
Three bacterial species of the genus Proteus, P.

mirabilis, P. vulgaris and P. penneri, commonly cause uri�

nary tract infections that can lead to severe complica�

tions, such as acute or chronic pyelonephritis and forma�

tion of bladder and kidney stones. Currently, strains of P.

mirabilis and P. vulgaris are classified into 60

O�serogroups [1, 2], and a number of new O�serogroups

are proposed for non�classified strains of P. penneri [3, 4].

The serological O�specificity of Proteus is defined by the

structure of the polysaccharide chain (O�antigen) of the

outer�membrane lipopolysaccharide. Our chemical and

immunochemical studies of the O�antigens aim at cre�

ation of the molecular basis for serological classification

of Proteus strains.

In most Proteus strains studied so far, the O�specific

polysaccharides contain acidic or both acidic and basic

components, such as uronic acids, their amides with

amino acids, ether�linked lactic acid, acetal�linked pyru�

vic acid, and phosphate groups [3]. We now report deter�

mination of structures of five new Proteus polysaccharides

from three strains belonging to P. mirabilis serogroups

O16, O17, and O33, and two unclassified strains, P. pen�

neri 31 and 103.

MATERIALS AND METHODS

Bacterial strains, growth, isolation of lipopolysaccha�
rides and O�specific polysaccharides. Strains of P. penneri

were from the Collection of the Institute of Microbiology

and Immunology (University of Lodz, Poland), and
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Abstract—The O�specific polysaccharide chains (O�antigens) of the lipopolysaccharides of five Proteus strains, P. vulgaris

O17, P. mirabilis O16 and O33, and P. penneri 31 and 103, were found to contain phosphate groups that link the non sugar

components, e.g., ethanolamine and ribitol. The polysaccharides of P. mirabilis O16 and P. penneri 103 include ribitol phos�

phate in the main chain and thus resemble ribitol teichoic acids of Gram�positive bacteria. The structures of the polysaccha�

rides were elucidated using NMR spectroscopy, including two�dimensional 1H,1H correlation spectroscopy (COSY and

TOCSY), nuclear Overhauser effect spectroscopy (NOESY or ROESY), and H�detected 1H,13C and 1H,31P heteronuclear

multiple�quantum coherence spectroscopy (HMQC), along with chemical methods. The structures determined are unique

among the bacterial polysaccharides and, together with the data obtained earlier, represent the chemical basic for classifica�

tion of Proteus strains. Based on structural similarities of the O�specific polysaccharides and serological relationships between

the O�antigens, we propose to extend Proteus serogroups O17 and O19 by including P. penneri strains 16 and 31, respective�

ly.

Key words: lipopolysaccharide, O�specific polysaccharide, O�antigen, bacterial polysaccharide structure, ethanolamine phos�

phate, ribitol phosphate, Proteus, NMR spectroscopy



266 TOUKACH et al.

BIOCHEMISTRY  (Moscow)  Vol.  67  No. 2   2002

strains of P. vulgaris and P. mirabilis came from the Czech

National Collection of Type Cultures (CNCTC, Institute

of Epidemiology and Microbiology, Prague, Czech

Republic). The bacteria were grown on nutrient broth

(Warsaw Laboratory of Sera and Vaccines) supplemented

with 1% glucose. Bacterial cells were separated by cen�

trifugation, washed with distilled water, and lyophilized.

Lipopolysaccharides were isolated by extraction of

dried cells with hot aqueous phenol [5] and purified by

treatment with cold aqueous 50% CCl3CO2H followed by

dialysis of the supernatant. The lipopolysaccharides were

degraded with 2% acetic acid at 100°C until the precipi�

tation of lipid. High�molecular�mass O�specific polysac�

charides were isolated from the water�soluble portion by

gel�permeation chromatography on Sephadex G�50 in

pyridinium–acetate buffer, pH 4.5, using a Knauer differ�

ential refractometer (Germany) for monitoring.

NMR spectroscopy. Prior to measurement, samples

were deuterium�exchanged by freeze�drying twice from

D2O. NMR spectra were recorded on a Bruker DRX�500

spectrometer (Germany) equipped with a SGI INDY

computer workstation for solutions in 99.96% D2O at 30�

60°C. Acetone (δH 2.225 ppm, δC 31.45 ppm) and aqueous

85% H3PO4 (δP 0 ppm) were used as internal or external

standard, respectively. The parameters used for 2D experi�

ments were essentially the same as described previously [6].

The 1H� and 13C�NMR spectra were assigned using

2D 1H,1H and 1H,13C shift�correlated NMR experiments

and published chemical shift data for monosaccharides

[7�9]. In correlation spectroscopy (COSY), cross�peaks

for coupled protons were observed, whereas total correla�

tion spectroscopy (TOCSY) revealed connectivities

between all protons within each isolated spin system of

sugar and ribitol residues. The spin systems of sugars and

ribitol were assigned based on coupling constant values,

which were determined from one�dimensional 1H�NMR

spectra. In case of signal coincidence, the coupling con�

stants were estimated from the 2D NMR spectra. These

data enabled identification of hexuronic acid residues,

differentiation between sugars with the gluco� and galac�

to�configurations, and determination of the anomeric

configuration and the pyranose form of the monosaccha�

rides. 2D H�detected 1H,13C heteronuclear multiple�

quantum coherence (HMQC) spectra revealed correla�

tions between carbons and the attached protons. Amino

sugars were distinguished by correlation of protons at

nitrogen�bearing carbons (H2) to the corresponding car�

bons (C2) in the region δC 49�57 ppm.

Nuclear Overhauser effect spectroscopy (NOESY)

and rotating�frame nuclear Overhauser effect spec�

troscopy (ROESY), along with typical intra�residue cor�

relations, showed cross�peaks between each anomeric

proton of the glycon and a proton at the linkage carbon of

the aglycon. These data enabled determination of the

linkage positions and the sequence of the sugar residues in

the repeating unit. In some cases, an 1H,13C heteronu�

clear multiple�bond correlation (HMBC) experiment was

used for sequence analysis, which revealed correlations

between carbons and protons separated by two or three

bonds. A 2D H�detected 1H,31P HMQC experiment was

applied for determination of the location of phosphate

groups.

Chemical methods. For sugar analysis, the polysac�

charides were hydrolyzed with 2 M trifluoroacetic acid

(120°C, 2 h), and the monosaccharides were converted

into the alditol acetates [10] and analyzed by GLC on a

Hewlett�Packard 5880 chromatograph (USA) equipped

with a DB�5 capillary column, using a temperature gradi�

ent of 160°C (1 min) to 250°C at 3°C/min. Ribitol was

identified by GLC as the O�acetylated derivative obtained

after hydrolysis of the dephosphorylated polysaccharides.

For identification of hexuronic acids, methanolysis of the

polysaccharides was performed with 1 M hydrogen chlo�

ride in methanol and followed by acetylation with acetan�

hydride in pyridine (100°C, 1 h) and GLC analysis.

The absolute configurations of the monosaccharides

were determined by GLC of the acetylated glycosides

with (R)�2�octanol [11]. For this purpose, a portion of

the methanolysate was subjected to N�acetylation fol�

lowed by (R)�2�octanolysis in the presence of anhydrous

CF3COOH (120°C, 16 h) and then acetylated with

acetanhydride in pyridine (100°C, 1 h). The acetylated

(R)�2�octyl glycosides were analyzed by GLC and

GLC/mass spectrometry on a Hewlett Packard 5890

chromatograph equipped with a Nermag R10�10L mass

spectrometer (France). The chromatographic conditions

were the same as in sugar analysis. The absolute configu�

ration of ribitol in the polysaccharides of P. mirabilis O16

and P. penneri 103 was determined by periodate oxidation

followed by bromine oxidation, acid hydrolysis, and GLC

of the acetylated (S)�2�butyl D�glycerates derived. The

absolute configuration of ribitol in the polysaccharide of

P. mirabilis O33 was determined by oxidation with

2,2,6,6�tetramethyl�1�piperidinyloxy radical (TEMPO)

[12] followed by hydrolysis (1 M trifluoroacetic acid,

100°C, 30 min), dephosphorylation with aqueous 48%

HF and GLC analysis of the acetylated (R)�2�octyl ester

of D�ribonic acid derived.

Dephosphorylation of the polysaccharides was per�

formed with aqueous 48% HF (0.2 ml, 5°C, 24 h), and the

products were isolated by gel�permeation chromatogra�

phy on Sephadex G�25 in water.

RESULTS

Proteus penneri strain 31. Sugar analysis revealed

D�Gal, D�GlcN, D�GalN, and L�FucN as components

of the polysaccharide repeating unit.

The 1H� and 13C�NMR (Fig. 1) spectra showed that

the polysaccharide is regular and has a tetrasaccharide

repeating unit (there were signals for four anomeric atoms
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at δH 4.67, 4.93, 5.01, 5.12 ppm and δC 98.7, 99.6, 101.8,

103.9 ppm). The repeating unit contains three N�acetyl�

amino sugars (signals for carbons linked to nitrogen at δ
49.6, 51.2, 56.8 ppm, and for N�acetyl groups at δH 1.96,

1.98, 2.03 ppm and δC 23.4�23.5 ppm (CH3), 174.8�

175.3 ppm (CO)), one 6�deoxy sugar (CH3 at δH 1.19 ppm

and δC 16.2 ppm), and ethanolamine (CH
2
O at δC 62.1 ppm;

CH
2
N at δH 3.28 ppm and δC 41.5 ppm). In the 31P�NMR

spectrum, a signal for a monophosphate group was

observed at δ 3.2 ppm.

The 1H� and 13C�NMR spectra were assigned using

two�dimensional shift�correlated spectroscopy, and the

chemical shift data are tabulated in Tables 1 and 2. The

sugar residues were identified as GlcpNAc (J3,4 and J4,5 ~

10 Hz), GalpNAc, FucpNAc, and Galp (J3,4 and J4,5 ≤
3 Hz). FucpNAc was recognized by a H5/H6 correlation

at δ 4.42/1.19 ppm in the COSY spectrum and a H5/H4

correlation at δ 4.42/3.91 ppm in the ROESY spectrum.

A large J
1,2

coupling constant value of ~7 Hz deter�

mined for GlcpNAc is typical of a β�linked sugar. The

anomeric signals for the other sugar residues were not

resolved, and this, together with their relatively low�field

position at δ 4.93�5.12 ppm, suggested that they are

α�linked. These conclusions were confirmed by a ROESY

experiment, which revealed H1/H3 and H1/H5 correla�

tions typical of β�linked sugars only for GlcpNAc residue,

whereas H1/H2 correlations that are typical of α�linked

sugars, were observed for three other sugar residues.

The 1H,31P HMQC spectrum showed correlations of

the 31P�NMR signal with the proton signals of the

ethanolamine residue at δ 3.2/3.28 ppm (CH2N) and δ
3.2/4.12 ppm (CH2O), as well as with the H6 signal of

GlcpNAc at δ 3.2/4.17 ppm. These data indicated that

the ethanolamine phosphate group (Etn�P) is attached to

O6 of GlcpNAc, which is in agreement with a low�field

position of the C6 signal at δ 65.5 ppm compared to its

position at δ 61.9 ppm in the unsubstituted monosaccha�

ride [8] (α�effect of phosphorylation).

A low�field displacement (α�effect of glycosylation)

of the signals for C3 of FucpNAc to δ 74.4 (+5.7 ppm)

and Galp to δ 80.7 (+10.6 ppm), C3 and C6 of GlcpNAc

to δ 79.0 and 65.5 (+4.2 and +3.7 ppm, respectively), and

C4 of GalpNAc to δ 79.4 (+9.9 ppm), as compared with

the data of the corresponding nonsubstituted monosac�

charides [8], revealed the glycosylation pattern in the

repeating unit.

In addition to intraresidue cross�peaks, the

ROESY spectrum contained cross�peaks for the following

transglycosidic protons: Galp H1/GalpNAc H4,

GalpNAc H1/FucpNAc H3, FucpNAc H1/GlcpNAc H3,

and GlcpNAc H1/Galp H3 at δ 4.93/4.09, 5.12/4.02,

5.01/3.73, and 4.67/3.95 ppm, respectively. These data

showed that the polysaccharide has a tetrasaccharide

repeating unit having the structure that is shown in

Table 3.

Proteus vulgaris O17. Sugar analysis showed that the

polysaccharide contained D�Glc, D�GlcN, D�GlcA,

and D�Fuc3N. The last sugar was identified by compari�

son with the authentic sample from the O�specific poly�

saccharide of Proteus penneri 16 studied earlier [13], and

its D�configuration was determined by analysis of the

effects of glycosylation in the 13C�NMR spectrum (see

below). As in chemical studies of the P. penneri 16 poly�

saccharide [13], part of this sugar was detected by

GLC/MS as the N�(3�hydroxybutyryl) derivative owing

to incomplete hydrolysis of the amidic bond, whereas the

Fig. 1. 13C�NMR spectrum of the O�specific polysaccharide of P. penneri 31 (the region of CO resonances is not shown).

105 100 95 90 85 75 70 65 60 55 50 45 40 35 30 25 20 ppm80
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H5(5a)

4.03

4.29

4.42

3.58

3.61

3.86

3.80

3.75

3.75

(3.75)

3.87

3.72

3.77

3.70

4.03

3.56

(3.56)

3.43

4.03 

3.71

3.66

3.70

3.99

3.67

3.87

3.80

3.64 

3.83

3.87

4.14

(3.81)

3.97

H3

3.95

4.01

4.02

3.73

3.59

4.14

3.66

3.75

4.19

3.62

4.14

3.64

3.77

4.17

4.27

3.96

3.57

(3.57)

3.71

3.73

3.70

3.77

3.88

3.82

3.77

3.92

3.89

3.91

3.77

3.92

3.93

(3.92)

3.93

H1(1a)

4.93

5.12

5.01

4.67

4.12

5.41

4.61

5.47

4.40

5.41

(5.50)

4.62

5.43

(5.49)

4.48

4.14

4.59

5.21

4.49

(4.51)

4.91

3.64c

4.10

4.68

4.51

4.71

3.63b

4.11

4.69

5.36

5.11

3.83d

4.71

5.34

(5.35)

5.10

(5.09)

3.82d 

4.14

H6b

3.89

3.71

4.17

3.85

4.08

4.15

(3.87)

4.08

3.87

3.81

4.15

3.90

4.24

3.80

3.92

3.85

4.06

3.90

4.18

(3.86)

Table 1. 1H�NMR data (δ, ppm)

Chemical shifts for NAc groups are δ 1.96�2.07 ppm.

When different, chemical shifts for repeating units lacking Etn�P are given in parentheses.

H1b at δ 3.81 ppm.

H1b at δ 3.79 ppm.

H1b at δ 3.90 ppm.

H6a(5b)

3.82

3.64

1.19

4.17

3.78

1.24

3.78

4.07

(3.77)

1.25

3.75

3.75 

3.81 

4.04 

3.70

4.13

3.99

4.18

3.80 

3.79 

3.71 

3.81

4.05 

3.81 

4.12

(3.72)

4.06

H4

4.23

4.09

3.91

3.64

3.52

3.65

3.27

3.82

1.22

3.62

(3.54)

3.66

3.26

4.03

1.22

4.13

3.61

3.66

(3.58)

3.45

3.94

3.94

4.20

4.15

4.13

3.93

4.18

3.69

3.75

3.98

4.19

3.75

(3.69)

3.83

H2

3.90

4.21

4.32

3.92

3.28

4.11

3.65

3.44

3.36

2.44

4.13

3.64

3.47

3.38

2.45

3.30

3.87

4.05

3.37

(3.38)

3.87

3.84

3.26

3.43

3.67

4.05

3.82

3.28

3.92

4.14

4.05

3.96

3.92

4.13

4.06

(4.04)

3.98

3.29

Residue

→3)�α�Galp�(1→
→4)�α�GalpNAc�(1→
→3)�α�FucpNAc�(1→
→3)�β�GlcpNAc�(1→
Etn�P�(O→

→3)�α�GlcpNAc�(1→
→2)�β�Fucp3N�(1→
→6)�α�Glcp�(1→
→4)�β�GlcpA�(1→
Hb

→3)�α�GlcpNAc�(1→

→2)�β�Fucp3N�(1→
→6)�α�Glcp�(1→

→4)�β�GlcpA�(1→
Hb

Etn�P�(O→

→2)�β�Galp�(1→
→3)�α�GlcpNAc�(1→
→3)�β�Glcp�(1→

→3)�β�GlcpNAc�(1→
Rib�ol�5�P�(O→
Etn�P�(O→

→4)�β�Glcp�(1→
→3)�β�Galp�(1→
→3)�β�GalpNAc�(1→
→4)�Rib�ol�5�P�(O→
Etn�P�(O→

β�GalpNAc�(1→
→4)�α�GalpNAc�(1→
→3)�α�GlcpNAc�(1→
→2)�Rib�ol

→6)�β�GalpNAc�(1→
→4)�α�GalpNAc�(1→

→3)�α�GlcpNAc�(1→

→2)�Rib�ol�5�P�(O→
Etn�P�(O→

P. penneri 31 polysaccharide

P. vulgaris O17 dephosphorylated polysaccharide

P. vulgaris O17 polysaccharidea

P. penneri 103 polysaccharide

P. mirabilis O33 polysaccharidea

3.70�3.81
3.70�3.81

Oligosaccharide from P. mirabilis O16 polysaccharide

P. mirabilis O16 polysaccharidea

(3.7�3.9)

Note: 
a

b

c

d
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C4

69.7

79.4

72.1

69.0

69.6

72.0

71.0

77.3

23.7

69.3

(69.7)

71.9

71.3

(71.1)

75.8

(75.4)

23.7

68.9

69.7

70.7

(71.1)

70.3

72.3

74.9

68.7

68.8

80.1

69.2

76.5

72.2

72.7

68.8

76.6

(76.5) 

71.5

(72.1)

71.6

C2

68.6

51.2

49.6

56.8

41.5

53.0

72.0

72.9

74.1

46.1

53.0

72.7

72.3

73.8

46.1

41.5

76.6

53.6

73.1

55.3

73.5

41.4

74.0

70.6

52.1

72.5c

41.0

54.0

51.2

53.6

80.8

54.0

51.2

53.6

81.4

(81.2)

41.3

C6

61.9

61.6

16.2

65.5

62.0

16.5

68.8

175.1

65.8

(62.2)

16.5

69.3

175.1

62.0

61.8

65.5

(62.2)

62.4

65.7

61.8b

61.7b

62.3

61.3

61.6

65.6

61.6

65.3

(61.5)

Table 2. 13C�NMR data (δ, ppm)

Note: Chemical shifts for NAc groups are δ 23.2�23.7 ppm (CH3) and 175.1�176.3 ppm (CO).
a  When different, chemical shifts for repeating units lacking Etn�P are given in parentheses.

b,c  Assignment could be interchanged.

C5

73.0

71.9

67.8

75.4

73.7

73.2

71.4

77.1

72.7

(73.4)

73.4

71.8

77.3

75.9

72.8

75.8

76.8

67.9

74.6

75.5

75.5

66.3

76.2

71.6

73.7

64.1

74.8

71.6

72.5

(73.6)

68.2

(68.1)

C3

80.7

68.3

74.4

79.0

82.4

54.1

74.2

77.5

66.1

82.0

(82.1)

54.1

74.0

77.6

66.2

79.9

81.6

83.5

86.1

73.1

75.9

83.3

80.7

72.6c

72.3

69.1

78.0

73.5

72.2

69.0

77.9

(78.0)

73.0

(72.9)

C1

101.8

99.6

98.7

103.9

62.1

96.8

104.9

99.1

104.2

175.1

97.2

(97.0)

105.0

99.8

(99.5)

104.2

174.0

62.2

101.9

99.2

104.7

(104.5)

101.5

63.8

63.2

104.0

105.0

102.1

63.5 

62.5

103.5

99.1

98.8

61.1

103.5

99.1

(99.0) 

99.3

(99.2)

61.2

(61.1)

63.1

Residue

→3)�α�Galp�(1→
→4)�α�GalpNAc�(1→
→3)�α�FucpNAc�(1→
→3)�β�GlcpNAc�(1→
Etn�P�(O→

→3)�α�GlcpNAc�(1→
→2)�β�Fucp3N�(1→
→6)�α�Glcp�(1→
→4)�β�GlcpA�(1→
Hb

→3)�α�GlcpNAc�(1→

→2)�β�Fucp3N�(1→
→6)�α�Glcp�(1→

→4)�β�GlcpA�(1→

Hb

Etn�P�(O→

→2)�β�Galp�(1→
→3)�α�GlcpNAc�(1→
→3)�β�Glcp�(1→

→3)�β�GlcpNAc�(1→
Rib�ol�5�P�(O→
Etn�P�(O→

→4)�β�Glcp�(1→
→3)�β�Galp�(1→
→3)�β�GalpNAc�(1→
→4)�Rib�ol�5�P�(O→
Etn�P�(O→

β�GalpNAc�(1→
→4)�α�GalpNAc�(1→
→3)�α�GlcpNAc�(1→
→2)�Rib�ol

β�GalpNAc�(1→
→4)�α�GalpNAc�(1→

→3)�α�GlcpNAc�(1→

→2)�Rib�ol�5�P�(O→

Etn�P�(O→

P. penneri 31 polysaccharide

P. vulgaris O17 dephosphorylated polysaccharide

P. vulgaris O17 initial polysaccharidea

P. penneri 103 polysaccharide

P. mirabilis O33 polysaccharidea

Oligosaccharide from P. mirabilis O16 polysaccharide

P. mirabilis O16 polysaccharidea



other part, as well as GlcN, was present as the N�acetyl

derivative.

As judged by the 1H� and 13C�NMR spectra, the ini�

tial O�specific polysaccharide lacked strict regularity. The

presence of the signals for ethanolamine (CH
2
O at

δC 62.2 ppm; CH
2
N at δH 3.30 and δC 41.5 ppm) and

phosphate (δP 2.06 ppm) enabled suggestion that irregu�

larity was due to non�stoichiometric phosphorylation

with ethanolamine phosphate (Etn�P). Indeed, the NMR

spectra of the dephosphorylated polysaccharide were typ�

ical of a regular polymer. The 13C�NMR spectrum (Fig.

2) contained signals for four anomeric carbons at

δ 96.8, 99.1, 104.2, and 104.9 ppm, one nonsubstituted

(δ 62.0 ppm) and one substituted (δ 68.8 ppm) HOCH2�

groups (data of the DEPT�135 spectrum), one CH3�

group of a 6�deoxy sugar at δ 16.5 ppm, two nitrogen�

bearing carbons at δ 53.0 and 54.1 ppm, two N�acetyl

groups (CH3 at δ 23.5 and 23.7 ppm, CO at δ 175.1 ppm),

and one 3�hydroxybutyryl group (Hb) (CH3, CH2, and

CHOH at δ 23.7, 46.1, and 66.1 ppm, respectively).

Accordingly, the 1H�NMR spectrum of the polysaccha�

ride contained, inter alia, signals for four anomeric pro�

tons at δ 4.40�5.47 ppm, two N�acetyl groups at δ 2.02 ppm

(6H) and Hb at δ 1.24 ppm (CH3) and 2.44 ppm (CH2).

Therefore, the dephosphorylated polysaccharide has a

tetrasaccharide repeating unit.
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Structure of the O�specific polysaccharide

Etn�P
|
6

→3)�α�D�Galp�(1→4)�α�D�GalpNAc�(1→3)�α�L�FucpNAc�(1→3)�β�D�GlcpNAc�(1→

~60% Etn�P
|

6
→3)�α�D�GlcpNAc�(1→2)�β�D�Fucp3NHb�(1→6)�α�D�Glcp�(1→4)�β�D�GlcpA�(1→

D�Rib�ol�5�P ~75% Etn�P
|                                                                     |

3                                                                    6
→2)�β�D�Galp�(1→3)�α�D�GlcpNAc�(1→3)�β�D�Glcp�(1→3)�β�D�GlcpNAc�(1→

Etn�P
|

6
→4)�β�D�Glcp�(1→3)�β�D�Galp�(1→3)�β�D�GalpNAc�(1→4)�D�Rib�ol�5�P�(O→

~65% Etn�P
|

6
→6)�β�D�GalpNAc�(1→4)�α�D�GalpNAc�(1→3)�α�D�GlcpNAc�(1→2)�D�Rib�ol�5�P�(O→

→3)�α�D�Galp�(1→4)�α�D�GalpNAc�(1→3)�α�L�FucpNAc�(1→3)�β�D�GlcpNAc�(1→

α�D�Glcp
1
↓
2

→3)�α�D�GlcpNAc�(1→2)�β�D�Fucp3NHb�(1→6)�α�D�Glcp�(1→4)�β�D�GlcpA�(1→

β�D�Glcp
1                             Etn�P
↓ |
4                                     6

→6)�α�D�GlcpNAc�(1→3)�α�L�FucpNAc�(1→3)�β�D�GlcpNAc�(1→2)�β�D�Glcp�(1→

Proteus strain

Proteus penneri 31

Proteus vulgaris O17

Proteus mirabilis O33 
(= Proteus mirabilis D52 [17])

Proteus penneri 103

Proteus mirabilis O16

Proteus vulgaris O19 [21]

Proteus penneri 16 [13]

Proteus penneri 63 [22]

Table 3. Structures of the new phosphorylated O�specific polysaccharides and structurally related O�specific polysac�

charides of Proteus
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The 1H� and 13C�NMR spectra of the polysaccharide

were assigned using 2D NMR experiments, and their

chemical shifts are summarized in Tables 1 and 2. It was

found that all monosaccharides in the repeating unit are

present in the pyranose form, and they were identified as

described for the polysaccharide of P. penneri 31 (see

above). As judged by relatively large 3J1,2 coupling con�

stants values of 7.5 Hz determined from the 1H�NMR

spectrum for the anomeric protons at δ 4.40 and 4.61 ppm,

the residues of GlcpA and Fucp3NHb are β�linked,

whereas the values of 3.0�3.5 Hz for GlcpNAc and Glcp

showed that these sugars are α�linked. These findings

were confirmed by a ROESY experiment, which revealed

intraresidue H1/H3 and H1/H5 correlations that are typ�

ical of β�sugars, only for residues of GlcpA and

Fucp3NHb.

The ROESY experiment revealed also the following

interresidue correlations: Fucp3NHb H1/Glcp H6a,H6b;

Glcp H1/GlcpA H4; GlcpA H1/GlcpNAc H3, and

GlcpNAc H1/Fucp3NHb H2 at δ 4.61/3.78, 4.08;

5.47/3.82; 4.40/3.59, and 5.41/3.65 ppm, respectively.

The signals for H2 and H4 of Fucp3NHb coincided, but

a GlcpNAc H1/Fucp3NHb H1 cross�peak at δ 5.41/4.61 ppm

showed that Fucp3NHb is substituted by GlcpNAc at

position 2.

A low�field displacement of the signals for C4 of

GlcpA to δ 77.3 (+5.0 ppm), C3 of GlcpNAc to δ 82.4

(+10.4 ppm), and C6 of Glcp to δ 68.8 (+6.9 ppm), as

compared with their positions in the corresponding non�

subsituted monosaccharides [8], confirmed the glycosyla�

tion pattern and the linear character of the polysaccha�

ride. A small substitution effect on the C1 chemical shift

of GlcpNAc (+4.9 ppm) indicated that GlcpNAc and

Fucp3NHb have the same absolute configuration and,

hence, D�Fucp3NHb is present in the polysaccharide (an

effect of +7 ppm would be observed in case of different

configurations [14]).

The data obtained demonstrated the following struc�

ture of the repeating unit of the dephosphorylated poly�

saccharide:

→3)�α�D�GlcpNAc�(1→2)�β�D�Fucp3NHb�

�(1→6)�α�D�Glcp�(1→4)�β�D�GlcpA�(1→

These findings allowed also the assignment of the
1H� and 13C�NMR spectra of the initial polysaccharide

(Tables 1 and 2) and the comparison of the chemical

shifts with those of the dephosphorylated polysaccharide.

The spectra of the initial polysaccharide contained minor

series of signals, which resembled the corresponding

spectra of the dephosphorylated polysaccharide. These

signals came from the repeating units lacking Etn�P,

whereas the major series belonged to the repeating units

bearing Etn�P at position 6 of GlcpNAc. This conclusion

followed from a characteristic downfield displacement of

the signal for C6 from δ 62.0 ppm in the dephosphorylat�

ed polysaccharide to δ 65.8 ppm in the initial polysaccha�

ride. Comparison of the integral intensities of the signals

of the major and minor series enabled determination of

the degree of phosphorylation as ~60%.

Therefore, the repeating unit of the O�specific poly�

saccharide of Proteus vulgaris O17 has the structure

shown in Table 3.

Fig. 2. 13C�NMR spectrum of the dephosphorylated O�specific polysaccharide of P. vulgaris O17 (the region of CO resonances is not shown).
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Proteus mirabilis O33. Chemical analyses of the

polysaccharide composition showed the presence of

D�Glc, D�Gal, D�GlcNAc, and D�ribitol (D�Rib�ol).

The 13C�NMR spectrum of the polysaccharide (Fig. 3)

contained major series of signals for a tetrasaccharide

repeating unit. There were signals for anomeric carbons at

δ 99.2, 101.5, 101.9, and 104.7 ppm, two sugar nitrogen�

bearing carbons at δ 53.6 and 55.3 ppm, two N�acetyl groups

at δ 23.8 ppm (2CH3), δ 174.9 and 176.1 ppm (CO), one

ethanolamine residue at δ 41.4 and 63.2 ppm, four unsubsti�

tuted (δ 61.8, 62.0, 62.4, and 63.8 ppm) and two substituted

(δ 65.5 and 67.9 ppm) CH2OH�groups, and signals for 17

other carbons linked to oxygen at δ 68.9�86.1 ppm.

Accordingly, the 1H�NMR spectrum of the polysac�

charide showed signals for four anomeric protons at

δ 4.49�5.21 ppm, CH2N�group of ethanolamine at δ 3.26 ppm

and two N�acetyl groups at δ 2.06 and 2.07 ppm. The 31P�

NMR spectrum contained signals for two phosphate

groups at δ 1.52 and 2.70 ppm. Therefore, it was suggest�

ed that the repeating unit of the polysaccharide contains

two hexose residues (Glcp and Galp), two residues of N�

acetylated amino sugars (GlcpNAc), and one group each

of Etn�P and Rib�ol�P.

The 1H� and 13C�NMR spectra were assigned using

two�dimensional NMR experiments, and the chemical

shifts are summarized in Tables 1 and 2. Based on the JH,H

coupling constants values, five spin systems were assigned

to one residue each of Glcp, Galp, and Rib�ol and two

residues of GlcpNAc.

As judged by large J1,2 coupling constant values of

7.0�7.5 Hz determined from the 1H�NMR spectrum for

the anomeric protons at δ 4.49, 4.59, and 4.91 ppm, the

residues of Glcp, Galp, and one of the GlcpNAc residues

are β�linked. The second GlcpNAc residue that gave a

non�resolved singlet for the anomeric proton at δ 5.21 ppm,

is α�linked. These conclusions were confirmed by a

ROESY experiment, which revealed intraresidue H1/H5

correlations for β�Glcp, β�Galp, and β�GlcpNAc but not

for α�GlcpNAc.

A low�field displacement of the signals for C3 and

C6 of Glcp to δ 83.5 and 65.5 (+6.5 and +3.4 ppm), C2

and C3 of Galp to δ 76.6 and 79.9 (+3.4 and +5.8 ppm),

C5 of Rib�ol to δ 67.9 (+4.1 ppm), C3 of α�GlcpNAc and

β�GlcpNAc to δ 81.6 and 86.1 (+9.6 and +9.0 ppm,

respectively), as compared with their positions in the

spectra of the corresponding unsubstituted monosaccha�

rides [8, 9], showed that the polysaccharide is linear and

revealed the glycosylation pattern in the repeating unit.

The phosphorylation pattern was established using a
1H,31P HMQC experiment. The 31P�NMR signal of Etn�

P gave a cross�peak with H6a,Hb of Glcp at δ 2.70/4.04

and 2.70/4.15 ppm, thus indicating the location of

ethanolamine phosphate at position 6 of Glcp. The other
31P�NMR signal gave cross�peaks with H3 of Galp at

δ 1.52/4.27 ppm and H5a,5b of ribitol at δ 1.52/4.03 and

δ 1.52/4.13 ppm; hence, ribitol 5�phosphate is present

and attached at position 3 of Galp. 

The ROESY experiment revealed the following

interresidue correlations between the transglycosidic pro�

tons: Galp H1/α�GlcpNAc H3 at δ 4.59/3.96 ppm, α�

GlcpNAc H1/Glcp H3 at δ 5.21/3.57 ppm, and

Glcp H1/β�GlcpNAc H3 at δ 4.49/3.71 ppm. The inter�
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Fig. 3. 13C�NMR spectrum of the O�specific polysaccharide of P. mirabilis O33.
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residue cross�peak for β�GlcpNAc H1 coincided with the

intraresidue β�GlcpNAc H1/H2 cross�peak at δ 4.91/

3.87 ppm. However, taking into account the 13C�NMR

chemical shift data (see above), it could be inferred that

β�GlcpNAc is attached at position 2 of Galp. 

Analysis of the minor signals in the NMR spectra

using a 2D 1H,13C HMQC experiment revealed a signifi�

cant difference in the position of the C6 signal of the Glcp

residue, which appeared at δ 65.5 ppm in the major series

but at δ 62.2 ppm in the minor series. Signals for C1

(δ 104.7 and 104.5 ppm) and C4 (δ 70.7 and 71.1 ppm),

as well as all 1H�NMR signals (Table 1) of this residue

were split as well. This finding demonstrated non�stoi�

chiometric substitution of Glcp with Etn�P. Based on the

relative intensities of the signals for C1 and C6 of Glcp

and Glcp6PEtn, the degree of phosphorylation was esti�

mated as ~75%.

On the basis of these data, it was concluded that the

O�specific polysaccharide of P. mirabilis O33 has the

structure shown in Table 3.

Proteus penneri strain 103. Sugar analyses after full

acid hydrolysis of the polysaccharide revealed D�Glc,

D�Gal, D�GalNAc, and D�Rib�ol.

The 13C�NMR spectrum (Fig. 4) suggested that the

O�specific polysaccharide is regular and has an oligosac�

charide repeating unit containing one N�acetylamino

sugar, two hexose residues, and one residue each of a pen�

titol and ethanolamine. The spectrum showed signals for

three anomeric carbons at δ 102.1, 104.0, and 105.0 ppm,

one carbon linked to nitrogen at δ 52.1 ppm, one N�

acetyl group at δ 23.3 ppm (CH3) and 175.7 ppm (CO),

one CH2N�group of ethanolamine at δ 41.0 ppm, six

CH2O groups at δ 61.7�66.3 ppm (C6 of three sugar

residues, C1 and C5 of pentitol, and C1 of

ethanolamine), and 14 other carbons linked to oxygen at

δ 68.7�83.3 ppm. Accordingly, the 1H�NMR spectrum

contained signals for three anomeric protons at δ 4.51,

4.68, and 4.71 ppm, one residue of ethanolamine at δ 3.28 ppm

(CH
2
N, t, 2H), and one N�acetyl group at δ 2.07 ppm

(CH
3
, s, 3H). The 31P�NMR spectrum contained signals

for two phosphate groups at δ 1.3 and 1.7 ppm.

The 1H� and 13C�NMR chemical shift data of the

polysaccharide are given in Tables 1 and 2. Based on typ�

ical JH,H coupling constants values, three sugar spin sys�

tems were assigned to Glcp, Galp, and GalpNAc. As

judged by a relatively large J1,2 coupling constant value of

~8 Hz, all three sugar residues are β�linked. This conclu�

sion was confirmed by a ROESY experiment, which

revealed intraresidue correlations between H1 and H3,H5

for all three monosaccharides, which is typical of β�pyra�

nosides.

Low�field displacements (α�effects of glycosylation

and phosphorylation) of the signals for C4 and C6 of Glcp

to δ 74.9 and 65.7 (+4.2 and +3.9 ppm, respectively), C3

of Galp to δ 83.3 (+9.5 ppm), C3 of GalpNAc to δ 80.7

(+8.3 ppm), C4 and C5 of Rib�ol to δ 80.1 and 66.3 (+6.6

and +2.5 ppm, respectively) demonstrated the modes of

substitution of the monosaccharides in the repeating unit.

The glycosylation pattern was confirmed and the

sequence of the monosaccharides was determined by

ROESY and 1H,13C HMBC experiments. The ROESY

spectrum showed the following interresidue correlations

between the transglycosidic protons: Glcp H1/Galp H3,

Galp H1/GalpNAc H3, and GalpNAc H1/Rib�ol H4 at

δ 4.68/3.77, 4.51/3.88, and 4.71/4.13 ppm, respectively.

Accordingly, the HMBC spectrum revealed the following

interresidue correlations: Glcp H1/Galp C3, Galp H1/

GalpNAc C3, and GalpNAc H1/Rib�ol C4 at δ 4.68/

83.3, 4.51/80.7, and 4.71/80.1 ppm, respectively.

The 1H,31P HMQC experiment showed a correlation

of the phosphorus signal at δ 1.7 ppm with the signals for

Etn at δ 4.11 ppm and H6a,H6b of Glcp at δ 3.99 and

Fig. 4. 13C�NMR spectrum of the O�specific polysaccharide of P. penneri 103 (the region of CO resonances is not shown).
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4.24 ppm; hence, Etn�P is attached at Glcp at position 6.

The other phosphorus signal at δ 1.3 ppm gave cross�

peaks with the signals for H5a,H5b of Rib�ol at δ 3.99 and

4.18 ppm, as well as with the H4 signal of Glcp at δ 3.94 ppm.

Therefore, ribitol and glucose residues are connected via

a phosphate group. This conclusion was in agreement

with splitting, due to coupling between carbon and phos�

phorus, of the signals for C1 and C2 of ethanolamine, C4

and C5 of ribitol, and C4�C6 of Glcp in the 13C�NMR

spectrum.

These data enabled determination of the structure of

the O�specific polysaccharide of P. penneri 103 shown in

Table 3.

Proteus mirabilis O16. Sugar analysis showed that the

polysaccharide contains two residues of D�GalNAc and

one residue each of D�GlcNAc and D�Rib�ol.

The 1H� and 13C�NMR (Fig. 5) spectra of the O�spe�

cific polysaccharide showed two series of signals with the

ratio of the integral intensities ~1 : 2, and it was suggest�

ed that the regularity of the polysaccharide is masked by

non�stoichiometric phosphorylation with ethanolamine

phosphate. The NMR spectra were too complex to be

directly assigned, and, therefore, the polysaccharide was

dephosphorylated with aqueous 48% hydrofluoric acid to

give an oligosaccharide isolated by gel�permeation chro�

matography.

The 13C�NMR spectrum suggested that the oligosac�

charide is a trisaccharide (there were signals for three

anomeric carbons at δ 99.1, 98.8, and 103.5 ppm), con�

sisting of three N�acetylamino sugars (signals for three

nitrogen�bearing carbons at δ 51.2, 53.6, and 54.0 ppm,

and three N�acetyl groups at δ 23.3�23.6 ppm (CH3) and

δ 175.3�176.3 ppm (CO)) and a pentitol residue (five

HOCH2�groups at δ 61.1�64.1 ppm). Accordingly, the
1H�NMR spectrum the oligosaccharide contained signals

for three anomeric protons at δ 4.69, 5.11, and 5.36 ppm

and three N�acetyl groups at δ 2.04�2.06 ppm. Therefore,

the oligosaccharide contained all components of the

polysaccharide, except for ethanolamine phosphate.

The 1H� and 13C�NMR chemicals shift data of the

oligosaccharide are summarized in Tables 1 and 2. Based

on the JH,H coupling constant values, three spin systems

were assigned to α�GlcpNAc, α�GalpNAc, and β�

GalpNAc, and the fourth spin system belonged to ribitol.

The configurations of the glycosidic linkages were con�

firmed by a ROESY experiment, which revealed

intraresidue H1/H3,H5 correlations that are typical of β�

linked pyranosides, only for GalpNAc.

A low�field displacement of the signals for C3 of

GlcpNAc to δ 78.0 (+6.3 ppm), C4 of α�GalpNAc to

δ 76.5 (+8.1 ppm), and C2 of Rib�ol to δ 80.8 (+ 7.3 ppm)

defined the modes of glycosylation. The ROESY spec�

trum showed the following correlations between the

transglycosidic protons: β�GalpNAc H1/α�GalpNAc H4

at δ 4.69/4.18 ppm, α�GalpNAc H1/GlcpNAc H3 at

δ 5.36/3.89 ppm, and GlcpNAc H1/Rib�ol H2 at

δ 5.11/3.96 ppm. These data confirmed the substitution

pattern and revealed the following structure of the

oligosaccharide:

β�D�GalpNAc�(1→4)�α�D�GalpNAc�(1→3)�

α�D�GlcpNAc�(1→2)�D�Rib�ol.

The 31P�NMR spectrum of the initial polysaccharide

contained signals for two phosphate groups at δ 2.71 and

2.96 ppm. The minor series of signals in the 1H� and 13C�

NMR spectra (Tables 1 and 2) resembled much the spec�

tra of the oligosaccharide. The major series was distin�

guished by the presence of the signals for ethanolamine

phosphate at δH 3.29 and 4.14 ppm, δC 41.3 and 63.1 ppm

for CH2N� and CH2O�groups, respectively. In the
1H,31P HMQC spectrum, the CH2O�signal correlated

with the 31P�NMR signal at δ 4.14/2.71 ppm. These data

Fig. 5. 13C�NMR spectrum of the O�specific polysaccharide of P. mirabilis O16.
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suggested that the major repeating unit contains Etn�P,

which is absent from the minor repeating unit.

The most significant differences between the 13C�

NMR spectra of the polysaccharide (major series) and the

oligosaccharide were observed for the signals for C6 of

GlcpNAc (δ 65.3 versus 61.6 ppm), C6 of β�GalpNAc (δ
65.6 versus 62.3 ppm), and C5 of ribitol (δ 68.2 versus

64.1 ppm, respectively). All these and the neighboring

carbon signals in the polysaccharide were split due to

coupling to phosphorus. The 1H,31P HMQC spectrum

showed cross�peaks for the 31P�NMR signal of Etn�P

with the GlcpNAc H6a,H6b signals at δ 2.71/4.12 and

2.71/4.18 ppm. The other 31P�NMR signal at δ 2.96 ppm

gave cross�peaks with Rib�ol H5a,H5b at δ 3.97 and

4.06 ppm. These data suggested that Etn�P is attached at

position 6 of GlcpNAc, whereas the other phosphate

group 5→6�interlinks ribitol and β�GalpNAc.

On the basis of the data obtained, it was concluded

that the O�specific polysaccharide of P. mirabilis O16 has

the structure shown in Table 3. In the article on the struc�

ture of this polysaccharide that was published earlier [15],

a wrong configuration was assigned to the ribitol residue.

DISCUSSION

A number of Proteus O�specific polysaccharides

contain phosphoric acid residues occurring as noncyclic

diesters. These phosphorylated polysaccharides can be

divided into the following three types.

1. Polysaccharides that contain a non�sugar sub�

stituent linked to the main chain via a phosphate group.

The non�sugar group may be glycerol, D�ribitol,

2�aminoethanol (ethanolamine), and 2�[(R)�1�car�

boxyethylamino]ethanol [3]. The most common from

them is ethanolamine phosphate, which has been found

in many polysaccharides, including all polysaccharides

studied in this work (Table 3), and can be considered as a

typical component of Proteus O�antigens. It often occurs

in a non�stoichiometric amount like, e.g., in the polysac�

charides of P. vulgaris O17, P. mirabilis O16 and O33

(Table 3). In contrast, glycerol phosphate [16] and ribitol

phosphate [17] have been found in only one polysaccha�

ride each. The latter has been reported for the first time as

a component of bacterial polysaccharide in a non�classi�

fied P. mirabilis strain, D52, whose partial structure was

established in 1970s [17]. Later, this strain was included

into Proteus serogroup O33 [18], and the O�specific poly�

saccharide structure of P. mirabilis D52 was found to be

identical to that of P. mirabilis O33 established in this

work (Table 3).

2. Polysaccharides that include an alditol phosphate

in the main polysaccharide chain. They resemble teichoic

acids of Gram�positive bacteria and are uncommon

among O�antigens of Gram�positive bacteria. Previously,

only glycerol has been reported as alditol [19], whereas

the two known Proteus polysaccharides with ribitol, those

of P. mirabilis O16 and P. penneri 103, were described for

the first time in this work (Table 3). Both these polysac�

charides, as well as the polysaccharide of P. mirabilis O33

contain D�ribitol residues phosphorylated at position 5.

3. Polysaccharides in which oligosaccharide repeat�

ing units are connected by phosphate groups. They differ

from the polysaccharides discussed above by the absence

of alditol. Polymers of this type have been previously

reported in the lipopolysaccharides of P. vulgaris O1

(OX19) [20], O21 [21], and P. mirabilis O48 [22].

Noteworthy, the most phosphorylated Proteus poly�

saccharides include multiple negatively and positively

charged groups. The most typical combination of such

groups is phosphoric acid and ethanolamine. In some

other Proteus lipopolysaccharides, multiple charges are

provided by amides of D�galacturonic or D�glucuronic

acid with L�lysine or Nε�[(R)�1�carboxyethyl]�L�lysine

[3]. A high concentration of charged groups on the sur�

face polysaccharides may help adaptation of Proteus cells

to growing under different pH and may promote forma�

tion of stones in the urinary tract.

The structures of the ribitol phosphate�containing

polysaccharides studied in this work are unique among

the structures of Proteus O�antigens. This finding is in

agreement with serological classification of P. mirabilis

O16 and O33 in separate O�serogroups and showed that

P. penneri strain 103 should be placed in a new Proteus O�

serogroup too. In contrast, two other polysaccharides

studied, those from P. penneri 31 and P. vulgaris O17,

demonstrated a marked structural similarity to other

Proteus O�antigens studied earlier. The structures of the

related polysaccharides of P. vulgaris O19, P. penneri 63,

and P. penneri 16 are shown in Table 3.

The polysaccharide of P. penneri 31 has the same

structure of the linear repeating unit as one of the non�

phosphorylated polysaccharides of P. vulgaris O19,

namely that of strain CNCTC 4349 [22], which differs

only in the absence of ethanolamine phosphate. Similarly,

the polysaccharide of P. penneri 16 [13] has the same

main chain as that of P. vulgaris O17. It differs not only in

the absence of ethanolamine phosphate, but also in the

presence of a glucose monosaccharide side chain. The

two pairs of the O�antigens were found to be serological�

ly related as well (authors’ unpublished data) and, there�

fore, we propose to place P. penneri strains 16 and 31 into

Proteus serogroups O17 and O19, respectively, as sub�

groups.

In addition, the polysaccharide of P. penneri 31

shares some structural features with the polysaccharide of

P. penneri 63 [23], both containing a phosphorylated

L�FucpNAc�(1→3)�β�D�GlcpNAc6PEtn disaccharide

fragment (Table 3). However, no serological relationship

was observed between these O�antigens (authors’ unpub�

lished data), and, therefore, P. penneri strain 63 was clas�

sified into a separate serogroup O68 [23].
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To summarize, the results of our chemical studies of

the O�specific polysaccharides enabled improvement of

the classification of Proteus, which is important for epi�

demiological purposes. Further immunochemical studies

should result in the creation of the full, chemically sub�

stantiated classification of bacterial strains of this genus.
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