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Abstract— Unsubstituted 1,3-poly(glycerol phosphate) and two sugar-1-phosphate polymers were identified in the cell wall of
Brevibacterium linens VKM Ac-2159 by NMR spectroscopy and chemical methods. A monomer of one of the sugar-1-phos-
phate polymers has the branched repeating unit of the following structure: -4)-[B-D-GlcpNAc-(1—3)]-a-D-Glcp-(1-P-.
The repeating unit of another sugar-1-phosphate polymer has a linear structure consisting of alternating 3- and a-N-acetyl-
glucosamine residues: -4)-B-D-GlcpNAc-(1—6)-a-D-GlcpNAc-(1-P-. Some part of the B-N-acetylglucosaminyl residues
bear O-ester-bound succinic acid residues at C-3. The identified sugar-1-phosphate polymers have not been described earli-

er in cell walls of other bacteria.
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Data on the cell wall teichoic acids of Brevibacterium
linens were first reported by Fiedler et al. [1, 2]. This
species was shown to be genetically heterogeneous and to
include strains different in the content of teichoic acids.
As found by chemical analysis of the cell wall of a typical
strain of B. linens ATCC 9172, it contained glycerol tei-
choic acid substituted by a.-glucosyl and o.-glucosaminyl
residues [1]; however, the structure of this polymer was
not determined completely. Recently we reported data on
the simultaneous presence of two teichoic acids—1,3-
poly(glycerol phosphate) and poly(glycosylglycerol phos-
phate)—in the cell wall of B. linens VKM Ac-2119 and B.
linens VKM Ac-2120 (=Gk-3) [3, 4].

The goal of the present work was to study anionic
polymers of B. linens VKM Ac-2159 earlier identified by
morphological and physiological properties. The VKM
Ac-2159 strain is shown to contain two sugar-phosphate

* To whom correspondence should be addressed.

polymers along with 1,3-poly(glycerol phosphate), and
thus it significantly differs from other strains of this
species studied earlier.

MATERIALS AND METHODS

Brevibacterium linens VKM Ac-2159 culture was
grown as described by Naumova et al. [5]. The cell wall
preparation was obtained by cell disintegration using a
UZDN-1 ultrasonic disintegrator as described in [6].
Chromatography and electrophoresis were performed
according to [3]. Succinic acid was identified as described
in [7]. Teichoic acids were extracted from the cell wall
with 10% TCA (1: 10 w/v) at 4°C. After 24 h, the mixture
was centrifuged and cell walls were extracted once more
under the same conditions. The supernatants were
pooled, and the carbohydrate-containing fractions were
precipitated with two volumes of ethanol (fraction I). The
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precipitate was isolated by centrifugation at 1000 rpm for
15 min, and the supernatant was precipitated by two more
volumes of ethanol (fraction II). The precipitates were
dissolved in water, and their solutions were dialyzed
against distilled water and lyophilized.

Reagents for detection of the products of teichoic
acids degradation and conditions for acidic hydrolysis of
the cell wall and anionic polymers are described in [3].

Oligomers were separated on a column (32 x
150 mm) with TSK 40 S gel in 1% AcOH; elution was
monitored using a differential refractometer from Knauer
(Germany). NMR spectra were recorded for solutions in
99.92% D,0 at 303 K using acetone as internal standard
(84 2.225 ppm and §¢ 31.45 ppm for 'H and *C, respec-
tively) and 80% H;PO, as external standard (8, 0.0 ppm
for *'P). The 2D NMR spectra were recorded using a
DRX-500 spectrometer from Bruker (Germany) accord-
ing to the standard Bruker procedures. The spin lock time
for TOCSY was 0.2 sec and mixing time for ROESY
0.1 sec. The '"H/"*C HMBC and 'H/*'P HMQC spectra
were optimized for spin-coupling constants J, ¢ 8 Hz and
Jup 10 Hz.

RESULTS AND DISCUSSION

Glucose, glycerol, and also glycerol mono- and
diphosphates and inorganic phosphate were detected in
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the acidic hydrolyzates of B. linens VKM Ac-2159 cell
walls; this indicates the possible presence of glycerol tei-
choic acid in the cell wall.

The two preparations of carbohydrate-containing
fractions isolated from the cell wall differed in content.
Glycerol mono- and diphosphates, glucose and glu-
cosamine were detected in the acidic hydrolyzates of the
first fraction. Along with hydrolyzates typical of the first
fraction, succinic acid was present in the second fraction.
In addition, somewhat larger quantities of glucosamine
were also revealed.

Both preparations were studied by NMR spec-
troscopy.

Fraction I. In the *C-NMR spectrum of polymeric
fraction I (Fig. 1) there were two intense signals in the
resonance area of anomeric carbon atoms (& 102.7 and
96.6), two signals of unsubstituted hydroxymethyl groups
of pyranoses (6 62.3 and 61.8), a signal of the carbon
atom bound to a nitrogen atom (6 57.4), and signals of
CH,;CON groups (8 176.0 and 23.5). The data indicated
the presence of a regular polymer containing two pyra-
nose residues, one of them being 2-acetamido-2-
deoxypyranose. Two intense signals (5 68.0 and 71.0) typ-
ical of 1,3-poly(glycerol phosphate) (polymer 1) were
also detected in the spectrum of this fraction along with
the minor signals.

The presence of at least two polymers in fraction I
was proved by the *'P-NMR spectrum with two main sig-
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Fig. 1. 3C-NMR spectrum of fraction 1.
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Table 1. *C-NMR spectra (125 MHz) of cell wall polymers of B. linens VKM Ac-2159 (8, ppm)?

Chemical shift
Residue
C-1 C-2 C-3 C-4 C-5 C-6
Polymer 1
-1)-sn-Gro-(3-P- 68.0 71.0 68.0
Polymer 2
-4)-a-D-Glcp-(1-P-  (A) 96.6 73.45 80.1 73.5 73.5 61.8
3)
T
B-D-GlcpNAc-(1 102.7 57.4 75.7 71.5 77.0 62.3
-4)-a-D-Glcp-(1-P- (B) 96.4 72.6 73.5 75.3 73.5 61.9
Fragments of oligomers
of polymer 2
-4)-a-D-Glcp-(1-P- 96.4 73.5 80.2 73.5 73.3 61.7
3)
T
B-D-GlcpNAc-(1 103.1 57.3 75.5 71.3 76.9 62.2
-4)-a-D-Glcp-(1-P- 96.4 72.6 73.5 75.3 73.5 61.9
-P-4)-D-Glcp-OH (o) (C) 93.4 72.8 73.5 75.3 73.2 61.7
B) 97.4 75.5 76.4 75.6 76.7 61.9
-P-4)-D-Glcp-OH (o) (D) 93.35 73.5 80.2 73.5 72.3 61.7
3) B) 97.5 78.5 82.7 73.5 76.7 62.0
T
B-D-GlcpNAc-(1 102.9* 57.4 75.5 71.3 77.0 62.2
102.8°
Polymer 3
—6)-a-D-GlcpNAc-(1-P- 95.9 55.1 72.25 70.8 73.3 69.2
-4)-B-D-GlcpNAc-(1—> 103.0 56.8 74.45 75.7 76.5 61.9
—6)-a-D-GlcpNAc-(1-P- 95.9 55.1 72.25 70.8 73.3 69.2
-4)-B-D-GlcpNAc-(1—> 103.2 55.3 75.5 73.3 76.6 61.9
3|) (—=1.5)° (+1.1) (—2.4)
Suc n.i 30.7 30.0 n.i

Note: n.i., signal is not identified.

# Signals for NAc at § 23.3-23.7 (Me) and 175.7-176.1 (CO).

® The acylation effect is given in brackets.
«# For C-1 B-D-GlcpNAc glycosylating a.- or B-D-Glcp-OH, respectively.
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nals at 8 —1.1 and +0.3. A minor signal at 5 —0.6 was also
present in the spectrum.

In the '"H-NMR spectrum of freshly precipitated
fraction I there were two main signals at 6 5.49 and 4.86
in the resonance area of the protons at the anomeric car-
bon atoms. Minor signals at 8 4.6-5.3 and 6 5.52 were also
observed. The '"H-NMR spectrum was partly attributed
by the 2D 'H/'H COSY, TOCSY, ROESY, and 'H/*'P
HMQC spectra. Analysis of spectra demonstrated that
some of the most intense signals belong to a.-glucopyra-
nose and 2-acetamido-2-deoxy-B-glucopyranose residues.
The 'H/*'P HQMC spectrum indicated correlations of the
anomeric protons of the a-Glcp residue and H-4 protons
of the same residue with the phosphorus atoms resonating
at  —1.1. In the ROESY spectrum an inter-residual cor-
relation peak H-1 B-GlcpNAc with H-3 a-Glcp was
observed. Based on the data, we concluded that a sugar-
phosphate polymer (polymer 2) with branched repeating
unit of the following structure was present in fraction I:

-4)-a-D-Glep-(1-P-
3)
T
B-D-GlcpNAc~(1 .
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The structure of repeating unit of this polymer was
proved by analysis of the 2D 'H/"*C HSQC and HMBC
heteronuclear spectra. The HSQC spectrum demonstrat-
ed the absence of substituents in the B-D-GlcpNAc
residue and the presence of substituents at positions 3 and
4 in the a-D-Glcp residue (Table 1). In the HMBC, we
found a correlation peak H-1 3-D-GlcpNAc and C-3 a-
D-Glcp; this proved substitution of the second residue by
the first at position 3. The HSQC spectrum demonstrated
the position of the protons of 1,3-poly(glycerol phos-
phate) and as a consequence, we unequivocally attributed
a signal of the phosphorous atom at & +0.3 in the '"H/*'P
HMQC spectrum as belonging to the repeating unit of
this polymer.

Fraction Ia. Recording the 2D NMR spectra, we
detected a significant increase in intensities of the minor
signals in 'H,"*C- and 3'P-NMR spectra; these data are
attributable to lability of the phosphodiester bond in
sugar-1-phosphate polymers [8]. However, analysis of the
minor peaks in 1D and 2D spectra of the partly degraded
fraction I reliably demonstrated the presence of free D-
GlcpNAc residues, and this indicates the lability of also
1—3 glycoside bond spatially close to the phosphodiester
bond. To study the autohydrolyzates of polymer 2 in
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Fig. 2. Part of the HSQC spectrum of fraction Ia polymers. At the top, 'H-NMR spectrum; at the left, *C-NMR spectrum, the signals of

N-acetyl groups being not shown.
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Fig. 3. 2D 'H/*'P HMQC spectrum of fraction Ia. At the top, part of the 'H-NMR spectrum; at the left, the ' P-NMR spectrum.

detail, the partially degraded fraction I was chromato-
graphically purified from the monomers; the resulting
fraction Ia containing oligomers and polymers was neu-
tralized with aqueous ammonia and studied by the NMR
methods described above.

Four signals of various intensities for residues with
o-configuration of the glycoside center (6 5.52, 5.49,
5.24, and 5.17) and six signals for residues with f-config-
uration (d 4.885, 4.85, 4.835, 4.825, 4.67, and 4.63) were
observed in the 'H-NMR spectrum of fraction Ia in the
resonance area of the protons at the anomeric carbon
atoms (Fig. 2). Eight signals of various intensities at &
93.4-103.0 were observed in the anomeric area of the '*C-
NMR spectrum, and there were three signals (6 —1.1,
—0.6, and +0.4) in the *'P-NMR spectrum (Fig. 3).
Analysis of all the 2D homo- and heteronuclear spectra
allowed the attribution of signals in the 1D spectra (Tables
1 and 2) and revealing of the fragments not typical of the
initial polymer 2, including the a.-D-Glcp residues at the
reducing end of oligomeric units. The dimensions of the
oligomeric chain—three a-D-Glcp residues with 1.5 -
D-GlcpNAc residues on average—were found via intensi-
ties of the signals of a-D-Glcp residues. Taking into
account the equimolar ratio of these residues in the unde-

graded polysaccharide 2, a phenomenon of unusual
acidic degradation of polymer 2 with a break in the glyco-
side bond was proved.

Fraction II. In the *C-NMR spectrum of polymers
of fraction II (Fig. 4), we observed all signals of polymers
1 and 2, signals of the partly degraded polymer 2, and
some new intense and minor signals of polymer 3. Two
additional peaks in the resonance area of anomeric car-
bon atoms (6 103.0 and 95.9) and two peaks in the reso-
nance area of the nitrogen-bound atoms (6 56.8 and
55.7) should be noted among the intense signals; this
indicates the presence of two aminosaccharides in the
repeating unit of the polymer. Two new minor signals in
the high-field area with chemical shifts (& 30.7 and 30.0)
typical of the succinic acid residue [7] should be also
noted.

In the ¥P-NMR spectrum (Fig. 5) we also observed
an intense additional signal at 3 —1.8 that was absent from
the spectrum of polymers of fraction I. The high-field
position of the new signal suggested that it is attributable
to the phosphorus atom of the phosphodiester group at
the anomeric carbon atom and thus, an additional poly-
mer is sugar-phosphate. This suggestion is proved by the
presence of a correlation peak of a proton in the anomer-

BIOCHEMISTRY (Moscow) Vol. 70 No. 9 2005



ANIONIC POLYMERS OF CELL WALL OF Brevibacterium linens VKM Ac-2159 1051

Table 2. '"H-NMR spectra (500 MHz) of cell wall polymers of B. linens VKM Ac-2159 (8, ppm)?

Residue Chemical shift
Polymer 1 H-1 H-1' H-2 H-3 H-3'
-1)-sn-Gro-(3-P- 4.05 3.98 4.06 4.05 3.98
Polymer 2 H-1 H-2 H-3 H-4 H-5 H-6 H-6'
-4)-0-D-Glcp-(1-P"-  (A) 5.49 3.69 4.04 3.95 4.05 3.855 3.855
3)
T
B-D-GlcpNAc-(1 4.86 3.78 3.57 3.48 3.41 3.92 3.75
-4)-o-D-Glcp-(1-P- (B) 5.52 3.645 3.92 4.015 4.05 3.86 3.86

Fragments of oligomers

of polymer 2
-4)-a-D-Glcp-(1-P- 5.49 3.68 4.02 3.96 4.05 3.85 3.85
3)
T
B-D-GlcpNAc-(1 4.835 3.79 3.55 3.50 3.40 3.92 3.755
4.825°
-4)-a-D-Glcp-(1-P- 5.52 3.645 3.92 4.015 4.05 3.86 3.86
-P"_4)-D-Glcp-OH (a) (©) 5.24 3.30 3.89 4.02 4.04 3.83 3.83
B) 4.67 3.59 3.94 3.96 3.58 3.90 3.78
-P"™V-4)-D-Glcp-OH (o) (D) 5.17 3.63 4.02 4.02 3.92 3.88 3.83
3) B) 4.63 3.345 3.86 4.06 3.57 3.92 3.78
T
B-D-GlcpNAc-(1 4.85%, 3.79 3.55 3.51 3.40 3.92 3.755
4.885F
Polymer 3
—6)-a-D-GlcpNAc-(1-P'-  (E) | 5.515 3.94 3.755 3.55 3.91 4.01 3.95
5.44¢
-4)-B-D-GlcpNAc-(1—> (F) | 4.625 3.81 3.77 3.99 3.555 3.80 3.93
-PV'-4)-B-D-GlepNAc-(1— (F") 4.77 3.85 5.19 4.24 3.65 3.80 3.93
3)
|
Suc 2.47 2.67

# Signals of NAc at § 2.02-2.07.

%P For H-1 of B-D-GlcpNAc glycosylating o.- or B-D-Glcp-OH, respectively.
® Two signals, depending on the distance between the unit and the end of oligomeric chain.
¢ For the E residue bound to the F’ residue by a phosphodiester bond.

BIOCHEMISTRY (Moscow) Vol. 70 No. 9 2005
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Fig. 4. *C-NMR spectrum of fraction I1.

ic area (8 5.515) and the above-mentioned phosphorus
atom (5 —1.8) in '"H/*'P HMQC (Fig. 5).

In the anomeric area of the 'H-NMR spectrum, we
observed additional very intense signals at & 5.515 and
4.625 and also several minor signals; some of them are
probably attributable to the products of partial hydrolysis
of the additional sugar-phosphate polymer 3. However,
two triplets in the high-field area (8 2.47 and 2.67) sug-
gested that appearance of several additional minor signals
in the anomeric area may be due to the presence of sac-
charide residues acylated by succinic acid mentioned
above.

The signals in the 1D spectra of fraction Il were
attributed by the 2D experiments described above and
also by 'H/*C HMQC-TOCSY (Tables 1 and 2). As
shown by the 2D data the repeating unit of polymer 3 has
the following structure:

-4)-B-D-GlcpNAc-(1—-6)-a-D-GlecpNAc-(1-P-.

The presence of a phosphodiester bond between the
C-1 of the residue with a-configuration of the glycoside
center and C-4 of the residue with B-configuration was
proved by the '"H/*'P HMQC data: along with the above-
mentioned correlation peak &y/6p 5.515/—1.8 (H-10/P),

there was a correlation peak 3.99/—1.8 (H-43/P). The
presence of B,1—>6 glycoside bond between the residues
was proved by '"H/'H ROESY (correlation peaks 8,;/3y
4.625/4.01, H-1B/H-60. and 4.625/3.95, H-1B/H-6'a)
and 'H/"*C HMBC (correlation peak 8,;/8¢ 4.625/69.2,
H-1B/C-6a). The "H/"*C HSQC spectrum revealed the
presence in the 'H spectrum of a low-field signal (85 5.19)
attributable to a carbon atom with chemical shift &, 75.5
not typical of the anomeric carbon atoms. It was natural
to assume that the low-field proton shift was caused by a.-
effect of acylation by succinic acid of the hydroxy group
of any of the aminosaccharide residues of polymer 3. The
acylation site (the hydroxy group at C-3 of the B-D-
GlcpNAc residue) was determined by analysis of the
minor correlation peaks in COSY and TOCSY and
proved by the presence of typical a- (for the C-3) and -
(for the C-4 and C-2) acylation effects in the '*C spec-
trum (Table 1).

Depending on the growth conditions, the set of poly-
mers in the cell wall of B. linens VKM Ac-2159 remained
the same, but their ratios changed: in some cases polymer
2 prevailed, whereas polymer 3 was minor with a low
degree of acylation by succinic acid. Studying this bac-
terium, we obtained cell wall preparations (another
growth experiment) with prevailing polymer 3, in which

BIOCHEMISTRY (Moscow) Vol. 70 No. 9 2005
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Fig. 5. 2D 'H/*'P HMQC spectrum of fraction II. At the top, part of the 'H spectrum; at the left, the 3'P spectrum. PV, atom of the phos-

phoric acid residue between residues E and F'.

50% B-N-acetylglucosaminyl residues were substituted
by succinate at C-3. The amount of polymer 1 remained
constant in all cell wall preparations from B. linens VKM
Ac-2159 studied by us.

So, we found three anionic polymers in the cell wall
of B. linens VKM Ac-2159: 1,3-poly(glycerol phosphate)
teichoic acid and two sugar-1-phosphate polymers not
earlier described in bacteria. A monomer of one of the
sugar-1-phosphate polymers has a branched repeating
unit of the following structure (disaccharide):

-4)-a-D-Glcp-(1-P-
3)
T
B-D-GlcpNAc-(1 .

Sugar-1-phosphate polymer with the branched
trisaccharide as a monomer was described in Spirilliplanes
yamanashiensis VKM Ac-1993T [9]. The side glycosyl
residues were found earlier in the sugar-phosphate poly-
mers in streptococcus; the polymers had complex struc-
ture and contained from six to eight sugar residues in a
monomer [10].

BIOCHEMISTRY (Moscow) Vol. 70 No. 9 2005

A repeating unit of another sugar-1-phosphate poly-
mer of B. linens VKM Ac-2159 is also a disaccharide but
of a linear structure consisting of alternating a.- and -N-
acetylglucosamine. Some of the 3-N-acetylglucosaminyl
residues bear succinic acid residues bound by an ester
bond. A structurally analogous polymer with disaccharide
as the monomer but without the succinic acid residues
—6)-0-D-GlcpNH,-(1-6)-a-D-GlcpNAc-1-P- was
found in the cell wall of several actinomycetes of
Streptomyces genus earlier considered to belong to the
genus Streptoverticillium [11]. Succinyl residues were ear-
lier found in teichoic acids of Nocardiopsis dassonvillei
subsp. albirubida VKM Ac-1882" [7], Streptomyces griseus
[12], and lipomannan of Micrococcus luteus (“Micrococcus
lysodeikticus™) [13].

The cell wall teichoic acid of B. linens VKM Ac-2159
was identified as unsubstituted 1,3-poly(glycerol phos-
phate). As mentioned above, such a polymer is present in
cell walls of two other strains—B. linens VKM Ac-2119
and VKM Ac-2120 [3]. Glycerol teichoic acid was also
identified in a typical strain of B. linens ATCC 9172.
However, a significant difference in VKM Ac-2159 from
the above-mentioned organisms related with identifica-
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tion of sugar-phosphate polymers may indicate that the
strain more likely belongs to another species of
Brevibacterium. Clarification of the species to which
VKM Ac-2159 belongs is a subject for further taxonomic
studies.
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