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Abstract. The metabolism of myo-inositol-2-14C, D-glucuronate-1-14C, D-glueuronate-6-
14C, and L-methionine-methyl-14C to cell wall polysaccharides was investigated in excised
root-tips of 3 day old Zea mays seedlings. From myo-inositol, about one-half of incorporated
label was recovered in ethanol insoluble residues. Of this label, about 90 % was solubilized
by treatment, first with a preparation of pectinase-EDTA, then with dilute hydrochloric acid.
The only labeled constituents in these hydrolyzates were D-galacturonic acid, D-glucuronic acid,
4-0-methyl-D-glucuronic acid, D-xylose, and L-arabinose, or larger oligosaccharide fragments
containing these units. Medium external to excised root-tips grown under sterile conditions
in myo-inositol-2-14C contained labeled polysaccharide.

When label was supplied in the form of D-glucuronate, the pattern of labeled uronic acid
and pentose units in cell wall polysaccharides resembled that obtained from labeled myr.-inositol,
indicating that both substances were metabolized along a common path during polysaccharide
formation, and that methylation occurred at a step subsequent to uronic acid formation. When
label was supplied in the form of L-methionine-methyl-14C, 4-0-methyl-D-glucuronic acid was
the only labeled monosaccharide component that survived enzymatic or acid hydrolysis.

Zea mays endosperm, a known source of phytin, developed maximal phytase activity after
the third day of germination. Results obtained here suggest that myo-inositol released by
hydrolysis of phvtin represents the initial precursor of a normal, possibly predominant pathway
for the formation of uronic acids in plants.

Galacturonic3, glucuronic3, and 4-0-methvl-glu-
curonic acid3 constitute the 3 major acidic glvcosyl
components of polvsaccharides in cell walls of higher
plants. Galacturonic acid, usually in the form of
its methyl ester is found primarily in pectic sub-
stances, while glucuronic acid and 4-0-methvl-glu-
curonic acid, their carboxyl groups unsubstituted,
occur as non-reducinig branches attached to xvlan
or arabinoxylan chains. Earlier studies on the bio-
svnthesis of pectic substances in which mnyo-inositol
was utilized to generate uronic acid precursor indi-
cated that possibly all uronsyl units of cell wall
polysaccharide are derived from this cyclitol. Evi-
dence supporting this view was obtained in some
preliminary experiments on the biosynthesis of glu-
curonic acid and related acidic polysaccharides in

1 Supported by grant (GM-12422) of the NIH, United
States Public Health Service.

2 Permanent address: School of Chemistrv, Univer-
sity of Geneva, Geneva, Switzerland.

3 Regarding these compounds: glucuronic acid refers
to D-glucuronic acid, 4-0-methyl-glucuronic acid to 4-0-
methyl-D-glucuronic acid, xylose to D-xylose, arabinose to
L-arabinose, galacturonic acid to D-galacturonic acid, glu-
cose to D-glucose, galactose to D-galactose, rhamnose to i.-
rhamnose, and methionine to L-methionine.

4 Presented in part at the 152nd meeting of the Ameri-
can Chemical Society, New York, September, 1966 (Sym-
posium on Hemicellulose, El) and in part at the meeting
of the Federation of American Societies for Experi-
mental Biology (Federation Proc. 26: 453, 1967).

which mnyo-inositol-2-1'C was applied as a dilute
aqueous solution to root hairs of intact 2 dav old
Hordenini (barley) seedlings. A rapid incorporation
of label into acidic polysaccharide, especiallv so-called
hemicellulose B ('16), an alkali-extracted, ethanol
insoluble mixture of polysaccharides rich in acidic
xvlans was observed (3). After 32 hours as much
as 80 % of applied 14C was recovered in ethanol
insoluble residues, much of this as pentose units,
xvlose3 and arabinose1, which were found to be
labeled exclusively in carbon 5. This specific pat-
tern of labeling is similar to patterns previously
obtained from Fragaria (strawberry) and Petro-
selin/mum (parslev) tissues labeled with mzyo-inositol-
2-14C and indicates that mlyo-inositol was oxidatively
cleaved in a stereospecific reaction to form glucuronic
acid-5-14C. Subsequent metabolism of this product
resulted in a decarboxylated intermediate that was
utilized for biosynthesis of cell wall polvsaccharides
(10).

The present investigation has been undertaken
to study processes responsible for formation of
uronic acid and pentose units in acidic polvsac-
charides of root tips from 3 day old Zea mays
(corn) seedlings. A prelimiinar- report on I por-
tion of this work dealing with the conversion of
mvtyo-inositol-2-' 4C to 4-0-nmethvl-glucuronic acid
units of cell wall polysaccharides in Zea wilays root
tips has appeared (30 ) 4. Another paper, in which
the isolation and identification of labeled constituents
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in the soluble portion of Zea root tips labeled with
myo-inositol-2-14C is reported, is in preparation
(J. Deshusses and F. Loewus, unpublished).

Materials and Methods

Germ1ination. 'rle Zea ways grain used in this
study, ;Cornell M-4 hybrid, lot N-3971, was purchased
from Agway, Inc., Syracuse, New York. Seeds
grown in moist sphagnum moss were presoaked in
distilled water (8 hr) and then germinated (64 hr,
28', dark). Seedlings grown under sterile condi-
tions were germinated (72 hr, 280, subdued light)
from seeds which had been rinsed briefly in 95 %
ethanol, soaked in 2.5 % (w/v) sodium hypochlorite
for 15 minutes, rinsed with sterile distilled water,
and then sown, embryo-side up, in sterile petri dishes
containing a layer of 0.5 % (w/v) Ionager (Con-
solidated Laboratories, Inc., Chicago Heights, Illi-
nois). Root tips (1 cm) were excised from primary
roots with a surgical blade while suspended in a thin
film of sterile water on a glass plate.

Introductionl of Labeled Compound. A selected
number of root tips (usually 60) was added to a

solution of labeled compound in distilled water in
the outer well of an Erlenmeyer flask (50 ml)
equipped with a glass center well. After adding
1 N potassium hydroxide (0.5 ml) to the center
well, the flask was sealed with a rubber stopper and
shaken (100 oscillations per min, 280, subdued light)
on a rotary shaker. At intervals, aliquots were re-
moved from both wells to measure '*C uptake by the
root tips and '4C content of respired carbon dioxide.

Fractionation of Labeled Ethanol Insoluble
Residue. Root tips were recovered from the incu-
bation medium by filtration, carefullv rinsed to
eliminate all traces of labeled medium, and then
ground up in 80 % (v/v) ethanol with the aid of
a motor-driven glass homogenizer. Ethanol insoluble
residue was washed repeatedly with fresh portions
of 80 % ethanol to remove all traces of soluble 14C,

with 100 % ethanol, with ether, and then dried.
Air-dried residue, referred to as ethanol insoluble
residue, was used in subsequent fractionations.

Although some of the first experiments with
labeled myo-inositol involved fractionation proce-

dures used previously in a study of cell wall poly-
saccharide from Acer cell cultures (27), later
experiments, including all that were performed with
sterile root tips, followed a simple 2 step procedure
involving an enzymatic hydrolysis followed bv a

dilute acid hydrolysis. TIhe enzyme preparation used
for the first step was a crude pectinase of commer-

cial origin (Pectinol R-10 concentrate, Rohm and
Haas Company); a preparation that contained a

broad spectrum of hydrolytic activities including the
ability to de-esterify pectin, cleave the glycosidic
bond of some aldobiouronic acids, and hydrolyze
pentosans and certain hexosans as well as pectin
(21).

PHYSIOLOGY

In a typical experiment, ethanol insoluble residue
from 60 root tips (25 mg) was suspended in a
solution of 0.2 % (w/v) pectinase and 0.1 % (w/v)
disodium EDTA (10 ml), pH 4.5, incubated for
6 hours at 370, and then centrifuged at 1000 X g
to sediment pectinase-resistant residue. The residue
was resuspended in water (5 ml) and recentrifuged
to remove further traces of soluble 'IC. The washed
pectiniase-resistant residue was then resuspended in
1 N hydrochloric acid (5 ml) and hydrolyzed (0.5 hr,
1210. sealed tube). Residue resistant to acid hy-
drolysis was removed by centrifugation. Based on
incorporation of myo-inositol-2-14C into uronic acid
and pentose units, the combined enzvme-acid hy-
drolvsis procedure solubilized about 90 % or more
of the acidic polysaccharide present in ethanol in-
soluble residue.

Separation and Identification of Hydrolysis
Products. Acid hydrolyzates were first evaporated
to dryness to remove hydrochloric acid. Then each
hydrolyzate, acidic or enzymatic, was passed through
a column of Dowex 50 H+ exchange resin. Effluents
from this column were transferred to a column of
Dowex 1 formate (0.9 X 15 cm). Effluent of the
latter contained neutral hydrolysis products, primarily
glucose, galactose, rhamnose, arabinose, and xylose.
Acidic constituents were eluted subsequently with a
dilute formic acid gradient as described previously
(27). The uronic acid content of each fraction was
measured by a modified carbazole procedure (6).
Further separation of constituents in the neutral
effluent and in pooled fractions of the acidic eluate
was accomplished by paper chromatography (30)
with solvent A, ethyl acetate-pyridine-acetic acid-
water (5:5 :1:3, v/v); solvent B, ethyl acetate-water-
acetic acid-formic acid (18:4:3:1, v/v) : solvent D,
benzene-n-butanol-pyridine-water (1:5:5 :3, v/v);
and solvent F, ethyl acetate-pyridine-water (8:2:1,
v/v) and by paper electrophoresis in 0.1 M ammo-
nium formate (pH 3.8, 2 hr, 20 volts/cm) with
picric acid as a marker. Paper electrophoresis sepa-
rated glucuronic acid and 4-O-methyl-glucuronic acid
from galacturonic acid but did not resolve glucuronic
acid and 4-O-methyl-glucuronic acid. The latter
pair were readily separated by solvents A and B
(30). Glucuronic acid was identified chemically by
reduction with sodium borohydride to L-gulonate,
lactonization to L-gulono-y-lactone. and conversion
to r.-gulonamide. Galacturonic acid was identified
chemically by reduction with sodium borohydride to
L-galactonate, lactonization to L-galactono-y-lactone,
and conversion to i.-galactonamide (18). Chemical
identification of 4-O-methyl-glucuronic acid was re-
ported earlier (30).

Labeled Compounds. myo-lnositol-2-1 4C was a
comnmercial sample prepared by chemical svnthesis
(9). A radioactive impurity amounting to about
10 % of the '4C present was removed by passing an
aqueous solution of the sample through Dowex 50
H+ resin. After purification, an aliquot of myo-
inositol-2-'*C was converted to its trimethylsilyl
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derivative and injected on a gas chromatographic
column. A single peak with the same retention
volume as authentic hexakis-trimethylsilyl myo-ino-
sitol (15) was observed. Effluent gases from the
chromatograph, monitored for radioactivity with a
flow counter, contained a single radioactive peak
coincident with the appearance of the ii vo-inositol
derivative.

D-Glucuronic acid- 1 -14C, a commercial sample,
contained several major acidic impurities which were
separated from glucuronic acid by gradient elution
of the sample from a column of Dowex 1 formate
resin. The purified product gave a single radio-
active spot on paper chromatography in solvent A
and in methyl ethyl ketone-n-butanol-acetic acid-
water (3:2:2:2, v/v).

D-Glucuronic acid-6-14C was prepared from D-glu-
curono-y-lactone-6-l4C and purified as described
above.

L-Methionine-methyl-1 *C, a commercial sample,
could be used without additional purification.

Samples were counted in a liquid scintillation
spectrometer (Packard Model 3000) as previously
described (17,27). Insoluble residue was suspended
in the liquid scintillation fluid with the aid of
Cab-O-Sil. A strip scanner (Packard Model 7200)
was used to locate 1-C labeled areas on paper.

Preparation and Assay of Phytase. Zea mays
seedlings grown aseptically for various time intervals
were dissected to remove embryonic tissue exclusive
of the scutellum. Dissected plants were ground in
0.1 M acetate buffer, pH 5.2, in a chilled mortar,
then homogenized in a Sorvall Omnimixer at top
speed for 2 minutes. The milky suspension was
filtered through glass wool to remove coarse particles
and centrifuged (18,000 X g, 30 min). After
dialysis (2 changes of 0.1 Ni acetate buffer, pH 5.2,
24 hr), the solution was adjusted to a volume
equivalent to 1.7 ml per grain. All steps were made
at 2 to 40.

To estimate phytase activity, 0.1 ml of an incu-
bation mixture consisting of enzyme (1.7 ml ),
0.04 M magnesium sulfate (0.1 ml), and 0.01 M
sodium phytate (0.2 ml) was removed, mixed with
an equal volume of 10 % trichloroacetic acid, and
assayed for total and inorganic phosphate (4).
During incubations, assays were layered with toluene
to avoid contamination by microorganisms.

acidic products were separated by ion exchange
chromatography as shown in figure 1 (upper plot).
Acids in the first 2 emergent peaks, 0 to 150 ml,
were not characterized. The third peak, 200 to 3C00
ml, contained a single component, an aldobiouronic
acid, tentatively identified as 2-0-(4-0-methyl-gluco-
pyranosvluronic acid) -xvlose. The last peak to
emerge from the column, 300 to 450 ml, also con-
tained a single component, 4-0-methvl-gluctironic
acid.

In order to compare enzymatic with acidic hy-
drolysis, a portion of Betuila xylan (0.73 g) was
hydrolyzed in 3.6 % sulfuric acid (40 ml, 30 min,
1210, sealed tube). Ion exchange chromatographv
of the neutralized hydrolvzate gave an elution pattern
shown in figure 1 (lower plot). Most of the uronic
acid appeared in a single peak eluted between 200 to
280 ml. Paper chromatography in solvents A and B
revealed 3 components in this peak of which the
major component had a mobility corresponding to
2-0- (4-0-methyl-glucopyranosyluronic acid) -xylose.
The small peak between 340 to 420 ml contained
only 4-0-methyl-glucuronic acid.

These results emphasize the value of enzy-
matic hvdrolvsis over acid hydrolvsis as a means of
cleaving the glycosidic bond between 4-0-methyl-
glucuronic acid and xylose.
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Experimental Results

4-0-Methyl Glucuronic Acid from,t Betula (Birch)
Xylan. Timell (38, 39) has reported that prolonged
hydrolysis of Betula (birch) xylan with crude fungal
pectinase releases free xylose and 4-0-methyl-glu-
curonic acid. In order to prepare 4-0-methyl-glu-
curonic acid for carrier and reference purposes, his
observation was re-examined, using as an enzyme
source, Pectinol R-10 concentrate. Betula xylan
(1 g) was treated with a solution of 0.2 % pectinase
and 0.1 % EDTA (40 ml, 24 hr, 400). Soluble

I.0
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C.)
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FIG. 1. Gradient elution from Dowex 1 (formate)
resin of uronic acids present in hydrolyzates of Betula
xylan.
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Uronic Acids in Ethanol Insoluble Residue from
Zea mays Root Tips. To determine if the enzymatic
aldobiouronic acid cleavage observed in Betula xylan
applied to glucuronic acid-type aldobiouronic acid as
well as 4-O-methyl-glucuronic acid-type aldobio-
uronic acid, an experiment was run in which ethanol
insoluble reside from 800 Zea mnays root tips was
hydrolvzed in a solution of 0.2 % pectinase and
0.1 % EDTA (40 ml, 6 hr, 370). Pectinase-resistant
residue was further hydrolyzed with N hydrochloric
acid (10 ml, 30 min, 1210, sealed tube). Soluble
products were separated by ion exchange chroma-

0.40 Zea mays root ti ps

Pectinase-EDTA
E hydrolysis
vn 0.201 A-
0

E

-.
0

0

005 Acid hydrolysis
0

0

0 200 400 600

Eluate (ml)
FIG. 2. Gradient elution from Dowex 1 (formate)

resin of uronic acids present in successive Pectinol-EDTA
and acid hydrolyzates of ethanol-insoluble residue from
800 root-tips of Zea mays.

tography and eluted fractions were analyzed for
uronic acid (fig 2). Except for a trace of acidic
oligosaccharide in early fractions, all of the pec-
tinase-hydrolyzed acids were recovered in 2 peaks,
1 between 250 to 330 ml that contained only galac-
turonic acid and 1 between 350 to 480 ml that
contained a mixture of glucuronic acid and 4-0-

methyl-glucuronic acid.
The eluition pattern of soluble acidic componenits

resulting fronm acid hydrolysis of pectinase-resistant
residue revealed a broad irregular peak between
150 to 340 ml which was found to be a mixture of
2 aldobiouronic acids, 2-0-(glucopyranosyluronic
acid) -xylose and 2-0- (4-O-methyl-glucopyranosyl-
tironic acid)-xylose. Some free glucuronic acid and
4-O-methyl-glucuronic acid, 350 to 500 ml, was also
recovered. Free uronic acids were readily separated
and identified by paper chromatography in solvents
A and B.

Here, as in the case of Betula xylan, enzvmatic
hydrolysis proved to be a useful method for releasing
free uronic acids, glucuronic acid as well as galac-
turonic acid and 4-O-methyl-glucuronic acid, fron
acidic polysaccharides.

Hydrolyzed Fractions from Labeled Ethanol In-
solitble Residue. To examine the distribution of
14C in ethanol insoluble residue from labeled root
tips, batches of 60 root tips were incubated 24 hours
in distilled water containing trace levels of the
14C-containing substrate. Table I lists the amount
of 14C given initially and the amounts recovered in
final m1iedium, respired carbon dioxide, and labeled
root tips. When this study was first initiated, root
tips excised from seedlings grown in moist sphagnum
moss were used. It was assumed that seedlings,
grown for short periods under such conditions, would
be relatively free of microbiological contamination.
However, the observation that appreciable 1'«C was

sometimes recovered in respired carbon dioxide
(that recovered in Experiment 1M represents the
highest amount encountered in 5 experiments) plus

Table I. Recovery of 14C fromt Root-Tips of Zea mays Seedlings

Labeled compound
and expt no.'

myo-Inositol-2-1 4C
1M
1S

Glucuronate- 1 -14C
2M
2S

Glucuronate-6-14C
3M
3S

Methiionine-methyl-1 4C
4M
4S

Colic
Total 1-C ' 4C Recovered
adlded from medium from CO.,

1-C Incorporated
Ethanol-

Total solubles

JAC %

Ethanol-
insolubles

Amole/13 nil ic gc

0.25
0.29

5.86
2.46

3.52
4.15

0.09
0.40

2.96
3.23

4.51
1.89

2.32
2.73

1.21
5.37

027
0.17

0.61
0.38

1.00
0.44

0.28
0.02

0.51
0.08

0.99
1.68

0.04 0.03
1.31 0.05

2.41
3.04

3.39
1.43

0.33
0.61

1.14
4.01

29 71
54 46

71 29
75 25

68 32
80 20

78 22
36 64

Experiments lettered M refer to those performed with sphagnum moss-grown seedlings, those lettered S to sterile
grown seedlings.
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Table II. RecoverY of 14C fromii Ethanol-insoluble Fraction of Root-tips of Zea mays Seedlings

Labeled compound
and expt no.' Total

'4C in pectinase hvdrolyzate
Cationic Anioniic Neutral

14C in acid h1ydrolvzate
Toa in residue

Total Catioiic Aliloiic 'Neutral Total

Me % li% e'(%% % PC
mnvo-Inositol-2- 4C

iM
is

Glucuronate-1I-'C
2M
2S

Giucuronate-6-' 4C
3M
3S

MIethionine-methyl-I 4C
4M
4S

0.77
0.89

0.51
0.09

0.09
0.07

0 23 /77 0.74
0 22 78 0.50

0 11 89 0.45
0 29 71 0.22

0 82 18 0.02
0 86 14 0.05

0.09 52 22 26 0.12
1.89 48 23 29 0.37

o) 8 9'2 0.15
0 6 94 0.01

0 10 90 0.02
0 16 84 0.03

0 80 20 <0.01
0 91 9 <0.01

57 17 26 0.05
50 19 31 0.31

1 See footnote, table I.

the fact that this labeled carbon dioxide appeared
as a burst about 6 to 8 hours after incubation was
initiated led us to suspect a metabolic contribution
by processes other than one due solely to root tips.
Therefore, each experimiient was repeated using
sterile procedure during both germination and incu-
bation. In Experiment 1S, a sterile run, '-C respired

Pectinase hydrolysis Acid hydrolysis

myo- Inositol -2- 14C

1000 200

2P 2A
'p

Glucuronote-I- 4C

E loo1000
0L

> 11 Glucuronate -6- 4

u 500 -200

0

i4Methionine -2methyl- CI

200 400 600 200 400 600

Eluate (ml)
FIG. 3. Gradient elution of labeled acidic components

in Pectinol-EDTA or acidic hvdrol-zates from ethanol-
insoluble residues of root-tips labeled with myo-inositol-
2-1-C, glucuronate-1-14, glucuronate-6-"C and methio-
nine-methyl-1 4C

as carbon dioxide during the 24 hour incubation was
less than 1 % of the administered dose. This low
level of 14C in carbon dioxide respired by mnyo-
inositol-2-'4C labeled root tips has been confirmed
repeatedlv in recent experimlents.

Ethaniol insoluble residue froml labeled root tips
was hydrolvzed, first with pectinase-EDTA, then
wvith acid, as has been described above. Distribution
of l'AC into soluble extracts following these treat-
mients and distribution of 14C amlong cationic, anionic,
anid neuitral constituents of these extracts are given
in table II. Profiles of gradient elutions of labeled
constituents from columns of anionic exchange resin
are given in figure 3. These profiles were obtained
fronm results involving sterile root tip experiments.

myo-I'nositol-2-14C Labeled Root Tips. As much
as 71 % of the 14C incorporated into root tips was
recovered as ethanol insoluble residue. 'Pectinase
released 50 to 70 % of this into solution, distributed
approximately 1:4 between acidic and neutral con-
stituents. The elution profile of acidic constituents
(fig 3) resembles an earlier one obtained from root
tips that had been grown in sphagnum moss without
attention to possible contamination (30). Separa-
tion and identification by paper chromatography of
constituents from pooled fractions corresponding to
1P+2P, 3,P, 4P, and 5P confirmed this resemblance.
Figure 4 diagrams results obtained when aliquots of
each pooled fraction were chromatographed in sol-
vent B and then scanned for radioactivity. Only
acidic oligoxyloses were present in 1,P+2P. Pro-
longed pectinase hydrolysis of 1 P+ 2P yielded 4
labeledc monosaccharides, namely, glucuronic acid.
4-O-methvl-glucuronic acid, xvlose and a small
amount of arabinose indicating that this fractioni
contained fragments of acidic xvlan which were 2 or
more xylose units long \vith a single uronic acid
unit attached. Peak 3P contained onlv labeled
galacturonic acid. Peak 4P contained only labeled
4-O-mlethvl-glucuronic acid and 5P only labeled
glucuronic acid. The formic acid gra(lient used did
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1Fic. 4. Radiochroimatog}rami scans of p)ectinase-hydro-
1y zedi compolients 1 P+2P, 3P, 4P, anid 5P wlhiclh hiad
been elti(I fromii the DoN\ cx 1 ( forniate') colulminii.

not fullv resolv-e 41) and 5P; therefore, these peaks
usuall- overlal)l)ed or at orst resuilte(d in a broad
sinlgle peak fromii wh0ich the relative amiounts of eaclh
acid wvas estimiiated after fturtlher separationi bhv paper
chromatography in solv ent A and/ol- B. Preselnce
of 14C in galacturonic acid. 3P, anld gluctul-ronic acid,
5P, was confir-miied by diluting aliquots of 3P anid
5P with appropriate carrier uronic acid, reduction
to the corresponding L-aldonic acid, and conversion
of that acid to its amide (table III).

Additional 1-C-labeled material was recovered
from the anionic exchange column bv elution with
3 N formic acid, undoubtedlv fragments containing
2 or more uronic acid units attaclhed to pectinase-
resistant xylose chains.

Xylose and arabinose (14C ratio, 4:3) accounted

Table III. Identification of Galacturonic 4cid and
Glucuronie Acid Recoz!ered bit Pectinasc-Hvdrolysis

of Ethanol-insoluble Residues from Root Tips
Labeled with mryo-Inositol-2-' 4C

Specif ic radioactivity

From 3P
D-Galacturonate, NaCa salt'

1st crystal,lization
2nd cr-stalilization

L-Galactonamiiide
From 5P

n-Glicironiate, Ca salt'
1st crnstallization
2nd crystallization

L-Gulono-y-lactone
L-Gulonam ide

dpm/mmole

70,000
68,000
65,000

for nearly all label in the fraction rendered soluble
bv pectinase and not bound by ion exchange resins.
Paper chromatography in solvents D and F showed
the presence of galactose, glucose, and rhamniose,
but these hexoses were unlabeled. About 30 % of
labeled material remained at the origin of chroma-
tograinis. Furtlher acid hydrolysis of these oligomers
gave only labeled l)entose.

Acid hydrolysis of pectinase-resistant residue
released nearly all label still bound. Less than 10 %
of tllis was uronlic acid. The remaining 90 % or
more as xvlose and arabinose (14½C ratio, 2 :1).
Gradient elutioni of acids is shown in figure 3. Thle
major l)eak. 1 .\, preceeded by a smaller (unlettered)
lpeak of acidic oligosaccharides, contained 2 labeled
comll)onents, 2-0- (glucol)pvranlosv luroniic acid) -xlose
and 2-0--(4-0)-mietlhvl-gluicopv raniosv-lulroniic acid) -

xvlose. Peak 2A wras a mixture of glucuronic acid
and 4-0-methlyl-gltcuronic acid, lhere partially re-
solved.

lesidule resistant to botlh pectinase aand acid still
conitainied a smiiall but signiificanit aimouinIt of 4('.

IJhydrolvsis witlh H.S04 (25), nieuitralization, and

paper chromatography revealed a large amount of
unlabeled glucose, a small amount of labeled arabiinose
and xvlose, and a trace of labeled uironiic acid.
Apparently the residue was mainly celluilose w-itl
traces of acidic xvlani still preseiit.

100

a)

Cl)

.0_

-

0

4-

0

a1)

50

6070
5930
5920
5890

Dilute(d w-ith 100 mg of iinlabeled NaCa galacturonate.
'2 Diluted with 166 mg of unlabeled Ca glucuronate.

FIG. 5.
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of labeled components present in the final incubation
medlium from experimenit 1 S.

Root tips incubated in a solution containing a

nicromolar concentration of mnyo-inositol-2-1 AC, as

represented by these experiments, removed about
80 % of the 14C present in the mediunm withiin the
first 12 hours (fig 5). Thereafter, uptake was very

slow and there was still about 6 % of the label in
the mediunm at the end of each 24 hour incubatioin.
A portion of the final medium fronm Experiment IS
was reduced to a small volume, placed on a column
of Sephadex G-50 (32 X 2 cm). and eluted with
distilled water (fig 6). Fractions were assayed for
14C and for total carbohydrate. A labeled carbo-
hydrate-rich peak was eluted in the region of the
void volume of the column. This was follow ed by-
a large radioactive peak in the region of small
molecules. There was no detectable carbohvdrate in
the latter fractions.

The carbohydrate-rich peak fractions were pooled
anid hydrolvzed with X hydrochloric acid (30nmnii,
121', sealed tube). Hydrolyzed fragnmeints were

separated by ion-exclhanlge and paper chromatog-
raphv. About 30 % of the ''C was bound to anionic

resiln. The onl labeled acidic comiiponenits that could
be eluted b\ dilute formic acid (about one-tlird of
the bound '4C() were glucuronic acid and anl aldo-
biouronic aicid Nwith the mobility of 2-0-( 4-0-methyl-
glucopyranosvluronic acid)-x,ylose. All of the label
not bound to the resini was foun(d in xvlose and

arab)inose ( 14C ratio 2:3). Over 95 % of the 'N4
eluted in the smiall nmolecule peak ( 110-135 ml) Nas
recovered as invxo-inositol. This xvas dlemonstrated
after addition of clarrier nzvo -inositol (160 mg) to a

portion of this solution ( 0()00 cpm=). The invo-
inositol wx-as recry-stallized several times froml ethanol.
converted to its hexacetate by treatnment with acetic
anllvdride (1.5 nml) anid H..SO4 (50 /l), anid the
hexacetate recrystallized twice without loss of specific
activitv.

GlUcu1ro01iC ci-i-1 C anid -6-'4C Labeled Root
Tips. Gluctironic acid is readily decarboxvlated
(loss of carboni 6) in plalnts but its nmetabolic patlh
is such that carboni 1 is oxidized to carbon dioxide
very slowly (10 24. 32). In the experimients writh
sterile root tiles rel)orted here (2S anid 3S. table I),

glucuroniic acid-I-I4C labeled root tips lost less than
4 % of applied '-IC as carbon dioxide in 24 hours

whereas 61 % appeared as labeled carboni dioxide
when glucuronic acid-6-14(C wvas given. No signifi-
cance canl be attached to results relatilng to labeled
carboin dioxide obtained in Experiments 2M or 3MA
since these were run w-ithout precautions conicernillg
sterilitv.

Less 14(C as incorl)orated into ethanol insoluble
residue with glucuronic acid- 14C than with mnivo-
inositol-2-'4C btit distribution of label in the residue
was sinmilar in both cases, a result to be expected if
glucuronic acid is anl interilmediate in conversion of
nivo-inositol to cell wall polvsaccharide siilce both
plrectursors contained label in carbonl atoimis which
were retained during conversion to uroinic acid and
pentose. Carbon-14 was present in each of the
uronic acid products, galacturonic. glucuronic, and
4-0-methyl glucuronic acid alnd in botlh pentoses,
arabinose and xvlose.

W'ith glucuronic acid-6-14C, only uronic acids in
ethanlol insoluble residue of maize root tips became
labeled. As seen in table II, over 80 % of labeled
fragnments released by pectinase and acid hydrolysis
wvas riecovered as acidic constituents. The small
amiioulnt of label not retained by the anionlic columini.
reported here as "neutral" constituents, was not
identified. In the absence of labeled pentoses, peaks
l P + 2P alnd the irregular peak preceeding 1 A
(fig 3), fractions in whichl the proportion of xvlose
to uronic acid is probably much greater than :1.
w\vere less pronounced relative to subsequent aldo-
biouronic and uronic acid peaks, 3P and 4PP+5;P,
than those obtained in Experiments 1 and 2. The
absence of label in pentose or hexose fractions is
taken as evidence that glucuronic acid did not recycle
label into the hexose phosphate pool during its 24
hour incubationi. The p)resence of labeled 4-0-

miethyl-glucturonic acid in both pectinase aind acid
hvdrolvzates is takein as evidence that a mlethylation
of glicuronic acid occurred subsequent to its in-
corporation.

.lIetli lonine-inieth 11-' 4C' Labeled Root Tips.
14igher p)lants utilize imiethioniine, supplied exogeni-
ously, as a source of methyl grotups for biosynthesis
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of 0)-miethvl ethers in phenolic substance ( 7, 12 ) or
methylv ester- in pectic substalice (28, 31). Our
observationi that glucurolic acid is converted, in
part, to 4-0-methyl-gluctironic acid during its in-
corporation into cell wvall polysaccharide suggested
that mllethiionine mighlt act as a methlI donor anld
that onle might use methionine-methlI-1_41C as a
specific miarker for 4-0i-methivl-gluctironiic acid tinits.
This was tested in Experiment 4 (table I). Very
little 4Cf appeared in respired carbon dioxide re-
gardless of whether or nlot precautions wvere taken
to maintain sterile conditions. However, the dis-
tributioni of 14C betweeln ethanol soluble and ethaniol
insoluble fractions in sterile root tips differed con-
siderablv froml that founiid unider non-sterile condi-
tionis. Although thle subsequent distribution of label
into various fractions after pectinase and acid h1-
drolysis is given for both Experimentes 4M and 4S
for purposes of comparison, only data fromil 4S is
iiicluded in results discussed lhere.

Pectiniase a.nd acid hd-drolysis released 88 % of
the label incorporated in ethianlol insoluble residue.
Of thlis, about 50 cl, \\-as retained by cationic resini
whille another 30 % bound nleithler by catiollic nior
anliollic r-esinls, was reco erled in tile final effluienlt
as Unlli(lenitified "neutiral" conistitulenits. . \ttenltioll
ws\as foctised. ill thiis study, to that portion blound to
anionic resini. tGradient eluitioln ithl () to 0.1 N
foriuic acid gave the elutioi l)rofile slhow\l in figure
3. Except for millor aWiloulits of label in acidic
oligoxvloses and a trace of 2-0- ( -0-letflll-glu-
col)pranosvluronic acidl) -xlose, all label eluted -,as

lpresent as 4-0-niethlV-glucuronic acid. Mlore '4t-
containing iniaterial, presumably fraginienits of acidic
xylani containing 2 or miore labeled 4-0-iiethiyl-
glucuronic acid residues per molecule, wvas eluted
by the addition of 3 N formic acid to the column.

Acid hydrolysis of pectinase-resistant residue
confirmed the specific nature of label derived from
methionine as it appeared in acidic xvlan. The
elution profile of acidic constituenits froml this
hydrolysis (fig 3) containie(d 2 shiarp peaks of radio-
activity, one correspondinig to labeled 2-0- (-0-
miethvl-glucopyranosvuItronic acid) -xvlose betweeni
20() and 2601 ml and the other, labeled 4-0-methyl-
glucuronic acid, between 320 and 400 nil. The
identity of these acids was confirnied by) paper
chromatograplvy in solvents A and B.

Phyftasc .Actizvitv! ii Zea iiiavs Eiid(losper'. Ex-
tracts of unger-minated grain or of grain whlicll ha(l
been incubated 24 hours uinder conditions sp)ecified
for plrel)arationl of stel-ile seedlinigs contained endog-
enous, non-dialvzable phosphate that \\was slowly
released ais inorganic plosplhate uindel- assay condi-
tions whether sodiuml phytate was present or absent.
Figure /7 showNs results obtained in the presence of
sodium phvtate. For unigerimiinated seeds, the re-
lease was about 100 ug plhosphorus per grain per
24 hours. Addition of sodiumi phytate did not in-
crease the amount of phosphate released. With
boiled extract, iio Pi was released. BetwNeen the
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Fi(. 7. Phosph,horus release fromii sodium ph tate by

homogenates prelared frolim Zca graini germinlate(d for 0
(0). 1 (A), 2 (X), 3 (0), 4 (U). 5 (A), anid 6

first ail(l third day of germination, plstasc activitv
rose to a iinaxiniiiui, as sho\vn in figuire 8. and
reniained at this hiighi level for at least 4 (lays.
After the third day, sufficienit phytase was plresenlt to
hydrolyze within e hours all sodium pihytate adde(l
e(euivalent to about 30() pg of phosphorus p)e

ginaiii) (fig 8). 'I'llere was nlo detectable release of
Pi fromi endogenous, non-dialyzable phosphate after
the third day. It is significalit, that onice phiytase
activity appeared, pure phytate was hvdrolvzed coml-
pletelv. It appears likely that this activity represenits
true phvtase and not that of non-specific phiosphiatase.
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FIG. 8. Timie course of appearance of phytase activity
in Zca mnays grain follow ing germiniationi.
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Discussion
Previous studies with Fragaria fruit. Petro-

sclinumit leaves, gernminating Pyrtis pollen, and cul-

tured Acer (sycamore) cells have shown that jinyo-
inositol is rapidly and efficiently utilized for
biosynthesis of pectic substances ('16, 27) . ork

with Hordeuimi seedlings (16) and now with Zea
uiays seedlings emphasize the role plaved by tlmyo-

inositol as a precursor of uronosyl and pentosyl units
in acidic polysaccharides normally associated witlh
so-called hemiicellulose and other polysaccharides
found in secondary cell wall substance. Results with
mniyo-inositol closely resemble those obtained with
glucuronate. indicating that these 2 substances follow
a common pathway of metabolism during cell wall
formation.

Zea inays was chosen for this investigation be-
cause it is a plant rich in acidic xvlans. The chem-
ical nature of these polysaccharides has been studied
b1 others (3, 37). In the root, especially that of
newvly germinated seedlings, cells rely on metabolites
sulpplied froml elsewlhere in the plant body for growth
anld development. This heterotropic behavior pro-
vides a useful experimental condition for study of
carbolh(lrate miietabolisnm free of processes related to
photosylnthesis. It is also known that deposition of
polysacclharide inl root tips contillues unchlanlged for
a liimiited tituie after excision (25. 26).

Proce(dures usually used to fractionate cell wvall
carbollvdrate del)end upon differential solubilities of
various polvsaccharide constituenits. At best. these
plrocedures are arbitrary. Many- experimiieints pre-
ceeding^, those reported in this studv involved initial
extractioni of cell wall residue with cold water, then
enizmatic lhydrolysis of pectic substance resistant to
water extraction followed by an alkaline extraction
of the remaining non-cellulosic polysaccharides. The
information thus gained permitted us to simplify the
extraction procedure, limiting it to 2 steps, an enzv-
matic hydrolysis followed by hydrolysis with dilute
hy drochloric acid of residue resistant to the first
step. The enzyme preparation used, Pectinol R-10
concentrate, contained a wide spectrum of hydrolytic
activities. Under conditions used here, it released
into solution all of the polvsaccharide-bound galac-
turonic acid together witlh quantities of glucose,
galactose, arabinose, xylose, glucuronic acid. and
4-O-methyl-glucuronic acid and a trace of rhamnose.
Essentially all pectic substance present in ethanol
insoluble residue was hydrolyzed as well as part of
the so-called hemicellulose (non-cellulosic cell wall

polysaccharides resistant to neutral extractives but
readily solubilized by alkali). This enzyme prepara-

tion also contained proteases since an appreciable
portion of the material removed from the hydrolvzate
by passage through a column of Dowex 50 H- resin
was identified as free amino acids. This was clearlv
evident in experinment 4S when the enzyme released
appreciable quantities of label which was retained
by Dowex 50 (H-) ion exchange resin. Pectin
esterase was plresent (28) but we found no evidence
of pectini traniselimiinlase although the latter activitv

has been reported to be present in some samples of
this preparation (2). 'McClendon anid Kreisher
(21) were able to separate 16 active fractions repre-
senting no less than 8 different hydrolase activities
from a crude pectinase p)replaration, sinmilar to the
one el)ploved here, by coluimin chromiatography onl
cellulose phosphate. Perhaps the mlost niotable enzy-
mlatic activity present in the Pectinol R-l0, at least
from the point of viewlpressed in the present study,
was that which catalyzed hydrolytic cleavage of the
glycosidic bond linking glucuronic acid or 4-0-
methvl-glucuronic acid to xvlose. Normally, this
bond is characterized chemically by- its unusual sta-
bilitv toward acid hydroly sis as was evident in all

acid hydrolyses described here, in which aldobio-
uronic acids rather than free uronic acids were major
products.

With the fractionation procedure developed in
this stud! it was possible to demonstrate clearly the
precursor roles of tino-inositol. glucuronic acid, and
metlhioniine in the biosvnthesis of 4-0-methy l-glu-
curonic acid units of acidic polysaccharides in cell
X-all of Zea iinavs root tips. miivo-lnositol acts as a

general precursor of all uronic acid anid pentose Unlits
encountered in cell w%alls of llighler plants. includinig
D-apiosvl uiniits in Leinnai ( 29). Glucucronlic acid,
thouigh less effectiv-e tlhall in vo-iniositol, probably
because of extenlsive mietabolismii to othielr enld-products
sucih as L-gulonic acid ( 20) and o-glucaric acid (14),
is also converted to the samlie cell wall uniits. Eyi-
(lence for niethylation of glulcurolnic aci(l at a step
follo\-ing its formzationi has been obtained by isolatioln
of labeled 4-0-methlV-glucuronlic acid froml root tips
labeled with glucuroniic acid-1_14C anid -6-14C as well
as from root tips labeled with the carbon donor,

methionine-methyl- 4C. Kauss and Hassid have
shown that S-adenosyl methionine-1lC (methyl) also
acts as a methvl donor to glucuronosvl units in a

particulate cell-free preparation from Zea imnayts (13).
Their work suggests that methvlation proceeds after
polysacclharide formation but the evidence is, by no

means, conclusive.
Earlier work on distribution of 1'C in fractions

obtained from ethanol insoluble carbohydrate residue
of Hordecinii seedlings suggested that labeled products
of iiivo-inositol-2-14C were utilized for cell wall bio-
synthesis in a non-competitive manner since arabi-
nose anid xylose units recovered froml successive
hydroly tic extractions had similar specific activities
(16). an observation confirnmed in fractioinatioin
studies of Zea fitays root tips (unpublished) pre-

ceeding the present work. -Moreover, evidence

gathered thus far suggests that ;izyo-inositol may

have a primary role as an intermediate in the
biosynthesis of cell wall polysaccharides. For ex-

ample, in experiments in wvhich Petroselinuiiii leaves
were labeled with glucose-1-11C, then transferred to

either wNater or 1 % Yinvo-inositol and allowed to
metabolize the label for 42 hours (19), distribution
patterns of 14C in ;nzyo-inositol and galacturonic acid
(pectin) recovered fronm the leaves revealed about
80 % of the 14C of eachi molecule retained in carbon
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1 (most of the remaining 1iC in carbon 6) regardless
of whether the leaves had been held in water or

myo-inositol solution. In contrast to this, the pat-
tern in sucrose-derived glucose was greatly influ-
enced by the presence of excess myo-inositol which
caused redistribution of an additional 20 % of the
]4C from carbon 1 into other carbons (see table V,
reference 16). These results may be interpreted as

evidence in favor of a path of biosynthesis from
hexose (glucose) to uronic acid and pentose units
of the cell wall in which mtyo-inositol is intermediate
(fig 9). In the presence of excess myo-inositol,
utilization of glucose 6-phosphate would be blocked
anid hexose phosphates would have greater oppor-
tunity to equilibrate with the triose phosphate pool.
Redistribution of label from carbon 1 into other
carbons would result. The fact that this redistribu-
tion is reflected in the sucrose-derived glucose, a

product of uridine diphosphate glucose, but not in
galacturoniosvl units of pectin, a product of uridine
diphosphate glucuronic acid, is significant. State-
mlenits such as those which suggest that mnyo-inositol

is inactive in the mletabolism of plants (33) or that
its role is primarily that of a growth factor of
uniknowin function ('34) should be regarded cau-

tiously. Recent reports that galactianol has a func-
tional role as a cofactor in galactosyl transfers
(35, 36) are comiipatible with the idea of a functional
role for mlyo-inositol as well as galactose moietv of
this galactoside. Conceivably, galactinol is formed
in the photosvnithetic regions of the planit, theni
translocated to sites of cell wall formation where
galactose units are utilized or transferred while the
mlyo-inositol is oxidized to glucuronic acid and
metabolized as shown in this and previous studies.

The wide-spread occurrence of rnyo-inositol and

L- Ascorbic - - o- Glucose 6- phosphote

acid

v- Glucose - phosphate

Sucrose * UDP- Dc- Glucose

myo-Inositol

D- Glucuronote

I
D-GlIucu onate -phosphate

UDP- L - Glucuronote

UDP- rD- Golacturonate

D - Galacturonosyl units

in pectic substance

FIG. 9. A diagram depicting alternate pathu-ays for
conversion of D-glucose to D-galacturonosyl units of pectic
substance. Compounds that have been underlined indicate
those products which have been isolated and analyzed for
14C distribution in the experiment in which D-glucose-i-
14C was administered to parsley leaves (19). Multistep
reactions (broken arroNws) have been distinguished from
those general1ly regarded as due to a single enzyme (solid
arrows).

its derivatives in the plant world is well documented
(23). Particular interest, with regard to the present
study, centers on phvtin, the hexaphosphoric acid
ester of nyo-inositol, the form of inyo-inositol most
common to seeds of higher plants. As Posternak
clearly points out in his book, the fate of mtyo-inositol
arising from hydrolysis of phytin is largely unknown.
Historically, phytin has been regarded as a phos-
phate reserve in seeds. It is not always clear
whether or not phytases, liberated by seeds during
germination, hydrolyze part or all of the phosphate
ester bonds in phytin. In an attempt to clarify this
point, an experiment was run in which samples of a
highly purified sodium phytate were hydrolyzed by a
series of crude phytase preparations prepared at
successive intervals following germination of grains
of Zea mays. Phytase activity was low in un-
germinated grains. Twenty-four hours after germi-
nation, phytase activity was measurably greater,
increasing rapidly up to the third day after germina-
tion, then remaining at a uniformly high level up to
6 days, the extent of the experiment. Other workers
(1, 5, 22) have observed a similar pattern of phytase
activity in germinating seeds from several plant
species. Phytase activity from a single Zca mays
grain, less the embryo, after 3 days of germlination
was sufficient to hydrolyze completely to Pi nearly
2.7 mg of sodium phytate-32 H.,O in 6 hours, equiva-
lent to the release of nearly 50 jig of mnyo-inositol
per hour. Bianchetti and Sartirana (5) found that
Pi controls, in part, the formlationi of phvtase in
germinating Triticuinii embryos. Such control would
also regulate release of free itnyo-inositol. In ger-
minating Phascolus vulgaris seed (8, 11), breakdown
of phytin in the cotvledons was correlated with a
fall in total nmyo-inositol content, with a translocation
of mnyo-inositol to the young plant including the root.
and with growth of the embryo. From our present
results, it is evident that utilization of nyo-inositol
as precursor material for the biosynthesis of newly
deposited cell wall substance must be given serious
consideration in future studies that are directed
towards the functional role of phytin during ger-
mination.
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