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ABSTRACT 

The capsular polysaccharide of KIebsieIia serotype K27 has been investigated 
by techniques involving methylation analysis, autohydrolysis, and graded hydrolysis 
with acid. The anomeric configurations of the sugar constituents were determined, 
where possible, on the basis of p.m.r. spectroscopy and optical rotation data. The 
results of these studies are consistent with a primary structure in which the repeating- 
unit is the doubly branched hexasaccharide: 
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INTRODUCTION 

The group of KZebsieZZa K-serotypes that produce capsular polysaccharides 
consisting of residues of D-glucuronic acid, D-galactose, and D-glucose includes 
KZebsieZZa type 27 and six other strains. Branched-tetrasaccharide repeating-units 
have been found in the polysaccharides from K8r, K1 12, K2S3, and K514; the primary 
structures of the remaining polysaccharides of this chemotype are under investiga- 
tion5. We now report studies of the polysaccharide from KIebsieZIa K27, which 
contains a 1-carboxyethylidene group (pyruvic acid acetal) in addition to the three 
types of sugar. 

RESULTS AND DISCUSSION 

The acidic polysaccharide (A), obtained from a culture (N.C.T.C. 9147), had 
[a]n + 5 O, H,,, 940,000, and was monodisperse according to gel-permeation chromatog- 
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TABLE I 

PARTIAL HYDROLYSISOF KlebsieIia I(27 CAPSULARPOLYSACCHARID EM O.OlM ~RIFLU~R~~~C~CAC~D 

Time Molecular-weighta 

(hi distribution 

0 940,OOOb 

1 720,ooo (92); Q 10’ (8) 

m,c 

940,000 

720,000 

blDd 

(degrees) 

+5 

+8 

4 450,000 (84); < lo-’ (16) 450,000 +10 

7 ad. n-d. t12 

24 15,000 (28); 10,000 (8); 4,900 +17 
6,ooO (20); 4,000 (21); 
2,ooo (11); 1,000 (3); Q 300 (9) 

48 6,000 (9); 5300 (6), 4,m (8); 2,700 +22 

3,ooo (16); 2,ooo (15); 
1,000 (30); =G 300 (l-6) 

=By gel-permeation chromatography on 6% agarose (O-7 h) or Bio-Gel P-10 (24 h, 48 h); proportions 
by weight given in parentheses after molecular weights corresponding to peaks in chromatogram. 
WngIe peak. ‘Of portion within fractionation range of gel only. dConcentration, 0_48O/,. 

raphy and ultracentrifugation. The p.m.r. spectrum of the polysaccharide showed the 
presence of one pyruvic acid acetal group and six anomeric protons; no acetyl groups 
were detected. The neutral sugar components were found by g.1.c. analysis of an 
hydrolysate to be galactose and glucose in the molar ratio 2 : 3. D-CO&UratiOnS were 
assigned to these sugars by the procedures outlined later. 

Graded hydrolysis with acid; moIecular weight distribution. - On graded hqrdro- 
lysis with acid, monitored by paper chromatography, glucose and pyruvic acid were 
the first components to be released, followed more slowly by galactose and two neutral 
disaccharides. Glucuronic acid and several other acidic products of higher molecular 
weight were then detected, including an aldobiouronic acid that was chromato- 
graphically indistinguishable from 6-0-(B-D-ghrcopyranosyhrronic acid)-D-gdactose. 

Gel-permeation chromatography of samples removed at intervals during mild 
hydrolysis with acid showed that the breakdown of the polysaccharide was slow in 
comparison with that of most of the other KZebsieZZa polysaccharides that have been 
examined by this method, the rate being comparable with that for the K64 poly: 
saccharide6. Gel-permeation chromatography on agarose revealed a slow decrease 
in AZ,,, to 450,000 during the first 4 h of hydrolysis in 0.01~ acid at 100”; after hydro- 
lysis for 24 h and more, Bio-Gel P-10 chromatograms of the products (see Table I) 
showed multiple peaks, at elution volumes corresponding to a molecular weight of 
1000 and integral multiples thereof (up to 10,000). This result indicates the presence 
of a repeating unit having a molecular weight of N 1000 (Le., a hexasaccharide). 
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TABLE II 

FURTHER HYDROLYSIS OF DEGRADED Klebsiella K27 POLYSAC CHARXDEIN o.lM TRIFLUOROACEI'lCAClD 

Time 

(W 
MoIecular-weight” 
distribution ( %) 

blDd 
(degrees) 

1 5,000 (2); 4,000 (3); 3,000 (6); 1,400 t-25 
2,000 (7); 1,000 (35); 660 (11); 
520 (10); Q 300 (26) 

3 2,000 (9); 1,oaO (36); 660 (21); 980 +28 
520 (8); < 300 (26) 

5 1,000 (31); 660 (23); 520 (12); 690 +29 
< 309 (34) 

24 b b 
i-40 

“By chromatography on Bio-Gel P-10. bDi- and mono-saccharides only. CGf portion within fractiona- 
tion range of gel. %oncentration, 0.460/!. 

TABLE III 

METHYLETHERS~~M~EHYDR~LYSATESOF~~~O~AL(A)A~DEORADW(B)POLYSACCHA~DES 

FROM Klebsiella K27 

SagaP Tb Molar proportion (Oh / 

2,3,4,6-Glc 1.01 20 19 
2,4,6-Gal 1.19 22 19 
2,4,6-Gic 1.34 - 18 
2,3+Glc 1.62 19 19 
2,4-Gal 1.80 - 7 

2-Gal 2.48 19 18 
2-Glc 2.76 20 - 

“2,3,4,6Glc = 2,3,4,6-tetra-o-methyl-D-glucose, etc. bRetention time of the corresponding (Me&i) 
alditol relative to thatof2,3,4,6-tetra-O-methyl-~-galactoseonanSE-52columnat 140”. ‘Hydrolysates 
examined after hydrolysis for 18 h. 

After hydrolysis of the polysaccharide for 48 h in 0.01~ acid, the product having 
molecular weight 1000 was present in the hydrolysate to the extent of 30 ‘A by weight, 
but 54% of the mixture consisted of material of molecular weight 2000-6000 (m, 
2700). The products having molecular weights > 1000 disappeared only after further 
hydrolysis in 0.1~ acid for 5 h, at which stage much of the hexasaccharide had broken 
down to lower oligosaccharides (Table II), so that its proportion remained at only 
- 30 % by weight under these conditions_ 
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Autohydrolysis of the capsular poiysaccharide. - Autohydrolysis of poly- 
saccharide A yielded pyruvic acid and traces of glucose, which were separated by 
dialysis from the polysaccharide product B, [~]n + 2 O, mi 840,000 (by gel-permeation 
chromatography), the p.m.r. spectrum of which showed the absence of pyruvic 
acid acetal. 

Methylation analysis of poZysaccharides A and B. - Samples of polysaccharides 
A and B were methylated and hydrolysed, and the sugars present in the hydrolysates 
were analysed by paper chromatography and by g.1.c.‘. The results are given in 

Table III. 
It is evident that the number of branch-points in the structure cannot be 

accounted for solely by the D-ghCOSyl groups as indicated by these analyses_ The 
identification of 2,4,6-tri-O-methyl-D-galactose and 2,3,4-tri-0-methyl-D-glucose 
shows that these residues represent 3- and 6-linked sugars in the chain, while the 
small proportion of 2,4-di-O-methyl-D-galactose formed from the degraded poly- 
saccharide B is commensurate with loss of some D-glucosyl end-groups during the 
autohydrolysis, and is evidence that these are linked to O-4 of D-galactose. This same 
D-galactosyl residue must be linked to glucuronic acid through O-6, and through 
O-3 in the polysaccharide chain, in order to account for the 2-O-methyl-D-galactose 
found in both hydrolysates. The formation of 2,4,6-tri-0-methyl-D-glucose from 
polysaccharide B indicates the removal, during autohydrolysis, of pyruvic acid from 
O-4 and O-6 of a D-glucosyl residue, which is also linked through O-3 in the poly- 
saccharide chain. 

Cotirmation that the glucuronic acid residues are in a terminal position was 
obtained by methanolysis of fully methylated K27 polysaccharide followed by g.1.c. 
of the resulting methyl glycosides *. In addition to the neutral sugars given in Table III, 
there were two peaks corresponding to methyl 2,3,4-tri-U-methylglucuronate. The 
glucuronic acid groups were shown to have the D configuration by the procedure 
outlined later. 

Partial hydroiysis of polysaccharide B with acid; isolation and characterisation 

of oligosaccharides. - Hydrolysis of a sample of polysaccharide B yielded a number 
of oligosaccharides (l-S), which were isolated by preparative paper chromatography 
and examined by geLpermeation chromatography on Bio-Gel P-10. Of the acidic 
oligosaccharides isolated, one fraction (8) contained two components, having 
molecular weights 3000 (30% by weight) and 2000, respectively; the other fractions 
each gave a single peak, at molecular weights 1000 (i.e., the structurally significant 
hexasaccharide), 850, 660, 520, and 360. These fractions resemble the components 
referred to earlier (Table II), with the addition of the one of molecular weight 850, 
which was not observed for polysaccharide A. The two neutral components were 
disaccharides (molecular weight, 340), as indicated also by their mobilities in paper 
chromatography. Where possible, the structures of oligosaccharides 1-S were deter- 
mined by standard techniques, as described later (Table IV). 

Neutral disaccharide 1 was indistinguishable in paper chromatography from 
3 2-/3-D-glucopyranosylD-glucose, in three different solvent systems (A, B, and C), 
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TABLE IV 
6 

ANALYSISOFTHEOLIMSACCHARIDESFR~MAUTOHYDROLYSEDPOLYSACCHARIDE B FROM KIebsiellaK27 

Fraction OIigomer b:D RCLC Mol. Neutral Methylated (MeaSi) 
(degrees) (Solvent wt. strgars alditols 

A) (molar (molar proportions) 
proportions) 

Neutral 
disaccharide 
Neutral 
disaccharide 
Aldobiouronic 
acid 
Aldotriouronic 
acids 
Aldotetraouronic 
acids 
Acidic 
pentasaccharide 

7 Acidic 
hexasaccharides 

8 Acidic 
oligosaccharides 

i-16 0.73 340 

+22 0.59 340 

-7 0.40 360 

-l-5 0.23 520 

+4 0.13 660 

+I6 0.07 850 

i6 

+18 

0.03 

0.00 

1000 

2ocKl 

(70%) 
+ 

3000 

(30%) 

Glc 

Glc (1.0) 
Gal (1.0) 
Gal 

Glc (1.0) 
Gal (0.8) 
Glc (2.0) 
Gal (1.8) 
Glc (2.0) 
Gal (1.8) 

Glc (3.0) 
Gal (2.5) 

Glc (3.0) 
Gal (2.6) 

2,3,4,6-Glc (1 .O) 
2,4,6-Glc (1.0) 
2,3,4,6-Glc (1.0) 
2,4,6-Gal (1 .O) 
2,3,PGaI 

Indicated that fraction 
was a mixture 
Indicated that fraction 
was a mixture 
2,3,4,6-Glc (1.0) 
2,4,6-Gal (0.8) 
2,3/t-Glc (0.7) 
2,4-Gal (0.7) 
2,3,4,6-Glc (1.0) 
2,4,6-Gal (1.1) 
2,4,6-Glc (0.5) 
2,3&GIc (0.7) 
2+Gal (0.4) 
2,3,4,6-Glc (1.0) 
2,4,6-Gal (1.1) 
2,4,6-Glc (0.6) 
2,3,4-Glc (0.8) 
2,4-Gal (0.4) 
2-Gal (0.6) 

and the optical rotation and paper-chromatographic mobility of neutral disaccharide 2 

were in good agreement with those reported9 for 3-O-/3-D-glucopyranosyl-D-galactose. 
The optical rotations of the aidobiouronic acid 3 and of it% barium salt ([aID -3O) 

accorded with those reported for 6-U-(/3-D-glucopyranosyluronic acid)-D-galactose”; 
this structura1 unit is common in pIant gums, but has not been reported previousIy 
in work on Klebsiella polysaccharides. 

The non-integral value obtained for the molar proportion of D-galactose in the 

hydrolysates of the acidic oligosaccharides after treatment for 8 h with 2~ trifluoro- 
acetic acid at 100” is consistent with this hexose’s being part of the aldobiouronic 
acid. The more vigorous conditions (2M trifluoroacetic acid, IOO”, 18 h) used in acid 
hydrolysis of polysaccharide A gave the proportions of neutral sugars reported earlier. 

The methylation analyses of the fractions 4 and 5 (molecular weights 520 and 
660, respectively) indicated that they were mixtures of linear and branched oligo- 
saccharides, which were not fully characterised. 
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The methylation analysis of fraction 6 is consistent with the acidic penta- 
saccharide structure shown, and the methylated sugars obtained on hydrolysis of the 
fully methylated fraction 7 indicate that both structures 7a and 7b could be present. 

~-Glcp-(l-3)-~-Galp-(l-3)-~-Galp-(l-6)-_~-Glcp 6 
6 

t 

#3 -D-GlcpA 

P-0-Glcp-(1 -3)-~-D-Glcp-(1-3)-D-GOlp-(l-3)-D-Golp-(l-6)-O-GlCp~ 70 
6 

t 

,,+ D-G:cpA 

f-D-Glcp-(1 -3I-D-Golp-Cl-3)-D-Galp-(l-6)- -D-Glcp-(1 
B 

-3)-D-Glcp 7b 
6 

t 
; 

p-D-GlcpA 

Methylation analysis of oligosaccharides 8 shows that a large number of the 
D-glucosyl groups linked to O-4 of D-galactosyl residues in the polysaccharide chain 
are not removed under the conditions of acid hydrolysis used to generate the above 
oligosaccharides. The low proportion of 2,4-di-O-methyl-D-galactose formed from 
the higher oligosaccharides further confirms that this D-galactosyl residue is linked 

to D-glucuronic acid, through O-6, to form the aldobiouronic acid 3. 
Postulated structure of repeating unit in Klebsiella K27 capsularpoiysaccharide. - 

The methylation analyses show that the repeating unit in the K27 capsular poly- 
saccharide consists of chain residues of 3- and 6-linked D-glucose and of 3-linked 
D-galactose, to which are attached terminal units of D-glucuronic acid, pyruvic acid, 
and D-glucose. Consideration of these results, together with the structures of the 
oligosaccharides mentioned above, particularly 3-O-/I-D-glucopyranosyl-D-glucose, 
shows that, in order to obtain this neutral disaccharide and 3-6/?-D-gh.ICOpyranOSyl- 

D-galactose, the polysaccharide chain must contain the sequence of sugar residues 
+3)-B-D-Glcp-( 1+3)-D-Galp-( 1+3)-D-Galp-( 1 +6)-/I?-D-Glcp-( 1 -+. 

The pyruvic acid acetal has been shown to be attached to the only 3-linked 
D-glucosyl residue, but the terminal units of D-glucuronic acid and D-glucose could 
be linked to either one of the D-galactosyl residues in the chain. However, since 
neutral disaccharides were obtained having (1+3) linkages between glucose and 
glucose and between glucose and galactose, but not between galactose and galactose, 
it appears that the D-galactosyl residue carrying the terminal groups occurs directly 
before the 6-linked glucosyl residue in the polysaccharide chain. On the basis of the 
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foregoing argument, 9 represents the sugar sequence present in the structure of the 
Klebsiella K27 polysaccharide. 

0-Glcp 
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I 
4 

~3)-~-~-Glcp-~l-3~-D-G0lp-~l 

/\ 

-3)-~-Golp-(1-+61-~-0-GI~~-(1--a- 

F; P 
i 
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p -D-G&A 

H3C COZH 

9 

The nature of certain anomeric linkages in 9 could not be determined by 
consideration of the oligosaccharides 1-S. P.m.r. spectroscopy of the original (A) 
and degraded (I?) polysaccharides revealed only one anomeric signal corresponding 
to an CL-D linkage, the remainder bein, e indicative of 8-D linkages. This Q-D linkage 
may be assigned to one of the D-galactosyl chain-residues or to the D-glUCOSy1 end- 
group in the repeating sequence. In order to assign these linkages unambiguous!y, 
it is necessary to isolate the pure acidic tri- and tetra-saccharide components liberated 
by partial hydrolysis of polysaccharide B with acid; however, attempts to fractionate 
the mixtures 4 and 5 were not successful. 

Comparison with other Klebsiella capsular polysaccharides. - Of the structures 
known for Klebsiella polysaccharides, that of K64l’, which has a hexasaccharide 
repeating-unit with a double branch on a D-mannosyl residue, is the closest analogue 
to that of K27, although recent studies have shown” that the pentasaccharide 
repeating-unit of the polysaccharide from K33 contains a D-mannosyl residue that 
is substituted at O-3, O-4, and O-6. The rates of degradation of both the K27 poly- 
saccharide and that from K64 under conditions of mild, acid hydrolysis are compara- 
tively low; acidic oligosaccharides of fairly high molecular weight (from K27, 1000 
and 850; from K64, 1100 and 930) are thereby released, together with two neutral 
disaccharides which have proved crucial in formulating the repeating units. Both 
polysaccharides contain the structural unit 4,6-o-(1-carboxyethylidene)-D-glucose, 
which forms a side chain in the case of the K64 polysaccharide. Autohydrolysis of 
both polysaccharides yields pyruvate-free products having high d-p. The only major 
differences in the general structural patterns of the K27 and K64 polysaccharides are 
the positions of the pyruvic acid and D-glucuronic acid groups. 

EXPERIMENTAL 

General methods. - Paper chromatography (p.c.) was performed with What- 
man No. 1 paper and the following solvent systems (all v/v): A, 1-butanol-acetic 
acid-water (2 : 1: 1); B, 1-butanol-ethanol-water (4 : 1 : 5, upper phase); C, ethyl 
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acetate-pyridine-water (8 : 2 : 1); D, ethyl acetate-acetic acid-formic acid-water 
(18 ;3 : 1 r4); and E, butanone-water azeotrope. Detection was elected by heating 
the papers at 110” for 5-10 min after spraying with p-anisidine hydrochloride in 
aqueous 1-butanol or o-phenylenediamine in aqueous trichloroacetic acid (for 

pyruvic acid)’ 3. Other general methods and methylation analysis were as previously 

described”. 
Properties of KlebsielIa K27 capsular polysacclzaride. - The capsular poly- 

saccharide (A), isolated and purified as described elsewhere6, had [u];’ + 5 o (c 0.7) 
(Found: N, 0.4%) and moved as a single component on ultracentrifugation and gel- 
permeation chromatography on agarose. The p.m.r. spectrum of a 2 % solution of the 
polysaccharide in D,O showed a sharp singIet at 6 1.52 (Me of the pyruvic acid 
acetal group), and signals for 6 anomeric protons14, corresponding to one CL linkage 
at 6 5.0 (J 3 Hz) and five j3 Iinkages at 6 4.38-4.86. The chemical shifts and coupling 
constants of the j3 linkages could not be assigned to specific residues, because of the 
close proximity of the signals. 

Hydrolysis of polysaccharide A. - (a) After hydrolysis (2~ trifluoroacetic 
acid, 100 O, 18 h) of polysaccharide A, p-c- (solvents A and C) showed the presence of 
D-galactose, D-glucose, D-glucuronic acid, and an aldobiouronic acid. Analysis of 
the neutral sugars present was carried out by g.1.c. of the derived alditol acetates”. 
Preparative g.1.c. of the acetates allowed recovery of the individual compounds and 
identification of D-glucitol hexa-acetate by comparison of its circular dichroism 
spectrum with that of a standard sample. The D-galactose derivative was shown to be 
achiral by this method. After isolation of D-galactose from the hydrolysate by 
preparative p.c. (solvent C), methylation, hydroIysis, and reduction with sodium 
berohydride gave 2,3,4,6-tetra-O-methyl-D-galactitol (identified by the g.1.c. retention 
time of the trimethylsilyl derivative). Acetylation yielded 1,5-di-O-acetyl-2,3,4,6- 
tetra-O-methyl-D-galactitol, which was purified by preparative g.1.c. In acetonitrile 
solution, this derivative gave a positive c.d. curve, identical to that of the authentic 
compound, thus confirming the D confQuration’6 of the parent sugar. 

(6) Graded acid hydrolysis of polysaccharide A was performed as previously 
described6. 

(c) Autolzydrofysis. A solution of polysaccharide A (180 mg) in distilled water 
(3 ml) was heated in a seaIed tube under nitrogen for 3 h at 100’. P.c. (solvent D) 
of the concentrated solution showed a fast-moving spot, chromatographically identical 
with pyruvic acid and having the same characteristic fluorescence as the authentic 
material when sprayed with o-phenylenediamine and examined under ultraviolet 
light. Detection withp-anisidine showed the presence of D-glucose and a large amount 
of material at the origin. The autohydrolysate was diluted with water and dialysed 
against distilled water (3 Iitres) for 24 h. The non-dialysable material (132 mg) was 
recovered by freeze-drying of the aqueous solution. A sample of the polysaccharide B 

obtained by this process was methylated (Hakomori method)“. 
Methylation analyses. - Samples of the fully methylated polysaccharides A 

and B were hydrolysed with 2M trifluoroacetic acid at 100 o for 18 h. The hydrolysates 
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were chromatographed on paper (solvents B and E), and analysed by g.1.c. of the 
trimethylsilylated, derived alditols. The sugars in the hydrolysates were converted 
into their methylated alditol acetates and recovered by preparative g.1.c. The identity 
of each acetate was confirmed by mass spectrometry. 

Partial hydrolysis of polysaccharide B. - Polysaccharide B (100 mg) was 
treated with 0.1~ trifluoroacetic acid (5 ml) for 3 h at 100”. The structures of the 
oligosaccharides obtained were investigated by partial hydrolysis with acid and 
methylation analysis, optical rotatory power being used to assign the configurations 
of anomeric linkages. The results obtained are shown in Table IV. 

After hydrolysis (2~ trifluoroacetic acid, loo”, 8 h) of the acidic, higher oligo- 
saccharides 4-8, p.c. of each hydrolysate (solvents A and C) revealed D-galactose, 
D-glucose, D-glucuronic acid, and a component having the same mobility as 6-0- 
(/3-D-glucopyranosyluronic acid)-D-galactose. The proportions of the neutral sugars 
present in the hydrolysates were determined by g.1.c. (alditol acetate method). The 
lower oligosaccharides l-3 were characterised as follows: 

Methanolysis of the fully methylated disaccharide 1 gave (g.1.c. analysis) the 
methyl glycosides of 2,3,4,6-tetra-O-methyl-D-glucose and 2,4,6-tri-O-methyl-D- 
glucose. The identities of these sugars were confirmed by hydrolysis of the methylated 
disaccharide, followed by g.1.c. of the trimethylsilyl derivatives of the anomers of 
the tetra- and tri-O-methyl sugars. 

After reduction of disaccharide 2 with sodium borohydride, hydrolysis (p-c., 
solvent C) gave D-glucose only. Methanolysis of the fully methylated disaccharide 
gave (g.1.c.) the methyl glycosides of 2,3,4,6-tetra-O-methyl-D-glucose and 2,4,6- 
tri-O-methyl-D-galactose. 

Methanolysis of the fully methylated aldobiouronic acid 3 gave (g-kc.) the 
methyl glycosides of methyl 2,3&tri-O-methyl-D-glucuronate (removed by saponifi- 
cation) and 2,3,4-tri-0-methyl-D-galactose. 

Methylated 3 (6 mg) was reduced’ * with lithium aluminium hydride (20 mg) 
in tetrahydrofuran (5 ml) for 18 h. After addition of aqueous ethanol and evaporation 
to dryness, the residue was extracted with chloroform (3 x 5 ml); the extracts were 
combined, the chloroform was evaporated, the residue was hydrolysed, and the re- 
sulting sugars were converted into their derived alditol acetates. Analysis by g.1.c. 
then revealed products derived from 2,3,4-tri-O-methyl-D-glucose and 2,3,4-tri-O- 
methyl-D-galactose in approximately equal proportions. Recovery of the glucose 
derivative by preparative g.l.c., followed by demethylation’ g, gave glucitol, which 
was shown to have the D conEguration by the c.d. spectrum of its hexa-acetate. Since 
the 2,3,4-tri-O-methyl-D-glucose was derived from 2,3,4-tri-0-methylglucuronic acid, 
the acid residues in the methylated aldobiouronic acid must have the D configuration. 

The p.m.r. spectrum of the barium salt of 3 showed anomeric signals at 6 5.22 
(J 3 Hz), 4.64 (J 8 HZ), and 4.45 (J 8 HZ), consistent with those expected from u- 
and p-D-galactose and @-D-glucuronic acid moieties. 
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