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ABSTRACT 

The polysaccharide secreted by Ktebsiella aerogenes type 54 strain A3 was 
isolated, methylated, the ester carboxyl-reduced, and the product partialiy hydroiyzed. 
The resuIting, partiaIIy 0-methylated oligosaccharides were reduced and ethylated, 
and the mixture of products was fractionated by IX. The l.c. fractions containing 
per-0-alkylated oligosaccharide-alditols were analyzed by e-i.-ms. Pure per-O- 
aIkyIated oIigosaccharide-alditols were also analyzed by ‘H-n.m.r_ spectroscopy. The 
products obtained by base-catalyzed degradation and subsequent ethylation of the 
per-0-methylated polysaccharide were fractionated by IX. The main product isolated 
was analyzed by e.i.-m.s., c-i.-m-s., and ‘H-n.m.r. spectroscopy_ The results of these 
studies, in conjunction with results of analytical methods commonly used in the 
elucidation of polysaccharide structures, unambiguously characterized the primary 
gIycosy1 structure of the polysaccharide. Base-labile substituents, previously reported 
to be present in the polysaccharide, were not studied. Structure 1 revises, and com- 
plements, previously reported structcres. 
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ISTRODUCTIOS 

Several papers have been published * - 6 describing the structure of the acidic 
polysaccharide secreted by Klebsiella aerogenes type 54 strain A3, formerly named 
Aerobacter aero-genes strain A3. The polysaccharide was one of the first bacterial 

polysaccharides recognized to have a simple repeating-unit’**, and it was the first 
bacterial polysaccharide found to contain formyl groups’*6. A structure for the poly- 

saccharide, except for the anomeric configuration of one glycosidic linhage, has been 
proposed’: however. we have found that it is incorrect_ Except for alkali-labile substi- 
tuents, we pow report the complete structcre of the acidic polysaccharide secreted by 
K_ aerogelzes type 54 strain A3_ 

ESPERISIEETe4L 

The isolated polysaccharide’ was a gift from Dr. H. E. Conrad of the University 
of Illinois, Urbana, IL 6 1 SO1 _ The polysaccharide was extensively dialyzed against tap 

water to remove residua! salts, and then lyophilized. 
Gl_I-cos~l compositiolz analysis. -- The content of neutral sugars in the poly- 

saccharide was determined by g_l.c.-m-s. after hydrolysis with 2u trifluoroacetic acid 
(TFA) for 2 h at 120:, reduction of the sugars with NaBHa, and acetyiation’ of the 

alditols. Glycosyluronic acids were analyzed by the calorimetric method of Blumen- 
krantz and Asboe-Hansen’. 

Determination of the absolute- configuratio~zs of tlze glycosyl residzres. - The 
polysaccharide (1 mg) was hydrolyzed with 231 TFA for 1 h at 120”, and the products 
were analyzed by the method of Gerwig et a1_9_ 

Metlzylation of tlze polysacclzaride. - The polysaccharide (50 mg) was dried 

in a vacuum oven for 8 h at 40”. Dimethyl sulfoxide (1.5 mL) was added, and the 
slurry was sonicazed overnight. Potassium dimethylsulfinyl anion” (5 mL, 31r1) was 
added, and the mixture was stirred for 6 h. The solution was cooled until it solidified, 
methyl iodide (2 mL) was added, and the mixture was stirred for 4 h at room tempera- 

ture_ The excess of methyl iodide was evaporated, and the residue was dialyzed against 
tap water for 2 days. The per-0-methylated polysaccharide was then lyophilized, 
taken up in chloroform, the suspension filtered through glass-fiber paper, and the 
filtrate evaporated to dryness_ 

GlycosyZ-linkage composition analysis. - Per-0-methylated polysaccharide 
(250 jig) was hydrolyzed with 211 TFA for 2 h at 120”, the sugars were reduced 

(NaBD,). and the alditols acetyIated. The identity of the partialIy 0-methylated, 
partially 0-acetylated alditols was established by their g.1.c. retention-times and by 
their mass spectra I1 0-Methylated polysaccharide was carboxyl-reduced with lithium _ 

aluminum deuteride as described”, and the product subjected to the same analysis. 
Preparation of partialIy O-metlzylated, partiall? 0-etlzylated oligosaccharide- 

alditok - 0-Methylated, carboxyl-reduced (LiAlD*) polysaccharide (40 mg) was 
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partially hydrolyzed with 23q TFA (10 mL) for 2.5 h at SO”, the sugars were reduced 

(NaBD,), and the a!ditols 0-ethylated as described13. 

Fractionation of the per-O-alkylated oligosaccharidc-alok by l.c. - The 

mixture of per-0-alkylated oligosaccharide-alditols was fractionated by liquid 

chromatography (l.c.) in a Whatman, Partisil5, ODS column, using 11: 9 acetonitrile- 

water as the solvent. The refractive index of the column effluent was monitored, and 

0.5-mL fractions were collected. 

Base-catalyzeddegradation’J*” of the 0-nzetllq,latedpol_ysaccJzaride, andfiaction- 

ation of the products by Ix. - 0-Methylated polysaccharide (50 mg) was dissolved in 
freshly distilled dimethyl sulfoxide (2 mL). Potassium dimethylsulfinyl anion (2 mL, 

2&f) was added with cooling, and the mixture was stirred for 24 h at room temperature_ 

The solution was cooled until it solidified, and ethyl iodide (1 mL) was added. The 
mixture was then agitated for 2 h in an ultrasonic bath before it was chromatographed 

on a column of LH-20, using 1: 1 methanol-chloroform as the solvent. The carbo- 

hydrate-containing fractions were identified by using the anthrone calorimetric assay 

for neutral sugars. The fractions containing purified components were combined, and 

then evaporated to dryness. The residue was fractionated in a column of Du Pont 

Zorbax, ODS, using 1 : 1 acetonitrile-water as the solvent. The refractive index of the 

column effluent was monitored, and O-5-mL fractions were collected_ 
Identification of the per-0-alkylated oii,oosaccharide-alditoh and per-0-alkylated 

oligosaccharide metlyl gtycosides in the !.c. fractions. - The l.c. fractions obtained ria 

partial hydrolysis of the per-0-methylated, carboxyl-reduced polysaccharide were 

analyzed by g.l.c.-e.i.-m-s., or by e-i.-m-s. using the direct-inlet probe. Pure, partially 

0-methylated, partially 0-ethylated oligosaccharide-alditols were analyzed for their 

glycosyl-linkage composition as described13. The l.c. fractions obtained via base- 

catalyzed degradation of the per-0-methylated polysaccharide were analyzed by 

g.l.c.-e.i.m.s. The major product isolated was also analyzed by direct-inlet c-i.-m-s., 

using ammonia as the reactant. gas. The major product isolated was also analyzed for 

its glycosyl-linkage composition as described13. 
G.1.c. was performed by using splitless injections on an SE-30 capillary column 

(25 m) and a temperature program starting at 160” for 2 min, rising from 160 to 

220” at 30” per min, and, finally, from 220 to 330” at 8 o per min. 

The temperature of the probe for direct-inlet m.s. was increased in -2 min 
from room temperature to 345”, and kept at the higher limit for 2 min. Spectra 

were recorded with a Hewlett-Packard model 5985 mass spectrometer, at 7@ eV 

with a source temperature of 150”. 

’ H-N.m.r. spectroscopy. - Per-0-alkylated oligosaccharide-alditols (20-100 

pg) and per-0-alkylated oiigosaccharide methyl glycosides (- 50 pg) were dissolved 

in deuteriochloroform (99.8 atom o/0 of D). ’ H-N.m.r. spectra were recorded with a 

Nicolet 360-MHz, Fourier-transform, n.m.r. spectrometer, with experimental para- 
meters as described”. Chemical shifts were assigned relative to internal chloroform 

at 6 7.26. 
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RESULTS AXD DISCUSSIOX 

G/J-cos_d composition of the polysaccharide, and the absolute onj&rations of its 
gi_rcoqI residues. - Glycosyl-composition analysis of the Klebsiella polysaccharide 
demonstrated that it contains fucose and glucose in the ratio of 1:2. The presence of 
glycosyluronic acid residues was indicated by the calorimetric assay. These results 

were confirmed by glycosyl-linkage composition-analysis of the methylated, carbox+ 
reduced polysaccharide (see later). The glucosyl and glucosyluronic residues were 
found to be in the D. and the fucosyl residues in the I_, configuration by the method 
of Genvig et aL9. 

TABLE I 

GLYCOSYL-LINKAGE CO~lPOSITtO~a OF THE XCIDIC POLYSACCHARIDE SECRETED BY Klebsiella aero&vnes 

-TYPE 31 STRAIN As 

Gf_LTOSJ+ 

residue 
Determined Deduced points of R.t_ti Mole 2 b 
positions of attac5ment of 
0-methyI groups glycosyl residues A B 

Fucosyl 
GlucosyI 
Glucosyl 
GIucosyl 

3 0.53 25.6 25.3 
ten7G-A 0.55 36.1 24.1 

324 0.77 36.3 26.3 
4c 0.83 - 24.0 

“The polysaccharide was methylated and hydrolyzed, and the products reduced and acetylated 
(column A); or, the polysaccharide was methylated, carboxyl-reduced, and hydrolyzed, and the 
products reduced, acetylated (colunn B), and analyzed by g.l.c.-m-s. *Retention times relative to 
that of hexa-0-acetyl-myo-inositol as unity. This residue has two deuterium atoms at C-6 and, 
thereTore, originates from a glucosyiuronic residue. 

Determination of the giycosyl-linkage composition. - Giycosyi-Iinkage compo- 
sition-analysis of the O-methylated polysaccharide showed that the polysaccharide 
isolated consists of 0-3-linked fucosyl residues, terminal glucosyl groups, and (3-+4)- 
linked (if in the pyranoid form) glucosyl residues (see Table I, column A)_ The lower 
than stoichiometric value for the fucosyl residues (see later) can be rationalized by 
the assumption that some of the glycosidic linkages of the glucosyluronic residues were 
not hydrolyzed; such linkages are known to be resistant to acid hydrolysis. 

Glycosyl-linkage composition-analysis of the per-O-methylated, carboxyl- 
reduced polysaccharide showed, in addition to the glycosyl residues already mentioned, 
(4+6)-linked (if in the pyranoid form) glucosyl residues. G.l.c.-m-s. analysis demon- 
strated that all of the (4-+6)-linked glucosyl residues contained hvo deuterium atoms 
at C-6. Consequently, these residues originated from Plinked glucosyluronic residues. 
The four different glycosyl residues of the O-methylated, carboxyl-reduced poly- 
saccharide were found to be present in the ratios of 1: 1: 1: 1 (see Table I, column B), 
which is consistent with a tetrasaccharide repeating-unit. 
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[bl [dl 
I I II -I 

--,3Glc-+4GlcA-3Fuc-3Gic~4GlcA-3Fuc- 

Fig. I. A summary of the structurally characterized, oligosaccharide fragments isoiated from the 
polysaccharide secreted by R acroge,zes type 54 strain A3. (Each fragment is labelled by a letter that 
identifies the per-O-atkylated oligosaccharide-alditol or per-U-alkylated oiigosaccharide methyl 
glycoside derived from the fragment.) 

Preparation, separation, aid analysis of partially 0-metlzylated, partiallv O- 
etlzylated oligosaccJzaride-aloIs_ - The ethyl groups intrcduced after partial 
hydrolysis of the per-0-methyIated, carboxyl-reduced polysaccharide, and reduction 
of the fragments obtained, serve as markers to identify where other glycosyl residues 
were attached in the intact polysaccharide. However, the ethyl proup at O-6 of 
carboxyl-reduced glycosyluronic residues is an exception; this potential ambiguity 
is avoided by the labeling of C-6 of such glycosyluronic residues with two deuterium 
atoms that are introduced when deuterated reagents are used for the carboxyl re- 
duction. 

Relatively mild conditions for partial hydrolysis of the per-0-methylated, 
carboxyl-reduced polysaccharide were selected in an attempt to isolate per-O-alkyl- 

ated oligosaccharide-alditols containin g the acid-labile giycosidic linkage of the 
fucosyl residues. Although no fragment containin, = the fucosidic linkage was isolated, 

the mild hydrolysis resulted in the isoIation of the per-0-alkylated tetrasaccharide- 

alditol [e] (see Fig. 1). 
Partiaily 0-methylated, partially 0-ethylated oligosaccharide-alditols [a], lb], 

[cl, cd]. and [e] (see Fig. 1) were all isolated in pure form after l.c. fractionation. 
The per-O-alkylated oligosaccharide-alditols were analyzed by e-i.-m-s. (see Table II), 
and by ‘H-n.m.r. spectroscopy (see Table III). The A- and .I-seriesI of fragment- 
ions present in the e-i_-mass spectra, together with the results of the original, glycosyl- 
linkage composition-analysis, established the identity and sequence of the glycosyl 
residues of each per-0-alkylated oligosaccharide-alditoi follcwing principles out- 

lined in earlier publications’2*x ‘*l*. The J, fragment-ions of per-0-alkylated oligo- 
saccharide-alditol EC] at nr/r 354, and per-0-alkylated oligosaccharide-alditol [e] 

at WZ,‘Z 525, in conjunction with the A and J fragment-ions, give the sequence of the 
glycosyl residues in [cJ and [e], and establish that a (terminai) glucosyl group is 
attached to O-4 of the (3+4)-linked glucosyl residue in both of the per-U-alkylated 
oligosaccharide-alditols. The anomeric configuration of each glycosidic linkage was 
made evident by ‘H-n.m.r. analysis of the purified, per-0-alkylated oligosaccharide- 
alditols. 

Two per-0-alkylated disaccharide methyl glycosides having virtually identical 
e-i.-mass spectra were also isolated by the sequence of reactions already described. 
The per-U-alkylated, disaccharide methyl ilycoside isolated in highest yield was 
analyzed by ‘H-n.m.r. spectroscopy (see Table III), and found to be the /I anomer of 
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TABLE III 

1H-N.M.R. CHEMBXL-SHIFTS AND coum_mG CONSTANS OF THE ASOMEEUC PROTONS OF ISOLATED 

PxRlTALLY LfETHYLATED, PARTIALLY ETHYLATED OLIGOSACCHAFUDE-ALDILS AND METHYL GLYCOSIDES 

Oligosaccharide ChemkJ shift b Observed Assigned 

(61 h.2 (Hz) anomeric 
conjigurafion 

Et+4GlcA+3Fuc+ 
Et 
1 
3 

GIc+4Glc+4GIcA+ 

Et 
1 
3 

Et+4Glc-+4GIcA+3Fuc+ 

Et 
I 
3 

GIc-+4GIc+4GIcA+X=uc-1 

Et 
1 
3 

G!c+4Glc-+OMe 

Et+3Fuc+3GIc-+OMe 
4 
T 

Glc 

bl 5.18 

kl 4.32 
4.48 

4.30 
5.19 

[cl 4.30 
4.33 

5.19 

[al 

u-1 

4.15c 
4.30 
4.15= 
4.28 
5.42 

3.1 I 

7.8 7.8 :: 

7.8 B 
2.9 I 

8.3 7.9 : 
3.5 (x 

s.3 

8.0 ; 
8.0 

7.6 BB 
4.0 cc 

%5ee Fig. 1. *Relative to the signal from internal chloroform, at 6 7.26. CThe signal from H-l of the 
branched glycosyl residue. 

the partially O-methylated, partially O-ethylated disaccharide methyl glycoside 

derived from fragment [a] (see Fig. 1). 
Some of the per-0-alkylated oligosaccharide-alditols were analyzed for their 

glycosyl-linkage composition. The results of these analyses unambiguously confirmed 

the structure of each per-O-alkylated oligosaccharide-alditol. 
Base-catalyzed degradation of the per-O-methylated polysaccharide. - The for- 

mation of methyl glycoside fragments (see earlier) may be attributed to base-catalyzed 
degradation during methylation of the polysaccharide’ 9_ On further base-catalyzed 

degradation, partially 0-methylated oligosaccharide methyl glycosides are released. 

After derivatization, processing of the reaction mixture, and l.c. fractionation, two 
products were isolated that gave virtually identical e-i--mass spectra (see fragment 

[f] in Table IIj. The major product isolated was further analyzed by direct-inlet, 
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c-i.-ms. (ammonia) and by ‘H-n-m-r. spectroscopy (see Table IX). The c-i. mass 
spectrum showed a prominent (M -i- 15) ion at m/z 660. The major product isoIated 
was aIso analyzed for its giycosyl-Iink ase composition_ The results showed that the 
major product is the p anomer of the partially U-methylated, partially U-ethylated 
trisaccharide methyl glycoside derived from fragment [f] (see Fig. l), which contains 
the acid-labile, glycosidic Iinkage of the fucosy1 residues. 

Per-O-alkylated trisaccharide methyl glycosides obtained by base-cataIyzed 
degradation of the per-0-methylafed polysaccharide, with subsequent ethylation, 
were isolated in low yields. Methyl glycoside formation during methylation of the 
polysaccharide \vas, therefore, only a minor side-reaction. The amounts isolated 
were. however, more than sufficient for complete structurai characterization of frag- 
ment [f]. 

Ring jbn~r of rite ,olwos_r1 r-esirlces. - It is evident from the methyIation anaIysis 
that the terminal gIucosyI group and the 3-linked fucosyl residue must be in the 
pyranoid form. Glycosyl-linkage composition-analysis of per-0-alkylated oligo- 
saccharide-alditols. where the (3+4)-linked gIucosy1 residue and the I-linked gluco- 
syturonic residue appeared at either the alditol end (fragments [a] and [cl), or at 
the nonreducing terminus (fragments [b] and [d]), d emonstrated that these residues 
are also in the pymnoid form. 

‘H-N.m.r. sprctroscop_v. - The anomeric configurations of all glycosidic link- 
ages present in the polysaccharide were determined by evaIuating the data obtained 
from the ’ H-n.m.r_ analysis of the per-U-alkylated oligosaccharide-alditols and methyI 
glycosides. Both g!ycosidic linkages of per-0-alkylated trisaccharide-alditol [c] were 
found to be in the fi-anomeric configuration, and the glycosidic linkage of per-O- 
alkylated disaccharide-aIdito1 [b] was found to be in the r-anomeric configuration 
(see Table III). In the preponderant, per-0-alkylated trisaccharide methyl glycoside 
detived from fragment [f], the terminal glucosyl group is in the fi-anomeric configura- 
tion, and the signal at S 4-15 can be assigned to the p-anomeric Iinkage of the methy 
gIycoside’” (compare with the per-0-alkylated disaccharide methyl gIycoside [a] in 
Table III). Consequently, the fucosyl residue of fragment [f] must be in the a- 
anomeric configuration (see Table III). 

Sequence of the glwos_d residues in the poijxacclmride. - The fragments listed 
in Table TI provide a number of ways in which to elucidate the sequence of the gIycosy1 
residues in the poIysaccharide. According to the gtycosyblinkage composition-anaIysis, 
the isolated polysaccharide contains four different glycosyl residues in equal amounts. 
The high yield of per-0-alkylated tetrasaccharide-alditol [e], obtained by mild 
hydroIysis of the per-O-methylated and carboxyl-reduced polysaccharide and subse- 
quent ethyl&on, indicates that the fucosyl residue is 3-linked to the branch-point 
glucosyl residue. Al! other linkages present in the polysaccharide appear once in 
per-U-aIkyIated tetrasaccharide-alditol [e], and, thus, per-0-alkylated tetrasacchar- 
ide-alditol [e] represents the repeating-unit of t&e polysaccharide. 

There is onIy one way of combining the isolated per-0-alkylated oligosacchar- 
ide-aIditoIs and methyI gIycosides to arrive at the structure of the polysaccharide. 
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No per-U-alkylated oligosaccharide fragment was detected that contradicts the 
structure now presented, namely, 1. This structure, in which the branched glucosyl 
residue is (3-+4)-linked, with the fucosyl residue attached to O-3, differs from 
that proposed earlier, in which the branched gIucosyI residue was (4-6)~linked, 
and the fucosyl residue was attached to O-6. The anomeric configuration of the 
fucosidic Iinkage, which is now known to be a, was not determined in the earlier 
work. 
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