Phytochemistry, 1965, Vol. 4, pp. 751 to 757. Pergamon Press Ltd. Printed in England

THE BIOSYNTHESIS OF POLYSACCHARIDES*
4, PLUM LEAF CELLULOSE
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Abstract—Detached plum tree spurs were allowed to take up and metabolize 14C0O,, D-glucose-1-14C,

6-14C and p-glucuronic acid-6-14C for various periods of time. Incorporation of 14C from 14CO, into cellulose
continued for at least 40 hr after the supply of isotope to the leaves had ceased. The labelling patterns in
D-glucosyl units constituting the cellulose after incorporation of labelled glucoses suggest that units for cel-
lulose synthesis originate from two distinct sources within the leaf, and a structural basis for the location of these
sources is proposed. The labelling pattern in p-glucosyl units of cellulose following incorporation of labelled
p-glucuronic acid indicates that 14CO, arising from decarboxylation of the glucuronate is re-incorporated into
hexose within the Jeaf. The results further suggest that transfer of labelled precursor of high specific activity
to the pool providing for cellulose synthesis occurs for only a brief period following the incorporation of
labelled compounds by the leaves, so that the precursor’s labelling pattern at this time is effectively trapped by
its mixing with precursor already in the pool.

INTRODUCTION

A sTUDY of the incorporation of 14C from 4CO,, D-glucose-1-1C and D-glucose-6-14C into
the polysaccharides of plum leaves!.2 has indicated the existence in the leaves of specific
interrelationships between the polysaccharides and precursor pools, rather than a situation
in which polysaccharide synthesis draws on a common supply of precursor monosaccharides.
These previous investigations were concerned mainly with starch, pectin and hemicellulose
polysaccharides, although the labelling in D-glucosyl units of cellulose following incorporation
of the labelled glucoses was also determined.? To obtain more information on cellulose bio-
synthesis in the leaves, cellulose-containing leaf fractions from the 4CO, incorporation
experiments, from further experiments involving incorporation of labelled glucose, and from
experiments involving the incorporation of D-glucuronic acid-6-14C by plum leaves? have
now been examined.

RESULTS AND DISCUSSION

In experiments involving the incorporation of !4CO,, plum leaves were allowed to
photosynthesize initially in the presence of 14CO,, and then in those experiments of more than
6 hr duration in a normal atmosphere, for total periods ranging from 1-5 to 48 hr. (cf.}).
Cellulose was isolated from the leaves, hydrolysed, the resultant D-glucose was purified, and

* For part 3 see Ref, 2.
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its specific activity determined.? From these results and a knowledge of the specific activity
of the 14CO, supplied to the leaves, the proportion of carbon in the cellulose which originated
from the 14CO, was calculated. The extent of incorporation of *4C into cellulose was pro-
portional to the period of photosynthesis up to about 24 hr, after which it increased even
further but at a slower rate (Fig. 1), although the intake of 14CO, by the leaves had ceased
after 6 hr (cf. 1). These results contrast with those obtained for the constituent monosac-
charides (p-glucose, D-galactose, L-thamnose, L-arabinose, D-xylose) of the water-soluble
and alkali-soluble leaf polysaccharides, whose specific activities reached maximum values
after about 15 hr photosynthesis and then declined.*
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FiG. 1. INCORPORATION OF 14C INTO PLUM LEAF CELLULOSE FOLLOWING PHOTOSYNTHESIS BY THE LEAVES
N 34CO,.

The results may refiect differences both in the turnover rates of precursor pools for syn-
thesis of cellulose and of the other polysaccharides, and in the metabolic activity of the poly-
saccharides themselves. The experiments involved the assimilation of large amounts?! of
catbon dioxide by the leaves during several hours, so that the precursor pools were presum-
ably heavily labelled. If the pool for cellulose synthesis is large but is drawn on only slowly,
and replenished with material which for a while is still quite heavily labelled because of the
amount of isotope in other metabolic pools in the leaf, net incorporation of isotope into
cellulose could well continue steadily for a long period, especially if simultaneous breakdown
of the cellulose does not occur. On the other hand, if the precursor pools for other poly-
saccharides are smaller, and they are drawn on more rapidly, then the diminishing specific
activity of material with which they are replenished will soon affect labelling in newly syn-
4P, ANDREws, Unpublished work,



‘The biosynthesis of polysaccharides—IV 753

thesized polysaccharide, If the degradation of the polysaccharides also occurs, the contrast
with cellulose will be further enhanced. Although our results are insufficient to show whether
or not the 14C wasirreversibly incorporated into cellulose, this is clearly a possibility. Margerie
and Lenvel S adduced evidence against the biologically inert nature of cellulose in the root tips
of germinating wheat, by showing a continual exchange of radioactivity between this cellulose
and alcohol-soluble material of the plant, but a difference in metabolic activity may exist
between cellulose in a rapidly growing tissue such as root tip and that in mature plum leaves.

The distribution of 14C in D-glucose obtained by hydrolysis of cellulose labelled in the 3
hr photosynthesis period was determined by a method?2 which gave the specific activity of
each terminal carbon atom, and a mean value for the other four carbon atoms. The percentage
distribution of 4C along the carbon chain was calculated from these values. The results
(Table 1) showed no marked asymmetry of labelling as between the terminal carbon atoms
and the other carbon atoms of the glucose units.

D-Glucose-1-14C, p-glucose-6-14C and p-glucuronic acid-6-14C were incorporated into
the leaves of plum tree spurs through the cut ends of the stems, and subsequently metabolized
by the leaves.?:3 D-Glucose was isolated as before from the leaf cellulose, and the distribution
of 14C along the carbon chain determined. The results are shown in Table 1.

Incorporation of D-glucose-1-14C resulted in cellulose-glucose in which about 75 per cent
of the 4C was retained at C-1, the remainder being mainly at C-6. An analogous situation
followed incorporation of D-glucose-6-14C, with retention of 75 per cent of the label at C-6
and transfer of 22 per cent to C-1. Similar redistributions of isotope from labelled D-glucose,
occurring in both directions, have been observed in tracer experiments on cellulose synthesis
by cotton bolls,5 barley seedlings,” wheat seedlings ® and wheat plants.>-12 They are generally
attributed to the rapid equilibration of hexose phosphate with the Embden—Meyerhof
glycolytic pathway, involving its fission to 1,3-dihydroxypropan-2-one 1-phosphate and
p-glyceraldehyde 3-phosphate, isomerization of these compounds catalysed by D-glycer-
aldehyde 3-phosphate ketol-isomerase, and reconstitution of hexose phosphate. In most
experiments, including our own, only 12-23 per cent of the label in cellulose-glucose was
located at the terminal carbon atom opposite to the one originally labelled, despite the variety
of experimental conditions employed. In no case was isotope evenly apportioned between C-1
and C-6 by the redistribution. Apparently the isomerization of triose phosphate occurs
slowly compared with the rate of hexose phosphate resynthesis, or else only 24-46 per cent
of the labelled hexose phosphate molecules utilized for cellulose synthesis in these experiments
had been through the Embden—Meyerhof pathway.

If the first of these explanations of the observed labelling patterns is correct, a greater
retention of isotope at its original position might be expected in cases of rapid cellulose
synthesis, such as occurs in growing cotton bolls,® than in comparatively slow cellulose
synthesis, as presumably occurs in mature plum leaves. Similarly, less randomization might
be expected in wheat seedlings® than in more mature wheat plants.>-12 However, allowing for
differences in experimental conditions, this does not seem to be the case.

5 C. MARGEREE and C. P. LENVEL, Biochim. Biophys. Acta 47, 275 (1961).
6 F, SHAFIZADEH and M. L. WoLFROM, J. Am. Chem. Soc. T7, 5182 (1955).
7S, Saieko and J. EDELMAN, Biochim. Biophys. Acta 25, 642 (1957).
8 J, EDELMAN, V. GINSBERG and W. Z, HAss, J. Biol. Chem. 213, 843 (1955).
9 8. A. BRowN and A, C. NusH, Can. J. Biochem. Physiol. 32, 170 (1954).
10 A, C. NexsH, Can. J. Biochem. Physiol. 33, 658 (1955).
11 H, A, ALTERMATT and A. C. NessH, Can. J. Biochem. Physiol. 34, 405 (1956).
12 A_ C. NmsH, Can. J. Biochem. Physiol. 36, 187 (1958).



P. ANprews, L. HougH and J. M. Picken

754

7" UAIMISD PISSNIOFIP 918 SAUNBY YONS U SOHUIBLIIOUN AQISSO]

7'1oded Jarres ul ¢ 9qBYL, RS |

*sponpoid uonepeidap au} Ul punoj ANANSEOIPEI [810) 213 JO aBejusalad € se Pessardxs 81 UOREOO] Youa ' ANARSROIPEY

$-67 o1v (4 ¥ 9 001 81 Oyi~9-Pioe MnoImIND-a
STL 09 $IT $9 oz 0§ A +Dy-9-as0onio-a
0SL 61 I-€C 1 23 S oS T 10y1-9-es0onin-a
912 99 8IL +6 oz 001 8 Jovr-1-9s0oniH-a
0T 81 8:LL L s 001 8€ $Op1-1-os000[D-a
LI $:59 €Ll (29 £ £6 L9€ 00
9D SO+FI+EDHTO 1D (wore-mfor) (1) (o) (Buw) sureN

. v —  0IXUoqIed wsfoq  Ayamdy M

#Ov1 JO UORBI0] ssooniBjo  -mem jo  © v
Ananoe  poueg Josmoald

agroods

SHORUNDTYd ATTTAAVE-)y; 4O

NOLLYYOJ¥OONI ¥ALIV 3S0TNTTED AVAT W'Td WOW] GLLVTOSI 3500119~ NI Dy 40 NOLLNETLISIA ANV ALIALLDY DHIOEdS °] 2714V ],



The biosynthesis of polysaccharides—IV 755

We suggest that the similarity in labelling patterns observed in so many experiments can
be better explained if the precursor pool for cellulose synthesis is supplied from two distinct
sources. Some of the glucose incorporated into cellulose has clearly been through the
Embden—Meyerhof pathway, so this is one source of supply. Assuming that the glucose units
from this source have equal distribution of 14C between C-1 and C-6, the cellulose must also
contain glucose units whose labelling pattern approximates to that of the 14C-glucose fed to
the leaves. The supply from both sources of labelled glucose of high specific activity to the
precursor pool may well last for only a short time compared with the experimental periods
allowed for isotope incorporation into cellulose, since labelled glucose entering the plants
probably Soon passes out of the translocation system, and isotope circulating in the Embden—
Meyerhof pathway also could be quickly dispersed. The labelling patterns in the short
bursts of high specific activity glucose from the two sources then are effectively trapped as they
enter the precursor pool for cellulose synthesis, particularly if the pool is relatively large, as
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suggested above, and its turnover is slow. Any isotope subsequently added to the pool is
present only in glucose with a lower specific activity, and coming possibly from the Embden—
Meyerhof pathway. As a result, cellulose synthesis draws on a pool of glucose which changes
little in its labelling pattern over a long period.

Figure 2 illustrates diagrammatically the spatial separation envisaged between the two
sources of precursor, the precursor pool, and the synthetic site itself. Work on cell fraction-
ation!3 indicates that the glycolytic pathway enzymes are located in the cytoplasm or soluble
fraction of the cell, and are not associated with any of the particulate components. Therefore
the suggestion is that the endoplasmic reticulum of the cell forms a partition between the
enzymes of the Embden~Meyerhof pathway and the precursor pool which, together with the
synthetic site, seems likely to be at or near the cell surface.

The metabolism of D-glucuronic acid-6-14C by plum leaves resulted in cellulose-glucose
bearing a labelling pattern (Table 1) which differed from that resulting from p-glucose-6-14C
incorporation and from 4CO, incorporation. The terminal carbon atoms were equally
labelled as in the 14 CO, experiments, but a lower proportion of the activity in the molecule

13 H. HOLTER, Advanc. Enzymol. 13, 1 (1952).
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was located at C-2 to C-5. The results are similar to those of Neish 12 on the incorporation of
the same labelled compound by wheat plants, in that considerable labelling appears in the
middle carbon atoms, but differ in that Neish found a greater concentration of isotope at C-1
than at C-6. The decarboxylation of D-glucuronic acid by plant tissues is well known,!!, 14
and is a major route for its metabolism by plum leaves.> Some of the 4CO, arising in this
way from C-6 of the glucuronic acid is evidently reutilized by the leaves for hexose synthesis,
since the labelling pattern characteristic of this mode of synthesis, namely an initial high
concentration of isotope at C-3 and C-4 of the hexose (cf.1%: 16), is trapped in sorbitol of plum
leaves following incorporation and metabolism of D-glucuronic acid-6-14C by the leaves,?
The labelling at C-2 to C-5 of cellulose-glucose following incorporation of D-glucuronic
acid-6-14C presumably arose at least in part in a similar way. Equal labellingat C-1and C-6 of
cellulose-glucose following the glucuronic acid incorporation indicates that the precursor
pool for cellulose synthesis received isotopically labelled glucose from the Embden-Meyerhof
pathway, but no uniquely labelled glucose derived from the glucuronic acid by direct reduc-
tion. The likelihood is, therefore, that glucuronic acid is utilized by plum leaves mainly, if not
entirely, by pathways which involve its degradation.

EXPERIMENTAL
Isotope Incorporation

Labelled compounds were purchased from The Radiochemical Centre, Amersham, Bucks.
For each experiment non-fruiting spurs, each bearing seven or nine leaves were cut froma plum
tree (Prunus domestica var. Giant Prune) and kept with the cut ends of the stems in water until
required (usually 1-2 hr).

The labelled monosaccharides (Table 1) were dissolved in water (1-5 ml) and portions
(0-3 ml) fed from a small glass cup to the cut end of each stem. The solution was imbibed after
about 10 min when two further 0-3 ml portions of water were allowed to be taken up by each
spur, then water was freely supplied from large containers. Constant illumination of about
400 ft-candles and a gentle current of air was maintained over the leaves during the experi-
ments,

For the incorporation of 4CO,, the leaves were kept in the dark for 24 hr. They were then
placed in a glass photosynthetic chamber under steady illumination (400 ft-candles) and 4CO,
liberated by acidification of Ba#CO;!. The leaves incorporated all of the 14CO, after 6-8 hr
when, if necessary, the spurs were removed from the chamber and left in the open with their
cut ends still in water and under the same illumination.

In each experiment metabolism was terminated after the required interval of time by
breaking up the leaves and plunging the laminae into boiling ethanol for 2-3 min and then
extracting them in a Soxhlet apparatus for several hours with methanol and then with ether.
The insoluble leaf residue was dried at 50°, powdered, dried to constant weight over phos-
phoric oxide and assayed for 14C.

Radioactivity Measurements

The 1C-labelled compounds were burnt in a stream of oxygen and the 1%CO, s0 produced
was converted into Ba'4CO; disks of infinite thickness for counting with a thin-end-window
Geiger counter.?
14 W, G. SzAaTer and H. Berves, Plant Physiol. 33, 146 (1958).
15 M. Gmes and O. KANDLER, Proc. Nat. Acad. Seci. 43, 446 (1957),

16 J. A. BAssHAM, A. A. BENSON, L. D. KAY, A, Z. HARRIES, A. T. WILSON and M. CALVIN, J. Am. Chem. Soc.
76, 1760 (1954).
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Isolation of D-Glucose from Cellulose

The insoluble leaf residue was extracted exhaustively with 2-5 N-sodium hydroxide at 80°
and the insoluble residue (2-59, w/v) heated as a suspension in N-sulphuric acid at 100° until
no further radioactive material was released (~ 8 hr). The insoluble cellulose was then
hydrolysed to D-glucose by the method of Monier-Williams,!? which involves treatment of
the material (200 mg) with 1 ml of 72 %; (w/w) sulphuric acid for a week at room temperature,
dilution to 50 ml and then heating at 100° for 8 hr. After de-ionization, evaporation gave
crystalline D-glucose, which after recrystallization from methanol/ethanol was assayed for
its specific activity.?

Degradation of **C-Labelled D-Glucose

The aldose (0-48 m-mole) was dissolved in a little water and mixed with a solution of
iodine (280 mg) in methanol (8 mli) at 40°. A 59 (w/v) solution of potassium hydroxide in
methanol (6 ml) was then added dropwise with stirring. After 15 min, the reaction mixture
was cooled, the crystalline potassium D-gluconate filtered off, washed with methanol and
ether and dried over silica gel.

A solution of the aldonate was then oxidized with sodium nietaperiodate and the products,
carbon dioxide from C-1, formic acid from C-2, C-3, C-4 and C-5, and formaldehyde from
C-6, separated and each converted to CO, and assayed as BaCO;, as described previously.?
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