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The peptidoglycan of Selenomonas ruminantium, a strictly anaerobic bacte-
rium, contains cadaverine (Y. Kamio, Y. Itoh, Y. Terawaki, and T. Kusano, J.
Bacteriol. 145:122-128, 1981). This report describes the chemical structure of the
peptidoglycan of this bacterium. The ["4C]cadaverine-labeled peptidoglycan was
degraded with the lytic enzymes prepared from Streptomyces albus G into three
small fragments including a major fragment (band A compound). Band A com-
pound was composed of L-alanine, D-glutamic acid, meso-diaminopimelic acid,
D-alanine, and cadaverine in the molar ratio 0.98:1.0:1.0:0.98:0.97. Diaminopimelic
acid, L-alanine, and cadaverine were N-terminal residues in band A compound.
When the ['4C]cadaverine-labeled band A compound was subjected to partial
acid hydrolysis, two peptide fragments were obtained. One of them consisted of
diaminopimnelic acid and D-alanine; diaminopimelic acid was the N-terminal
amino acid, and the other fragment was composed of L-alanine, D-glutamic acid,
and cadaverine, ofwhich L-alanine and cadaverine were N-terminal. These results
led us to conclude that the primary peptide structure of band A compound is L-
alanyl-D-glutamyl-meso-diaminopimelyl-D-alanine and that cadaverine links co-
valently to the D-glutamic acid residue.

Our previous study (6) revealed that cadav-
erine exists as a component of the peptidoglycan
ofSelenomonas ruminantium subsp. lactilytica,
a strictly anaerobic, gram-negative strain, and
that one of the two amino groups of cadaverine
links covalently to the peptidoglycan but the
other is free. In addition, we found (6) that the
peptidoglycan of this strain is composed of L-
alanine, D-alanine, D-glutamic acid, meso-dia-
minopimelic acid (meso-DAP), cadaverine, mur-
amic acid, and glucosamine in the molar ratio
1.0:1.0:1.0:1.1:0.9:1.0. These findings led us to
study which component of the peptidoglycan
cadaverine links covalently. We previously ob-
tained (6) spot A compound, which contains
muramic acid, glucosamine, alanine, glutamic
acid, meso-DAP, and cadaverine, by digesting
the peptidoglycan with lysozyme. However, the
yield of the compound was too low to allow us
to examine its chemical structure. Therefore, in
the present study, we used lytic enzymes pre-
pared from Streptomyces albus G to examine
the primary structure of the peptidoglycan. The
enzyme preparation contained glycosidase, N-
acetylmuramyl-L-alanine amidase, and endo-
peptidase (K. Kato, personal communication).
As a result, we succeeded in obtaining the pep-
tide subunit containing cadaverine in high yield.

This report shows that cadaverine linked cova-
lently to the D-glutamic acid residue of the pep-
tidoglycan and further shows the chemical struc-
ture of the peptidoglycan of S. ruminantium.

MATERIALS AND METHODS
Bacterial strain. S. ruminantium subsp. lactily-

tica, described previously (6), was used.
Medium and culture conditions. S. ruminantium

was grown in a yeast extract-glucose medium (7) sup-
plemented with 0.01% sodium n-valerate at 370C un-
der anaerobic conditions (7).

Preparation of ['4Clcadaverine-labeled cells.
The yeast extract-glucose medium (20 liters) contain-
ing n-valerate and [1,5-4C]cadaverine (50 PCi, 0.11
,uM) was inoculated with 80 ml of an overnight culture
of S. ruminantium and incubated at 370C for 4 h. The
cells were collected and used for preparation of the
peptidoglycan.

Preparation of peptidoglycan. The peptidogly-
can was prepared by the procedure described previ-
ously (6).

Solvent systems. The following solvent systems
were used for paper and cellulose thin-layer chroma-
tography and for paper electrophoresis: system A con-
tained n-butanol-acetic acid-water-pyridine (915:3:12:
10, by volume); system B contained phenol-water (250:
75, wt/wt) in an NH3 atmosphere; system C was an
upper phase of n-butanol-acetic acid-water (4:1:5, by
volume); and system D contained 0.1 M citric acid-
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NaOH buffer (pH 3.6).
Digestion of the peptidoglycan with enzymes

from S. albus G. ['4C]cadaverine-labeled peptidogly-
can (10 mg) was incubated at 370C with S. albus G
enzymes (500,ug ofprotein), which contain glycosidase,
N-acetylmuramyl-L-alanine amidase, and endopepti-
dase (kindly donated by K. Kato, Department of Mi-
crobiology and Oral Bacteriology, Osaka University),
for 20 h. Digestion with the enzyme was done in 5 ml
of 0.01 M sodium phosphate buffer (pH 8.0) containing
50 pl of toluene. The reaction mixture was examined
by descending paper chromatography on Whatman
3MM paper at room temperature for 50 h with solvent
system C. A major band (designated band A com-
pound; Fig. 1) was eluted with distilled water, lyophi-
lized, and subjected to chemical analysis.
Acid hydrolysis of band A compound. Band A

compound (500 ,ug) was hydrolyzed with 1 ml of 6 N
HCI at 1100C for 18 h in a sealed tube for complete
hydrolysis. Partial hydrolysis of the compound was
performed by heating 500 ,ug of the compound in either
1 ml of 2 N HCI at 1000C for 2 h or 1 ml of 0.03 N HCI
at 100°C for 12 h. After HCI was removed in vacuo in
the presence of solid NaOH at room temperature, the
hydrolysate was examined by paper chromatography
and paper electrophoresis.

Analytical procedure. The amount ofamino acids

B-

C-

ORIGIN
FIG. 1. Radioautogram of the degradation prod-

ucts of the ['4Clcadaverine-labeled peptidoglycan
after S. albus G enzymes digestion. (A) Band A; (B)
and B; (C) band C.
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and amino sugars in the acid hydrolysate was deter-
mined quantitatively by using a Hitachi 835 automatic
amino acid analyzer or by paper chromatography ac-
cording to the method of Primosigh et al. (8), with
alanine, glutamic acid, DAP, glucosamine, and mur-
amic acid as the standards. Cadaverine was deter-
mined quantitatively by the method described previ-
ously (6). Determination of the N-acetylglucosamine
was carried out by paper chromatography with solvent
system C.
The optical configuration of alanine was determined

according to the method described previously (6).
Carboxyl-terminal amino acid was determined by

hydrazinolysis as described by Yanai et al. (9). One
milligram of the peptidoglycan and 1.5 pmol of L-
alanyl-L-alanyl-L-alanyl-L-alanine were hydrazino-
lyzed with 500 pl of freshly distilled anhydrous hydra-
zine in vacuum-sealed tubes at 1000C for 8 h. After
almost all of the hydrazine was removed in vacuo in
the presence of concentrated H2SO4, the preparations
were dissolved in 1 ml of water and the remaining
hydrazine was extracted with distilled benzaldehyde.
After benzaldehyde was extracted with ethyl ether,
the amount of each amino acid was determined by the
ninhydrin reaction after 100 id of the solution was
applied to paper chromatography, using solvent sys-
tem C. The amount of C-terminal amino acid was
corrected on the basis of the yield of tetraalanine.

N-terminal amino acids were determined by sub-
tracting the amino acid contents of dinitrophenylated
samples from those of intact samples. Dinitrophenyl-
ation was carried out by the method of Yanai et al.
(9).

Radioactivity was quantitated with a Packard 3255
liquid scintillation spectrometer with Bray scintilla-
tion fluid (2). Radioactive peptide fragments were
detected by radioautography or by an Irigaku TRM 1-
B radioscanner equipped with a windowless gas flow
counter.
Sephadex G-15 column chromatography. The

[14C]cadaverine-labeled band A compound was dis-
solved in 50 mM NaCl and applied to a Sephadex G-
15 column (1.6 by 90 cm) in 50mM NaCl. The column
was eluted with the same solution at room tempera-
ture.

Materials. D-Amino acid oxidase, peroxidase, and
tetraalanine were purchased from Sigma Chemical
Co., St. Louis, Mo. Cadaverine dihydrochloride and
dinitrofluorobenzene were from Wako Chemical In-
dustries Ltd., Tokyo, Japan. Hydrazine was from Na-
karai Chemicals, Ltd., Kyoto, Japan. [1,5-'4C]cadav-
erine dihydrochloride was purchased from New Eng-
land Nuclear Corp., Boston, Mass. The other chemi-
cals used were of the best grade commercially avail-
able.

Cellulose thin-layer plates were purchased from E.
Merck AG (Darmstadt, West Germany). For paper
chromatography and electrophoresis, Whatman 3MM
filter paper from W. & R. Balstom Ltd., Maidstone,
Kent England, was used. Sephadex G-15 was from
Pharmacia Fine Chemicals, Inc., Uppsala, Sweden.

RESULTS
N- and C-terminal components of the

peptidoglycan. Quantitative analyses of N-
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and C-terminal components of the peptidogly-
can revealed that cadaverine and half of the
DAP had disappeared after dinitrophenylation
(Table 1), and about one-fourth of the alanine
was recovered as C-terminal amino acid. These
results indicate that one-half of the DAP is
involved in the cross-linkage to alanine and that
cadaverine does not participate in the cross-link-
age.
Treatment ofthe ["4Clcadaverine-labeled

peptidoglyean with the enzymes from S.
albus G. To elucidate the amino acid sequence
of the peptidoglycan and the amino acid which
links covalently to cadaverine, we tried to obtain
the peptide subunit from the peptidoglycan. If
the D-lactyl group of the N-acetylmuramic acid
residue in the glycan strand is substituted by the
L-alanine of the peptide subunit, this amide link-
age should be degraded with N-acetylmuramyl-
L-alanine amidase in the enzymes. The S. albus
G enzymes hydrolyzed insoluble peptidoglycan
of S. ruminantium into soluble fragments. Fig-
ure 1 shows a paper chromatogram of the deg-
radation products. Approximnately 80% of the
total radioactivity incorporated into the pepti-
doglycan was found to be recoverable in band A
compound. Trace amounts of radioactivity were
present in bands B and C (Fig. 1). No radioactive
band except at the origin was detected in the
sample without enzyme treatment. Band A com-
pound was eluted with distilled water from the
paper and was purified by paper chromatogra-
phy with solvent system A and by paper electro-
phoresis with solvent system D.
Chemical composition of band A com-

pound. Band A compound was hydrolyzed in 6
N HCI and was subjected to automatic amino
acid analysis and paper electrophoresis. Glu-
tamic acid, alanine, DAP, and cadaverine, but
not muramic acid or glucosamine, were found.
These results clearly indicate that the L-alanine
residue links covalently to -COOH of the lactyl
group of N-acetylmuramic acid.
Quantitative analysis of amino acid and

cadaverine in band A compound. Band A

TABLE 1. Determination ofN-terminal components
of S. rumnuantium peptidoglycan by

dinitrophenylation
Content

Component Before treat- After dinitro-

ment phenylation

Glutamic acid looa 99
Alanine 199 200
DAP 102 51
Cadaverine 100 0

a Glutamic acid content of intact peptidoglycan is
referred to as 100.

compound was found to consist of glutamic acid,
alanine, DAP, and cadaverine in amounts of
1.76, 3.46, 1.78, and 1.70 ,umol/mg (dry weight),
respectively. These results give the purity of
band A compound as 100%. Based on these
results and our previous findings (6), the molar
ratio of L-alanine, D-alanine, meso-DAP, and
cadaverine to D-glutamic acid in band A com-
pound was calculated as 0.98:0.98:1.01:0.97.
Elution profile of band A compound on

Sephadex G-15 gel column chromatogra-
phy. The radioactive peak of band A compound
was detected at a position slightly later than
that of NAD, whose molecular weight is 663.
One can calculate the molecular weight of band
A compound to be 545, assuming that the com-

pound is a monomer.
N-terminal components of band A com-

pound. DAP and cadaverine were completely
dinitrophenylated, and one-half of the alanine
was dinitrophenylated (Table 2). From these
results and the elution profile on Sephadex G-
15, it can be concluded that the compound in
band A is a peptide monomer.
Partial acid hydrolysis of band A com-

pound. Band A compound labeled with ['4C]-
cadaverine was partially acid hydrolyzed, and
the degradation products were separated by pa-
per chromatography. Five ninhydrin-positive
spots were obtained (Fig. 2). Radioactivity was

detected in spots II and III. No ninhydrin-posi-
tive and radioactive spot corresponding to glu-
tamic acid was detected. The compounds corre-
sponding to spots I, II, HI, IV, and V were eluted
with distilled water from the paper on which the
ninhydrin reagent was not sprayed. They were
used for determination of the peptide sequence.
Spots I and IV were identified as alanine and
DAP, respectively, by cellulose thin-layer chro-
matography with solvent system B. Spot V was

found to be intact band A compound which was
not degraded.

Identification ofspots HI and m. (i) Purity
of spots II and m. Both spots II and m gave

a single spot on electrophoresis. Spot II migrated
faster to the cathode than intact band A com-

TABLE 2. Determination of N-terminal components
of bandA compound

Content
Component Before treat- After dinitro-

ment phenylation

Glutamic acid lOOa 100
Alanine 200 100
DAP 101 0
Cadaverine 98 0

a Glutamic acid content of intact band A compound
A is referred to as 100.
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FIG. 2. Paper chromatogram of the peptide frag-

ments from band A compound after partial acid
hydrolysis. Spots were detected by spraying with nin-
hydrin reagent. (1) Degradation products from band
A compound after partial acid hydrolysis; (2) intact
bandA compound; (3) authentic alanine (ALA), glu-
tamic acid (GLU), cadaverine (CADA), and diami-
nopimelic acid (DAP).

pound and was free of free alanine, glutamic
acid, and cadaverine. Spot III migrated at the
positions of alanine and DAP (data not shown).

(ii) Chemical composition of spots II and
HI. Spot II and spot III compounds were hydro-
lyzed with 6 N HCl in sealed tubes at 110°C for
18 h, and the amino acids and cadaverine in the
compounds were examined by paper chromatog-
raphy. Spot II was composed of alanine, glu-
tamic acid, and cadaverine (Fig. 3). Spot m
consisted of DAP and alanine. Alanine in spots
II and III were determined to be of L and D
configurations, respectively.

(iii) N-terminal residue(s) of spots H and
Il. Alanine and cadaverine were N-terminal in
spot II, and DAP was N-terminal in spot Ill.
From these results, the chemical structuries of
spots II and Im were determined to be L-alanyl-
D-glutamyl-cadaverine and meso-diaminopime-
lyl-D-alanine, respectively. Cadaverine was

found to link covalently to glutamic acid residue.
It is well known that the y-glutamyl linkage is
more labile than the a linkage. Only spots II and
III were obtained by partial hydrolysis with 0.03
N HCl at 1000C for 12 h, and no other fragments
were detected. These results indicate that ca-

daverine is bound to glutamic acid with a a-

peptide linkage and that the linkage between
D-glutamic acid and DAP is y.

J. BACTERIOL.

DISCUSSION
We propose that the primary structure of the

peptidoglycan of S. ruminantium is as shown in
Fig. 4 based on the following evidence: (i) the
peptidoglycan of this strain consisted of N-ace-
tylglucosamine, N-acetyhnuramic acid, L-ala-
nine, D-glutamic acid, meso-DAP, cadaverine,
and D-alanine; (ii) protein components corre-
sponding to the bound form of the lipoprotein of
Braun and Rehn (1) did not exist in the pepti-
doglycan (5, 6); (iii) the peptidoglycan was di-

b

ci
d Ai

1 2 3
FIG. 3. Paper chromatogram of the components of

spots II and III. Spots were detected by spraying with
ninhydrin reagent. Solvent system C was used. (1)
Authentic alanine (a), glutamic acid (b), cadaverine
(c), and DAP (d); (2) acid hydrolysate of spot III
compound; (3) acid hydrolysate of spot II compound.

-MurNAc-GlcNAc- -MurNAc-GlcNAc-
1 4

L- Ala L-Ala

D-Glu -'Cadaverine D-Glu -t-Cadaverine

meso DAP mesoBDAP-NH2
D-Ala D-Ala
FIG. 4. Proposed primary structure of the pepti-

doglycan of S. ruminantium. MurNAc, N-acetylmu-
ramic acid; GlcNAc, N-acetylglucosamine. Arrows
indicate the CO--NH direction of the linkages.

.DAP
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gested with lysozyme, indicating that the linkage
between N-acetylnuramic acid and N-acetylglu-
cosamine in the glycan strand is ,B-1,4; (iv) one-
half of the DAP residue was N terminal; (v) one
of the two amino groups of cadaverine linked
covalently to the Cl-carboxyl group of D-glu-
tamic acid; (vi) peptide monomer was obtained
by digesting the peptidoglycan with S. albus G
enzymes; and (vii) the covalent linkage between
D-glutamic acid and meso-DAP was labile to
treatment with 2 N HCl at 1000C for 2 h.
The tetrapeptide backbone of S. ruminantium

shown in Fig. 4 was identical to that of Esche-
richia coli, i.e., L-alanyl-D-glutamyl-meso-dia-
minopimelyl-D-alanine. The C-terminal D-ala-
nine residue ot the tetrapeptide unit was in-
volved in bridging to the DAP residue of the
second tetrapeptide unit. Based on the finding
that endopeptidase from S. albus G hydrolyzes
the D-alanyl-(D)-meso-DAP linkage in the pep-
tidoglycan of various bacteria (3), the linkages
between D-glutamic acid and meso-DAP and
between meso-DAP and D-alanine participating
in the cross-linkage of S. ruminantium were
considered to be D-glutamic acid-(L)-meso-DAP
and meso-DAP-(D)-D-alanine, respectively.

It is known (3) that the a-carboxyl group of
D-glutamic acid is amidated with NH3 in some
Micrococcaeae, Lactobacillaceae, and Strep o-
coccaceae. In S. ruminantium, the a-carboxyl
group of D-glutamic acid is substituted with ca-
daverine. We have not examined whether the
a-carboxyl group of DAP which is not involved
in the peptide linkage is amidated.
At present, our studies are focused on the

process by which cadaverine links covalently to
the a-carboxyl group of the D-glutamic acid res-
idue in S. ruminantium. It is known that D-
cycloserine inhibits peptidoglycan synthesis and
causes the cells to accumulate the uridine nu-
cleotide tripeptide (UDP-N-acetylmuramyl-L-
alanyl-D-glutamyl-meso-DAP) in Bacillus ce-
reus (4). We found that D-cycloserine inhibited
cell growth in S. ruminantium and that the
nucleotide tripeptide was accumulated in cells
treated with the antibiotic. However, cadaverine
was not found in the nucleotide peptide that

accumulated. Moreover, cadaverine was not
bound to UDP-N-acetylmuramyl-L-alanyl-D-
glutamyl-meso-DAP, added as an exogenous
substrate in the presence of ATP, by the cell
extract of S. ruminantium in vitro (data not
shown). Therefore, it is possible to speculate
that cadaverine links to the glutamic acid resi-
due of "lipid intermediate" or cross-linked pep-
tidoglycan.
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