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The peptidoglycan of Selenomonas ruminantium is covalently bound to cadaverine (PG-cadaverine), which
likely plays a significant role in maintaining the integrity of the cell surface structure. The outer membrane of
this bacterium contains a 45-kDa major protein (Mep45) that is a putative peptidoglycan-associated protein.
In this report, we determined the nucleotide sequence of the mep45 gene and investigated the relationship
between PG-cadaverine, Mep45, and the cell surface structure. Amino acid sequence analysis showed that
Mep45 is comprised of an N-terminal S-layer-homologous (SLH) domain followed by �-helical coiled-coil
region and a C-terminal �-strand-rich region. The N-terminal SLH domain was found to be protruding into
the periplasmic space and was responsible for binding to peptidoglycan. It was determined that Mep45 binds
to the peptidoglycan in a manner dependent on the presence of PG-cadaverine. Electron microscopy revealed
that defective PG-cadaverine decreased the structural interactions between peptidoglycan and the outer
membrane, consistent with the proposed role for PG-cadaverine. The C-terminal �-strand-rich region of
Mep45 was predicted to be a membrane-bound unit of the 14-stranded �-barrel structure. Here we propose
that PG-cadaverine possesses functional importance to facilitate the structural linkage between peptidoglycan
and the outer membrane via specific interaction with the SLH domain of Mep45.

Polyamines, the ubiquitous polycationic compounds com-
posed of a hydrocarbon backbone with multiple amino groups,
exist in all living cells and participate in a wide variety of
biological reactions, including DNA, RNA, and protein syn-
thesis (34). However, it has been revealed that some strictly
anaerobic eubacteria belonging to the Veillonellaceae family,
such as Selenomonas ruminantium, Veillonella alcalescens, Veil-
lonella parvula, and Anaerovibrio lipolyticus, possess polyamines
covalently linked to their peptidoglycan (PG) as an essential
constituent (8, 16, 17). S. ruminantium possesses a peptidogly-
can associated with cadaverine. Cadaverine binds covalently to
the �-carboxyl group of the D-glutamic acid residue of pepti-
doglycan by one of its two amino groups, and the other amino
group remains as a free cation (15). In this bacterium, cadav-
erine is synthesized constitutively from lysine by lysine/orni-
thine decarboxylase (LDC/ODC [EC 4.1.1.18]), a bifunctional
enzyme that decarboxylates both L-lysine and L-ornithine at

similar Km and Vmax values (35, 36) and is transferred to a
D-glutamic acid residue by a particulate enzyme designated as
lipid intermediate:diamine transferase (20). The cadaverine
synthesis by LDC/ODC is completely inhibited by DL-�-diflu-
oromethyllysine (DFML) or DL-�-difluoromethylornithine
(DFMO), which inhibits the decarboxylating activity toward
both L-lysine and L-ornithine (35), and the prevention of the
cadaverine synthesis in S. ruminantium was shown to lead to
the significant decrease of the amount of the cadaverine co-
valently linked to peptidoglycan (PG-cadaverine) and result in
the growth inhibition (17). Since this inhibitory effect accom-
panies a drastic morphological change of the cells resulting in
an aberrant cell surface structure, PG-cadaverine has been
assumed to play a significant role in maintaining the integrity
of the cell surface (17).

The cell surface structure of S. ruminantium has a typical
Gram-negative three-layer organization, comprising a cyto-
plasmic membrane, peptidoglycan layer, and outer membrane
(18). However, it contains neither the free nor bound form of
murein-lipoprotein (19), which plays an important role in the
structural linkage between the outer membrane and pepti-
doglycan, thereby maintaining the structural integrity of the
cell surface structures of Gram-negative bacteria (5, 33). The
Escherichia coli lpo mutant that lacks murein-lipoprotein be-
comes hypersensitive to EDTA, resulting in rapid cell lysis
upon exposure to EDTA. In contrast, S. ruminantium shows no
cell lysis, even in the presence of high concentrations of
EDTA, despite the absence of murein-lipoprotein (19). One
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possible interpretation for these findings was the assumption
that PG-cadaverine associates with the structural connection
between the outer membrane and peptidoglycan, thereby re-
placing the function of murein-lipoprotein with an outer mem-
brane component or components. Nevertheless, the factors in
the outer membrane interacting with PG-cadaverine have not
been identified.

The outer membrane of S. ruminantium contains a 45-kDa
major protein (Mep45), which has been proposed to be a
peptidoglycan-associating protein (18, 19). Kalmokoff et al.
reported that the major outer membrane protein of S. rumi-
nantium OB268, which is similar to Mep45 in size, contains an
N-terminal surface-layer homology (SLH) domain (13), a pu-
tative functional domain that interacts with cell wall compo-
nents (27). These findings prompted us to investigate the
Mep45 major outer membrane protein of S. ruminantium as a
putative outer membrane component interacting with PG-ca-
daverine. In this report, we characterize the Mep45 protein
and its interactions with PG-cadaverine and prove their in-
volvement in the structural linkage between the outer mem-
brane and peptidoglycan.

MATERIALS AND METHODS

Bacterial strains and culture conditions. S. ruminantium subsp. lactilytica
TAM6421 was cultured under anaerobic conditions in Trypticase peptone-yeast
extract-glucose (TYG) medium, as described previously (21). The E. coli lpo
mutant (37) was cultured in Luria-Bertani (LB) medium supplemented with
0.01% MgSO4 � 7H2O at 37°C. LB medium was used for culture of E. coli DH5�
and BL21(DE3) at 37°C.

Preparation of crude envelopes of S. ruminantium. Cells were harvested by
centrifugation from 200-ml cultures that had reached an optical density at 660
nm (OD660) of 1.0 and resuspended in 10 ml 20 mM sodium-phosphate (NaPi)
buffer (pH 7.4). Cells were disrupted by passage through a French pressure cell
press at 1,000 lb/in2 (approximately 7.0 � 104 kPa), and unbroken cells were
removed by centrifugation at 4,000 � g for 5 min at 4°C. Crude envelopes were
pelleted by subsequent centrifugation at 20,000 � g for 20 min at 4°C.

Determination of N-terminal and internal amino acid sequences of Mep45.
The whole proteins of crude envelope preparations of S. ruminantium were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and electroblotted onto polyvinylidene difluoride (PVDF) membrane.
The protein bands on the membrane were stained with Coomassie brilliant blue
(CBB), and the major protein band corresponding to Mep45 was excised and its
N-terminal amino acid sequence was analyzed by an automated protein se-
quencer (ABI491; Applied Biosystems). For sequencing of the internal amino
acid sequence, crude envelopes were treated with 100 �g/ml trypsin for the
partial digestion of Mep45 that resulted in the formation of a 40-kDa Mep45
fragment that was used for N-terminal sequencing.

Determination of the mep45 nucleotide sequence. Degenerated oligonucleo-
tide primers were synthesized based on the determined N-terminal (DVPA
DHW) and internal (AAEFAEE) amino acid sequences of Mep45, namely,
5�-GAYGTICCIGCNGAYCAYTGG-3� and 5�-TCYTCIGCRAAYTCNGCN
GC-3�. These primers were designed to amplify a 209-bp fragment by PCR from
the chromosomal DNA of S. ruminantium. Using this 209-bp fragment as a
probe, a mep45-coding 4-kbp DNA fragment was identified from PstI-digested
chromosomal DNA of S. ruminantium by Southern blot analysis. The 4-kbp
fragment was extracted from the agarose gel and used as the template for inverse
PCR (36). The amplified fragment was sequenced with the BigDye terminator
cycle sequencing ready reaction kit, using an ABI377 DNA sequencer (Applied
Biosystems).

Amino acid sequence analysis of Mep45. Homology analysis was performed
using the BLAST algorithm (version 2.2.18) implemented with the EMBL/
GenBank/DDBJ database. A multiple alignment of amino acid sequences was
created using the ClustalW program (version 1.83). Prediction of the secondary
structure of Mep45 was performed by the PHD method on the PredictProtein
server (http://www.predictprotein.org/) (26). Prediction of transmembrane
strands and the topology of Mep45 was performed using the PRED-TMBB
program (http://bioinfomatics.biol.uoa.gr/PRED-TMBB) (1). Other basic analyt-

ical procedures were performed using the GENETYX program (Software De-
velopment Co., Tokyo, Japan).

Determination of the protease-accessible site of Mep45. Intact cells (3 mg wet
weight) or crude inside-out envelopes of S. ruminantium, prepared by disruption
of the cells with a French pressure cell press (1 mg wet weight), were resus-
pended in 100 �l 20 mM NaPi buffer containing either 100 �g/ml proteinase K
or 100 �g/ml trypsin and incubated at 37°C for 30 min. The reaction was stopped
by the addition of phenylmethanesulfonyl fluoride (1 mM final concentration) to
the mixture, and the cells and crude inside-out envelopes were then collected by
centrifugation at 5,000 � g for 5 min and at 20,000 � g for 20 min, respectively.
Total proteins in these preparations were resolved by SDS-PAGE using 12.5%
acrylamide gels. The N-terminal amino acid sequences of Mep45 fragments were
determined according to the method described above.

Purification of Mep45 and preparation of Mep45 with the SLH domain trun-
cated (�SLH-Mep45). Crude envelopes of S. ruminantium prepared from cells
harvested from 200 ml culture at an OD660 of 1.0 were incubated in 8 ml of 1%
(wt/vol) Triton X-100 in NaPi buffer for 15 min at 37°C. Mep45 was separated
from other membrane proteins as a Triton X-100-resistant precipitate by cen-
trifugation at 20,000 � g for 15 min at 4°C. Mep45 was then extracted from this
Triton X-100-insoluble material by incubation in 1.6 ml of 5 M guanidine hy-
drochloride at 37°C for 30 min. After centrifugation at 20,000 � g for 20 min at
room temperature (RT), the supernatant containing Mep45 proteins was ob-
tained and dialyzed against NaPi buffer to remove the guanidine hydrochloride.

Crude envelopes of S. ruminantium were prepared and resuspended in NaPi

buffer containing 100 �g/ml of trypsin and incubated at 37°C for 1 h. This
enzymatic treatment generates truncation of SLH domain comprising the N-
terminal 68 amino acid residues from Mep45. Further purification of �SLH-
Mep45 was performed according to the method for purification of intact Mep45
as described above.

Construction, expression, and purification of the SLH domain-GST fusion
protein (G-SLH). The DNA fragment encoding the SLH domain of Mep45
(1ASNPF to ALVDK68) was amplified from chromosomal DNA of S. ruminan-
tium using the primers 5�-CGGGATCCGCTAGCAACCCGTTCTCCGATG-3�
(primer I) and 5�-CGGAATTCTCATTTGTCAACCAGAGCCTTGTCC-3�
(primer II), containing BamHI and EcoRI sites, respectively (underlined). The
BamH-EcoRI fragment of the amplified product was inserted into the BamHI-
EcoRI site of pGEX-4T-1 (GE Healthcare) to obtain the plasmid pGSLH. This
plasmid was then introduced into E. coli BL21(DE3) to express the N-terminal
glutathione S-transferase (GST)-fused SLH domain (G-SLH) under the control
of the tac promoter. E. coli BL21(DE3) harboring pGSLH was grown in 20 ml
LB medium containing 100 �g/ml ampicillin at 37°C with shaking, and isopropyl-
�-D-thiogalactopyranoside (IPTG; 1 mM final concentration) was added at an
OD660 of 0.6. After incubation for an additional 2 h, cells were harvested by
centrifugation at 4°C and disrupted by sonication. The cell lysate was centrifuged
at 200,000 � g for 1 h at 4°C, and the supernatant was loaded onto a 1-ml GSTap
FF column (GE Healthcare) equilibrated with NaPi buffer. After the column had
been washed extensively with NaPi buffer, G-SLH was eluted with 50 mM
Tris-HCl (pH 8.0) containing 10 mM reduced glutathione. The G-SLH prepa-
ration was dialyzed against NaPi buffer at 4°C.

Preparation of peptidoglycan and quantification of PG-cadaverine. S. rumi-
nantium cells were harvested from 100 ml medium at an OD660 of 1.0 and washed
once with NaPi buffer. Cells were suspended in 4 ml of 5% SDS and boiled for
15 min. Insoluble materials were then precipitated by centrifugation at 20,000 �
g for 20 min at room temperature (RT) and washed three times with distilled
water. Pellets were suspended in 4 ml NaPi buffer containing 100 �g/ml �-amy-
lase and incubated for 12 h at 37°C to degrade contaminating high-molecular-
weight (HMW) glycogen. The peptidoglycan preparation was obtained by cen-
trifugation at 20,000 � g for 20 min at RT. Then it was suspended again in 4 ml
of 5% SDS, boiled for 15 min, and collected again by centrifugation at 20,000 �
g for 20 min. After being washed three times with distilled water, the sample was
treated with 1 ml of 10% trichloroacetic acid at 4°C for 30 min. Purified pepti-
doglycan was collected by centrifugation at 20,000 � g for 20 min at RT and
washed extensively with NaPi buffer.

The peptidoglycan of the E. coli lpo mutant was prepared according to the
procedure for S. ruminantium peptidoglycan, except for the �-amylase treatment.

The quantification of PG-cadaverine and purified peptidoglycan was per-
formed by first hydrolyzing the sample with 6 M HCl at 110°C for 20 h. The HCl
was then removed using an evaporator, and the hydrolysates were dissolved in
distilled water. The amounts of cadaverine and D-glutamic acid residue were
quantified by high-performance liquid chromatography (HPLC) using TSK-gel
Polyaminepak and TSK-gel Aminopak columns (Tosoh, Tokyo, Japan), respec-
tively, by the method described previously (35) with 1 mM cadaverine or glutamic
acid as the standard.
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Preparation of the peptide moiety of the peptidoglycan (peptide A) and ly-
sozyme-digested peptidoglycan fragment (PG fragment) from S. ruminantium.
Preparation of the peptide moiety of the peptidoglycan [peptide A; L-Ala-D-
Glu(cadaverine)-meso-diaminopimelic acid (DAP) -D-Ala] was done according
to the method described previously (14). Fifty milligrams of the lyophilized
peptidoglycan was digested by 500 �g of Streptomyces albus G-enzymes, which
contain glycosidase, N-acetylmuramyl-L-alanine amidase, and endopeptidase
(kindly donated by K. Kato, Department of Microbiology and Oral Bacteriology,
Osaka University, Osaka, Japan). Digestion was done for 20 h at 37°C in 5 ml of
10 mM NaPi buffer (pH 7.4) containing 50 �l of toluene. Peptide A was purified
from the reaction mixture by descending paper chromatography on Whatman
3MM paper at room temperature for 50 h, using the upper phase of n-butanol-
acetic acid-water (4:1:5 [vol/vol/vol]) as a solvent. The major band corresponding
to peptide A, which was detectable by ninhydrin, was eluted with distilled water
and lyophilized. The molecular mass of the purified peptide A preparation was
confirmed to correspond to the estimated value (545 Da) by mass spectrometry.

For preparation of lysozyme-digested peptidoglycan fragment (PG fragment),
50 mg of lyophilized peptidoglycan was digested with 100 �g of egg white
lysozyme (Wako Pure Chemicals, Japan). Digestion was done in 5 ml of 10 mM
NaPi buffer (pH 8.0) for 20 h at 37°C. The reaction mixture was lyophilized and
suspended again in 500 �l distilled water. The PG fragment was purified from
this suspension by gel filtration chromatography using a G3000SW column
(Tosoh, Japan). Only one PG fragment corresponding to a molecular mass of
approximately 30 kDa was obtained. The PG fragment was collected and lyoph-
ilized.

Peptidoglycan-binding assay. Fifty microliters of NaPi buffer containing 5 �g
protein was mixed with various concentrations of peptidoglycan (0.2 to 2.0 mg
wet weight), and allowed to stand for 90 min at RT. The mixture was then
centrifuged at 20,000 � g for 20 min at RT to separate the peptidoglycan-
associated fractions (precipitates) and non-peptidoglycan-associated fractions
(supernatant). The relative amounts of peptidoglycan-associated proteins were
quantified by densitometry using the NIH Image program (version 1.63) follow-
ing immunoblotting and detection with anti-Mep45 antiserum (for Mep45 and
�SLH-Mep45) and anti-GST antiserum (for G-SLH; GE Healthcare).

Cross-linking experiment. Purified Mep45 (60 �g/ml) was treated with 0.05%
glutaraldehyde or 1 mM BS3 (bis[sulfosuccinimidyl] suberate) (Pierce, Rockford,
IL) and incubated at 37°C for 5, 10, or 30 min. The reaction was terminated by
the addition of Tris-HCl (pH 7.4; 10 mM final concentration), followed by an
additional incubation for 15 min. The resulting Mep45 was analyzed by SDS-
PAGE using 7.5% acrylamide gels, and the Mep45 oligomer was detected by
immunoblotting using anti-Mep45 antiserum.

Electron microscopy. S. ruminantium cells were cultivated in 10 ml culture with
or without 10 mM DFMO. After incubation for 4 h at 37°C, cells were harvested
by centrifugation at 400 � g for 10 min, resuspended in 2% glutaraldehyde, and
allowed to stand at RT for 1.5 h. The cells were pelleted by centrifugation at
400 � g for 10 min and then mixed with 2% agar and drawn into the tip of a
Pasteur pipette. After the agar solidified, it was extruded from the pipette and
washed in 20 mM sodium phosphate buffer (pH 7.4). The agar block was sliced
into small cakes and fixed in 1% osmium tetroxide in Veronal buffer for 1.5 h at
RT. Agar cakes were then dipped into ethanol at increasing concentrations (50,
60, 70, 80, 90, and 100% for 30 min each) to dehydrate the sample, and then
ethanol was replaced by propylene oxide (three times for 30 min). The sample
was then embedded in Quetol651 (Nisshin EM Co., Tokyo, Japan) and allowed
to stand at 60°C for 20 h for polymerization. Thin sectioning was carried out
using diamond knife on an ultramicrotome (Ultracut S; Leica) and mounted
onto 150-mesh copper grids, and stained with 4% uranyl acetate and 0.4% lead
citrate. Observation was performed using a transmission electron microscope
(H-8100; Hitachi Co., Tokyo, Japan) at an accelerating voltage of 100 kV.

Preparation of anti-Mep45 antiserum and immunoblotting. Anti-Mep45 rab-
bit antiserum was developed against oligopeptides corresponded to internal
amino acid sequence of Mep45 (145DANSNLKSDQGEDS159) that were custom
ordered from Operon Biotechnologies (Tokyo, Japan).

Proteins were resolved by SDS-PAGE and electroblotted onto PVDF mem-
brane. Proteins on the membranes were cross-reacted with appropriate antisera,
detected using alkaline phosphatase-conjugated anti-rabbit immunoglobulin G
(Promega, Madison, WI), and visualized using nitroblue tetrazolium (Wako Pure
Chemicals, Japan) and 5-bromo-4-chloro-indolylphosphate (Wako Pure Chem-
icals, Japan) as substrates.

Chemicals. DL-�-Difluoromethylornithine (DFMO) was a kind gift from P.
Wosten (Wayne State University, United States) and the Merrel Daw Research
Institute (Cincinnati, OH).

Nucleotide sequence accession number. The nucleotide sequence of mep45
has been deposited in the DDBJ/GenBank/EMBL database under accession no.
AB252707.

RESULTS

Primary sequence profiles of Mep45. The entire nucleotide
sequence of mep45 was 1,299 bp long, encoding a protein of
432 amino acid (aa) residues, and it contained a typical pro-
karyote-type signal peptide located at the N-terminal 23 aa
residues. The molecular mass of mature Mep45 with 409
amino acid residues was calculated as 45,540 Da, which was
consistent with an estimated size from the mobility on SDS-
PAGE. The deduced amino acid sequence revealed that the
N-terminal region of mature Mep45 showed significant homol-
ogy to the SLH domain of envelope proteins from bacteria
belonging to the Deinococcus-Thermus group and cyanobacte-
ria, such as P100 from Thermus thermophilus (60% identity) (4)
and SomB from Synechococcus sp. strain PCC6301 (53% iden-
tity) (9), respectively. The SLH-bearing proteins are essentially
classified into three groups: the S-layer proteins mostly studied
in Gram-positive bacteria, the extracellular enzymes and pro-
teins, and the outer membrane proteins from Gram-negative
bacteria (3). The SLH domain of the outer membrane proteins
possesses the following specific features: it exists in a single
copy at the N terminal, and it contains particularly conserved
Gly33 (relative position 33) and Tyr40 residues (3). Mep45 is
classified as an SLH-bearing outer membrane protein and pos-
sesses a single copy of the SLH domain with the typical Gly and
Tyr residues, which are designated in Fig. 1A. Another region
of Mep45 showed significant homology to the OmpM1 outer
membrane protein of Mitsuokella multacida (62% identity)
(12).

On the basis of the homology search and secondary structure
prediction, the domain arrangement of Mep45 was suggested
to be comprised of (i) a single copy of the N-terminus SLH
domain, (ii) an �-helical stretch adjacent to the SLH domain
with a high propensity for coiled-coil formation, and (iii) a
C-terminal �-strand-rich region. This domain arrangement is
common to the SLH-bearing outer membrane proteins found
in the bacteria belonging to the Deinococcus-Thermus group
and cyanobacteria, including P100 and SomB. The C-terminal
�-strand-rich regions of these proteins are proposed to form a
membrane-bound �-barrel structure, and the pore-forming ac-
tivity of this region was experimentally demonstrated in SomB
(10). Hence, Mep45 is supposed to construct the membrane-
bound unit within its C-terminal �-strand-rich region, and the
N-terminal SLH domain of this protein likely acts as a modular
domain appended to this region (Fig. 1D).

The N-terminal SLH domain is exposed to periplasmic
space. To clarify the fundamental topology profile of Mep45 in
the outer membrane, we investigated the cell-surface- or
periplasm-exposed regions of Mep45 by determining the pro-
tease-accessible site. To determine the cell-surface-exposed
region, intact cells of S. ruminantium were treated with pro-
teinase K or trypsin and the digestion pattern was analyzed by
SDS-PAGE (Fig. 1B). Proteinase K digested Mep45 into two
major fragments of 27 and 18 kDa, whereas trypsin showed no
digestion. The N-terminal amino acid sequence of the 27-kDa
fragment corresponded to the N-terminal sequence of mature
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Mep45, indicating that the N terminus of Mep45 was masked
from proteinase K digestion at the cell surface. Conversely,
the N-terminal sequence of the 18-kDa fragment possessed the
internal sequence of Mep45 (238GRHDD242) located in the
C-terminal �-strand-rich region. This suggests that this proteo-
lytic site is exposed to the cell surface.

Similarly, to assess the periplasm-exposed region of Mep45,
the crude envelope fractions of S. ruminantium were investi-
gated by treatment with the same proteases (Fig. 1C). Trypsin
digestion of Mep45 produced a major fragment of 40 kDa, and
its N-terminal sequence corresponded to the internal sequence
(70LAAEF75). This proteolytic site was located at the junction
between the SLH domain and coiled-coil region, indicating
that the N-terminal SLH domain before 70L is exposed to the
periplasmic space. The other portion of Mep45 was resistant to
trypsin, despite evenly distributed lysine and arginine residues.
Proteinase K digestion of Mep45 produced a predominant
band of 20 kDa, but the internal sequence could not be deter-
mined because it contained several peptides.

Taken together, these observations suggest that the N-ter-
minal SLH domain of Mep45 protruded into the periplasmic
space and the C-terminal �-strand-rich region possesses at
least one site that is exposed to the cell surface (Fig. 1D).

Mep45 interacts with peptidoglycan in a manner dependent
on cadaverine covalently linked to peptidoglycan. The pepti-
doglycan-binding ability of Mep45 was investigated by mixing
with purified peptidoglycan from wild-type S. ruminantium,
and the peptidoglycan-associated and non-peptidoglycan-asso-
ciated fractions were separated by centrifugation after incuba-
tion for 90 min. The presence of Mep45 in each fraction was
detected by Western immunoblotting (Fig. 2A). When Mep45
was mixed with peptidoglycan from S. ruminantium, it precip-
itated as a peptidoglycan-associated form, representing the
peptidoglycan-binding ability of Mep45. However, this inter-

FIG. 1. Amino acid sequence profiles of Mep45 and determination of the protease-accessible site. (A) Amino acid sequence alignment of the
N-terminal SLH domain of Mep45 with the corresponding region of P100 and SomB. Asterisks denote highly and specifically conserved residues
found in SLH-bearing outer membrane proteins. (B and C) SDS-PAGE of proteinase K or trypsin treatment of intact cells (B) and crude envelopes
(C) of S. ruminantium. Intact cells (3 mg) or crude envelopes (1 mg) were incubated with 100 �g/ml proteinase K or trypsin at 37°C for 30 min.
Gels were stained with Coomassie brilliant blue. The bands designated by the arrowheads are the fragments of Mep45 produced by the protease
treatment. Abbreviations: IC, intact cells; CE, crude envelopes; P, proteinase K-treated sample; T, trypsin-treated sample. (D) Schematic
representation of the topology of Mep45. The locations of proteolytic sites of proteinase K and trypsin are indicated as black and open triangles,
respectively. The N-terminal SLH domain protrudes into the periplasmic space, and the C-terminal �-strands span the outer membrane, except
for at least one region exposed to the external cell surface, which is the protease-sensitive site.

FIG. 2. In vitro peptidoglycan-binding assay. (A) Western immuno-
blot of Mep45 binding to wild-type S. ruminantium peptidoglycan.
Solubilized Mep45 (3 �g) was mixed with or without 1 mg of purified
peptidoglycan (PG). The peptidoglycan-associated Mep45 (ppt) and
non-peptidoglycan-associated Mep45 in the supernatant fraction (sup)
were detected by using anti-Mep45 antiserum. (B) Effect of the PG-
cadaverine on the interaction between Mep45 and peptidoglycan. Rel-
ative amounts of peptidoglycan-associated Mep45 were quantified
densitometrically following immunoblotting. Solubilized Mep45 (5 �g)
was incubated with 0.4, 1.2, or 2.0 mg of purified peptidoglycan from (i)
wild-type S. ruminantium cells (WT [closed bars]), (ii) S. ruminantium
cells cultivated in the presence of 10 mM DFMO (open bars), and (iii)
the E. coli lpo mutant (EC [shaded bars]). The values represent the
ratio of the amount of Mep45 after binding to peptidoglycan over the
initial amount (mean � standard deviation [SD] of triplicate experi-
ments).
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action was decreased when peptidoglycan was prepared from
S. ruminantium grown in medium containing DFMO (data not
shown). This finding suggests the importance of peptidoglycan-
bound cadaverine (PG-cadaverine) for the interaction between
Mep45 and peptidoglycan.

To confirm whether PG-cadaverine is involved in the inter-
action between Mep45 and peptidoglycan, the peptidoglycan-
binding assay was performed using the following three types of
peptidoglycan preparations: (i) peptidoglycan from S. rumi-
nantium that possesses D-glutamic acid residues saturated
100% with covalently linked cadaverine (wild type), (ii) pepti-
doglycan from S. ruminantium cells cultivated in the presence
of 10 mM DFMO that possesses peptidoglycans containing
covalently linked cadaverine in approximately 35% of D-glu-
tamic acid residues (deficient type), and (iii) peptidoglycan
from the E. coli lpo mutant containing neither cadaverine nor
murein-lipoprotein (null type). The assay was performed on
0.4, 1.2, or 2.0 mg of each peptidoglycan, and the relative
amounts of peptidoglycan-associated Mep45 were compared
(Fig. 2B). It was determined that less Mep45 was captured by
the cadaverine-deficient peptidoglycan or the peptidoglycan
from the E. coli lpo mutant than wild-type S. ruminantium
peptidoglycan. Approximately 70% of Mep45 added to the
reaction mixture was captured in the peptidoglycan fraction by
the addition of 2 mg of wild-type peptidoglycan. In contrast,
approximately 25% and 10% of Mep45 was captured by the
cadaverine-deficient peptidoglycan and the peptidoglycan
from the E. coli lpo mutant, respectively. Addition of free
cadaverine to the reaction mixture had no effect on the ability
to bind to peptidoglycan (data not shown), indicating that only
the bound form but not the free form of cadaverine had an
effect on the binding ability of Mep45. These results strongly
suggest that the interaction between Mep45 and peptidoglycan
was highly dependent on the presence of PG-cadaverine.

Mep45 interacts with peptidoglycan through its N-terminal
SLH domain. The SLH domain of Mep45 was determined to
protrude inward into the periplasmic space, and hence inter-
action with peptidoglycan is likely. To investigate the function
of the SLH domain of Mep45, Mep45 with the SLH domain
truncated (�SLH-Mep45) was prepared and analyzed for pep-
tidoglycan-binding ability using the peptidoglycan from wild-
type S. ruminantium (Fig. 3A and B). It was found that the
�SLH-Mep45 showed drastically decreased binding to the
peptidoglycan compared to the intact Mep45. Approximately
15% of �SLH-Mep45 was captured by the addition of 2 mg of
peptidoglycan. The basal level of �SLH-Mep45 bound to pep-
tidoglycan did not increase as the amount of peptidoglycan
increased; therefore, anything detected here is nonspecific.
This result suggests that the SLH domain of Mep45 is respon-
sible for the ability to bind to peptidoglycan.

To examine the peptidoglycan-binding property of the SLH
domain, the recombinant SLH domain was fused to glutathi-
one S-transferase (G-SLH) and the peptidoglycan-binding as-
say was performed using three types of peptidoglycan with
different cadaverine substitutions, as described above (Fig. 3C
and D). It was determined that G-SLH showed the ability to
bind to the peptidoglycan of wild-type S. ruminantium in a
dose-dependent manner. In contrast, the relative amount of
peptidoglycan-associated G-SLH was observed to be drasti-

cally decreased for cadaverine-deficient peptidoglycan and the
peptidoglycan from the E. coli lpo mutant.

These results indicate that G-SLH associates with the pep-
tidoglycan in a PG-cadaverine-dependent manner, providing
evidence that the SLH domain acts as the functional domain of
Mep45 for interacting with the peptidoglycan of wild-type S.
ruminantium.

The entire structure of the peptidoglycan is required for the
interaction with the SLH domain. The SLH domain of Mep45
was revealed to bind to the peptidoglycan in a manner depen-
dent on the presence of PG-cadaverine. However, it remained
unclear whether it binds directly to the PG-cadaverine, since
the exogenous free cadaverine did not inhibit the binding (Fig.
4). To clarify the structural constituent of the peptidoglycan
involved in the interaction with SLH domain, we prepared the
peptide moiety of the peptidoglycan [peptide A; L-Ala-D-
Glu(cadaverine)-mesoDAP-D-Ala] and lysozyme-digested pep-
tidoglycan fragment (PG fragment). We examined the inhibi-
tory effect of these two samples on the interaction between the
SLH domain and intact peptidoglycan (Fig. 4). The peptide A

FIG. 3. Functional analysis of the SLH domain of Mep45.
(A) Preparation of Mep45 with the SLH domain truncated (�SLH-
Mep45). Lane 1, trypsin-digested crude envelopes; lane 2, purified
�SLH-Mep45 preparation. The arrowhead indicates the �SLH-Mep45
bands. (B) Peptidoglycan-binding assay of �SLH-Mep45. Solubilized
�SLH-Mep45 (100 �g/ml) was incubated with 0.4, 1.2, or 2.0 mg of
peptidoglycan from wild-type S. ruminantium cells. (C) Preparation of
recombinant SLH domain fused with glutathione S-transferase (G-
SLH). Lane 1, cell extracts of E. coli BL21(DE3) expressing G-SLH;
lane 2, purified G-SLH. The arrowhead indicates the G-SLH band.
(D) Peptidoglycan-binding assay of G-SLH of (i) wild-type S. rumi-
nantium cells (WT [closed bars]), (ii) S. ruminantium cells cultured in
the presence of 10 mM DFMO (open bars), and (iii) the E. coli lpo
mutant (EC [shaded bars]). In panels B and D, anti-glutathione S-
transferase antiserum was used to detect G-SLH and relative amounts
of peptidoglycan-associated G-SLH were represented as the amount
relative to initial amount of G-SLH added to the reaction mixture
(mean � SD of triplicate experiments).
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or PG fragment was exogenously added to the reaction mixture
containing G-SLH and the intact peptidoglycan, and the bind-
ing ability of G-SLH was examined. As a result, the PG frag-
ment inhibited the binding of G-SLH to the intact peptidogly-
can, but peptide A did not. This indicates that peptide A itself
is not the binding ligand for the SLH domain, and the entire
structure of the peptidoglycan, especially the presence of sac-
charide moiety, is required for the interaction. Thus, we con-
clude that the PG-cadaverine itself does not bind immediately
to the SLH domain but mediates the interaction between the
SLH domain and the peptidoglycan in an indirect way.

PG-cadaverine-deficient S. ruminantium cells display the de-
creased number of linkages between the outer membrane and
peptidoglycan. Specific interactions between Mep45 and PG-
cadaverine are expected to serve as the structural linkage be-
tween peptidoglycan and outer membrane. To this end, we
examined the cell-surface structure of wild-type S. ruminan-
tium cells and PG-cadaverine-deficient cells (Fig. 5). The cell
surface of wild-type cells showed a typical Gram-negative-type
three-layer structure comprised of an inner membrane, pepti-
doglycan, and an outer membrane with a ruffled structure, as

previously reported (19). As shown in Fig. 5A, the outer mem-
brane and peptidoglycan layers are apparently connected each
other at several points on the cell surface. The number of
connection sites per 400-nm cell surface was 6.81 � 1.10. In
contrast, this linkage was largely absent from the cell surface of
cells cultivated in the presence of 10 mM DFMO, which results
in a 65% reduction of PG-cadaverine (Fig. 5B). The number of
connection sites of this cell was decreased to 3.25 � 1.93,
displaying approximately 55% reduction compared to the wild-
type cell. These observations are consistent with the notion
that PG-cadaverine is involved in the structural linkage be-
tween the outer membrane and peptidoglycan.

Mep45 forms an unusual high-molecular-weight complex.
From previous research, Mep45 was shown to form SDS-resis-
tant oligomers in the outer membrane (19). The significant
stability in SDS is one of the typical features of porins in
general, whose oligomer does not dissociate unless heated at
high temperatures in 2% SDS (11, 24). Without heat denatur-
ation, the oligomeric form of porin is able to be clearly distin-
guished by SDS-PAGE as the protein band of the oligomer,
which migrates to the appropriate position representing the
molecular weight of the oligomer. To examine the structural
profiles, purified Mep45 was analyzed under heated and un-
heated conditions by SDS-PAGE (Fig. 6A). The heat-dena-
tured Mep45 was observed as a single protein band of 45 kDa
on SDS-PAGE. However, when Mep45 was analyzed under
the unheated condition, the protein band remained in the well
of the SDS-PAGE gel, implying the formation of a high-mo-
lecular-weight (HMW) complex of Mep45 oligomers (Fig. 6A).
In addition, a faster-migrating band of 37 kDa was observed
under the unheated condition. This likely represents a typical
feature of �-barrel proteins generally referred to as “heat mod-
ifiability,” in which the faster-migrating band represented by
the unheated sample is considered to be caused by the incom-
plete denaturing of the protein (22, 23). The presence of the
37-kDa protein band of Mep45 suggests the formation of the
�-barrel structures, consistent with predicted structural analy-
ses based on the primary sequence analysis of Mep45.

To analyze the subunit structure, the purified Mep45 prep-
aration was treated with 0.05% glutaraldehyde or 1 mM BS3

(bis[sulfosuccinimydyl] suberate) and the cross-linked oli-
gomer was analyzed by Western immunoblotting using anti-

FIG. 4. The structural constituent of the peptidoglycan required
for interaction with SLH domain. The assay for G-SLH binding to
peptidoglycan was performed in the presence of free cadaverine (A) or
peptide A or the PG fragment (B). The free cadaverine, peptide A, or
PG fragment was exogenously added to the reaction mixture contain-
ing G-SLH and 1 mg of peptidoglycan from wild-type S. ruminantium,
and the relative amount of G-SLH bound to the peptidoglycan was
measured.

FIG. 5. Electron micrograph of cell surface structures of wild-type S. ruminantium cells (A) and PG-cadaverine-deficient cells (B). Arrowheads
indicate the sites where the outer membrane (OM) and peptidoglycan are connected. IM, inner membrane. The numbers of the connection sites
per 400 nm of cell surface were counted from 40 cells each. The difference between the wild-type cell and PG-cadaverine-deficient cell was
significant (P � 0.05 according to Student’s t test). Bar, 100 nm.
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Mep45 antiserum following SDS-PAGE (Fig. 6B). It was de-
termined that the dimer, tetramer, and hexamer forms of
Mep45 were detected, indicating that dimeric Mep45 mole-
cules existed as a structural subunit involved in the formation
of the HMW Mep45 complex.

DISCUSSION

On the basis of the observations shown here, Mep45 is
considered to play the role of an anchor protein that connects
the outer membrane and peptidoglycan. Based on the primary
sequence analysis, Mep45 was suggested to be comprised of
essentially two distinct domains, the N-terminal SLH domain
and the C-terminal �-strand-rich region (Fig. 1). The N-termi-
nal SLH domain of Mep45 was determined to protrude into
the periplasmic space, acting as the functional domain for
interacting with peptidoglycan (Fig. 1 and 3). On the other
hand, the C-terminal �-strand-rich region is supposed to be the
membrane-bound unit (Fig. 1).

The interaction between Mep45 and peptidoglycan occurred
in a manner dependent on the presence of PG-cadaverine (Fig.
2 and 3), suggesting the necessity of PG-cadaverine for the
structural linkage between the outer membrane and pepti-
doglycan in this bacterium. The electron micrographs of cell
surface structure strongly support this, in which the number of
arch-like outer membrane structures connecting with pepti-
doglycan was apparently decreased according to the deficiency
of the amount of PG-cadaverine (Fig. 5).

The PG-cadaverine-dependent interaction between the SLH
domain and peptidoglycan displays the novel binding mecha-
nism between them, while a number of SLH domains studied
so far have been shown to bind to the secondary cell wall

polymers (27). However, the PG-cadaverine itself does not
serve as the binding ligand for the SLH domain, since it was
determined that the entire structure of the peptidoglycan, es-
pecially the presence of the saccharide moiety, was required
for the binding of the SLH domain (Fig. 4). Thus, we conclude
that PG-cadaverine plays a functional role for mediating the
interaction between the SLH domain and the peptidoglycan in
an indirect way. Further analysis is desired to clarify the bind-
ing mechanism(s).

The C-terminal �-strand-rich region of Mep45 is considered
to form �-barrel structure. Based on the analysis of the trans-
membrane strand using the PRED-TMBB program (1), the
C-terminal region of Mep45 is predicted to be a 14-stranded
�-barrel (Fig. 7). This topology model is supported by the
following features which are typical for �-barrel proteins: (i)
short periplasmic loops with long variable external loops, (ii)
the preferential location of aromatic residues at the near ends
of the �-strands contacting the membrane surface, and (iii) the
presence of a C-terminal phenylalanine residue typical for
�-barrel proteins important for correct folding (28, 32). The
large extracellular loop domain (L3) is shown to contain the
region accessible by proteinase K (Fig. 1B), and hence this
region is externally exposed from the �-barrel. Similarly, the
large loop-like L3 domain is also proposed in the predicted
structure of OmpM1 of M. multacida (12), but its functional

FIG. 6. Structural analysis of Mep45. (A) SDS-PAGE analysis of
Mep45 under heated or unheated conditions. 45 k and 37 k, 45 kDa
and 37 kDa, respectively. (B) Subunit structure of Mep45 determined
by cross-linking experiment using glutaraldehyde or BS3. Mep45 oli-
gomers were detected by immunoblotting using anti-Mep45 antiserum.

FIG. 7. Proposed model of Mep45 in the outer membrane. Shown
are PRED-TMBB program predictions of transmembrane strands and
the topology of Mep45. Transmembrane strands are shaded. The
amino acid sequence with predicted high propensity to form an �-he-
lical coiled-coil structure is underlined. Aromatic residues located near
the ends of the transmembrane strand contacting the membrane sur-
faces are boxed. Proteinase K- and trypsin-sensitive cleavage sites are
indicated as open and closed triangles, respectively.

VOL. 192, 2010 Mep45 MAJOR OUTER MEMBRANE PROTEIN OF S. RUMINANTIUM 5959



importance remains to be elucidated. In addition, the bio-
chemical features of Mep45 described below are consistent
with those of �-barrel proteins. (i) As shown in Fig. 1, the
�-barrel-rich region was shown to be trypsin resistant despite
having evenly distributed lysine and arginine residues in its
primary sequence. High resistance to tryptic digestion is one of
the typical features of �-barrel proteins and is often used as a
criterion for monitoring correct folding of the �-barrel struc-
ture (32). (ii) Purified Mep45 showed heat modifiability on
SDS-PAGE that also represents a typical feature of �-barrel
proteins (Fig. 6).

On the other hand, Mep45 possesses some features different
from general �-barrel proteins like porins. Mep45 forms far
larger high-molecular-weight complexes than the oligomeric
form of general porins. The Mep45 protein is not readily sol-
ubilized by detergents but can be extracted with guanidine
hydrochloride, which is a chaotropic reagent commonly used to
solubilize S-layer proteins, ubiquitous cell-surface proteins
among Gram-positive bacteria (27). Kalmokoff et al. previ-
ously reported the presence of the major outer membrane
protein, which is similar to Mep45 in size, constructing an
S-layer-like crystalline array on the cell surface of S. ruminan-
tium OB268, and characterized it as the regularly ordered
outer membrane protein representing a kind of primitive in-
termediate between S-layers and Gram-negative outer mem-
brane proteins (13). Therefore, Mep45 in our strain may also
share several features of S-layer proteins.

We examined the number of Mep45 molecule per single cell
by immunoblot analysis using the purified Mep45 as a standard
and calculated the number of Mep45 molecules in 1 �m2 of
cell surface according to Smit et al. (30; data not shown). The
estimated number of Mep45 molecules was 1.78 � 105 mole-
cules/1 �m2 of cell surface, which means that approximately 80
to 100% of the cell surface is expected to be covered by the
Mep45 molecules based on the hypothesis that Mep45 is equiv-
alent in size to the �-barrel proteins such as OmpF and �-he-
molysin, whose structures have been determined to be 16- and
14-stranded �-barrels, respectively, as resolved by X-ray crys-
tallography (29). Thus, it appears reasonable that Mep45 cov-
ers a large part of the cell surface and plays the role of the
attachment system anchoring the outer membrane to the pep-
tidoglycan in this bacterium.

The mechanism of structural linkages that occur between
the outer membrane and peptidoglycan in S. ruminantium pro-
posed here is very different from that of conventional Gram-
negative bacteria possessing the murein-lipoprotein and Tol-
Pal system (5, 6, 33). The Tol-Pal system is a highly conserved
multiprotein apparatus shared by Gram-negative bacteria,
comprised of the TolA inner membrane protein, TolQ, TolR,
the TolB periplasmic protein, and the Pal peptidoglycan-asso-
ciated protein. Mutation of the genes encoding these proteins
leads to functional and morphological alterations of the enve-
lope, such as hypersensitivity to external damaging agents,
formation of membrane blebs, and leakage of periplasmic
components. Genome sequence data from S. ruminantium (un-
published) suggest that none of the Tol-Pal system genes are
conserved in this organism. However, phenotypic defects ob-
served in E. coli mutants with mutations in murein-lipoprotein
or the Tol-Pal system have not been detected in S. ruminan-
tium. These facts suggest that the structural linkage between

the outer membrane and peptidoglycan in S. ruminantium,
comprised of Mep45 and PG-cadaverine, seems to act as a
unique anchoring system able to replace the function of the
murein-lipoprotein and Tol-Pal system. However, it remains
unknown whether the defects in cell morphology induced by
DFMO (17) are just a consequence of the lack of PG-cadav-
erine or are related to other inhibitory effects occurring in
concert with this induction.

Based on gene homology analyses, Mep45-like proteins were
suggested to be conserved among the bacteria in the Veillonel-
laceae family. Since these bacteria also possess polyamines
covalently linked to peptidoglycan (8, 16), specific interaction
between Mep45-like outer membrane proteins and peptidogly-
can-linked polyamines is likely to occur. Hence, this mecha-
nism of structural linkage between the outer membrane and
peptidoglycan would be widely distributed among the Veillonel-
laceae. In addition, it is worth emphasizing that Mep45 is
closely related to the SLH-bearing outer membrane proteins
found in the Deinococcus-Thermus group bacteria and cya-
nobacteria (Fig. 1). The relationship between the SLH-bearing
outer membrane protein and cell wall was examined in P100
from T. thermophilus, which was shown to interact with the
secondary cell wall polymer through its SLH domain and was
proposed to serve as an anchoring protein (2). In case of
cyanobacteria, there have been no reports about the interac-
tion between such proteins and peptidoglycan, but the covalent
binding of N-acetylputrescine to the peptidoglycan has been
described for the chloroplasts of Cyanophora paradoxa (25),
implying the possible occurrence of the polyamine-containing
peptidoglycan in cyanobacteria and binding mechanism within
its SLH-bearing outer membrane protein. Therefore, among
these bacteria, SLH-bearing outer membrane proteins possibly
play the common functional role involved in the anchoring
system of the outer membrane to peptidoglycan, through the
interaction between the SLH domain and the cell wall compo-
nents. Phylogenetic analyses have determined that bacteria
from the Veillonellaceae family, Deinococcus-Thermus group,
and cyanobacteria are far distant from conventional Gram-
negative bacteria (7, 31), implying that the Gram-negative-type
cell surface structures of these bacteria might be maintained by
mechanisms different from those of conventional Gram-nega-
tive bacteria.
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