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ABSTRACT

The gum polysaccharide of Acacia senegal, the main source of gum arabic,
has been re-examined by means of two series of sequential Smith degradations, one
starting with the whole polysaccharide, the other with a product from which all
acid-labile side-chains had been removed by prior partial hydrolysis. Investigation,
mainly by methylation analysis and estimation of molecular weight, of the products
obtained at each stage of these two series of degradations, both of which ultimately
yielded small galactans that appeared to be identical, has afforded evidence for the
presence in the polysaccharide chain of uniform blocks of (1—3)-linked D-galac-
topyranosyl residues; these blocks are comparable in size to those postulated for
many arabinogalactans of simpler structure. Some amplification of the structural
model proposed for this polysaccharide by earlier workers is possible in the light of
these new data.

INTRODUCTION

From studies involving sequential Smith degradations’, a large body of evi-
dence has been accumulated for the presence of rcgularly repeating, uniform
blocks of (1—3)-linked D-galactopyranosyl residues in the skeletal chains of
arabinogalactans from the gum exudates of a number of Acacia species® 5, some
Prosopis gums®, and arabinogalactans from other sources, such as larch
heartwood!®!! and rapeseed'?. The Acacia gums examined to date have been those
from species included in Series 1 (Phyllodineae)®*®® or Series 2 (Bot-
ryocephalae)?* of the standard classification of the genus by Bentham'?. In exten-
sion of the scope of this investigation, gum polysaccharides from Series 4 (Gum-
miferae) and 5 (Vulgares) are currently under examination; these have, in general,
higher average molecular weight and greater complexity of molecular structure
than those from the lower Series!*.

*Present address: Department of Clinical Science and Immunology, University of Cape Town. South
Africa.
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The gum exudate from Acacia senegal (Series 5). the major source of the
commercially important gum arabic. has been extensively investigated by other
workers'®?% and a model representing a possible structural fragment. based on a
study that included a series of seven successive Smith degradations, has been pro-
posed by D. M. W. Anderson ez al.”". This suggested a highly complex molecule,
and there was no mmdication from the data then available of any uniformity in the
galactan core or whether the structural model proposed could be reparded as repre-
senting a regularly repeating sub-unit in the polysaccharide. However, it was con-
ceded by these authors™ that it was unlikely that complete redction had been
achieved at every stage in the stepwise Smith degradation scheme ., and detailed 1n-
vestigation of this degradation procedure in our laboratory™" has confirmed that.
under the conditions used by Anderson er al.”". cleavage of acetal imkages in the
reduced, oxidized polysaccharide wus, indced, probably incomplete

Tt was therefore decided to re-examine A. senegal/ gum by the modified
Smith-degradation procedure. monitored by molecular-weight distribution analysis
during the crucial, mild-hvdrolysis step. that has been adopted by the present au-
thors®. This technique has been applied both to the whole polysaccharide and to a
sample from which acid-labile side-chains had been removed by partial hydrolysis
with acid, with the objectives of gaining further information about the galactan
core and ascertaining the probability of the occurrence of regularly repeating sub-
units in the molecule

EXPERIMENTAL

Purification of gum sample. — The sample uscd, collected in Kordotan Pro-
vince. Sudan, was donated by courtesy of Foskor. Ltd, Phalaborwa. Transsyaal,
South Africa. The gum polysaccharide, isolated by precipitation with ethanol (4
vol.) from a filtered. aqueous solution (59 w/v) of the crude gum (31 g), was
purified by dialysis. and the product (23 g) was recovered by freeze-drying.

General experimental conditions. — The solvent svstems used in paper chro-
matography were (v/iv): A, 8:2:1 ethyl acetate—pyridine-water; B. 4 1:5 (upper
phase) I-butanol—ethanol—water: and C, 2:1:1 1-butanol-acetic acid—w ater. Sugars
and polyols were detected in p.c. by use of the p-anisidine hydrochlornde and am-
moniacal silver nitrate spray-reagents. The proportions of neutral sugars, and of
uronic acid, constituting the gum polysaccharide and products of degradation were
determined as previously described®’. In methylation analysis. permethylation by
the Hakomori method™-"" was followed by hydrolysis with 2M trifluoroacetic acid
for 18 h at 100° under nitrogen in a sealed tube. and g.l.c. analysis of the resulting
mixture of methylated sugars, as the alditol acetate derivatives™' |, on 3¢ of OV-225
on Chromosorb W-HP (80-100 mesh) at 170°. Basc degradation of a sample of the
methylated polysaccharide was performed as already desribed .

Estimation of molecular weights. — Values of the average molecular weight
(M..) of the whole polysaccharide, the partially hydrolyzed polysaccharide. and the
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TABLET

SALIENT FEATURES OF SEQUENCES OF SMITH DEGRADATIONS PERFORMED ON A. senegal GUM POLYSAC-
CHARIDE AND ONPARTIALLY HYDROLYZED POLYSACCHARIDF

Starting material

Whole polysaccharide Hydrolyzed

—  — ——— —— T —— —— -~  polysaccharide

Smith degradation

) 2 3 4 i 2
Mass of sample (g) 5 0.57 0.10 0.018 1 0.06
Duration of oxidation® (h)? 117(48)  50(24) 72(48) 72 92(48) 70
Yield of reduced, oxidized
polysaccharide (g) 11 0.32 0.04 0.011 0.60 0.039
Duration of treatment with
acid® (h)? 96(72) 48(24) 72(48) 48 96(72) 96
Yields of fractions (g}
Insoluble 0.70°  0.13¢  0.028  0.006/ 020/ 0.022f

Soluble 0.20° 0.076° 0.008  0.00 034 0.006"

“In 0.12M NalO,. “In parentheses, time after which no further 107 was consumed. ‘M Trifluoroacetic
acid at room temperature (22°). “In parentheses, time after which no further change in molecular-
weight distribution was observed. “On fractionation in 1:1 (v/v) methanol-acetone. fOn fractionation in
1:2 (v/v) methanol-acetone.

products of Smith degradation of each were estimated by steric-exclusion chro-
matography (in earlier papers, the term gel-permeation chromatography had been
used for this procedure, but “steric-exclusion chromatography” is now generally
preferred®?) on Sepharose 4B, Bio-Gel P-300, or Bio-Gel P-10, as appropriate,
with M sodium chloride as the eluant, as previously described®®. Some of these
molecular weights were also estimated from the sedimentation and diffusion
cocfficients of the polysaccharides in 0.2M sodium chloride, determined by courtesy
of Dr. A. Polson (Department of Biochemistry, University of Stellenbosch, South
Africa) by methods described earlier®*.

Further evidence regarding the molecular weight of the structurally signifi-
cant fragment obtained after one Smith degradation of the partially hydrolyzed
polysaccharide was obtained, by courtesy of Dr. A. Dell (Department of
Biochemistry, Imperial College of Science and Technology, London, U.K.), by
fast-atom bombardment (f.a.b.)-mass spectrometry of the peracetylated derivative
in an instrument fitted with a high-field magnet3°,

Partial hydrolysis of gum polysaccharide with acid. — A sample (10 g) of the
purified polysaccharide was heated in 25mM sulfuric acid (100 mL) for 12 h at 100°,
the course of hydrolysis being monitored polarimetrically: the specific rotation, ini-
tially —26°, became positive after hydrolysis had proceeded for § h, and reached its
equilibrium value of +38° after 9 h. The acid was neutralized (BaCQ3;), and the de-
graded polysaccharide was recovered from the centrifugate by precipitation with
ethanol (4 vol.). The precipitate was redissolved in water, and the solution was
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hydrolvsis i first Smuth degradanon of whole polvsacchande trom 4 wenrgal gum

freeze-dried, to yield polysaccharide A. which was found to contain residues of D-
galactose and uronic acid only. A portion of the centrifugate was conventrated, and
examined by p.c. (solvents A1 and )z 1-arabinosce was the major compencent. with
t-rhamnose and neutrat disaccharides present i small proportions. but no {rec o-
galactosc or aldobiouronic acids were detected.

Swmith degradation of whole polvsaccharide and polysaccharide A - A series
of four successive Smith degradations was performed with the whole polysac-
charide as starting material. whereuas polysacchartde A was subminted o fwo se-
quential Smith degradations. The experimental conditions are ~ununatized in
Table 1. In the first Smith degradation in each case, the consumption ot periodate

was monitored by the standard, arsenite method ' thercafier. itus 1echnigue was
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Fig. 2. Chromatography on Bio-Gel P-10 column (52 X 1.5 cm) of samples removed during mild, acid

hydrolysis in third Smith degradation of A. senegal gum polysaccharide. Lower curve was given by both
SD3 and SD1A.

modified by the use of graduated syringes to permit titration of small aliquots (100
uL, or less), as reported previously’!?. Reduction of the oxidized, whole polysac-
charide with sodium borohydride was terminated by addition of cation-exchange
resin (H™ form), but, in all other instances, this was achieved by acidification of the
solution with acetic acid, which was then removed, as fast as possible, by freeze-
drying. In most of these Smith degradations, hydrolysis of the reduced, oxidized
material with acid at room temperature was monitored by steric-exclusion chro-
matography of samples removed at intervals (see, for example, Figs. 1 and 2), and
the treatment with acid was continued for 24 h after the final distribution of
molecular weight had been reached.

After removal of the acid by frceze-drying, fractionation as indicated in
Table T gave the products SD1-SD4 (from the whole polysaccharide) and SD1A
and SD2A (from polysaccharide A), together with soluble syrups that were found
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(p.c.. solvents A and B) to consist mainly of glycerol. Only in the first Smith degra-
dation of the whole polysaccharide was any sugar detected in the soluble fraction:
in this experiment, arabinosc (~10%. by weight. of the soluble fraction} was found
to have been released.

RESULTS AND DISCUSSION

The analytical data for the sample of A. seregal gum usced (see Table I1) are
comparable with those published by D. M. W. Anderson and co-workers' ™23,
The wide variation in the valucs of M,, as determined by the two different methods
is indicative of a broad distribution of molecular weights among the polysaccharide
components of this gum (suggested also by the behavior of the gum on ultracen-
trifugation). This polymolecularity had been noted by Anderson er ul. 'V 7%, who
observed considerabie differences in M, among samples of the gum from different
sources®®, The value of 560.000 given by steric-exclusion chromatography in the
present work is, however, close to that caleulated from light-scattering experiments
by Anderson er al.>! (580.000). which was considered™ (o be u fairly representative
value for this gum.

TABLE NI

ANALYTICAl DATA FOR WHOLE POL ¥ SACCHARIDE FROM A cacia .i(’tlc‘gll’ GUM AND FOR POLYSACCHARIDE A

Whole polvsaccharule Polysaccharide A
{a}n (degrees) -26 -7
M., 560,000 260, 0007
330,000" 200.000¢
Periodate consumption (mmol.g~') 57 67
Equivalent weight 1430 340
Hence, uronic acid (mol S ) 12 20
Proportions of neutral sugars (mol ¢}
Galactose 44 79
Arabinose 38 e
Rhamnose 9 4
Merhylatnon analysis
Proportionst of methylated sugars? (mol %)
2.34-Rha 9] -
2.3,5-Ara 17 --
Ara 18 -
,3.4.6-Cal 12 Bl
2,4,6-Gal trace 17
2.34-Gal — )
2.4-Gal 20 23
2-Gal 12 -

“Sepharose 4B. “From sedimentation and diffusion coefficients. ‘Proportions adjusted to allow far
uronic acid content “Identities of methyl ethers venitied by mass spectrometry
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The degraded polysaccharide (A) obtained after partial hydrolysis of the gum
with acid was found on analysis (see Table II) to be similar in some respects, al-
though not in others, to the product isolated by Anderson and Stoddart!®?? after
autohydrolysis of A. senegal gum at pH 2.8 for 50 h. The most striking difference
lies in the values found for the molecular-weight averages: the degraded polysac-
charide prepared by Anderson and Stoddart was reported to have M,, 4800 (ac-
cording to end-group analysis by the periodate method), whereas, in the present
work, neither steric-exclusion chromatography nor ultracentrifugation indicated
the presence, in any appreciable proportion, of fragments as small as this. The two
samples are similar in uronic acid content, but the persistence of a small proportion
of L-arabinosyl residues in the polysaccharide molecule after autohydrolysis, re-
ported by the earlier workers'®?’, was not observed with polysaccharide A. Except
in this respect, the two samples gave similar results on methylation analysis, with
2,4,6- and 2.3,4-tri- and 2,4-di-O-methyl-D-galactose constituting major compo-
nents of the mixture of methylated sugars obtained on hydrolysis of both of the per-
methylated polysaccharides. Paper chromatography (solvent C) of a hydrolyzate of
polysaccharide A indicated the presence of the same two aldabiouronic acids, viz.,
6-O-(B-D-glucopyranosyluronic acid)-D-galactose (major component) and 6-O-(4-
O-methyl-B-D-glucopyranosyluronic acid)-D-galactose (trace), as were yielded by
the autohydrolyzed gum sample'®.

The attachment of the D-glucosyluronic acid groups to O-6 of D-galactosyl re-
sidues in A. senegal gum was further indicated by degradation of a sample of the
permethylated derivative of the whole polysaccharide with sodium methylsulfinyl-
methanide®”-**. As reported by Aspinall and Rosell®®, the removal of uronic acid
residues by this means results in an increase in the proportion of galactosyl O-6
atoms available for substitution. The appearance of 2,6-di-O-methyl-D-galactose in
the products of hydrolysis of the remethylated, base-degraded polysaccharide, ac-
companied by disappearance of 2-O-methyl-D-galactose and an increase in the
proportion of 2,4,6-tri-O-methyl-D-galactose, was noted. The loss of all of the
2,3,4-tri-O-methyl-L-rthamnose from the permethylated polysaccharide after base
degradation is consistent with the attachment of (terminal) L-rhamnosyl groups to
0-4 of D-glucuronic acid in the gum polysaccharide, as shown by Aspinall et
al 1738,

It is only in the molecular size and composition of the products obtained after
successive Smith degradations of the gum polysaccharide that the results of the pre-
sent investigation differ radically from those of earlier workers. After a Smith-de-
gradation procedure in which mild hydrolysis of the reduced, oxidized polysac-
charide was allowed to proceed for only 48 h, Anderson and co-workers?®* ob-
tained a product having [a]s —28°, M, ~96,000 (according to steric-exclusion
chromatography), and containing some uronic acid (4%) in addition to D-galac-
tosyl (69%) and L-arabinosyl (27%) residues. The analytical data for the SD1 prod-
uct in the present work (see Table I1I) show major differences, notably in the posi-
tive specific rotation and the much lower value of M,,, and in the absence of uronic
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acid restdues in the degraded polysaccharide. The M, of 8Dt was venfied by the
sedimentation-diffusion method, which gave & value deviaung by only 20/ from
that estimated from steric-exclusion chromatography. It is ovident (sce Fig. 1} that
degradation is not complete when the wcd treatment of the reduced, oxidized
polvsaccharide has procecded for only 48 h. The final molecular-weight distribu-
tion was observed after mild hydrolysis with acid had been continued tor 72 he the
gel-chromatogram indicated the presence of two components. one having approxi-
mately twice the molecular weight of the other, 1in equal proportions by weight. so
that the molar ratio uf the farger to the smaller was 120 The pattern obtained on
ultracentrifugation conlirmed that SID1 was not monodisporse {t must be noted
that the release of some arabimose. as such, show s that o tew -arabineturanosidie
linkages were broken in the acid-hvdrolysis step to vield ST exposing nterior
sugar residues in the process. with consequences observed at Tater stages of Smuth
degradation

'he product, SD2. of the second Smith degradation in this series was also
found to contain more than one component: chromatography again mdwcated the
presence of two, cach approximately half the <size of o component of SPYL the
molar ratio remainimg at 1 20 The third Smith degradanon, in contrast, gave a
product (SID3) that appeared 1o be maonodisperse (see Furo 2) and was of muach
lower molecular weight, this bemng conastent with cleavage ol several residues
the main <keletal vhain
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TABLEIV

ANALYTICAL DATA FOR SMITH-BDEGRADATION PRODUCTS SD1A AND SD2A FROM POLYSACCHARIDE A

SDIA SD2A
{or]p (degrees) +26 +30
Moleccular weight 2000 13004
25007
21997
Periodate consumption (mmol.g™ ") 2.8
Methylation analysis?
2,3.4,6-Gal 16 22
2.4.6-Gal 66

2.4-Gal 18 n

“Bio-Gel P-10; single, sharp peak. ®From sedimentation and diffusion coefficients; sharp peak observed
on ultracentrifugation. “Calculated from m/z value for molecular ion of peracetylated derivative (f.a.b.—
m.s.}. “Molar proportions of methylated sugars; identity verified by mass spectrometry.

That SD3 may be a fragment representative of a repeating block in the galac-
tan core of the A. senegal gum polysaccharide is strongly suggested by the fact that
polysaccharide A yields, atter only one Smith degradation, a product (SD1A) that
is closely similar to SD3 (c¢f., Tables TIT and I'V). Because, in polysaccharide A,
most of the side chains attached to the galactan core in the whole polysaccharide
have been removed by partial acid-hydrolysis. and the acid-resistant aldobiouronic
acid groups remaining will be destroyed by Smith degradation, it is to be expected
that the galactan core will be exposed more easily by this route.

The product, SD1A, which. like SD3, gives a single, sharp peak at molccular
weight ~2000, has also been examined by other methods of molecular-size estima-
tion. The monodispersity indicated by the superposable peaks obtained on re-chro-
matography of fractions corresponding to the leading and trailing edges of the gel
chromatogram (see Fig. 2) has been verified by ultracentrifugation: usc of a syn-
thetic-boundary cell permitted the visibilization of the sedimentation pattern,
which showed a sharp peak even after sedimentation (at 58,000 r.p.m.) for 96 min.
The value given for the molecular weight of SD1A by calculation from thc
measured values of its sedimentation and ditfusion coefficients is 2500, so that the
mean of this and the value from steric-exclusion chromatography is 2250, close to
that expected for a molecule containing 13 D-galactopyranosyl residucs, with a
glycerolyl end-group at the originally reducing end. The presence of such a
molecule was also indicated by f.a.b.—mass spectrometry (sce Table IV).

The results of methylation analyses of the products SD3 and SD1A showed
that both are composed very largely of (1-»3)-linked D-galactopyranosyl residues.
These data and the amounts of periodate consumed by the two galactans indicated
the presence of branches attached to two of thesc residucs. so that further Smith
degradation should result in the loss of three end-groups. The decrease in moiecu-
lar weight is consistent with this concept. Methylation analysis of the products SD4



276 S ¢ CHURMS E It MFRRIFIELD ., A M STEPHEN

and SD2A ., which appear to be identical (¢f.. Tables IIT and TV), suggests that only
one of these branches 1in SD3 and SD 1A survives Smith degradation.

Conclusions regarding the molecular sizes of the products of Smith degrada-
tion of the gum polysaccharide and its partially hydrolyzed derivative are sum-
marized in Scheme i. The mamn conclusions that may be drawn from the results
presented here are as follows.

Molecular weight
of block WHOLE POLYSACCHARIDE partial,

acid hvdrolysis

]000 560,000
Smith
\l, degradation A
5000 (in A) 260,000
SD1
4200 67.000, 32,000 Smuth
{rotar ratio 1 2) depradation
Smith
ldugladalmn
sSD2
3000 30,000, 16,000
(molarratio t 2)
Smith
l de gradauion Y
SD3 SbrAa
2000 2000 200
Snuth Stnth
degradation \L degradation
sS4 SP2A
1300 LS00

Scheme | Chart showing malccular-weight values for polysaccharides and products of degradation. :
described m the text.

7

() The molecular structure of the A. senegal gum polysaccharide. although
complex, appears to have a higher degree of regularity than could be concluded
from previous work®”. The molecular weight of the apparently monodisperse prod-
ucts SD3 and SD1A suggests that the galactan core of this polysaccharide consists
of regularly repeating blocks, cach containing —13 D-galactopyvranosyl residues. a
size postulated for such structural units in a number of other arabinogalactans of
somcwhat simpler structure?- 7100127

(if) From the molecular weight of SD3 and the proportion of periodate-vul-
nerable sugars in SD2 (35% . from methylation analysis). the molecular weight of
the repeating block in the latter may be estimated at ~3000, and a similar calcula-
tion. based on the methylation analysis of SD1 (299 periodate-vulnerable sugars).
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predicts a value of ~4200 for the molecular weight of the blocks in that polysac-
charide. The repeating sub-unit in the molecular structure of the whole polysac-
charide (from which 50% of the constituent residues will be removed by the first
Smith degradation) will thus have a molecular weight of ~8000. By way of com-
parison, the structural fragment suggested?’ as a possibility for A. senegal gum
would have a molecular weight closc to this value.

(iif) The observed value of M,, for the intact polysaccharide suggests that
each molecule contains, on average, 64 of these sub-units; these are separated from
one another by sugar residues so linked that they become vulnerable to attack by
periodate after removal of protecting branches, either by partial acid-hydrolysis or
by Smith degradation. In the former case (polysaccharide A), the blocks (molecu-
lar weight ~5000 after removal of acid-labile residues) were completely scparated
after only one Smith degradation, which removed all periodate-vulnerable sugars
(60% of total; see Table II). Complete division of the galactan core into uniform,
small fragments required three Smith degradations of the whole polysaccharide,
but some clcavage of residues in the main skeletal chain during the first Smith de-
gradation was evident from the tenfold decrease in M,, that resulted. The presence
in SD1 of two polysaccharide components, having molecular weights of 67,000
(corresponding to 16 of the blocks having molecular weight 4200) and 32,000 (8
blocks), in the molar ratio of 1:2, indicates that periodate-vulnerable residues that
are not protected by branching occur at intervals of 16 blocks in two instances, and
of 8 blocks in four, in the galactan core of the intact polysaccharide. This is evi-
dently another aspect in which the molecular structure is remarkably regular: a
more random distribution of such periodate-vulncrable residues would have re-
sulted in greater polymolecularity in SD1. The larger (L) and smaller (S) per-
iodate-resistant sections of the molecule may be organized in a number of different
ways, including 5 that confer symmetry, as indicated next. I, S L S SL §;
I,SSLSSL;III,LSSLSS;IV.LSSSSL; V,SSLLSS, where L = agroup
of 16 sub-units, and S = a group of 8 sub-units. Each sub-unit has a molecular
weight of ~8000.

(iv) The two polysaccharide components of SD2 respectively appear to con-
tain 8 and 4 of the blocks that constitute the degraded polysaccharide at this stage.
The molar ratio remains 1:2, which suggests that each is derived from a component
of SD1 by cleavage of a residue in the middle of the molecule. These particular re-
sidues evidently lose their protecting branches during the first Smith degradation:
this may indicate that these are shorter than other protecting branches, or it may
be a consequence of the cleavage of some L-arabinofuranosidic linkages during the
extended period of exposure to acid that was necessary in order to ensure complete
hydrolysis of acetal linkages in that degradation process.

The size of the fragment represented by SD3 and SDIA suggests that the
galactan core of this repeating sub-unit in the A. senegal gum polysaccharide con-
tains more (1—3)-linked D-galactopyranosyl residues than postulated by Anderson
et al.?? in their structural model. The present results corroborate the suggested oc-
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currence, in the gatactan core. of one long branch mn cach sub-unit. evidence for
this being afforded by the methylation analyses of SD4 and SD2A whieh indicate
the survival of one branch-point even at this stage. when all side-chams attached to
the galactan core have been removed. A< stated by Anderson ef of ™ 1he Tow vis-
cosity of solutions of .4 senegal gum, as compared to those of solutons of equal
concentration containing polysaccharides having similac A1, but substantialhy hnear
structures. is also commensurate with o galactan core branched in this munme
Whether the sub-umts are joined to one another inearly, to torm a “hackbone™ to
the polysaccharide. or are rundomly disposcd, remarns u nmatter for conjecture

What has emerged with ~some clarity from the present =tudy s the strong evi-
dence for the occurrence of urmtorm sub-umts in the molecular structure of the AL
senegal gum polvsaccharide. The presence of sub-units having o moleadar weight
of —~8000 has also bren postulated tor some of the simpler polssacchuandes. ot
lower M, . found n the gum exudates trom Acacia species of the Benthum Series
L.such as AL mahellae’ and A ompleva”. That the gum polysacchunde of AL senegal
(Series 5) appears to resembic, i this respect, these polvsaccharides from a lower
Scerics serves ta emphasize the mereasing body ot evidence tavoring the concept
that any arabinogalactan of this general tvpeirrespective of s molecular comples-
ity can be regarded as being composed ot uniform sub-units,
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