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ABSTRACT

For the structure analysis of the methylated, acidic polysaccharide
associated
with the coccoiiths of the alga Etzziliauia IzztxIeyi (Lohmann)
Kamptner,
the native.
the carboxyl-reduced,
and the desulphated,
carboxyl-reduced
polysaccharides
have
been submitted to methylation
analysis. Graded hydrolysis with acid, uranic acid
degradation,
and periodate
oxidation/partial
hydrolysis
with acid in conjunction
with methylation
analysis were also applied. The results of the various degradation
procedures have led to a proposed structure for the average unit of the polysaccharide.
The mannan backbone consists of at least SO% of (1-3)~linked

o-mannosyl

residues

and has many side-chains.
The mannan backbone
carries ester-bound
sulphate
groups, terminal D-ribosyl or r-arabinosyl groups, and short side-chains of two or
three D-galactosyluronic
acid residues. There is also a complex side-chain composed
of D-xylose and r-rhamnose,
wherein the branched rhamnosyl
residues are substituted by 3-O-methyl-D-xylose,
2,3-di-U-methyl+-rhamnose,
a di-(D-galactosyluranic acid)-D-xylosyl
of

unit, and an oligosaccharide.

2,3-di-O-methyl-L-rhamnose,

mannose,

D-galacturonic

The oligosaccharide

3-O-methyl-D-gaiacturonic

acid, L-mannose,

acid,

is composed
6-O-methyI-L-

and r-rhamnose.

INTRODUCTION

Interest in the structure of the polysaccharide
associated with the calcified
plates on the cell wall of the unicellular alga Enziliania /zzrsZeyi (Lohmann) Kamptner
originates from the hypothesis that this biopoiymer could play a matrix role in the
calcification process, leading to the formation of coccoliths’. The composition
of the
polysaccharide
and the structures of some acidic oligosaccharides,
derived therefrom
by graded hydrolysis with acid, have been described293. We now present a tentative
structure for the average unit of the native polysaccharide.
In view of the complex
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structure of the polysaccharide,
the amount of material (550 mg) available
the exhaustive exploration of the various degradation techniques.
RESULTS

AND

The

limited

DISCUSSION

composition

of the water-soluble

polysaccharide2

is given

in Table

I,

incIuding the newly found 3-U-methyl-D-galacturonic
acid and 4-O-methylgalactose.
The occurrence of 3-0-methylgalacturonic
acid was indicated after carboxyl-reduction of the polysaccharide
using sodium borodeuteride’.
Methanolysis
(trimethyisiiylated methyl gycosides;
SE-30 capillary column*: RhIan 0.57, 0.58, 0.60) and
hydrolysis
(alditol acetates; SP-1000 capillary column’: RMvran
0.98;3% OV-225
The D conficolumn’ : Rhtsn 1.00) show the presence of 3-0-methylgalactose-6,6-d,.
guration of the Iatter compound was determined gas chromatographicaIIy
by butanolysis”, with 3-O-methyl-D-galactose
as the reference compound.
Initially, 4-0methylgalactose
in a hydroiysate

was found durin g the methylation studies (see below). Its presence
of the native po1ysaccharide’
was confirmed by co-chromatography

TABLE I
COhlPOSlTION OF THE POLYSACCHARIDE

Corrstitaerrt

Approximate

molar ratio=

/

Native
polysaccharide

Carboxy&daced
polysaccharide

Galactoseb

0.8

D-Glucose

0.6
5.6
3.2

5.7
1.7
5.6
3.2

1.1
0.7

0.6

Mannose=
L-Rhamnose
D-Ribose

r-Arabinose
D-Xylose
D-Galacturonic acid
3-O-Methyl-D-galacturonic acid
2,3-Di-0-methyl-r-rhamnose
3-O-Methyl-D-xylose
3-O-Methyl-n-galactosee
4-O-Methylgalactose
6-0-Methyhnannosef
Ester sulphate

2.7

4-7
N.d.d
1.8
1.8
0.3
1.3
2.8

0.9
2.7

1.6
1.4
0.6
0.3
1.6
N-d.

“The molar ran ofrhamnose was taken to be 3.2 (see text)_Most of the figuresare averagevalues of
methanolysisz3d hydrolysis data (see ref. 1). *Presentas r_-gatactosein the native polysaccharide;
after carboxyl-reduction,o-galacturonic acid gave D-galactose.CMarmosewas determinedas - 90%
D-mannose and - 10% r-marmose. Wet determined because of Iack of a molar adjustment factor
and becauseof partialoverlapby xylose in the methanolysis.LDerivedfrom 3-O-methyl-D-galactuonic
acid. ‘Xi-0-Methylmannose in the native polysaccharide comprised the L form (-67%)
and the
D form (- 33%).
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II

METHYLATION

ANALYSIS

DATA

Tb

T=

Td

Approximate

molar ratio=

0-Trideateriomethyryl
derivativeU

Linkage type

2,3,4,6-Gal

end-group

1.20

1.17

1.15

0.5

0.6

0.4

0.5

-

-

-

2,3,6-Glc

Glmose
1&linked

2.44

2.11

2.06

0.3

0.5

0.4

0.5

0.1

-

-

2.12
1.98
5.21
3.95
3.15
6.93
4.29

1.89
1.97
4.56
3.49
3.04
6.19
4.32

1.83
1.72
3.86
3.14
2.61
4.55
3.46

0.3
0.2
1.2
1.2
1.7

0.3
0.3
1.0
1.3
1.4

0.4
1.7
0.3
1.2
1.2

0.4
0.8
0.2
2.0
0.s
0.5

0.5
1.5
0.3
1.0
1.3

0.2
2.2
0.7
0.1
0.9
0.5

2.7
0.7
1.0
0.2

0.46
0.98
0.99

0.50
0.95

0.49
0.92

-

-

-

--

0.1

0.2

--

0.92
1.62
l-46

0.1
3.0

0.2
3.0

0.2
3.0

o?_

0.2

-0.8

1.80
1.69

1.00
1.67
1.58

0.2
1.0

3.0

3.0

0.1
1.9

2.0

0.41

0.47

0.44

0.7

0.6

0.6

O-4

0.4

0.3

---0.4
0.8

0.5
0.8

ABCDEFG

Galactose

Mamose

4,6-Man
2-Man
6-Man

l+linked
1,3-linked
1,3,6-linked
I&l-linked
1,2,3-linked
1,3,4,6-linked
1,2,3&linked

2,3,4-Rha
2,3-Rha
2,4-Rha
3-Rha
4-Rha

end-group
1,4-linked
1,3-linked
1.2,4-linked
1,2.3-linked

2,3,5-Rib

end-group

2,3,6-Man
2,4,6-Man
2.4-Man

3,6-Man

--

Rhamnose

Ribose

Arabinosr
2,3,5-Ara

end-group

O-48

0.52

0.49

2,3/I-Xyl
2,4-Xyl

Xyfose
end-group
1,3-linked

0.65

0.65

0.60

1.2

1.30

1.17

1.06

1.2

1.2
1.4

1.1
1.4

1.2
1.3

0.1
1.1

2,3,4,6-Gal-6,6-dz
2.3,6-Gal-6,6-d2
2,4,6-Gal-6,6-d?
2,6-Gal-6,6-dz
1,2,4-Threitol-l,I-d$
I&-Threitol-I,Z-dzf

end-proup
l&linked
1.3-linked
1,3+linked
1,4-linked
1,4-linked

1.20
2.32
2.18
3.56
N.d.
N-d.

1.17
2.04
2.11
3.23
N.d.
N-d.

1.15
1.94
1.83
2.78
N.d.
0.21

-

0.5
2.4
1.2
0.6
-

0.7
2.2
1.0
0.4
-

--

0.5 0.5
0.1 1.3 0.7 0.8
0.2 0.1 N.d.e-

-

1.5

-

-

2.04

1.94

-

0.5

0.4

-

0.4

0.4

-

0.50
0.95

0.49
0.92

2.2

3.1

0.3
2.6

1.3
0.8

0.4
2.4

2.0
0.5

0.7
-

Galacturonic

acid

3-0-Methyfgalacturonic
2,6-Gal3Me-6,6-rl:!

1,4-linked

4-Rha2Me3Me
Rba2Me3Me

end-group
l&linked

acid
2.32

-7,3-Di-0-methyylrhamnlrrose
0.46
0.98
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TABLE II (coutimted)
0-Trideuterior7let~yI
derivativea

Linkage type

-I-”

l-c

-l-a

Appro.rimate molar rati&

ABCDEFG
3-O-~lethy1_~ylose

end-group
1,Winked

2,4-XyljMe

4Xy13Me

0.65
1.44

0.65
1.24

0.60
1.15

0.9
0.9

0.8
0.9

0.9
0.9

0.9
1.0

0.8
0.9

1.2
-

1.1
-

1.20

1.17

1.15

0.3

0.3

0.2

0.3

-

-

-

2.12
1.9s
3.98

l-S9
1.97
3.49

1.83
1.72
3.14

0.2
0.5

0.2
1.3

0.1
1.2

0.2
0.5

0.1
1.3

0.5
0.2
0.6

0.1
-

CO4lethylga~actoxe

2,3,QGa14Me

end-group
6-O-A~etllylnIantlose

2,3-Man6Me
2&Man6Me
3-Man6Me

1.Clinked
1,3-linked
1,2,4-linked

“2,3,4,6-Gal = 1,5-di-O-acetyl-2,3,4,6-tetra-O-trideuter~omethylga~act~~o~,
etc. “Retention times of
the alditol acetates relative to 1,5-di-0-acetyl-2,3,4,6-tetra-0-methylglucitol
on 3% ECNSS-M at
170”. CAs in b. but on SP-1000 (capillary column) at 180”. dAs in b, but on 3oi:, OV-225 at 190’.
cil, native polysaccharide; B, carboxyl-reduced polysaccharide; C’, desulphated, carboxyl-reduced
polysaccharide; D, native polysaccharide after graded hydrolysis with O.lhr CRCOtH; E, desulphated,
carboxyl-reduced
poIysaccharide after periodate oxidation; F, desulphated, carboxyl-reduced
polysaccharide after periodate oxidaiion/partial hydrolysis with acid; G, Sephadex G-100 fraction
of high molecular weight from F_ The molar ratio of CRha was fixed at 3.0 in A to E; in F and G,
the total amount of 2.3,4-Rha, 2,4-Rhn, and 4-Rha was fixed at 3.0. Ratios between the amounts
of trideuteriomethylated alditoi acetates and corresponding trideuteriomethylated/methylated alditol
acetates were deduced from the mass spectra.fDerived from 1,4-linked galactose-@5-d* after periodate
oxidation. SToo volatile.

with

authentic 4-O-methyl-D-galactitol
penta-acetate
(SP-1000 capillary column:
0.9s;
3
%
OV-225
column:
RxIan
1.00).
The
Rbl._
values
of the trimethylsilylated
&Inn
methyl 4-U-methyIgaIactopyranosides
on an SE-SO capNary
column’
were 0.60

and

0.69.
Lbrkage

The native, the carboxyi-reduced,
and the desulphared,
polysaccharide
were methylated by the Hakomori
method”. Triiodide was used routinely to discriminate
between the naturally

afla/ysis.

carboxyl-reduced
deuteriomethyl

occurring O-methyl groups and the methoxyl groups introduced by permethylation.
The partially methylated sugars obtained after formolysis/hydrolysis
were transformed into the corresponding
alditol acetates and analysed6 by g.1.c. and g.l.c.-m.s.
To facilitate the interpretation of the mass spectra, sodium borodeuteride
was used
to label C-I of the alditols. The molar ratios of the partiaIly methylated alditol
acetates were established by comparing the peak areas in the gas chromatograms,
whereby the molar ratio of 1,2,3-linked rhamnose was fixed at 3.0. This leads to a
molar ratio of 3.2 in Table II for the rhamnose content of the polysaccharide.
To
permit comparison
of the methylation analysis data in Table II with those for the
composition
of the poiysaccharide in Table I, the molar ratio of rhamnose in Table I
was fixed at

3.2.
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(a) Native pofy.saccJtat-ide.The results
polysaccharide

are given

of the methylation

in Table II, column

as end groups, galactose, 4-0-methylgalactose,
pyranoid form, whereas ribose and arabinose

of the native

analysis

A. The native polysaccharide
xylose,

contains,

and 3-0-methylxylose

are present

in the furanoid

in the

form.

The

occurrence of 4-0-methylgalactose was demonstrated by the presence of peaks at
m/z 164 and 211 in the mass spectrum of 2,3,4,6-Gal* (Scheme A). This spectrum is
further complicated by the presence of 4-Xyl3Me*, which coincides with 2,3,4,6-Gal
on OV-225, and also gives a peak at n)/z 164. The molar ratio of galactose and 4-0methylgalaccose was established by comparing the abundances of the fragment ions
m/z 214 and 21 L in the mass spectrum

of this mixture.

The molar proportion

of xylose

and 3-0-methylxyIose
was determined from the ratios of the intensities of the peaks
at m/z 167 and 164 and of those at m/z 168 and 165.
CHDOAC

CHDOAc

!
HCOC03
._.. ___{___ .._..Y
2’L
HtOCD3
_______,______
x7

._w

HCOCD3

I
HCOAc
______*
-____
r----L8
CH2 OCD3

CHDOAc

I
HCOCD3
____H~+-~;__.!2~
Zll
3
______@
_.._m

2’6
HCOCD3
__-___ .I____ ___ .!e!

‘m

16’

H&i3

1
HCOAc
_______j____________
68
CH20CD3

a

b

I
l-i COCD3
_ _ ._ _ _i.. . _ _ _ .12_’

HCOCD3

t
HCOAc
i6”‘.‘./‘__e
___- ___CD2 OCD3
C

Scheme A. Primary mass-spectral fragmentation of 2,3,4,6-Hex
Hex-C,&& (c).

(a), 2,3,6-Hex4Mc

(b). and 2,3,4,6-

Both xylose and 6-0-methylmannose were found to be 1,3-linked, 3-O-methylxylose is 1,2-linked, and 2,3-di-0-methylrhamnose
and glucose are 1,4-linked.
Mannose appeared to occur as I,2,3-, 1,2,4-, I,3,6-, 1,2,3,4-, and I,3,4,6-Iinked
residues**,

and 6-0-methylmannose

was found to be 1,2,4-linked.

The molar propor-

tion of 1,2,4-linked mannose and 6-0-methylmannose was derived from the ratio
of the abundances of the fragment ions m/z 239 and 236 in the mass spectrum.

Rhamnose was found to be mainly L,2,3-linked, with a small proportion 1,2,4-linked.
(6) Carbo_~}~l-t-enltce~poI~~s~ccJta~i~e_
To examine the linkage types of galacturonit acid and 3-0-methylgalacturonic acid, the polysaccharide was carboxyl-reduced
with sodium borodeuteride’,
thereby yielding the corresponding hexose-6,6-d,
derivatives. The results of the methylation analysis of the carboxyI-reduced polysaccharide are given in Table IT, column B.
In addition to the sugar residues listed in Table II, column A, part of the
*2,3,4,6-Gal= 1,5-di-0-acetyl-2,3,4,6-tetra-O-trideuteriomethylgalactitol;
4-Xy13Me = 1.2,5-tri-Oacetyl-3-U-methyl4O-trideuteriomethylxylitol,
etc.
**Although methylation anaIysis does not, in general, discriminate between 1,4- and L$linked
hexoses, only l+linkages are considered in this study. Pertinent evidence for several hexoses was
obtained from the degradation studies.
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galacturonic acid (found as galactose-6,6-&)
appeared to be present as a nonreducing end-group. The molar ratios of terminal galactose, 4-0-methylgalactose,
and galactose-6,6-dz were determined from the intensities of the peaks at III/Z 214,
211, and 216 in the mass spectrum (Scheme A)_
Besides the monosubstituted residues found in the native polysaccharide, l,3and 1,4-linked galacturonic acid and 1,4-linked 3-0-methylgalactut-onic acid residues
were demonstrated. The molar ratio of the last two residues was based on the abundances of the fragment ions m/r 241 and 235 in the mass spectrum of 2,3,6-Gal-6,6-d,.
1,3,4-Linked galacturonic acid was found in addition to branched mannoses,
6-0-methylmannose,
and rhamnoses.
In comparison with the native polysaccharide (Table II, column A), the analysis
of the carboxyl-reduced polysaccharide (column B) shows a significant increase in the
amount of 1,2,4-linked 6-0-methylmannose.
The rather acid-resistant glycosidic
bonds of the uranic acid substituents linked to 6-0-methylmannose
(see below) can
be held responsible for the low yield in the methylation analysis of the native polysaccharide. The origin of the increase of 1,4-linked 2,3-di-0-methylrhamnose
is
unknown_ The increase of glucose in the sugar analysis after carboxyl-reduction
of
the polysaccharide (Table I) must be regarded as an artefact, since this effect did not
occur in the methylation analysis.
(c) Desulphnteti, car-bosJ:l-r-educed polrsacci~aricfc. To determine the positions
of the ester-bound sulphate groups, the carboxyl-reduced
polysaccharide was desulphated and then permethylated. For the desulphation, a modification of the
procedure of Nagasawa et ai.’ was applied. Comparison of the methylation analysis
data given in column C OF Table II with those in columns A and B shows that desulphation leads to a complete shift of 1,3,4,6- to 1,3,6-linked mannose, indicating a
sulphate group at C-4 of mannose. The amount corresponds to - 50% of the total
sulphate groups. The presence of 1,3,6-linked mannose in the native and carboxylreduced polysaccharides (Table IL, columns A and B) may be caused by some
desulphation during the analysis procedures, accounting for - 10% of the total
sulphate
deduced
termina!
indicate

groups. The positions of the remaining 40% of sulphate groups can be
from minor shifts in the methylation pattern, leading to the appearance of
2,3-di-0-methylrhamnose
and of 1,3-linked mannose. The foregoing results
that the sulphate groups are mainly located at C-4 of mannose. It is reason-

able to suggest that, in addition, C-2 of mannose and C-4 of 2,3-di-0-methylrhamnose
are partly substituted with sulphate-ester groups. Consequently, 4-sulphated 2,3-di-Omethylrhamnose occurs as a terminal residue in the native polysaccharide.
The methylation analysis data of the native, the carboxyl-reduced,
and the
desulphated, carboxyl-reduced
polysaccharides
are reproducible.
Inspection
of
Table Ii shows

that, in all instances, the number of branching points exceeds the
number of terminal groups (Le., non-reducing
sugars and ester-bound
sulphate
groups). The most obvious explanation for this feature is the occurrence ofa reproducible degree
carbohydrate

of undermethylation,
end-groups.

since no indications

were found

For the native and the carboxyl-reduced

for other nonpolysaccharides,

Emiliania hdeyi
TABLE
ACIDIC

POLYSACCHARIDE

111

III
OLfGOMCCHARIDES

OBTAINED

AFFER

GRADED

HYDROLYSIS

W,TH

ACID

(%I

CF:,COzH; 3 h AT 95 ‘)

_
a-D-GalpA-(I +6)-z-D-Manp-(I
-+3)-D-Man
D-GalpA-( l-4)-D-GalpA-(
I -+6)-Man
D-GalpA-(I +4)-D-GalpA-(I -+2/6)-Manp-( I -+3)-Man
D-GalpA-( 1+4)-r>-GalpA-( 1-+3)-D-Xyi
o-GalpA-( I-+2)-L-Manp6Me-( 1-+a)-D-GalpA-(
I +2)-L_Rha
D-GalpA-(l-+?)-Manp-(l~4)-D-GaIpA-(1+2)-~-Rha
D-GalpA-( l-+2)-r-Rhap-(I
+4)-D-GalpA-(I
dz)-L-Rha
D-GalpA-( i +2)-r-Manp6Me-(I
+4)-D-GalpA
D-GalpA-( I +I)-Manp-(I
+4)-D-GalpA
D-GalpA-(1+2)-r-Manp6Me-(
1+4)-D-GalpA-( 142)-L-Man6Me
D-GalpA-(1-+2)-r-Manp6Me-(1+4)-D-GaIpA-(l+2)-Man
D-GalpA3Me-(I-r2)-r~Manp6Me-(I~4)-D-GalpA-(l-r2)-L-Man6I~e
D-GalpA3Me-(l-2)-rTManp6Me-(l-4)-D-GalpA

1

2
3
-I
5
6
7
8
9
10
11
12
13

__onIy

a single methylation

step could

- ----_-~_--_-be performed.

In both

cases,

re-methylation

causes

substantial
alkaline-induced
degradation
due to the presence of methyl
uronates and/or methy sulphate groups (unpublished
results).
Seqlieflce analysis_ - To gain more insight into the sequence of the various
constituents,
the polysaccharide
was submitted
to graded hydrolysis
with acid.
uranic acid degradation,
or periodate oxidation/partial
hydrolysis with acid. Unless
stated otherwise, the effects of the degradations were determined by methylation
analysis directly or after fractionation
of the degraded material.
(a) Graded /z_&oIysis with acid The native polysaccharide
was treated with
0.1~ trifluoroacetic
acid for 1 h at 55”. After dialysis, the fraction of high molecular
weight was analysed by methylation
analysis (Table II, column D), which showed
that the terminal ribo- and arabino-furanosyl
groups had been removed. Furthermore,
partial desulphation
occurred, Ieading qualitativeIy to the same shifts in the methylation pattern as observed after compIete desulphation
of the carboxyl-reduced
polysaccharide (Table II, column C). The ribosyl and arabinosyl groups may be linked
to O-4 of 2,3-di-0-methylrhamnose
and O-4 of mannose, since comparison of column
D with A and C shows increased amounts of terminal 2,3-di-0-methylrhamnose
and
1,2,3-linked mannose, and decreased amounts of 1,4-linked 2,3-di-0-methylrhamnosc
and 1,2,3,4-linked mannose.
The native polysaccharide
was also partially hydrolysed
with 2~ trifluoroacetic acid for 3 h at 95”. As described earlier3, this procedure yielded a number of
acidic oligosaccharides
(see Table II I).
The carboxyl-reduced
polysaccharide
was partially hydrolysed with 0.5~ HCl
for 2 h at 85”. After dialysis and reduction (NaBH,) of the fraction of high molecular
weight, the resulting material was examined by methylation
analysis, to give the
following data (in molar percentages).
Xylose (9x), galactose (9x), 3-O-methylxylose (3”/*), and mannose and/or glucose* (5%) were found as non-reducing
end*On all stationary

7 3,4,6-Man
phases used, -,

and 2,3,4,6-Glc

have the same retention

time.
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groups; the carboxyl-reduction
of the polysaccharide
was accomplished
with sodium
borohydride, so that the contribution
of the reduced galacturonic
acid to the galactose
content could not be distinguished.
Mannose
(29 %), 6-0-methylmannose
(2 %),
xylose (5%),
and rhamnose
(2%)
occurred
as 1,3-linked
residues_ 1,2,3-Linked
mannose
present

(18 %), 1,3,6-linked
as branching

The occurrence
in combination

mannose

(15 %), and 1,2,3-linked

rhamnose

(3 O/J were

points.
of 1,3-linked

with 1,2,3-

mannose

and 1,3,6-linked

as the main
mannose

mono-substituted

residue

as the main branching-points

indicate a mannan backbone
for the polysaccharide.
The side chains that remain
after the HCl treatment are mainly terminated by xylose or gaiactose.
(b) Urunic acid degradation. The pertrideuteriomethylated,
desulphated
polysaccharide was submitted to uranic acid degradation by the method of Aspinall and
Rosellg. To determine the sites of attachment
of galacturonic
acid and 3-O-methylgalacturonic
acid, the re-methylation
was performed with methyl iodide. Compared
with the methylation analysis data given in Table II, column C, 36% of 2,4-X9 was
converted into 2,3/l-Xyl,
17% of 4-Rha into 2,4-Rha,
and 59 7; of 2,4-Man
into
2,4,6-Man.
These data indicate linkages of uranic acid residues to O-3 of xylose,
O-2 of rhamnose, and O-6 of mannose. The linkages found accord with the oligosaccharide structures l-7 presented in Table III. From the structures 2-4, it is evident
that linkages between uranic acid residues also have to be considered_ Treatment
with base also degraded 27% of the terminal xylose and 44% of 1,2-linked 3-0methylxylose.
Consequently,
some of these residues were attached to uranic acids.
The complete degradation
of 1,2,4-linked
mannose, 6-0-methylmannose,
and rhamnose accords with the oligosaccharide
structures S-13 (Table III), showing their
linkages to O-4 of uranic acid. In addition, 65% of the 1,4-linked 2,3-di-O-methylrhamnose was degraded under the conditions
of the uranic acid degradation.
The
presence
of (1+2)
linkages between the uranic acid and mannose,
6-O-methylmannose, and rhamnose
(5-13) leads ultimately to the expulsion and degradation
of the O-4 substituents
of the last three residues (additional
/?-elimination).
This
feature is responsible
for part of the degradation
of 2,3-di-0-methylrhamnose
(see
below). The degradation of the other part can be explained on the basis of its attachment to O-4 of 3-0-methylgalacturonic
acid (see below).
(c) Periodate oxidation. The desulphated,
carboxyl-reduced
(sodium borodeuteride) polysaccharide
was submitted to periodate oxidation.
After reduction of
the aldehyde groups with sodium borohydride,
an aliquot of the material was pertrideuteriomethylated
and analysed. As is evident from Table II, column E, the periodate-sensitive
sugar residues (shown in column C) were degraded_ However, the
decrease of 1,3,4-linked
galactose-6,6-d?
substance given in Table II, columns B and
tion, the corresponding
galacturonic
acid
polysaccharide.
The remaining part of the degraded
cleave the acetal linkages,

and the products

was unexpected.
If the values for this
C, are mainly the result of undermethylaresidue is 1,4-linked
or terminal in the
material was treated
were reduced

mildly

with sodium

with acid to
borohydride.
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(Table II, column G) revealed rhamnose, xylose, galactose-6,6-cl,,
2,3-di-O-methylrhamnose, and 3-O-methylxylose
as terminal residues. Mannose, rhamnose, xylose,
galactose-6,6-d,,
and 6-0-methylmannose
occur as 1,3-linked
residues. Mannose
and rhamnose are also present as 1,2,3-Iinked branching-points_
ln addition, mannose
is present as a 1,3,6-linked residue and, for a small part, as a I ,2,3,4-linked
residue.
The methylation
analysis data obtained after mild treatment of the carboxylreduced polysaccharide
with hydrochloric
acid, showing the presence of 1,3-linked
mannose
in combination
with the two branching-points
1,2,3- and 1,3,6-linked
mannose, as well as the main terminal units xyIose and galactose, can be reconciled
with the data for fraction G-lOON. In view of the periodate treatment,
both the 1,3linked and terminal galactose-6,6-cl,
residues in G-10011 must be derived from 1,3linked gaiacturonic
acid residues in the native polysaccharide.
From the uranic
acid degradation data (2,4-Man
--, 2,4,6-Man),
it can be concluded that a galacturonit acid residue is attached to O-6 of the 1,3,6-linked rnannose. The quantitative data
(Table II, column G) indicate that - 50 % of the total galactose-6,6-dz
residues are
attached to O-6 of mannose. The remaining part of the galactose-6,6-dz
could be
linked to O-3 of xylose, O-2 of rhamnose, or the galactose-6,6-cl,
residue linked to
O-6 of mannose (see uranic acid degradation).
The linkage to xylose or rhamnose
is unlikely, because these sugars are substituted
by periodate-sensitive
(I ,4-linked)
galacturonic
acid residues (see Table III, acidic oligosaccharides;
quantitative
data
for uranic acid degradation:
and Table IT, columns E, F, and G). Consequently,
the
galactose-6,6-d,
residues, found in fraction G-10011, belong to the sequence Gal-6,6~z-(l-+3)-Gal-6,6-dz-(1+6)-Man
(14). Thus,
1,3-linked
galacturonic
acid in the
native polysaccharide
is exclusively coupled as a di(galactosyluronic
acid) unit to
the mannan backbone
(see graded hydrolysis with acid) rYcrO-6 of the I.3,6-linked
mannose. It must be noted that this conclusion implies that the terminal galacturonic
acid residues of the oligosaccharides
2-11 (Table 111) are not substituted at O-3.
The quantitative
data for the graded hydrolysis with acid indicate that xylose
is attached to mannose.
However, a discrimination
between a (l-2),
(l-,3),
or
(l-+6) linkage is not possible. Since galacturonic
acid is attached to O-6 of mannose,
xylose has to be linked to O-2 or O-3. It cannot be excluded that, in the side chain
linked to O-2 or O-3 of the branched mannose, xylose is preceded by one or more
mannose residues.
Structure 15 represents the average unit of the inner region of the desulphated,
carboxyl-reduced
polysaccharide
after periodate oxidation/partial
hydrolysis with
acid. This proposal fits the data obtained so far, including these for the partially
methylated sugars given in Table II, column G.
Information
about the periphery of the biopolymer was obtained from the
analysis of the Sephadex G-25 fractions It and III. The sugar analysis data are given
in Table IV. It must be noted that 6-U-methylmannose
and mannose occur exclusively
in the L configuration.
The combined
oli,oosaccharide-alditol
fractions
G-2511 and G-25111 were
pertrideuteriomethylated.
Part of this material was hydrolysed and analysed by g.1.c.

116 A. M. J. FICHTINGER-SCHEPMAN,
-

J. P. KABIERLING,

3/2)Man(l~[-,3)Man(l~]n=0,23
213

\

orL-

- -. - means-

(3--i)Gal-6.6-cQ

molar

ratio

< 1

>(213-1)Rhc

3r2

j

i
Rho

J. F. G. VLIEGENTHART

*aa

l)GaI-6.6-d2

1
Rha

C. VERSLUIS,

j

.j
,/

‘/f2I3-l)

r Xyl3Me
I
, y;‘;~

,5

,/

and g.l_c_-m-s., yielding partially trideuteriomethylated
alditol acetates: 2,3,6-Man
(5 %), 2,3-Rha (5 %), 2,6-Ga13Me-6,6-dz
(7 %), 4-Rha2Me3Me
(42 %), Rha2Me3Me

(9%). The other part was studied
(11x),
2,3-Man6Me
(21X), and 3-Man6Me
directly by g.l.c_-m-s. The main peak in the oligosaccharide region of the gas chromatogram gave a mass spectrum with, interalia, fragments at trzjz 5291526 (M - C&OCD,),

431/428 (abcJ,),
371/368-336/333
(bcA,-bcA&
and 158-123 (CA,-CA,). The two series of M -

221 (bcJ,),

192-160

(aA,-aA,),

CD,OCD,,
abcJ,, bcA,, and bcA,
the same intensity pattern, indicate the

fragments differing by 3 m-u., but having
occurrence of the trisaccharide-alditols
DeoxyHex(Me),-HexMe-Tetritol-Z,Z-dz
and
DeoxyHex(Me),-Hex-Tetritol-1,
I-d2 (ratio, 85 : IS)_ The presence of the bcJ, fragment excludes (1+3) linkages between the DeoxyHex(Me),
and the HexMe or Hex
residues”.
On the other hand, the presence of alditol fragments at m/z 50 and 97

is in agreement with (l-+3) linkages between Hexh4e or Hex and Tetritol-l,I-dz.
These results lead to the following structures for the oligosaccharide-alditols:
L-Rhap2Me3Me-(l~4)-L-Manp6Me-(l-,3)-Threitol-I,I-d~
and
L-Rhap2Me3MeThreitol in these structures is derived from
(l-+4)-r_-Manp-(
1+3)-Threitol-Z,Z-d,.
1,4-linked galacturonic acid. Therefore, the oligosaccharide-alditols
correspond with
the oligosaccharide
structures L-Rhap2Me3Me-(l+4)-L-Manp6Me-(
l-+4)-D-GalpA
(16) and x_-Rhap2Me3Me-(l-+4)-r_-Manp-(
1+4)-D-GalpA
(17) in the native polysaccharide. The main g.1.c. peak is preceded by a small one, which has a mass spectrum with, inter alia, signals at mjz 496 (M - CD,OCD,),
398 (abcJ,), 338 (bcA,),
221 (bcJ,), 192-160 (aA,-aA,),
and 158-123 (CA,-CA&
Combination
of the massspectral data and the sugar and methylation analysis leads, as described for 16 and
17, to the oligosaccharide
structure L-Rhap2Me3Me-(
l-*4)-L-Rhap-(144)-D-GalpA
(18) in the native polysaccharide. Based on the data for 6-O-methylmannose,
mannose,
and rhamnose in Table II (columns C, E, F, and G), it can be concluded that these
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18 are

oligosaccharides

1,2,4-linked

in the native

5-13

III)

(Table

polysaccharide.

should also belong

to the

periphery of the biopolymer.
Combination
of the results leads to the conclusion that
S-11 are substituted at 04 of the internal 6-0-methylmannose,
mannose, and rhamnose residues by 2,3-di-0-methylrhamnose
in the native material. This conclusion
is
supported by the data for uranic acid degradation.
Methylation
analysis of the
Sephadex
linked

G-25

fractions

of low molecular

3-0-methylgalactose-6,6-d?

and

weight also shows

1,2,4-linked

the presence

6-0-methylmannose.

of 1,4-

Although

no oligosaccharides
accounting
for these residues were detected by g.l.c.-m-s.,
the
occurrence of oligosaccharides
12 and 13 makes it tempting to suggest that an oligosaccharide of type 19 is present in the native polysaccharide.
r_-Rhap2Me3Me-(l-,4)-o-GalpA3Me-(l

+2)-L-Manp6Me-(
4

l-+4)-D-GalpA

T
L-Rhap2Me3Me
19
CONCLUSIONS

Structure 20, which represents a part of the periphery of the polysaccharide.
accords with the following data. (1) The occurrence
of the partial structures 5-13
and 16-19. (2) The terminal galacturonic
acid residues in the oligosaccharides
5-11
represent 1,4-linked or terminal units in the native polysaccharide
(see Discussion.
G-100 fraction).
(3) The 1,2,4-linked
mannose, 6-0-methylmannose,
and rhamnose
were totally degraded during the uranic acid degradation,
implying their linkage to
uranic acid. (4) The absence of oligosaccharides
analogous to 5, 6, 7, 9, and 11 with
3-0-methylgalacturonic
acid residues instead of galacturonic
acid, and of an oligosaccharide analogous to 12 with mannose as reducing residue in the oligosaccharide
fractions,

isolated

after graded

hydrolysis

3-Man6Me,

3,6-Man,

2,6-Gal3Me-6,6-d?,
(0.5:

with acid3.
and 3-Rha

(5) The molar
as given in Table

proportions
II, column

1.3:0.3:0.2).
D-GalpA3Me-(
4

l-,2)-r_-Manp6Me-(
4

1+4)-D-GalpA-(

l-2)-L-Manp6Me-(l +
4

1

1
L-Rhap2Me3Me

1

+4)-D~GalpA-(l-+2)-~~~(1-4)-D-GalpA-(
I

4
1
1

L-Rhap2Me3Me

1:_riTMe
I

of
B
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Structure 20 is present in the average unit of the polysaccharide
in a molar
This number is deduced from the quantitative data in the methylation
ratio of -0.5
analysis of the carboxyl-reduced
polysaccharide
(Table II, column B). In addition,
the data for uranic acid degradation show that the molar ratio of uranic acid residues
attached to O-2 of 1,2,3-linked
rhamnose in the polysaccharide
is 0.5. The latter
at O-2 with
residue has to be the reducin g rhamnose in structure 20, substituted
periodate-sensitive
(1,4-linked)
galacturonic
acid_ After periodate oxidation/partial
hydrolysis with acid, this 1,2,3-linked rhamnose is converted into a 1,3-linked residue,
which was found to be present in the fraction of high molecular weight, representing
the inner region of the polysaccharide
(15)
The tentative_ partial structure
of the average unit of the polysaccharide
associated with the coccoliths
of the alga Emiliaka hrdeyi (Lohmann)
Kamptner
can be depicted as 211_ This structure is based on the following data and reasoning_
(I) Structure 15, representin, a the average unit of the inner region of the de sulphated.
carboxyl-reduced
polysaccharide
after periodate oxidation/partial
hydrolysis
with
acid (G-100 fraction)_
(2) Structure
20, being present in a molar ratio of -0.5.
(3) Oligosaccharide
2, wherein the periodate-sensitive
(1,Clinked)
galacturonic
acid
is linked to O-6 of mannose. The data for uranic acid degradation indicate the linkage
of galacturonic
acid to O-6 of mannose in a molar ratio of - 1.0. Since a +3)-GalA(I -+3)-GalA-(I+
unit is attached to O-6 of mannose in a molar ratio of -0.7
(see
Table II, columns F and G), the di(galactosyluronic
acid) unit in oligosaccharide
2
is present in the polysaccharide
in a molar ratio of 0.3. (4) The l&linked
galacturonic
acid in oligosaccharide
4 is attached to O-3 of xylose. This 1,3-linked residue in the
polysaccharide
was converted into terminal xylose after periodate oxidation/partial
hydrolysis with acid, and recovered as a constituent
of the inner region of the biopolymer (15).Data for uranic acid degradation show that O-3 of xylose is substituted
with uranic acid in a molar ratio of -0.5.
(5) In the native polysaccharide,
the three
di(galactosyIuronic
acid) chains can be elongated
by terminal
xylose, 1,Ninked
3-O-methylxylose
(degraded
during the uranic acid degradation),
and terminal
galacturonic
acid (Table II, columns B and C). The latter residue is either one of the
terminai galacturonic
acids present in oligosaccharides
2 and 4, or is an additional
unit linked to one of the di(galactosyluronic
acid) chains, to form a tri(galactosyluranic acid) chain in the native polysaccharide.
It has not yet been determined which
substituents
at uranic acid residues are split off under the conditions9
of uranic
acid degradation.
Therefore,
the degradation
of substituents
at O-3 of 1,3-linked
uranic acid residues cannot be excluded under the alkaline conditions used. (6) Ribose
and arabinose,
the Furanosyl end-groups
in the polysaccharide,
are linked to O-4
of 2,3-di-O-methylrhamnose
and O-4 of mannose, as shown by graded hydrolysis
with acid. (7) The presence of ester-bound
sulphate groups linked to C-2 and C-4
of mannose residues in molar ratios of -0-4
and -3.1,
respectively_ Part of the
mannose residues, substituted at C-4 by ester sulphate, are also substituted at O-6
by galacturonic
acid (Table II, columns
sulphate to C-4 of 2,3-di-O-methylrhamnose,

A and C). The linkages of ester-bound
and of ribose or arabinose to O-4 of
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Comparison
of structure 21 with the methylation
analysis data in Table II,
column A, shows that terminal galactose,
1,4-linked glucose, -65 7; of terminal
xylose, 50 o/0 of 1,2-linked 3-0-methylxylose,
terminal 4-0-methylgalactose.
and I ,3linked 6-0-methylmannose
are not included. These residues, except 1,3-linked 6-0methylmannose,
were all degraded during the periodate treatment. Therefore, these
sugars are located at, or near the end of, the various side-chains, or are directly
linked to the mannan core. The small proportion
of 1,3-linked 6-0-methylmannose
is also omitted in 21. This residue belongs to the inner region of the polysaccharide,
because of its presence in the fraction of high molecular weight after graded hydrolysis
with acid, and in the Sephadex G-100 fractions after periodate oxidation/partial
hydrolysis with acid. The 1,2,4-linked 6-0-methylmannose
residues present in the
periphery of the polysaccharide
appeared to be exclusively L. Since part of the 6-0methylmannose
has the D configuration
(Table I), it is tempting to suggest that the
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core.

The non-methylated

must also have the D configuration,

since the small

proportion of L-mannose present in the biopolymer corresponds
with the amount of
1,2,4-linked
L-mannose in the periphery. At least part of the D-mannose residues in
the backbone are (l-3)-r-linked,
as is evident from oligosaccharide
1 in Table III.
The occurrence

of polysaccharides

with linear

(l-3)-linked

D-mannose

back-

bones has been reported “-I
’ _ In the case of the polysaccharide
isolated from the
red seaweed Xmzaliotz ~~ertzzicrrlare’
’ *I’, the (l-+3)-a-linked
mannose backbone
is
substituted at O-2 by xylose and at C-4 or C-6 by sulphate ester groups_ Polysaccharides produced by the basidiomycetous
yeast Trenzellafzrcofornzis’4*’ i and capsular
polysaccharides
From C~-_rptococcrrs’~-~~ are (1+3)-z-D-mannans
substituted at O-2
by a-D-glucuronic
acid, B-D-xylose, or short chains of (l-2)-linked
/.I-D-xylose_ In
addition they can contain O-acetyl groups, L-fucose residues”,
D-xylose /J-linked
to O-4 of a backbone
residue”,
and D-mannose attached to O-3 of a mannosyl
residue in the core’j.
The proposed structure 21 for the polysaccharide
associated
with the coccoliths
of Enziliatzia/zzrxleJibears some resemblance
to the foregoing
structures by the presence of a mannan backbone.
However, this algal polysaccharide
is much more complex_ To achieve a complete elucidation of its structure, much more
material is required.
EXPERIMENTAL

General merhods. -

G.1.c. of partially

methylated

alditol

acetates

was carried

out at 170” on a Varian 3700 apparatus with a glass column (2.00 m x 2.0 mm i-d.),
packed with 3% of ECNSS-M
on Chromosorb
W-AW HMDS (SO-100 mesh); and
at 190” on a Pye 104 instrument using a glass column of rhe same size, packed with
3% of OV-225 on Chromosorb
W HP (100-120
mesh). In both cases, the nitrogen
flow-rate was 20 ml/min. G.1.c. of the partially methylated alditol acetates was performed at ISO” on a Varian Aerograph
2740-30-01
with a glass-capillary
column
(25 m x 0.26 mm i-d.) wall-coated

with SP-1000

(LKB-Produkter).

nitrogen flow-rate was 1 ml/min, and the make-up nitrogen
instruments were equipped with flame-ionisation
detectors.

flow-rate

The carrier-gas
30 ml/min. The

G.l.c.-m-s.
was performed
with a combined
Hewlett-Packard
5710A gas
chromatograph/Jeol
JMS-D300
mass
spectrometer/Jeol
JMA-2000
mass-data
analysis system, using 3 o/Dof OV-225 as stationary phase, as described earlier3.
Isolatiotz of tlzepolysacclzaride. - This procedure has been reported’*‘.
Szrgar analysis. - Carbohydrate
material was analysed by g.1.c. (-m-s.) after
hydrolysis and/or methanolysis2,
and sometimes after butanolysis4.
Met/z_vIatiotzaizalwis. - The native and modified biopolymers,
as well as the
oligosaccharide-alditols,
were methylated with methylsulphinylmethanide-trideuteriomethyl iodide in methyl sulphoxide according
to Hakomori5.
The pertrideuteriomethylated
oligosaccharide-alditols
were analysed
as described
before3.
Unless
reported otherwise, the pertrideuteriomethylated
polymers were recovered by dialysis
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(running tap water, 24 h; distilled water, 3 h) and lyophilisation.
After hydrolysis
[90 oAformic acid (1 h), followed by 0.13~ sulphuric acid (16 h) at IOO”] and derivatisation, the corresponding
alditol acetates were analysed by g.1.c. and g.l.c.-m.s.6.
Carbosyf reduction. - The carboxyl functions of the uranic acids in the native
polysaccharide
were reduced with sodium borohydride
or borodeuteride
according
to Taylor and Conrad7: to obtain complete reduction, the procedure was performed
twice.
polysaccharide
was desulphated by a
Desrrlpltation. - The (carboxyl-reduced)
modification
of the procedure of Nagasawa’: the pyridinium salt of the biopolymer
was dissolved in methyl sulphoxide containing 7.5 oA of methanol and 2.5 “/, of water
(2 mg/ml) and kept for 7 h at 100”. To remove organic solvents, the material was
dialysed and subsequently lyophilised.
Graded, acid IzydrofJsis. (a) The native polysaccharide
(4 mg) was treated
with 4 ml of 0. lar trifluoroacetic
acid for 1 h at S5 O. After dialysis and lyophilisation,
the partially degraded polymer was subjected to methylation analysis.
(6) Carboxyl-reduced
polysaccharide
(4 mg) was treated with 4 ml of 0.5~1
HCl for 2 h at 85”. After dialysis and freeze-drying,
the fraction of high molecular
weight was reduced with 15 mg of sodium borohydride
in 3 ml of water for 20 h at
room temperature.
The excess of borohydride
was decomposed with Dowex SOW-XS
(HC) resin, and boric acid was removed by co-evaporation
with methanol. The
resulting material was subjected to methylation analysis.
(Ironic acid degradationg. The desulphated
polysaccharide
(3.2 mg) was
treated with 25 mg of sodium borohydride
in 4 ml of water for 2 h (reduction of
reducing monosaccharide
residues). The excess of borohydride
was decomposed and
removed as methyl borate. The residue was pertrideuteriomethylated,
and the methylated material was recovered by dialysis and lyophilisation.
Subsequently,
the pertrideuteriomethylated,
desulphated
polysaccharide
was kept overnight
at room
temperature
in 0.67&1 methylsulphinylmethanide
in methyl sulphoxide
(3 ml) containing 0.1 ml of 2,2-dimethoxypropane
and 1 mg of toluene-p-sulphonic
acid. To
the latter solution was added 1 ml of methyl iodide. After 1 h of sonication,
the
excess of methyl iodide was evaporated.
The final material, obtained via chloroform
extraction,
was analysed by g.1.c. and g.l.c.-m-s. after hydrolysis [go”/” formic acid
followed by 0.13~ sulphuric acid) and conversion into alditol acetates6.
Periodate oxidation. A solution of 32.5 mg of desulphated, carboxyl-reduced
polysaccharide
in 32 ml of 0.1~ sodium acetate buffer (pH 3.9) containing 0.05~1
sodium metaperiodate
was kept for 5 days at 6” in the dark. The excess of periodate
was reduced by addition of 1.5 ml of ethylene glycol. After 2 h at room temperature,
the oxidised polymer was dialysed against distilled water (24 h). The solution was
concentrated
to 5 ml and treated with 60 mg of sodium borohydride
for 18 h at room
temperature.
After decomposition
of the excess of borohydride
and removal of boric
acid as described above, an aliquot was used for methylation analysis.
The acetal linkages in the remaining material were cleaved by treatment with
90% formic acid for 1 h at 40” (1 mg/ml). After evaporation
of the formic acid,
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was added to the residue in 5 ml of water (18 h, room

temperature)_ The excess of borohydride

was eliminated

yield of the periodate-oxidised,

acetal-cleaved

was submitted

analysis,

to methylation

as described

above. The total

material was 24 mg. Part of the material

and the methylated

via chloroform
extraction.
The remaining material (21.5 mg) was dissolved

product

was recovered

in I ml of water, and fraction-

ated on a column (39.0 x 2.2 cm) of Sephadex G-25 (superfine). The column was
eluted with water at a flow rate of 42 ml/h. Fractions were analysed for carbohydrate
by the phenol-sulphuric
acid test”.
The fraction of high molecular weight (9 mg) was eluted from a column (41.0 x
2.2 cm) of Sephadex G-100 (superfine) with water at a flow rate of 8 ml/h_ The G-100
fraction of high molecular weight was analysed after pertrideuteriomethylation,
chloroform
extraction, and derivatisation to alditol acetates_ The oligosaccharide-

alditols

of the G-25 fractionation

were analysed

as described

before3.
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