in the C-terminal anchor sequence (Fig. 3; Table 2).
However, the anchor sequence of the PS2 protein of
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Fig. 3. Conserved amino acid regions of the 28 analyzedC. glutamicumS-layer proteins. Highly conserved amino acid regions are schematically indicated with black boxes
in a linear PS2 protein sequence. Additionally, alignments of highly conserved regions larger than eight amino acid residues are shown in detail. Theamino acid sequence
of PS2 fromC. glutamicum22243 is used as reference and shown at the bottom. Amino acid differences are depicted, gaps are indicated by asterisks.
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Fig. 4. Dendrogram depicting the relationship among the different PS2 protein sequences fromC. glutamicumisolates. The diagram was
constructed with the CLUSTALX program (Thompson et al., 1994) under usage of the BLOSUM 62 matrix with the neighbour-joining
method (version 2.2). The classification of the PS2 proteins was preformed according to their sequence conservation. Scale bar: 0.1%
amino acid substitution.

C. glutamicumATCC 31830 only spans 14 amino acid
residues, whereas the anchor sequences of all other
PS2 proteins possess a length of 21 amino acids. In
addition to these functionally known regions of PS2,
several other stretches with nearly 100% identity were
identified among the different class members (Fig. 3).
The biological function of these conserved protein re-
gions are hitherto unknown.

On the basis of these alignments, the PS2 proteins
of the 28 studiedC. glutamicumisolates were divided
into five different classes (Fig. 4). All S-layer pro-
teins, which were initially identified as PS2 proteins
by MASCOT searches against the PS2 sequence from
C. glutamicumATCC 17965 belong to class 1 (Fig. 4).
This is obvious considering the high percentage of
amino acid sequence identity between these proteins
(Table 2). The S-layer proteins of theC. glutamicum
isolates ATCC 19223 and LP-6, which were expressed

during growth on acetate as sole carbon source, both
belong to class 2 (Fig. 4). It has to be noted that
the S-layer proteins within the classes 1 and 5 ap-
pear to be closely related to each other (>93% amino
acid identity), while the S-layer proteins within the
classes 2–4 exhibit more differences when compared
to other members of the same class (∼80% amino acid
identity).

Among theC. glutamicumstrains the proportional
identity of the PS2 proteins amounts from 69 to 98%,
which is a high degree of variability for the same pro-
tein of the same species. An alignment of represen-
tative members of each class showed the pattern of
extremely variable and conserved regions within the
amino acid sequences of the PS2 proteins (Fig. 5).
Most of the highly variable regions were indeed spe-
cific for a distinct protein class (data not shown). For
further analysis of theC. glutamicumPS2 proteins,
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Fig. 5. Alignment of the deduced PS2 amino acid sequences fromC. glutamicumisolates representing the five different S-layer classes.
The alignment was produced with CLUSTALX (Thompson et al., 1994), using the BLOSUM 62 matrix, a gap opening penalty of 10 and
a gap extension penalty of 0.1. Amino acid regions with perfect identity are enclosed in boxes and additionally marked with asterisks. The
brackets indicate the potential N-terminal signal peptide sequence and the C-terminal hydrophobic anchor sequence. A secondary structure
prediction is shown exemplarily for the PS2 proteins ofC. glutamicumDSM 20137.

the secondary structure prediction tool GOR (Garnier
et al., 1996) was applied (Fig. 5). All C. glutamicum
PS2 proteins turned out to contain a large amount of
�-helices. Furthermore, the secondary structure pre-
dictions indicate a similar arrangement of secondary
structural elements for allC. glutamicumPS2 pro-
teins. The PS2 proteins of classes 1–5 appeared to

be variable only in the specific length of the sec-
ondary structural elements but not in their composi-
tion. Hydrophobicity plots of theC. glutamicumPS2
proteins calculated according toKyte and Doolittle
(1982)showed that the proteins consist of alternating
stretches of hydrophilic and hydrophobic amino acid
residues. Interestingly, the highly conserved regions
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Fig. 6. AFM images ofC. glutamicumS-layers from five different sequence similarity-based classes adsorbed to silanized mica. All strains display hexagonal lattices with
flower-shaped bottom surfaces and triangular top surfaces, but with different unit cell dimensions. Fourier transformations of the bottom (1) and the top (2) sides of the
S-layer ofC. glutamicumATCC 19240 are shown. AFM-images represent S-layers of each class: class 1 S-layer of ATCC 17966, class 2 S-layer of 22243, class 3 S-layer
of ATCC 13058, class 4 S-layer ATCC 19240, and class 5 S-layer of ATCC 14751.

praktikum2-ub
Rechteck



N. Hansmeier et al. / Journal of Biotechnology 112 (2004) 177–193 189

were either extreme hydrophilic or extreme hydropho-
bic (data not shown). In conclusion, sequence align-
ments, secondary structure predictions and hydropho-
bicity determinations revealed that the PS2 proteins
from C. glutamicumisolates possess highly conserved
structural elements, which are alternating hydrophilic
and hydrophobic.

3.4. The C. glutamicum S-layers of the five identified
classes are characterized by hexagonal structures
with a variable unit cell dimension

To assess whether the sequence differences of the
C. glutamicumPS2 proteins are also reflected by
their S-layer morphology, atomic force microscopy
(AFM) analyses were performed. PS2 proteins of
28 C. glutamicumisolates were extracted from cells
with 2% SDS and precipitated by centrifugation to
enable imaging with AFM (Fig. 6). The S-layers of
the different isolates adsorbed to silanized mica as
mono, double or multi layers and were finally im-
aged in the absence of buffers. Only the S-layers of
four C. glutamicumisolates, namely ATCC 21341,
ATCC 19223, LP-6, and ATCC 14017 displayed

Fig. 7. Measurement of the unit cell dimension (UCD) of imaged S-layers. Each bar represents 180 independent measurements (three
dimensions of 20 hexagons originating from three different images).

no patches of S-layers under these conditions. All
other analyzed S-layers fromC. glutamicumisolates
formed hexameric complexes within a hexagonal lat-
tice (Fig. 6). The inner surface of the S-layers exhibits
a flower-shaped appearance (Fig. 6.1), whereas the
outer surface possesses a triangular surface structure
(Fig. 6.2).

Detailed analysis of 24C. glutamicumS-layers
showed small but significant differences in their unit
cell dimension, specifying the distance between the
centers of two PS2 hexamers. The unit cell dimension
varies between 15.2 ± 0.25 nm and 17.4 ± 0.2 nm
(Fig. 7). The different unit cell dimensions could be a
result of the different coil lengths and respective angles
connecting the conserved regions of the PS2 proteins.
According to these variations of the unit cell dimen-
sions, the S-layers could be divided into five classes.
The correlation between the AFM-based classifica-
tion of the S-layers and the protein sequence-based
classification is striking, although PS2 proteins
from two isolates (C. glutamicumATCC 31830 and
ATCC 13744) do not fit well into this classification
(Fig. 7). Therefore, class 3 might need to be further
subdivided.
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4. Discussion

4.1. Comparative sequence analyses revealed
hyper-variable regions within the C. glutamicum
S-layer proteins

In this study, we have sequenced and character-
ized thecspB genes of 28 differentC. glutamicum
isolates in order to elucidate functional elements of
the respective S-layers. We observed that all analyzed
C. glutamicumisolates possess acspBgene, encod-
ing the S-layer protein PS2. It is interesting to note
thatcspBand its downstream ORF, coding for a puta-
tive Zn-dependent alcohol dehydrogenase, are there-
fore only missing in the sequencedC. glutamicum
ATCC 13032 genome (Ikeda and Nakagawa, 2003;
Kalinowski et al., 2003). It is possible thatC. glu-
tamicumATCC 13032 previously also possessed an
S-layer gene, which was lost during cultivation under
continuous laboratory conditions, without demand for
the protective functions of an S-layer (Fujita et al.,
1997). Therefore, it would be interesting to analyze
the putatively lostcspBgene region in its entirety and
to identify its genomic location in relation to theC.
glutamicumATCC 13032 genome.

Sequence analysis of the S-layer genes and bioin-
formatics prediction of putative signal peptides re-
vealed theoretical molecular masses of the deduced
and processed amino acid sequences between 49.9
and 52.6 kDa. However, SDS–PAGE of the extracted
C. glutamicumS-layer proteins showed varying sizes
between 55 and 66 kDa. The reason for these dif-
ferences between predicted and detected molecular
masses of the S-layer proteins in SDS–PAGE might
be the result of either a high number of acidic amino
acids (Peyret et al., 1993) or of posttranslational mod-
ifications, such as glycosylation known from several
other bacterial S-layer proteins (Calabi et al., 2001;
Schaffer et al., 2001; Sumper et al., 1990). Bacte-
rial S-layer glycans usually consist of long homo-
or heteropolysaccharide chains composed of linear
or branched repeating units with an overall chain
length ranging up to 150 monosaccharide residues
(Messner, 1997; Messner et al., 1997). Such type of
posttranslational modification might result in large
differences between the calculated and the detected
molecular masses of S-layer proteins. Whether the
S-layer proteins ofC. glutamicumare posttransla-

tionally modified has to be investigated in future
studies.

In general, S-layer proteins have been recognized as
belonging to the most abundant cellular proteins. An
S-layer can comprise up to 15% of the total protein
content of a bacterial cell (Boot and Pouwels, 1996;
Messner and Sleytr, 1992; Sleytr, 1997; Smarda et al.,
2002).

In this study, we used a new bioinformatics ap-
proach based on synonymous codon usage to predict
the S-layer gene expression of differentC. glutamicum
isolates. The predicted expression levels of the S-layer
genes appear to be comparable to those of other very
highly expressedC. glutamicumgenes, likeenocod-
ing for the glycolytic enzyme enolase andrbsE,which
encodes a 30S ribosomal subunit (McHardy et al.,
2004). These high expression levels correlate well with
the high abundance of the isolated S-layer proteins in
SDS–PAGE. Furthermore, the putative promoter re-
gions of the analyzed S-layer genes fromC. glutam-
icum were found to be highly conserved, suggesting
that the promoter strength is comparable in all isolates.

BLAST searches in protein databases yielded no
significant hits for theC. glutamicumPS2 proteins.
This lack of homology supports earlier conclusions
that PS2 proteins are very diverse in their sequences
(Peyret et al., 1993). However, the PS2 proteins of
theC. glutamicumisolates share several features with
S-layer proteins of other bacteria. These similarities
include a high content of hydrophobic amino acids,
a higher portion of acidic amino acids as compared
to basic amino acids resulting in a predicted weakly
acidic isoelectric point and a very low content of
sulfur-containing amino acids (Beveridge, 1994; Sara
and Sleytr, 1996a, 2000; Sleytr, 1997).

We applied further bioinformatics tools to find con-
served regions within the PS2 amino acid sequence,
which could be relevant for the general structure of
the C. glutamicumS-layer. Only the function of the
30 amino acid long N-terminal signal peptide and of
the 21 amino acid-containing hydrophobic C-terminal
anchor sequence ofC. glutamicumS-layers have been
described previously (Chami et al., 1997; Peyret et al.,
1993). Although these regions appear to be highly
conserved, we found that the anchor sequence of
C. glutamicumATCC 31830 consists only of 14
amino acids. This observation shows that variations
might be possible even in otherwise highly conserved
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protein regions of PS2. Additionally, several other
conserved regions were newly identified in all ana-
lyzedC. glutamicumPS2 proteins. It can be assumed
that these protein regions play an important role in
S-layer formation since all information regarding the
assembly process is obviously contained within the
PS2 monomer (Beveridge et al., 1997; Sleytr and
Messner, 1983). A remarkable outcome of this inves-
tigation is the high variability of PS2 proteins from the
same species, which is in contrast to the highly con-
served nucleotide sequences surrounding the respec-
tive cspBgenes. Such high levels of amino acid se-
quence variability are especially known from S-layer
proteins of pathogenic bacteria, likeCampylobacter
fetus (Tummuru and Blaser, 1993) and Clostridium
difficile (Calabi and Fairweather, 2002). The variabil-
ity of S-layer proteins in these species is supposed to
result from a selective pressure to escape the immune
response of their respective hosts. It is therefore sur-
prising to detect such a variability in a bacterium that is
generally regarded as a non-pathogenic soil bacterium.

4.2. C. glutamicum S-layers display a common
hexagonal structure with a varying unit cell
dimension which correlates to a sequence
similarity-based classification scheme

Information on the overall structure and arrange-
ment of theC. glutamicumS-layer proteins was de-
duced from a combination of both secondary structure
predictions and morphological analyses by atomic
force microscopy. The arrangements of the secondary
structural elements of all analyzed PS2 proteins are
highly conserved and vary only in the length of these
elements. We have shown in this study that the pre-
dicted basic secondary structure is very similar in
all analyzed S-layer proteins fromC. glutamicum,
whereas the individual amino acid sequences of the
PS2 proteins are quite different when one considers
that they represent the same structural protein of the
same bacterial species. A division into five divergent
C. glutamicumPS2 protein classes arose from a clas-
sification on the basis of protein sequence alignments
by CLUSTALX. These differences of the primary
structure of the PS2 proteins are also reflected by the
morphology of the S-layers. Utilizing AFM imaging,
we found out that allC. glutamicumS-layers exhibit
a hexagonal symmetry with distinct differences in the

unit cell dimension. Based on AFM measurements,
the C. glutamicumS-layers were divided into five
classes, the composition of which mostly fits the
classification by sequence alignments. Therefore, it
can be proposed that the amino acid sequence vari-
ations of PS2 correlate with differences in S-layer
morphology ofC. glutamicum.

To our knowledge, this is the first report in which
a direct coherence between S-layer sequence infor-
mation and morphology is pointed out. Systematical
structure analyses were already accomplished for
S-layer proteins of cyanobacteria, but without knowl-
edge of the corresponding genes or S-layer protein
sequences (Smarda et al., 2002). In these analyses,
the hexagonal symmetry appears to be most common
in cyanobacteria (Rachel et al., 1997; Smarda et al.,
2002), which seems to be similar to the observation
made inC. glutamicum.Additionally, the S-layers of
a set of Microcystis wesenbergiiisolates displayed
differences in their unit cell dimension, ranging from
12.9 to 18.6 nm (Rachel et al., 1997; Smajs et al.,
1999; Smarda et al., 2002). These differences of the
unit cell dimension are in a roughly comparable range
to those measured for the different S-layers of theC.
glutamicum isolates (15.2–17.4 nm). In conclusion,
systematical sequence analyses ofcspB genes and
bioinformatics structure predictions of PS2 proteins
from a single species provided valuable information
regarding a structure-function correlation. Therefore,
this report provides first steps towards the identifica-
tion of PS2 regions necessary for S-layer formation
of C. glutamicum.
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