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ABSTRACT

A computerised approach to the structural analysis of unbranched regular
polysaccharides is described, which is based on an evaluation of the *C-n.m.r.
spectra for all possible primary structures within the additive scheme starting from
the chemical shifts of the 13C resonances of the constituent monosaccharides and the
average values of the glycosylation effects. The analysis reveals a structure (or struc-
tures), the evaluated spectrum of which resembles most closely that observed. The
approach has been verified by using a series of bacterial polysaccharides of known
structure and, in combination with methylation analysis data, for the determination
of the presently unknown structures of the O-specific polysaccharides from Sal-
monella arizonae 059 and O63, and Proteus hauseri O19.

INTRODUCTION

The formation of a glycosidic linkage leads to changes in the '*C chemical
shifts which depend on the type of linkage' and the stercochemistry of the mono-
saccharide residues connected?. The most significant changes are associated with the
carbons directly involved in the glycosidic linkage and the adjacent carbons (a- and
B-effects of glycosylation). Thus, oligo- and poly-saccharides of identical mono-
saccharide composition but different primary structures have different '*C-n.m.r.
spectra.

The glycosylation effects in the disaccharide fragments of unbranched oligo-
saccharides and polysaccharides are almost identical to those in the corresponding
disaccharides, and, hence, they are transferable parameters. This similarity enables
the evaluation, within the additive scheme, of the '*C-n.m.r. spectra of carbo-
hydrates of known structure starting from the chemical shift data for the constituent
monosaccharides and the average values of the glycosylation effects, and, con-
versely, to establish the primary structure of carbohydrates on the basis of *C-
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n.m.r. data. The possiblities of this system have been exemplified with some regular
unbranched polysaccharides built up of simple hexoses®. We now report in detail the
computerised approach to the structural analysis of carbohydrates and its appli-
cation to unbranched bacterial polysaccharides of unknown structure built up of
trisaccharide or tetrasaccharide repeating-units, containing variously Glcp, Manp,
Galp, Rhap, GlcpNAc, GalpNAc, ManpNAc, and FucpNAc. These monosacchar-
ides are widely distributed in natural carbohydrates and *C-n.m.r. data are available
in the literature for a variety of oligosaccharides and polysaccharides containing
them, thus allowing the glycosylation effects to be determined with confidence.

RESULTS AND DISCUSSION

General approach. — The proposed computer-assisted approach to the struc-
tural determination of regular polysaccharides involves three steps: (/) the ge-
neration of all possible unbranched structures of a polysaccharide of a given mono-
saccharide composition; (2) the evaluation of the "*C-n.m.r. spectra for each of
these structures starting from the chemical shift data for the constituent mono-
saccharides and the average values of the glycosylation effects; (3) searching for the
structure (or structures) characterised by the calculated spectrum most similar to
that observed for the polysaccharide.

In generating the possible primary structures of polysaccharides, account is
taken of all permutations of the constituent monosaccharides in the repeating unit

TABLE 1

13C CHEMICAL SHIFT DATA FOR MONOSACCHARIDES [6, (/)] AND GLYCOSYLATION EFFECTS

Monosaccharide 6, (1) (p.p.m.) BY (p.p.m.)
C-1 C-2 C-3 C-4 C-5 C-6 C-2' C-5'
Glcp a 93.3 72.7 74.0 70.9 72.7 61.9 0.0 +0.5
g 97.1 75.4 77.0 70.9 77.2 62.1 —1.0 0.0
Manp a 953 72.0 71.5 68.2 73.7 62.3 -0.5 +0.5
B8 94.9 72.5 74.3 67.9 77.4 62.3 -1.0 0.0
Galp a  93.5 69.6 70.4 70.6 71.7 62.4 0.0 +0.5
8 97.7 73.2 74.1 70.0 76.3 62.2 -1.5 0.0
Rhap a  95.2 72.1 71.3 73.5 09.5 18.0 -0.5 +0.5
g 94.7 72.6 74.0 73.1 73.2 18.0 -1.0 0.0
GlcpNAC a 921 55.3 72.0 71.4 72.8 61.9 0.0 +0.5
8 96.2 58.0 75.1 71.2 77.2 62.1 - 1.0 0.0
ManpNAc a 94.3 54.5 70.1 68.2 73.3 61.8 -0.5 +0.5
8 94.2 55.3 73.3 67.9 77.6 61.8 -1.0 0.0
GalpNAc o 92.2 51.5 68.7 69.9 71.7 62.4 -0.5 +0.5
B 96.6 55.0 72.4 69.1 76.4 62.2 ~1.5 0.0
FucpNAc a 92.1 51.2 68.7 72.4 67.5 16.7 -0.5 +0.5
B 96.3 54.7 72.4 72.0 71.8 16.7 —-1.0 0.0

“The effects for C-3',4’,6" are taken as zero; the effects for C-1’, which depend on the type of
glycosidic linkage, are given in Table I1.
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(i.e. 2 and 6 for a trisaccharide and a tetrasaccharide, respectively), as well as the 8
types of linkage possible for each disaccharide fragment. The number of structures
to be considered, which for a tetrasaccharide repeating-unit is 24,576, may be dimi-
nished by adopting some restrictions based on a preliminary analysis of the *C-
n.m.r. spectra. This may be the presence or absence of (1-—6) linkages, which can be
inferred from the presence of the signals for C-6 at 60-63 p.p.m. for the unsubsti-
tuted, and at 65-71 p.p.m. for 6-substituted pyranose residues, as well as the num-
ber of o and 8 linkages, which can be established* easily on the basis of the 'Jc ;.
values. .

The 3C chemical shift data for the monosaccharides were obtained for
solutions in D,0, using methanol as the internal standard. These data are given in
Table I.

The effects of glycosylation were determined as the difference in the '*C
chemical shifts of the resonances for a disaccharide fragment P’ — P (P and P’ are
the glycosylated and the glycosylating pyranose residues, respectively) and in the
corresponding pyranoid forms of the free monosaccharides. The '*C chemical shift
data for various disaccharide fragments were taken mainly from published work>®,
as well as from many other publications containing '*C-n.m.r. data for oligo-
saccharides and polysaccharides. When different sources reported different data for
a disaccharide fragment, the glycosylation effects were determined as average
values, and, as a rule, deviations did not exceed 0.5 p.p.m.

The effects of glycosylation depend on the position and configuration of the
glycosidic linkage, the general configuration of the residue P, and the relative abso-
lute configuration of the residues P and P’. For (1—»2) linkages, the glycosylation
effects depend essentially on the anomeric configuration of the residue P, and,
hence, they were determined separately for o and 3 anomers. For the other types of
linkages, the average values of the effects were used for the two anomers unless
otherwise stated in Table II. In addition, account was taken of the difference in the
glycosylation effects, which depend on the residue P’ being Hex or HexNAc¢ and
whether it has the manno or gluco (galacto) configuration. When no *C-n.m.r. data
for a disaccharide fragment were available in the literature, approximations were
made based on general regularities in glycosylation effects”.

The values of the glycosylation effects used for the calculations are listed in
Tables I and II for each monosaccharide and each absolute configuration of the
residues P and P’'. In Table 11, the columns correspond to the carbons and the lines
correspond to the types of linkage between P and P’, which are denoted by the index
k in the range 1-10. The matrix 4 and column B comprise the glycosylation effects
for the residue P and C-1' of the residue P’, respectively. The glycosylation effects
for C-27,3’,4’,5" of the residue P’ do not depend on the types of glycosidic linkage
and are listed in Table L. The values of the effects for C-3’,4’,6' of the residue P’ are
taken as zero.

The '*C chemical shift data for each monosaccharide residue in the poly-
saccharide having a definite anomeric configuration and definite adjacent sugar



TABLE 11

EFFECTS OF GLYCOSYLATION ON THE CHEMICAL SHIFTS OF THE '>C RESONANCES FOR RESIDUE P AND C-1' OF RESIDUE P’ OF THE DISACCHARIDE FRAGMENT
P’ > P, DEPENDING ON THE TYPE OF GLYCOSIDIC LINKAGE AND THE RELATIVE ABSOLUTE CONFIGURATION OF RESIDUES P AND P’ [D-D(L-L) OR D-L
@-n)J*

“When P’ has the manno configuration or represents HexpNAc, the effects are given in parentheses or in square brackets, respectively, if they vary
considerably from the average values. In the linkage type designations, the first Greek symbol means the anomeric configuration of P’, and the last
one means the configuration of P. The superscripts « and g designate the anomeric configuration of P. The effects obtained by approximation are
given in italic type.

(a) P has the gluco configuration

Linkage D-D(L-L) D-L{L-D)
type
A B A B
k C-1 C-2 C-3 C-4 C-5 C-6 C-1' C-1 C-2 C-3 C-4 C-5 C-6 C-l
Glucose
a-(1—-2)-« -1.8 +40 -13 0 0 0 +34 -05 +86 -0.9 0 0 0 +8.3
a-(1—2)-8 +03 +47 -13 0 0 0 +56 -13 +52 +0.7 0 0 0 +7.1
(+6.8)
a-(1—-3) 0 -1.2 +6.8 -0.1 0 0 +6.7 0 -1.2 +4.9 -1.3 0 0 +7.1
(+0.9) (+6.9)
a-(1->4) 0 0 +03 +74 -—13 0 +7.6 0 0 ~-1.3 475 —-06 -06 +64
(+7.1) (+8.0)
a-(1-—6) 0 0 0 0 -1.8 +5.0 +5.6 0 0 0 0 -1.2  +65 +6.7
B-(1-—2)-«¢ -0.7 +9.0 —-1.3 0 0 0 +7.6 - 1.8 +6.0 —13 0 0 0 +4.0
B-(1—2)-8 -1.6 +7.5 0 0 0 0 +7.0 +03 +75 ~13 0 0 0 +7.0
B-(1-—3) 0 -07 +95 -1.5 0 0 +6.7 0 -12 +95 -0.1 0 0 +6.7
(+0.9)
B-(1—4) 0 0 -14 +90 -1.3 —-08 +6.3 0 0 +0.1 +6.7 -—1.4 0 +7.2
B-(1—6) 0 0 4] 0 -1.0 +7.8 +6.7 0 0 0 0 -1.0 +7.0 +6.1
[+6.0]
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residues are calculated by the formula

6()) = do() + Alk,l) + B(k',]),

where / is the number of the carbon; 8,(/) and 6(/) are the ">C chemical shifts of that
resonance for a monosaccharide in isolation and, with the same anomeric configur-
ation, as a unit in the polysaccharide, respectively; A(k,/) and B(k’,/) are the effects
caused by the glycosylation of the unit (the index of linkage type k) and the for-
mation of the linkage (the index of linkage type k'), respectively.

For purposes of comparison, the signals of the evaluated and observed spectra
are ordered according to their chemical shifts, then the squared deviations (A®) for
the chemical shifts of the signals with identical numbers, their sum (£A?), and the
normalised value related to one monosaccharide residue (S = LA*/n, where # is the
number of monosaccharide residues in the repeating unit of the polysaccharide) are
determined. Since, as a rule, deviations of the glycosylation effects from the average
values are not more than 0.5 p.p.m., the possible candidates for the real structures
of polysaccharides are those for which the value S does not exceed or exceed in-
significantly 1.5 (0.5% x 6).

The above-mentioned dependence of the glycosylation effects on the absolute
configuration of the connected monosaccharide residues” enables this approach to
be employed also for the determination of the absolute configuration of one or
several monosaccharides in polysaccharides, provided that the absolute configur-
ations of the other constituent monosaccharides are known. For this purpose, the
whole cycle of the calculation for each of the possible sets of the monosaccharides,
taking into account different absolute configurations, should be re-iterated.

The same approach may also be employed for the structural analysis of linear
oligosaccharides.

Verification. — The computerised method for the determination of primary
structures has been verified on three linear O-specific polysaccharides from Shigella
Sexneri variant Y, Shigella dysenteriae type 10, and Pseudomonas aeruginosa Q7,
for which the structures 1-3, respectively, have been established by conventional
methods and the "*C-n.m.r. data reported”'%.

—2)-a-L-Rhap-(1—2)-a-1-Rhap-(1—3)-a-L-Rhap-(1-—3)-8-p-GlcpNAc-(1—

I I ITX
178

—2)-3-p-Manp-(1—3)-a-p-ManpNAc-(1—3)-8-L.-Rhap-(1-—4)-a-D-GlcpNAc-(1—
29,10

— 3)-a-L-FucpNAc-(1-—-3)-8-D-FucpNAc-(1—2)-8-p-Glep-(1—

311,12

Taking into account that the '*C resonance for C-6 of each Hex and HexNAc
residue is in the region 61.5-62.5 p.p.m., the structures involving (1—6) linkages
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TABLE III

CHEMICAL SHIFTS IN THE '3C-N.M.R. SPECTRA OF THE Shigella AND Pseudomonas aeruginosa POLY-
SACCHARIDES (CALCULATED VALUES ARE IN PARENTHESES)

Constituent Chemical shifts (p.p.m.)
C-1 C-2 C3 Cc+4 C-5 C-6
Shigella flexneri variant Y
—2)-a-L-Rhap-(1— 102.1 79.9 71.1 73.7 70.4 17.9
I (102.1) (80.0) (71.0) (73.5) (70.0) (18.0)
—2)-a-L-Rhap-(1— 101.9 79.3 71.3 73.5 70.2 17.8
1T (102.1) (79.8) (71.3) (73.5) (70.0) (18.0)
—3)-a-L-Rhap-(1— 102.2 71.8 78.6 72.8 70.2 17.6
111 (102.2) (71.4) (78.8) (72.9) (70.0) (18.0)
—3)-3-D-GlepNAc-(1— 103.3 56.7 82.7 69.8 77.1 62.1

(103.5  (56.8) (82.8) (69.9) (77.2) 62.1)

Shigella dysenteriae type 10

—2)-3-p-Manp-(1— 97.7 78.7 749 68.0 71.7 62.2
97.9 (78.6) (74.9) (67.9) (77.4) (62.3)

—3)-a~-D-ManpNAc-(1— 96.7 50.4 76.2 66.3 73.4 61.8
6.7 (50.6) (76.0) (66.5) (73.8) (61.8)

~3)-B-1-Rhap-(1 - 101.9 68.0 78.1 71.6 73.4 17.9
(101.9)  (68.3) (718.2) (71.4) (73.2) (18.0)

—4)-a-D-GlepNAc-(1— 99.4 55.6 71.6 78.1 71.6 62.2

(99.5) (55.3) 72.1) (78.1) (71.9) 61.9)

Pseudomonas aeruginosa O7

~3)-0-1-FuepNAc-(1->  100.3 49.2 77.1 693 - 674 16.6
(100.2)  (49.2) (77.2) (69.9) (68.0) (16.7)

~3)-6-p-FucpNAc-(1—>  104.0 52.9 78.1 71.5 72.1 16.6
(103.3)  (53.0) (78.5) (71.6) (71.8) (16.7)

~2)-8-p-Glep-(1- 100.3 82.5 77.1 71.3 7.1 62.1

(1005  (81.9)  (71.0) (709  (17.2)  (62.1)

were not considered. Since the ‘JC_,,H_, values for these polysaccharides have not
been determined, no restrictions were placed on the number of « and § linkages. For
the S. flexneri polysaccharide, there is only one possible sequence of the mono-
saccharide residues, whereas, for the other two polysaccharides, all possible permu-
tations of the monosaccharides were considered. For the P. aeruginosa polysacchar-
ide, it was assumed that the FucpNAc residues may have any absolute configuration
(both different and identical); the other monosaccharides were assumed to have the
absolute configurations shown in 1-3.

For each of the three polysaccharides, the optimal structures revealed by cal-
culation, which are characterised by the lowest values S, were identical to the struc-
tures 1-3 established previously. The calculated *C chemical shift data for these
optimal structures and the tentative assignments of the signals in the observed *C-
n.m.r. spectra, accomplished by using the calculated data, are listed in Table III.



68 G. M. LIPKIND, A. 5. SHASHKOV, Y. A. KNIREL, E. V. VINOGRADOV, N. K. KOCHETKOV

Besides the optimal structure 1 for the S. flexneri polysaccharide with S = 0.3,
other structures can be distinguished with relatively low S values (0.7-1.5; for all
other possible structures, S is =1.6). This is a consequence of the fact that the '*C
chemical shift data for disaccharide fragments containing a Rhap residue glyco-
sylated at position 2,3, or 4 are similar. In each of the alternative structures, three
Rhap residues are o and the GlcpNAc residues are 8. Hence, the analysis revealed
unambiguously the configurations of the glycosidic linkages.

S
—2)-a-L-Rhap-(1--2)-a-1-Rhap-(1-—-3)-a-L-Rhap-(1--3)-3-D-GlcpNAc-(1— (1) 0.3
—2)-a-L-Rhap-(1--3)-a-L-Rhap-(1--3)-a-L-Rhap-(1—3)-3-D-GlcpNAc-(1— 0.7
—»2)-a-L-Rhap-(1-—3)-a-L-Rhap-(1--2)-a-L-Rhap-(1-»3)-8-D-GlcpNAc-(1— 0.8
-—3)-a-L-Rhap-(1-—-2)-a-L-Rhap-(1—3)-a-L-Rhap-(1--3)-3-D-GlcpNAc-(1-—- 1.0
—2)-a-L-Rhap-(1—2)-a-L-Rhap-(1—2)-a-L-Rhap-(1—3)-8-D-GlcpNAc-(1-— 1.1
—4)-a-L-Rhap-(1—2)-a-L-Rhap-(1—3)-a-L-Rhap-(1-—>4)-8-D-GlcpNAc-(1— 1.1
—2)-a-L-Rhap-(1—3)-a-L-Rhap-(1—4)-a-L-Rhap-(1—3)-8-p-GicpNAc-(1— 1.2
—3)-ca-L-Rhap-(1—2)-a-L-Rhap-(1—2)-a-L-Rhap-(1—3)-6-D-GlcpNAc-(1— 1.5

The optimal structure 2 for the S. dysenteriae polysaccharide is characterised
by an S value of 0.3. An alternative structure, with the much larger S value of 1.9,
differs from the optimal structure by the configuration of the Rhap linkage, the
sequence of the sugar residues, and the mode of substitution of the Rhap residue. It
is inconsistent with the methylation analysis data’® and, therefore, may be ruled out.
Each of the other possible structures is characterised by an S value of >2.3 and,
hence, they are inconsistent with the observed '*C-n.m.r. spectrum of the poly-
saccharide.

S
—»2)-3-D-Manp-(1—3)-a-pD-ManpNAc-(1—3)-8-L-Rhap-(1->4)-
a-D-GlepNAc¢-(1— (2) 0.3
—2)--D-Manp-(1—3)-a-pD-ManpNAc-(1—4)-a-D-GlcpN Ac-(1->2)-
o-L-Rhap-(1— 1.95
TABLE IV
MONOSACCHARIDE COMPOSITION OF THE POLYSACCHARIDES
Polysaccharide Constituents of the repeating unit

Gle Gal GleN GalN FucN Fuc3N?

S. arizonae 059 I 1 1
P. hauseri O19 1 1 1 t
S. arizonae 063 1 1 2 1

“3-Amino-3,6-dideoxygalactose.
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TABLE VI

CHEMICAL SHIFTS IN THE 'C-N.M.R. SPECTRA OF Salmonella arizonae AND Proteus hauseri pOLY-
SACCHARIDES (CALCULATED VALUES ARE IN PARENTHESES)

Constituents Chemical shifts (p.p.m.)
C-1 C-2 C-3 C-4 C-5 C-6
Salmonella arizonae 0359
= 3)-c-L-FucpNAc-(1 -~ 98.9 49.0 77.3 69.8 67.1 16.4
(99.1) (49.2) (77.2) (69.9) (68.0) {16.7)
~+3)-3-D-GlcpNAc-(1— 103.1 56.7 79.7 69.8 77.3 62.3
(103.1)  (56.8) (80.0) (69.9) (77.2) (62.1)
—2)-3-p-Galp-(1— 101.1 79.2 74.7 70.2 76.3 62.3

(101.3) (79.5) (74.1) (70.0) (76.3) (62.2)

Proteus hauseri O19

~3)-q-D-Galp-(1 - 101.9 68.8 79.4 70.0 72.2 62.0
(101.5)  (68.9) (79.5) (70.3) (72.2) (62.4)

—~4)-0-D-GalpNAc-(1=  99.7 51.3 68.4 79.4 73.2 61.7
(100.3)  (51.0) (68.5) (79.2) (72.4) 61.7)

-3)-0-1-FucpNAc-(1=  98.7 49.7 74.4 71.6 67.9 16.4
(99.1)  (50.0) (74.8) (72.0) (68.0) (16.7)

~3).8-D-GlepNAc-(1~  104.0 56.9 80.3 69.6 76.8 61.7

(104.0) (56.8) (80.0% (69.9) (77.2) 62.1)

Salmonella arizonae 063

—4)-a-D-GalpNAc-(1-  95.4 51.0 68.7 79.5 72.5 61.5
(95.5  (51.0) (68.5) (79.2) (72.4) (61.7)

~3)-3-D-GalpNAc-(1-  104.0 52.1 76.5 65.3 76.0 62.2
(104.4)  (52.0) (76.5) (65.4) (76.4) (62.2)

—-3)-8-p-Galp-(1— 103.8 71.3 82.9 69.7 76.0 62.1
(104.0)  (71.0) (83.2) (69.7) (76.3) (62.2)

~4)-c-D-Glep-(1— 101.3 72.8 72.7 79.8 72.2 61.1

(101.3) 727 (72.6) (79.9 (71.9} (61.1)

Salmonella arizonae O63

—~4)-a-D-GalpNAc-(1~> 953 51.0 68.8 79.2 72.4 61.5
-+3)-8-D-GalpNAc-(1—~  103.8 52.2 76.8 65.5 76.0 62.3
—3,4)-3-p-Galp-(1— 104.1 72.2 80.7 77.1 76.0 61.2
~4)-a-D-Glep-(1 = 101.3 72.8 72.8 79.8 72.3 61.2
a-n-Fucp3NAc-(1 - 99.7 67.7 51.8 71.8 68.1 16.6

“Data for the polysaccharide of structure 6, which represents the backbone of the S. grizonae 063
polysaccharide.

The optimal structure 3 for the P. aeruginosa polysaccharide is characterised
by an S value of 0.7. An alternative structure with the nearest S value (3.5) and all
other possible structures with S values of >4 are ruled out, since they are inconsis-
tent with the observed C-n.m.r. spectrum. Therefore, the calculation allowed the
unambiguous establishment of the structure of the polysaccharide without the use of
any additional data, as well as the determination of the absolute configurations of
both FucpNAc residues.
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Application. — The computerised approach was applied to the O-specific po-
lysaccharides from Proteus hauseri O19, and Salmonella arizonae 059 and 063
(Arizona O19 and 08, respectively), the structures of which had not been esta-
blished. The monosaccharide compositions of these polysaccharides, determined
after acid hydrolysis, are given in Table IV. The '*C-n.m.r. spectra of these poly-
saccharides (Table VI) showed that they are built up of tri- (S. arizonae 059), tetra-
(P. hauseri O19), and penta-saccharide (S. arizonae O63) repeating-units, which
accords with the results of sugar analysis. The spectra also indicated that all the
amino sugar residues are N-acetylated (signals for CH; and CO of the acetamido
groups are present at 23.2-23.5 and 174-175.7 p.p.m., respectively).

The methylation analysis data (Table V) revealed the S. arizonae O59 and P.
hauseri O19 polysaccharides to be linear and the S. arizonae O63 polysaccharide to
be branched with a Gal residue at the branching point and 3-acetamido-3,6-dideoxy-
galactose (Fuc3NAc) as the terminal residue of the side chain.

In applying the computerised approach to the two linear polysaccharides,
structures with (1—6) linkages were rejected since the signals for C-6 of all the Hex
and HexNAc residues were in the region 61-62.5 p.p.m. (Table VI). Glc, Gal, Glc-
NAc, and GalNAc were assumed to be D as is usual for bacterial polysaccharides,
whereas both D and L configurations were assumed for the FucNAc residues.

The analysis of the S. arizonae 059 polysaccharide led to the optimal structure
4 with S = 0.6; for all other possible structures, the S values were > 3.0, and, hence,
none was consistent with the observed *C-n.m.r. spectrum of this polysaccharide.

—»3)-a-L-FucpNAc-(1—3)-3-D-GlcpNAc-(1—2)-8-D-Galp-(1—
4 (S. arizonae 0O59)

Thus, the analysis enabled unambiguous establishment of the structure of the
polysaccharide, including the linkage positions, the sequence and configuration of
the monosaccharide residues, and the L configuration for the FucpNAc residue. The
structure 4 is confirmed by the methylation analysis data of the polysaccharide
(Table V) and the 'J¢.y 1.y values of 173.3, 161.7, and 161.1 Hz, which indicate® that
one of the sugar units is « and that the other two are (.

In the analysis of the P. hauseri O19 polysaccharide, an additional restriction
on the number of « and 3 linkages was adopted (three « and one 3, as indicated by
the IJC_I,H_I values of 173, 169, and 168 Hz for the signals at 98.7, 99.7, and 101.9
p.p.m., respectively, which are typical* of the « anomers, and from the location of
the fourth signal* at 104.0 p.p.m. consistent’ with a 8 anomer).

The analysis of this polysaccharide afforded an optimal structure with S = 0.7
and four other structures with S = 1.0-1.9. Only the optimal structure 5 is consis-

* It was not possible to determine the corresponding*!Jc.; 1., value with sufficient accuracy
because of the marked broadening of the signal
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tent with the results of methylation analysis (Table V). All other possible structures
had S values of >2.3 and were inconsistent with the observed '*C-n.m.r. spectrum.

S
—3)-a-D-Galp-(1-—>4)-a-p-GalpNAc-(1—3)-a-L-FucpNAc-(1—3)-
B-p-GlcpNAc-(1— 3 0.7
—2)-a-D-Galp-(1—>4)-a-D-GalpNAc-(1-3)-a-L-FucpNAc-(1—3)-
B-p-GlcpNAc-(1— 1.0
—4)-a-D-Galp-(1—>4)-a-D-GalpNAc-(1—3)-a-L-FucpNAc-(1—3)-
B-D-GlepNAc-(1— 1.1
—4)-a-D-Galp-(1->4)-a-b-GalpNAc-(1—3)-a-L-FucpNAc-(1—4)-
B-D-GlcpNAc-(1— 1.6
—>3)-a-D-Galp-(1—4)-a-D-GalpNAc-(1—3)-a-L-FucpNAc-(1-+4)-
B-D-GlcpNAc-(1— 1.9

The calculations also allowed tentative assignment of the '°C signals in the
spectra of the S. arizonae 059 and P. hauseri O19 polysaccharides. The assignment
together with the chemical shift data, calculated for the structures 4 and §, are given
in Table VI.

The only obstacle to the evaluation of the '*C-n.m.r. spectra of branched
polysaccharides is the lack of a good data base derived from branched model oligo-
saccharides. The glycosylation effects derived from unbranched models (Table II)
cannot be used for this purpose since the chemical shifts calculated for the reso-
nances of monosaccharide residues involved in branching often differ'® (up to 5
p.p.m.) from the observed values. This difficulty may be avoided by employing a
two-step analysis involving first, determination of the structure of the backbone,
and second, the locations of the side chains. However, this approach requires that
the monosaccharide composition of the backbone be known and one way to solve
the problem is to split off the side chains. This approach has been used in esta-
blishing the structure of a branched polysaccharide from S. arizonae 063,

Solvolysis of the polysaccharide with anhydrous hydrogen fluoride under mild
conditions selectively cleaved the 3-acetamido-3,6-dideoxygalactose residues. Acid
hydrolysis and *C-n.m.r. data (Table V1) showed the resulting polysaccharide to be
built up of tetrasaccharide repeating-units containing Gle, Gal, and GalNAc in the
ratios 1:1:2. Methylation analysis (Table V) revealed the polysaccharide to be un-
branched, and, hence, to represent the backbone of the original polysaccharide.

In the computerised analysis of this modified polysaccharide, the (1-+6) link-
ages were not considered and all the constituent monosaccharides were assumed to
be p. The calculation led to the structure 6, having the lowest S value (0.3), in which
the modes of substitution of the constituent monosaccharides are consistent with the
methylation analysis data (Table V). In four alternative structures with S values of
1.4-1.7, the constituent sugars have the anomeric configurations as in 6 but dif-
ferent linkage positions and, hence, are inconsistent with the methylation data. For
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the other possible structures, the § values are >2.3. Thus, the structure 6 is the only
one consistent both with the observed '*C-n.m.r. spectrum (Table VI) and the
methylation analysis data.

S
—4)-a-D-GalpNAc-(1—3)-3-D-GalpNAc-(1--3)-8-p-Galp-(1—4)-
a-D-Glep-(1— 6) 0.3
—4)-a-D-GalpNAc-(1—3)-8-p-GalpNAc-(1—-2)-3-p-Galp-(1—2)-a-p-Glep-(1—- 1.4
—4)-a-D-GalpNAc-(1—3)-8-p-GalpNAc-(1-2)--p-Galp-(1-3)-a-p-Glep-(1—» 1.5
—4)-a-D-GalpNAc-(1—3)-8-D-GalpNAc-(1—-4)-5-p-Galp-(1—3)-a-D-Glep-(1—- 1.5
—4)-a-D-GalpNAc-(1—3)-3-p-GalpNAc-(1--+3)-¢-p-Galp-(1—4)--p-Glep-(1—- 1.7

In considering the structure of the original branched polysaccharide, the
methylation analysis data (Table V) showed that the 3-acetamido-3,6-dideoxygalac-
tose residue was attached to Gal at position 4. Three of the five constituent mono-
saccharides in this polysaccharide are « and two are 3, as follows* from the IJC_I,H_I
values of 170.9, 170.9, 169.7, 162.3, and 162.3 Hz for the signals at 95.3, 99.7,
101.3, 103.8, and 104.1 p.p.m., respectively. In the modified polysaccharide 6, two
constituent monosaccharides are « and two are §8; hence, the 3-acetamido-3,6-
dideoxygalactose residues in the original polysaccharide are «. The [«]p value of the
3-amino-3,6-dideoxygalactose hydrochloride (Fuc3NAc), isolated from the hydro-
lysate of the polysaccharide, indicated it to be b, so that the polysaccharide has the
structure 7.

—4)-a-D-GalpNAc-(1—3)-8-pD-GalpNAc-(1— 3)-3-p-Galp-(1—4)-a-D-Glcp-(1—
4

T
1
a-D-Fucp3NAc

7 (S. arizonae 063)

The '*C-n.m.r. data for this polysaccharide (Table VI) are consistent with the
structure proposed. The tentative assignment of the signals in Table VI was accom-
plished by comparison with the data for the modified polysaccharide 6 and methyl
3-acetamido-3,6-dideoxy-a-1-galactopyranoside'*.

The computerised approach to structural analysis allowed the structures of
three new polysaccharides, including a branched polysaccharide with a penta-
saccharide repeating-unit, to be established without the preparation of oligosacchar-
ide fragments, thus saving time and material. Knowledge of the monosaccharide
composition and the 3C-n.m.r. data may sometimes be sufficient for the unambi-
guous determination of the structure of the repeating unit (e.g., the P. geruginosa
O7 and S. arizonae 059 polysaccharides). Otherwise, the structure obtained in the
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computerised approach should be confirmed by methylation analysis, which may
also allow a choice of several structures with similar calculated '*C-n.m.r. spectra. It
is possible that the data provided by both of these methods will not indicate unambi-
guously the structure of a polysaccharide, but the calculations should reduce mark-
edly the number of possible structures.

EXPERIMENTAL

The programme was developed in the non-dialogue mode, using a BESM-6
computer (U.S.S.R.) and the programming language ALGOL-60. The input data
were as follows: (/) the codes of constituent sugars (glucose, 1; galactose, 2; efc.)
and the number of each sugar residue in the repeating unit, (2) the '*C chemical shift
data of the free monosaccharides (Table I), (3) the matrices A (1:10,1:6) and B
(1:10,1:6) comprising the giycosylation effects for the constituent monosaccharides
(Tables I and II), and (4) the chemical shifts in decreasing order from the observed
BC-n.m.r. spectrum of the polysaccharide. The data output for each generated
structure characterised by an S value of <4.0 are (/) the sequence of the constituent
sugar codes, which determines the sequence of the monosaccharide residues in the
repeating unit; (2) the sequence of indices & (see Table II), which determines the types
of intersugar linkages; (3) the value of S; (4) the assigned calculated '*C chemical
shifts; and (5) the calculated '*C chemical shifts in decreasing order.

BC-N.m.r. spectra were recorded with a Bruker AM-300 instrument for
solutions in DO at 60° (internal methanol; 8. 50.15). Optical rotations were meas-
ured with an EPO-1 polarimeter for aqueous solutions at 20°. G.l.c.-m.s. was per-
formed on a Varian MAT Gnom 111 instrument, using a column packed with 3% of
OV-1 on Diatomite CQ (100-200 mesh). Gel filtration was performed on a colunn
(80 x 1.6 cm) of TSK HW 40 by elution with water, and on a column (70 x 3.5 cm)
of Sephadex G-50 by elution with pyridine acetate buffer (pH 4.5). Ton-exchange
chromatography of amino sugars was carried out on a column (25 x 0.6 cm) of
Chromex UA-8 by elution with 0.3m hydrochloric acid.

S. arizonae lipopolysaccharides were obtained'” from acetone-dried cells and
treated'® with aqueous 1% acetic acid followed by gel filtration on Sephadex G-50 to
give the polysaccharides.

Acid hydrolysis was carried out with 4M hydrochloric acid (3 h, 100°) and the
resulting monosaccharides were identified by using sugar and amino acid ana-
lysers'’. Ion-exchange chromatography of the hydrolysate of the S. arizonae 063
polysaccharide gave 3-amino-3,6-dideoxy-D-galactose hydrochloride, [a]p +55° (¢
0.2), ¢f. [a]p + 114° (water) for the N-acetyl derivative'®. Methylation analysis was
carried out by the reported method'®, and the partially methylated monosaccharides
were identified as their alditol acetates, using published data2®?!. Solvolysis with
anhydrous hydrogen fluoride was carried out at —40° (40 min), and the products
were isolated by precipitation with ether? followed by gel filtration on TSK HW 40.
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