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INTRODUCTION

Lamport (1971) reported that hydroxyproline—arabinosides
form a structural entity in the cell walls of numerous species
throughout the plant kingdom. His investigations included two
Bryophyta and two members of the Pteriodophyta (Lamport and
Miller, 1971). 1In Spermatophyta hydroxyprocline-arabinosides were
present in Angicspermae (both monocotyledons and dicotyldeons)
as well as in Gymnospermae. More work has been done on dicotyl-
edons than on monocotyledons. It should be mentioned that the
material used for investigation in‘general was support tissue
rather than storage tissue. Due to the different functions,
it is likely that the cell walls in the latter differ from
those in the former with respect to their chemical composition.

When this work was started, no report had been published
on the hydroxyprolinz content of the cell walls of any storage
tissue in monocotyledons. Flour was chosen as an example of
endosperm of gramineae because it is readily available and non-
starchy polysaccharides had already been extracted from it.

The chemical composition of flour is comparatively well known.
Pentosans - classified into water-solubles and water-insolubles,
the latter being somatimass referred to as hemicelluloses (Kulp,

1968) - have been extensively investigated.



Thus a search for hydroxyproline in water-soluble and
water-insoluble pentosans was started. During ths course of
this work, Fincher and Stone (1974a) published a mathod for ex-
traction of a hydroxyproline-~rich glycopeptide from wheat flour.
Their water extraction of ethanol-pretreated flour seemed to ba
suitable for examining flour for the hydroxyproline content of
pentosans. A trichloroacetic acid (TCA) extraction method also
was used to obtain hydroxyproline containing polymers. The TCA
procedure allows one to roughly estimate the origin of the ex-
tract as cytoplasmic. It became the preferred mathod throughout

this work.



LITERATURE REVIEW

I. THE PRIMARY CELL WALL

The primary wall is considered to be that part of the
wall which the young growing cell deposits on both sides of the
middle lamella. It is a thin, non-rigid lamella:; however, it
already possesses great mechanical strength. As long as the
cell developes and increases its surface, the wall is recognized
as primary.

The secondary wall is formed after growth has ceased.
The wall then is thickened by appositicon of mainly cellulosic
material onto the primary wall (Hall et al., 1974).

The plant systems under investigation in this thesis
are wheat seedling roots and wheat endosperm, whose cell walls
show a structure characteristic for primary walls (Mares and
Stone, 1973a). Thus, mainly the primary walls are reviewed.

Of what materials does a primary wall consist? Approxi-
mately 90% of the structural material of the wall is polysac-
charide, the remaining 10% is protein (Albersheim, 1975;
Northcote, 1969). Cellulose is embedded in a matrix of pectic
substances, hemicellulose and protein. Northcote (1969) defined
pectins as the fraction of cell wall matrix polysaccharides that

is soluble in water or in solutions of chelating agents for
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calcium ions, and hemicelluloses as the fraction that is soluble
in alkali solution. Pectins are rich in galacturonic acid, and
usually also contain L-arabinose and D-galactose as the main
moncsaccharide residuss, though other sugars including rhamnose,
fucose, glucose and xylose may bs present. The hemicelluloses
are very complex in their composition; xylans and glucomannans
are important constituents. Somstimes the distinction between
pectin and hemicellulose is blurred. Polysaccharides have been
isolated which resemble pectin in composition, but showed typi-
cal solubility properties of hemicelluloses (Hall et al., 1974).

Composition data of cell walls have bsen obtained from
different systems. Thimann and Bonner (1933) investigated the
walls of avena coleoptiles. They found 42% cellulose, 38%
hemicellulose, 8% pectin and 12% protein. Albersheim et al.
(1973) described thz primary cell wall of sycamore (Acer

pseudoplatanus) cell-suspension cultures as consisting of ona

third cellulose, one third hemicellulose and.one third pectin
and protein. Tha suspension-cultured sycamore cells are believed

to contain only primary wall. The data on Acer pseudoplatanus

closely resemble those obtained from the bean Phaseolus
vulgaris, the two being distantly-related dicotyledons.
The most recent model of the primary cell wall of syca-

more cell culture reported by Albersheim and his co-workers



(1975) shows cellulose-fibers coated with a layer of xyloglu-
cans. The latter are hydrogen bonded to the cellulose. The
reducing end of each xyloglucan molecule is glycosidically
bound to an arabinogalactan, which in turn is linked to a
rhamnogalacturonan. The protein component is not included in
this model. Albersheim (1975) depicts the arabincgalactan as
consisting of a chain of arabinose units appended to a chain of
galactose units. Relatively few side chains are present and
have only one sugar unit. The cell walls of dicotyledons appear
to be very similar to each other in composition. However, the
model just described in detail doss not fit data obtained on
monocotyledons (Albersheim, 1975).

Burke and co-workers (1974) also investigated the pri-
mary cell walls of a suspension-cultured Douglas fir. They
found them structurally more related to the walls of dicotyle-
dons than of monocotyledons. Hydroxyproline was more abundant
in Douglas fir walls than in any of ths monocotyledons they
examined, but less than in sycamore. The two hydroxyproline-
arabinosides from sycamore were not present in Douglas fir.
Lamport and Miller (1971) reported hydroxyproline-arabinosides

in three other gymnospermae: Ginko biloba, Cupressus spec.

and Ephadra spec..




IT. THE PROTEINACEQUS CELL WALL COMPONENT EXTENSIN

Protein in the c¢=ll wall was noted as long ago as 1888
(Wiesner, 1888). It is well researched in sycamore (Acer

pseudoplatanus) suspension culture (Albersheim et al., 1973),

carrot root slices (Gardiner and Chrispeels, 1975), pea hypo-
cotyl (Sadava et al., 1973), tomato stem callus (Lamport, 1970},
and tobacco callus (Olson, 1964). Lamport called the protein
extensin (Lamport, 1964), speculating that its role might have
something to do with cell extension. This protein is part of
a glycopeptide, containing arabinose and galactose. Hydroxy-
proline is the most akundant amino acid. For this reason,
hydroxyproline has been used as a marker amino acid in tracing
extensin.

It is difficult to definitely describe the structure of
a cell wall component, because the polymers cannot be extracted
from the wall without degradation. Extraction with acid or
base resulted in simultaneous, but partial, cleavage of several
types of bonds in the wall (Albersheim et al., 1973). Sub-
structures like the hydroxyproline-rich glycopeptide extensin
can only be investigated upon degradation. Most of the
hydroxyproline-rich glycoproteins are covalently attached to
the cell wall matrix (Chrispeels and Sadava, 1971). In addition,

before degradation, the wall has to be defined and purified.
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Which method leaves ths walls contaminated with plasmatic parts
of tha cell? Which method of purification also extracts essen-
tial wall components?

In tha case of carrot discs, Chrispeels (1969b) ground
them with 0.5% Nonidet P40, a nonionic detergent. The insolukle
part was designated wall, which he then fractionated furthezr.
Since detergent can solubilize membranes, the method seems to
be adeguate to clean tha cell wall from cytoplasmic components;
the wall of young pea stems was obtained by homogenizing seg-
ments in water, the insoluble part was further washed and
sedimznted by centrifuging at 1000xg for three minutes. Sycamore
and bean-cells we;e broken by shaking a thick suspension in
water with glass beads until no intact cells were present
(Lamport and Northcote, 1960). A preparation, indisputably

"cell walls," were obtalned from Chlamydomonas gymnogama

which sheds its walls during mating. Cell walls could simply
be collected by differential centrifugation (Miller et al.,
1974) .

From cell walls liberated in that fashion, the glyco-
protein complex extensin was isolated. Since it could not be
purified without the use of degradative methods, it was diffi-
cult to obtain complete information about its structure.

Using degradative procedures, fractions containing hydroxyprolins-



arabinosides or additional galactose and serine were obtained
(Lamport, 1972}. Hydrolysis in 0.22 M barium hydroxide for
six hours at 1l00°C released hydroxyproline-arabinosides from
the cell wall. These have low molecular weights and react like
free hydroxyproline with the specific isatin reagent (Lamport,
1972}

Glycopeptides containing arabinose, galactose, hydroxy-
proline, serine, tyrosin and frequently lysine and valine were
obtained by degrading cell walls of dicotyledons with a crude

cellulase/protease preparation from Aspergillus niger (Lam-

port, 1969). Hydroxyprolinas was the most abundant amino acid
in these glycopeptides which were stable in weak alkali (0.5N
potassium hydroxide, eighteen hours, 4°C), but were hydrolyzed
by strong alkali yielding free amino acids plus hydroxyproline-
O-arabinosides (Lamport, 1971).

It was shown by electrophoresis that both the secondary
amino and ths carboxyl groups in hydroxyproline were free.
Thus, a hydroxyl group was the most likely point of substitution.
Thae arabinosides did not reduce alkalinz silver nitrate; hence
the reducing group of arabinose was blocked. However, treat-
ment at pH 1 for one hour at 100°C (which cleaves arabinosides)
split the arabinosyl-hydroxyproline linkage. The peptide then

became susceptible to proteolytic attack (Lamp: &, 1971).



Hydroxyproline in plant cells was generally found to
be at least partially arabinosylated. 1In lower plants, di-
or trisubstituted hydroxyproline wés reported; in dicotyledons,
tetraarabinosides predominated; in corn, unsubstituted hydroxy-
proline was followed in order of occurrence by trisubstituted
hydroxyprolina (Lamport, 1971).

A cytoplasmic precursor has been reported, which appears
to be identical to extensin except that it is not irreversibly
bound to the cell wall matrix. It can easily be extracted from
homogenized cells with nondestructive reagents (Brysk and
Chrispeels, 1972). Very elegant kinetic studies performed by
Olson (1964) justify the extract being regarded as an extensin
precursor. Tobacco stem callus suspension-cultured cells were
incubated with 14C—proline for half an hour and chased for
different lengths of time. The l4c-proline was taken up in

14C-hydroxyproline which was not incorporated. The

contrast to
radioactivity was then determined in ths protoplasm, in the wall
material that was extracted from thz cell wall by a salt solu-
tion, and in the residual wall. The specific activities of both
proline and hydroxyprolins in the protoplasmic fractions were
originally high and about equal; both declined rapidly. However,

in the salt-extractable wall, only some turnover occurred in

proline and the activity continu=d to increase in hydroxyproline.
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About the sama effect was found in the cell wall-residual
fraction, but more pronounced. Similar kinetic experiments,
showing a precursor-product relationship in a glycopeptide from
the protoplasm and from the wall, have been reported with car-
rots (Sadava and Chrispesls, 197la; Gardiner and Chrispeels,
1972; Brysk and Chrispeels, 1972; Chrispeels, 1969a; Chrispeels
et al., 1974; Gardiner and Chrispeels, 1975).

Chrispeels and others, in a series of investigations
(see above), showed thz steps in extensin formation: proline
is enzymatically oxidized to hydroxyproline, then glycosylated
by arabinose, and finally tha completed glycoprotein is secreted
to the cell wall. When carrot discs were incubated with labelled
proline, label was found in hydroxyproline. Even after the label
was removed or was chased with excess nonradicactive proline,
the biosynthesis of radioactive peptidylhydroxyprolina contin-
ued. Thus it was suggested that hydroxyproline can be synthe-
sized by plant cells from proline.

The hydroxylation occurs after the prolins is incorpor-
ated into the protein, since ths protein synthesis inhibitor
cyclohaximide did not inhibit the oxidation of already incorp-
orated prolinsz to hydroxyprolins. The chelating agent
of, o& -dipyridyl, which inhibkits the formation of bound hydroxy-

proline from bound proline, but does not have any effect on
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overall protein synthesis, together with ferrous ions, which
cause a sudden initial increase of hydroxyproline synthesis,
served as useful tools to investiéate the time of the oxidation
of the proline. When cycloheximide was added, just prior to
ferrous ions, to carrot discs that were preincubated with
dipyridyl and then labelled with 14C—proline, protein synthesis
stopped, but a burst of hydroxyprolins synthesis took place in
the cytoplasm. The latter statement is based on the finding
that nearly all of the hydroxyproline formed after addition of
ferrous ions was found in the cytoplasm and not in the wall
(Chrispeels and Sadava, 1971). A peptidylproline hydroxylase
has been isolated from carrot discs and other tissues which con-
verted peptidylproline to peptidylhydroxyproline in vitro
(Sadava and Chrispeels, 1971b).

The attachment of arabinose to hydroxyproline may also
occur in the cytoplasm, since hydroxyproline arabinosides simi-
lar to the ones isolated from the wall could be found in the
cytoplasm. When tissue was incubated in either 14C—proline or
l4c_arabinose, the radiocactivity first appeared in the hydroxy-
proline in the isolated glycopeptides and three to four
minutes later in the sugar. An enzyme that catalyzes the
glycosylation of extensin has been isolated by Karr (1972).

Chrispeels (1969b) and Olson (1964) described the secre-

tion of the glycopeptide to the wall. However, the evidence for
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this process 1is meager. For instance, 1n Olson's pulse-chase
experiment, the loss of radioactivity in hydroxyproline in the

cytoplasm is much higher than the gain in the cell wall.
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I1II1. THE CELL WALL OF GRAMINEAE

The cell walls of gramineae, as investigated on six
suspension-cultured monocots (Burke et al., 1974), are remark-
ably similar to =ach other, but substantially different from
the ones of dicotyledons. Arabinogalactan, xyloglucan, and
rhamnogalacturonan were found in the dicotyledon cell wall in
addition to cellulose. In the six monocotyledons: wheat, oats,
rice, sugar cane, brom2 grass and rye grass, an arabinoxylan
comprised 40 to 60% by weight of the wall in the cultured cells.
Since the arabinoxylan had been isolated from a wide variety of
monocotyledon tissues (Aspinall et al., 1963; Aspinall et al.,
1956), it can be categorized as the principal component of the
primary cell walls of monocotyledons. In wheat endosperm, for
example, the arabinoxylan was reported to make up 85% of thes
polysaccharides in thz cell wall, in addition to smaller
amounts of glucomannan and cellulose (Mares and Stone, 1973a).

The amount of protein is in thz same range as in di-
cotyledons. However, the amino acid composition is different,
in that monocotyledons or at least gramineae are low in hydro-
xyproline; only very minor amounts have been found (Table 1)
The cell line isolated from endosperm contained no detectable
amounts of hydroxyproline. Hydroxyprolina could not be de-

tected in cell walls from barley endosperm or from barley



14
aleuron (Fincher, 1975; McNeil et al., 1975). However,
Cleland (1967) found 60% of all the hydroxyproline in oat cole-
optiles localized in the wall; also hydroxyproline arabincsides
were found in Zea mays pericarp walls (Lamport and Miller,
1971) .

TABLE I. PROTEIN AND HYDROXYPROLINE CONTENT IN THE WALLS
OF SIX SUSPENSION-CULTURED MONOCOTYLEDONS AND

SYCAMORE

. Cell Line Protein in Hydroxyproline
Speciles Isolated from Cell Wall* in Cell Wall*
Wheat root tissue 11 0.14
Oats embryo 16 -
Rice root tissue 17 0:13
Sugar cane internode 15 0.14
Brome grass embryo 14 0.16
Rye grass endosperm 7 0.05
Sycamaore cambium 10 2.0

*Values are welight percent

These differenceg cannot readily be explained by the
extraction methods that these authors used. Fincher (1975),
as well as Cleland (1975) regarded as wall the residue that

remained after extraction of tissue with agqueous ethanol.
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Fincher used 70% ethanol, whereas Cleland used 80% ethanol.
After the ethanolic extraction, Cleland washed the walls with
water. McNeil (1975) isolated walls after an adueous washing
procadure. Note that a hydroxyproline-rich glycopeptide,
which will be discussed in‘more detail later, was extracted
from flour (Fincher and Stone, 1974a) which was precipitated
in 80% ethanol, but was soluble in 70% ethanol. If it were
present in oat coleoptiles, water would have washed it away.
It should be mentioned that anothsr monocotyledon, namely
asparagus spec., was reported to have cell walls rich in hydroxy-
proline (Selvendran, 1975a).

Since the beginning of this century, research has been
done on the sq*called pentosans in flour, especially with re-
spect to their industrial use for bread baking. One distin-
guishes water-soluble and alkali-soluble pentosans. The latter
are fregquently referred to as hemicelluloses. The alkali-
soluble part is believed to be associated with cellulose of
the wall. Once liberated from the wall, the hemicelluloses
become water-soluble. Thz major sugars in the water-soluble
pentosans are arabinose and xylose, as observed for the cell
wall matrix. There is no report about hydroxyprolins in the
hemicelluloses.

In dicotyledons, workers have been locking for wall
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precursors in th2 part of the cell that is soluble in non-
destructive solvents. Hydroxyproline served as a marker
(Cleland, 1968); however, hydroxyproline—containing fractions
do not necessarily have anything to do with the cell wall. It
is especially difficult to verify the origin of trace amounts
which might be cytoplasmic contaminants.

Since this thesis deals with water-soluble, non-starchy
polysaccharides, literature concerning water-soluble pentosans
and the probability of their relation to the cell wall will be

reviewed.

IV, WATER-SOLUBLE PENTOSANS

Water-soluble pentosans comprise less than 1% of wheat
endosperm flour (Kakuda, 1973). They are very heterogeneous
with respect to molecular weight and charge, as judged from
chromatography on columns of DEAE-cellulose. Kakuda (1973)
estimated the molecular weights of water-soluble pentosans
using dextran standards for pentosan fractions containing
mainly carbohydrates, and globular protein standards for frac-
tions predominantly composed of protein. Weights varied from
26,000 to 140,000 using carbohydrate standards, and from 2,150
to 150,000 when calculated from protein standards.

Kilndig et al. (196l) fractionated water-soluble pento-

sans from wheat endosperm into five fractions on a column of
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DZAL~-cellulose column; the column eluted with borate. Frac-
tion I, the biggest fraction, contained arabinoxylan only.
Fractions II to V contained varioﬁs amounts of protein, in
addition to arabinose, xylose, and galactose. Fraction II, a
glycoprotein, could be split, on digestion by pronase, into two
high molecular weight fractions (Neukom, et al., 1967): an
alcohol-insoluble arabinoxylan containing no galactose, and
an arabinogalactan, containing some protein, composed of 70%
galactose and 30% arabinose. Kakuda (1973) subdivided peak II
into two subfractions using Klindig's (1961) method: Peak IIa,
low in protein, and Peak IIb, containing two to three times as
much protein, depending on the flour used. The carbohydrate
data agree with Kiindig's observations for peak II, insofar
that both fractions of peak II contained arabinose, xylose,
and galactose as the only sugars present.

Neukom's results from digestion with Pronase suggest
that galactose was not linked directly to the main xylan chain,
but rathar occurred as an arabinogalactan which then was con-
nacted via a polypeptide bridge to arabinose in the arabin-
oxylan.

Several authors have speculated about the nature of
tha carbohydrate-protein linkage. The amino-group of an amino
acid could be bound to a sugar. Rehfeld (196?) mentioned the

presence of an amino-sugar in rye-pentosans; he stained a
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pentosan hydrolysata on a thin-layer plate with a reagent speci-
fic for amino-sugars. Wrench (1966) found an amino-sugar in
wheat pentosans by proteolytic digestion of a water-soluble gly-
coprotein obtained by salt extraction. Hydroxylproline has been

suggested as thes linking amino acid (Fincher and Stone, 1974a).
V. HYDROXYPROLINE IN WATER-SOLUBLE GLYCOPEPTIDES IN CEREALS

It is difficult to decide which part of the pentosans
is a cytoplasmic component. The term "pentosan" 1is defined by
composition and not by biological function. At least in wheat,
water-soluble pentosans are composed of a straight chain of
xylopyranosyl residues, linkad beta-1l, 4, to which are attached
arabinofuranosyl residuas at the 2 or 3 position of individual
xylose units (D'Appolonia, 1973). 1In general, it is assumed
that polysaccharides which are soluble in 70% ethanol have a
low molecular weight and have either cytoplasmic origin or
stem from the middle lamslla (Fincher et al., 1974). Fincher
et al. (1974) and Cleland (1968) tried to locate the hydroxy-
proline-containing glycopeptides in the cell. Fincher et al.
(1974) concluded from the fact that the arabinogalactan was
isolated without recourse to degradative enzymes or chemical
extraction procedures that it might not be associated with

plant cell wall polysaccharides. Cleland distinguished
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cytoplasmic fractions from cell wall fractions using solubility
criteria. The portion soluble in 80% ethanol was designated
cytoplasmic and the portion insoluhle as cell wall.

Fincher et al. (1974) and Fincher and Stone (1974a) ex-
am’ned flour extract, from wheat endosperm, which was precipi-
tated Ly 890% cold ethanol, but soluble in 70% ethanol. They
separated it further into a fraction soluble in saturated ammon-
ium sulfate {(an arabinogalactan-peptide) and a fraction insolubls
in saturated ammonium sulfate (an arabinoxylan). Table V (p. 51}
shows the composition of these fractions. Fifty-nine percent
of the total carbohydrate in the arabinogalactan-peptide was
galactose and 41% was arabinose. This is in the same range as
Neukom's arabinogal ctan-peptide menticned above, with its 70%
galactose and 30% arabinose. The most abundant amino acids are
glutamic acid, glutamine and alanine (Fincher and Stone, 1974a;
Neukom, 1967). Hyvdroxyproline was present in a higher percentage
in Finchar and Stone's preparation than the threz amino acids
both resaarch groups listed as very freduently occurring. Un-
fortunately, Neukom and co-workers did not list hydroxyproline
at all.

The composition of the arabinogalactan-peptide and its
structure were determined in considerable detail (Fincher et
al., 1974): 92% polysaccharide, 8% protein, oﬁ which 16

to 20% per 100 moles of amino acid was hydroxyproline. The
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molecular weight was 22,000 as calculated from the sedimentation
coefficient, the intrinsic viscosity and the diffusion coef-
ficient. Tha structure suggested from partial degradation by
acid, hydrazine, or barium hydroxide was a galactose backbone
with arabinose side chains, and with hydroxyprolins being the
amino acid residue involved in the linkage of polysaccharide to
protein., Cell walls from endosperm were found to be practically
free of hydroxyproline, but it was found in the cytonlasm.

Cleland (1968) found hydroxyproline-containing cell-
constituents in oat coleoptiles. He found 20% of all the cell
hydroxyproline in a trichlorocacetic acid-socluble, non-
dialysable fraction, referred to as cytoplasmic, and 60% in
the wall. He incubated avena-coleoptile sections in a medium
14C—proline and studied the uptake of radiocactivity in proline
and hydroxyprolina. Pulse-chase experiments did not show a
product~-precursor relationship between the cytoplasmic hydroxy-
proline-containing glycopeptide and the hydroxyproline in the
wall. Cleland did not publish composition data of this cyto-
plasmic glycopeptide. He concluded that there are at least two
classes of hydroxyproline-proteins; ths wall-concentrated
extensins and a second group which are located in the cytoplasm
and are never transported to the wall,

Actually, nothing is known about the function of the
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arabinogalactan-peptide and very little about the arabinoxylan.
A study (Fincher and Stone, 1974b) of how gibberellic acid
changes thes amount or appearance of both in stimulating germi-
nation shows an approximately threefold increase of arabinose-
and xylose-containing polymers. Their molecular size decreases.
The increase in water-soluble pentosans is probably due to
cell wall degradation. What happens to the arabinogalactan-~
peptide during endosperm modification could not clearly be
observed because of the large increases in soluble arabinoxylan.
Thagse studies do not answer the question about the function of

non-starchy cytoplasmic polysaccharides in the endosperm either.

VI. HYDROXYPROLINE IN THE PRIMARY CELL WALL QUESTIONED

After having reviewed the literature which showed the
occurrence of extensin in very many dicotyledons, but not in
monocotyledons, it should be mentioned that a group of research-
ers (Steward et al., 1974) doubted the occurrence of a
hydroxyproline-rich protein in primary walls in general. This
school especially criticized the experiments on sycamore-
suspension cultures mentioned previously, because the cells
were harvested in bulk without regard to their morphological
and functional differences. Steward et al. (1974) distinguished

‘between living, flaccid, and senescing cells. 1In autoradio-

T4

graphic experiments in which the cells were grown in proline
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a high number of silver grains could be localized in the cell
walls of senescing cells, which lacked any protoplasmic
organization whatscever. 1In the wallé of actively dividing
cells, very little label was noted. The senescing cells had
thickened walls, so.that the label could be regarded as being_
incorporated into the secondary wall. Actually, these find-
ings agree with Sadava et al. (1973) who reported an increased
synthesis and accurmulation of cell wall hydroxyproline which
coincides with the cessation of elongation growth in pea-
epicotyl. Lamport (1970) also mentioned the possibility that

protein is involved in secondary thickening of the cell wall.
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MATERIALS AND METHODS

I. MATERIALS

Wheat Flour, ragional baking standard, a mixture of

good milling and baking quality samples from nine varieties
{Buckskin, Trison, Homestead, Scout, Cloud, Eagls, Sage,
Centurk, Kirwin) grown in Newton, Hays and Garden City,

Kansas.

Origin of the Wheat Root Extract. This material was

available from preliminary experiments done in this lab-
oratory {(Nordin, 1975) using Shawnee variety wheat.

TLC Plates. Brinkman pre-coated silica gel 60 (E. Merck)
thin-layer plates (0.25 mm x 20 cm x 20 cm).

Enzymes. Hog pancreatic «-amylase was purchassd from
SIGMA Chamical Company, St. Louis, Mo. Glucoamylase was
ohtained from the Miles Laboratories, Inc., Kankakee,

Iowa.
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IT. METHODS

A. Analyses:

1) Total carbohydrate was determined by using the phenol-

sulfuric acid method (Dubois et al., 1956). Arabinose s=rved
as a standard for both pentoses and hexoses. Absorbance was.
determined at 480 nm. When mainly galactose was present, the
data from the arabinose standard wers multiplied by 1.35. When
xylose was to be determined, the arabinose data were divided
by 1.4.

2) Protein was determined by the Folin-Ciocalteau method
using bovine serum albumin (Schwarz/Mann Company, Orangeburg, NY)
as a standard (Lowry et al., 1951).

3) Hydroxyprgline was determined by the method of
Kivirikko and Liszsmaa (1963). In preliminary experiments, the
method of Neumann and Logan (1950) was used, which is fifteen

timas less sensitive. Both methods are based on the same

i

principla: hydroxvproline is oxidized to pyrrole which further
reacts with p-dimethylaminobenzaldehyde to form a complex
having a pink color. Neumann and Logan used sodium peroxide
for oxidation and Kivirikko and Liesmaa, sodium hypobromide.

4) Amino Acids were determined after hydrolysis of 50 mg
of a protein containing fraction in 6 ml of 6N hydrochloric
acid under reduced pressure for 12 hrs. at 110°C. The hydro-

chlorie acid was evaporated, the residue redissolved in water

aeveral times. Finally the residue was solved in 5 ml of water o



25

which .5 ml were applied to the amino and analyzer column
accelerated svstem (Beckman Modal 120C). The mole percent
amino acid per 100 moles was calculated from the height and
the width of the peaks according to standards.

B. Hydrolvses:

1) Hvdrolysis for sugar identification: Minute amounts

of sampla were hydrolyzed in tubes sealed under reduced pras-
sure in 2N trifluoroacetic acid for one hour at 110°C. Tri-
fluorcacaetic acid was evaporated und=r a nitrogen stream,

and the residue dissolved in water.

2) THydrolysis for sugar analysis: Samples were

hydrolyzed in tubes sealed under reduced pressure in 2ml 1IN
hydrochloric acid for two hours at 100°C. The acid was evapo-
rated at 95°C under a stream of nitrogen. The hydrolysates
ware redlssolved twice in lml of water, which then again was
evaporated.

3) Hydrolysis for hvdroxyproline determination: Samples

(1-3mg) were hydrolyzed in a sealed evacuated tube in 6N hydro-
chloric acid at 110°C for six hours. The hydrolysates were
Filterad through sintersed glass and then dried on a steam cone.
If no humin was visible, the filtering step was omitted.

C. Thin Layer Chromatography:

1) Id=satification of sugars: The sugar hydrolysates

were applied to TLC plates. The plates were developed in one
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dimension by threa ascents of butanol-acstone~water (40:50:10);
plates were air-dried after each ascent.

Staining: Plates were stained by dipping them into a
dioxane-methanol solution containing two grams triphenyl-
tetrazoliumchloride per 118 ml solvent. The plates were air
dried, exposed to ammonia vapors and then heated at 80° for
ten minutes in an ammonia atmosphere. Sugars stain red; there
is practically no background staining.

2) Quantitative sugar analysis: Ths sugar residues

were dissolved in water and applied in a line to two thin-
layer plates. Sugar standards were applied along one edge
which was separated from the main part of the plate by scraping
off a thin band of gilica gel. The plates were chromatographed
in butanol: acetone: water (40:50:10), three ascents. Sugar
components were located, after covering the portion of the
plate containing the sample with a glass-plate, by spraying

the portion containing the standards with the reagent used for
sugar identification. After the standards were visibly stained,
corresponding portions were scraped from the portion of the
plate containing the sample, and the silica gel eluted with
hot water, concentrated and assaved for carbohydrate using the
phenol-sulfuric acid method.

3) Identification of amino acids: Protein hydrolysates

were applied to TLC plates. The plates were chromatographed
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using 96% ethaanl, 23-30% ammonia (70:30), and 96% ethanol-r
water (70:30) in tha second dimensiop.

Staining: a) Plates were dipped into an acetone
solution containing 0.3 percent ninhydrin and three percant
glacial acctic acid. The color was developed in an oven at
90°C for several minutes. Proline and hydroxyproline give
yellow spots, while other amino acids form blue spots.

Staining: b) Plates were dipped into an n-butanol
containing 0.2 percent isatin and four percent glacial acetic
acid. Than tha plates were hsated for five to ten minutes at
90°C. Proline and hydroxyproline give blue spots, while
other amino acids stain pink (Acher et al., 1950).

D. Isola*tion of Crude Water-Soluble Pentosans:

1) According to the procedure of Kiindig et al. (1961}

except that precipitation with trichloroacetic acid and
digestion with c¢<-amylase were omitted (See Fig. 1).
Throughout this thesis, this preparation will be referred to
as pentosan 1.

2) Isolation of crude water-soluble pentosans by

trichloroacaitic_acid =sxtraction. To compare with Cleland's
(1968) results, Flour was extracted with twice the weight of

fitteen percent trichloroacetic acid below 2°C (See Fig. 2).

The low temperature was maintained during the whole extraction
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procedure until the solution had a neutral pH, since trichloro-~
acetic acid possibly could degrade acid labile linkages. These
pentosans will be called pentosaﬁ 2.

3. DAccoxding to Presce and McKenzie's procedure (1952)

with slight variations.

Th2 procedure of Fincher and Stone (1974a) was used
{See Fig. 3.) to isoclate a crude pentosan fraction referred to
as pentosan 3 in this thesis. The iscolation procedure of
Fincher and Stcne (1974a) is based upon one by Presce and
McKenzie (1952).

Nzithar Fincher and Stone nor Preece and McKenzie reported
whether the ethanolic extract was decanted hot or after it
cooled. This is relatively important since the major glyco-
peptide is rzported to be soluble in 70% ethanol, but insoluble
in cold 80% ethanol. I extracted in both ways. In one prepa-
ration, I decanted the ethanolic solution still hot. My mods
of isolation variad from Fincher and Stone's in threse points:
1. I extracted the ethanol-insoluble residue at room tempera-
ture and not at 40°C. 2. I precipitated the proteins from
the water-soluble fraction before and after enzymatic digestion
by heat coagulation. 3. The enzyme used was glucoamylase
instead of salivary amylase. The water-soluble pentosans

obtained from this procedure were designated as pentosan 4.



29

Water-solubla pentosans were isolated in a manner identi-
cal to the pentosan 3 preparation, but the ethanolic solution
was decanted while hot; this will be callad pentosan 5. When
the ethancl waszs decanted after the suspension was coolad,
the preparation was designated pentosan 6.

Pantosans 2 and 3 were fractionated with saturated
ammonium sulfate, according to Fincher and Stone (1974a), into
a fraction soluble in ammonium sulfate and one insoluble in
ammonium sulfate.

Crude Water-Insolubls Pentosans:

Flour {100g) was made into a doughball and allowed to
rest for six hours. It was washed under a stream of water,
and the water-dispersiblzs part was centrifuged at low speed.
The upper brown layz2r containing the desired pentoszans was
mechanically removed with a spatula, dispersed in water and
again centrifuged at low spead. The washing was repeated until
most of the starch that was visible as a white layer had been
removed. The cirude pentosans were dissolved in 80 ml dimethyl
sulfoxide, and then diluted approximately ten-fold with water
and o¢ —amylase (1800 units) was added. The mixture was
dialyzed For six davs until it no longer stained blue with
iodine. Than the dialyzed pentosans were lyophilized.

F. Isolation of Water-Soluble Polysaccharides from Wheat Roots:

The wheat root exiract (Nordin, 1975) was exitracted
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with ice-cold, fifteen-percent trichlorocacetic acid. The
soluble part was shaken with ether as in the TCA extraction
(see Fig. 2), dialyzed at 0°C against ice water and freeze
dried. The total yield was 32 mg from 100 mg root extract.
The final extract gave a positive test for hydroxyproline; the
insoluble residue gave a negative test.
G. Gel Chromatographys:

The fresze-dried materials were dissolved in water,
0.01 M phosphate buffer, pH 7 or Tris buffer, pH 7, and applied
to a Columa (75.5 x 1.6 cm) of Sepharose. Components were
eluted with the solvent used for extraction of the sample.

Fractions {1 ml or 1.25 ml) were automatically collected. V4

was datermined with dextran blue and V. with glucose.
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Wheat Flour

mixed with two weight
volumes of water in a
Waring blender for 5
min; centrifuged (2°C,
40 min, 25400 x g)

Sup=cnatant Precipitate gluten,
heated in a boiling starch and alkali-
water bath for 3% min soluble pentosans

b discarded
centrifuged (2°C, 2 hrs,
48200 x g) '
| | |
Supernatant Precipitate tested
| for hydroxyproline
tested for starch (positive)

(negative)

|
dialyzed against water
for 3 days at 2°C

|

centrifuged (2 hrs.

48200 x g)
Supernatant Pracipitate
l
freeze~dried tested for hydroxyproline
(positive)
pentosans

Fig. 1. 1Isolation of water-soluble pentosans (pentosan 1)
by the method of Kindig, et al. (1961).



wheat Flour (500 g)

stirred into 2 1
15% TCA in an ice-
bath and laft
overnight

centrifuged (-8°C,
20 min, 9150 x g)

Extract Residue

extracted with about
1l 1 cold =2ther

Non-polar phase Polar phase

dialyzed against
ice waker for one

day
Precipitate Supernatant
Assayed for hydroxyproline freeze dried
(negative)

Pentosans 2
Yield: 3.0 g

Fig. 2. TCA Extraction of Wheat Flour.
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Whezat Flour

extracted with 80% ethanol
(reflpx, 0.5h, 2x)

Extract Ethanol-insoluble Residue
(discarded)

extracted with water
(40°c, 0.5h, 3x)

Water-soluble Water-insoluble
Fraction Residue

digested with
salivary amylase
(5g2e, 5 days).,
then held at 90°C
for one hour

Residue Extract
(denatured protein)

dialyzed and
freasze dried

Water-soluble
Polysaccharides

Fig. 3. Procedure for Extraction of Water-Soluble Polysaccharides
According to Fincher and Stone (1974a).
(Pentosans 3; Pentosans 4, 5 and 6 involved minor modi-
fications of this procedure.)
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RESULTS

I. NONSTARCHY PCLYSACCHARIDES FROM WHEAT ENDOSPERM

A. Analyses of Pantosan Preparations

1) Hydroxyprolina

The classical wav to obtain water-insoluble pentosans
from wheat flour is the dough-kneading procedure (Materials
and Mathods) while the method of Kindig et al. (1961l) has
been widaly used to isolate water-soluble pentosans. Since
hydroxyprolinae has been reported to be present in cell walls
(Cl=land, 1967; Lamport, 1964; Olson, 1964; Albersheim et al.,
1973), I expected o find it predominately in the water-
insoluble pentosans or hemicelluloses which are believed to
represent a part of the cell wall matrix (Hall et al., 1974).
These pentosan preparations (the water-insolublas, and the
water-solubles referred to as pentosans 1) were assayed for
hydroxyproline by Neumann and Logan's (1950) method, and by
the more accurate method of Kivirikko apd Liesmaa (1963).
Tha water-insolubls pentosans contained 0.12% hydroxyproline
when assayed with Kivirikko's method and 0.31% with Neumann
and Logan's mathod. Pentosans 1 were found to contain 0.24%
hydroxyproline with Kivirikko's method and 0.75% using Neuman
and Logan's method. The former msthod consistently gave results

about one third the magnitude of the latter method.
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In addition, hydroxyproline was identified, after
hvdrolysis of the pentosans, by two-dimensional thin-layer
chromatography. Samples were appiied to thin-layer plates
after hvd:solysis in 3N hydrochloric acid. Acid did not inter-
fere with the solvent or the rate of migration to any recog-
nizablz extent. Proline and hydroxyproline both stain blue
with isakin, wherecas other amino acids give a pink color. The
two solvent svstems used (Materials and Methods) clesarly
separated those two amino acids. Hydroxyproline had Rg values
of 0.4-0.57 and proline 0.83-0.90. Proline stained darker
blue than hvdroxyproline, so it was always more clezsarly visibla.
The most comnon me:-hod for chromatographic identification of
amino acids is to stain with ninhydrin. The yellow color which
proline and hvdroxyproline yield with ninhydrin is not sufficient-
ly clear or visibls to positively identify hydroxyproline.
Finally, hvd:-oxyproline was found using a combination of thin-
laver chromatography and Kivirikko and Liesmaa's (1963) method.
Chromatographyv served to concentrate this amino acid. A
hydrolysate from 100 mg purified pentosans was applied as a
band to a thin-layer plate and chromatographed in one dimension
in solvent 1 {(Materials and Methods). After staining, bands
ware visible at Re values 0.89, 0.68, 0.60, 0.54, 0.42, 0.35,
0.15, 0.115, and at the origin. The bands at Rg 0.42, 0.54,

0.60 and 0.68 were scraped off, the silical gel soaked in wéter,
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blended in a Sorvall Ouwnimix for three minutes and filtered.
Tha filtrates ware dried at an elevated temperature under normal
prassure, dissolvad in water, and assayed for hydroxyproline with
Kivirikko's method. Only one band Re 0.60 showed the character-
istic pink color of hydroxyproline. Thus, hydroxyproline was
positively identified in water-solublz pentosans.

Subseguent: to our establishing the presence of hydroxy-
proline in wh2at Flour, the work from Stone's laboratory (Fincher
and Stone, 1974a; Fincher et al., 1974) appeared, describing an
arabinogalactan-peptide in wheat endosperm which was very rich
in hydroxyproline. Fincher and Stone reported a shorter isola-
tion procedure originating in work reported by Presce and McKenzie
(1952) . The procodure is based on the insolubility of the hydroxy-
proline-rich moleculz in 30% ethanol, whereas many cereal proteins
are soluble in this solvent and hence can be eliminated. Since
Fincher and 3tone's results (1974a) will be mentioned frequently,
their pentosan preparation, from which they obtain the hydroxy-
proline-rich arabinogalactan-peptids, will be designated pentosan
3. Using Fincher and Stone's procedura, we ohtainzd a preparation
(pentosan 4) which <did not contain any hydroxyproline when
analyz=d on the aminc azid analyzer and only a tracs when
assayed with Kivirikko and Liesmaa's method. The major differ-

ence in the proceduraes seemed to be that I used glucoamylase,
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whereas Fincher and Stone used salivary amylase. To have a
better comparison two pentosan preparations were made with

amylase as the digesting enzyme. I also noticed that thea
ammonium sulfate-soluble part of the trichloroacetie acid-
solubls material, described in the next paragraph, was soluble
in hot 80% ethanol, but precipitated after the ethanol had
cooled. Finéher and Stone described their arabincgalactan-
peptide as solubla in 70% cold ethanol, and thus it is probably
at lzast partially soluble in hot 80% ethanol. Unfortunately,
neither Fincher and Stone nor Preece and McKenzie reported
whether they decanted the ethanolic solution from the flour
residue while it was still hot or after cooling. Hence, two
flour extractions were done; in one, the ethanolic solution
was decanted while still hot, in the other it was not decanted
until it had cooled to room temperature. The pentosans were
designated pentosans 5 and 6, respectively. The hydroxyproline
content of pentosan 6 was ten times higher than that of pento-
san 5, but still only represented one tenth of the hydroxy-
proline in pentosan 3 (Table II).-

Lamport (1970) and Cleland (1968) used cold 15% tri-
chloroacetic acid to extract hydroxyproline-rich material.
Their procedure had the advantage that it is believed to yield
cytoplasmic fractions, enabling a rough =stimate of the possible

location of the pentosan to be obtained. Their procedure was
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a
Table II, IIVDROLYPROLINE IN PENTOSAN FRACTIONS

Pentosan Hydroxy- Subfraction Hydroxy=-

proline w/w obtained by proline w/w
(%) precipitation (%)

with saturated
ammonium sulfate

Water-insoluble

Pantosans 0.12

Pentosan 1 0.24

Pentosan 2 0.023 goluble fraction 0.13
insoluble fraction 0.000

Pantosan 3 0.42 soluble fraction 1.34
insoluble fraction 0.000

Pentosan 4 trace

Pentogsan 5 0.004

Pentosan 6 0.038

a All values werse obtained by Kivirikko's and Liesmaa's
method (1963)
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used to yield a preparation designated pentosan 2. Its hydroxy-
proline content was 0.023% which is miniscule in comparison to
the hydroxyproline content of pentosan 3 (Table II). Pentosan
2 was fractionated into two subfractions with saturated ammon-
ium sulfate solutiocon, in order to compare my results further
with those of Fincher and Stone (1974a). The portion insoluble
in saturated ammonium sulfate was found to be free of hydroxy-
proline, whereas the portion soluble in saturated ammonium
sulfate contained 0.13% hyvdroxyproline. Fincher and Stone
reported 1.34% hydroxyproline in a similar preparation. The
hydroxyproline content of fractions discarded during the isola-
tion of pentosans 1 was determined. The proteinaceous precipi-
tate obtained by boiling the water-soluble flour extract
contained 0.25% hydroxyproline which is about the same amount
that was found in pentosan 1. The protein-precipitate obtained
after dialysis was somewhat lower in its hydroxyproline content,
0.19%.

2) Protein-Assays of Water-Sclublzs Pentosan Preparations

The water-solubls pentosans 1 and 2 and the ammonium
sulfate subfractions of pentosan 2 were assayed for protein by
the common Folin method (Lowry et al., 1951). Pentosan 1 was
found to contain 40% protein (rangs = 38% to 43%). This con-
“centration is higher than previous literature values. Kakuda

(1973) investigated three different Fflour types and found 8 to
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22.5% protein. Kindig et al. (196l) reported 8.8% protein in

wheat flour before the o ~amylase digestion and trichloro-
acetic acid precipitation.

Pentosan 2 was found to contain 3.8% protein (Tabls V).
The soluble and insoluble fractions obtained from pentosan 2
upon fractionation with saturated ammonium sulfate contained
4.4% and 0.7% protein (Table V), respectively.

Fincher and Stone (l1974a) found 2-5% protein in the
equivalent pentosan preparation, 0-3% in the insoluble fraction
from ammonium sulfate fractionation, and 8% in the soluble
fraction (Table V).

3) Carbohydrate Composition of Pentosan Preparations

Pentosan 2 was hydrolyzed with trifluorocacetic acid and
1N hydrochloric acid. The sugar composition was determined
gualitatively or quantitatively as described in "Materials and
Methods." Pentosan 2 contained arabinose, xylose, galactose and
a trace of glucose. The same was true for pentosan 4, in agree-
ment with Fincher and Stone (1974a). The fraction soluble in
ammonium sulfate contained 21% arabinose and 79% galactose.
Xylose and glucose were not present. Interpretation of these
data is difficult, since arabinose is destroved more readily
by hydrochloric acid than galactose (Nordin, 1975). There is
soma qualitative similarity to Fincher and Stone's arabinogalac-

tan-peptida, reported to contain 40.8% arabinose, 59.2%
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galactose, no xylose and only a trace of glucose. Fincher and
Stone determined the carbohydrate in hydrolyzates by gas-
ligquid chromatography of alditol acetate derivatives. The
ammonium sulfate-soluble fraction from pentosan 2 more closely
resembled in carbohydrate composition the arabinogalactan-
peptide reported by Neukom et al. (1967) to contain 70% galac-
tose, 30% arabinose, and no other sugars.

The ammonium sulfate-insoluble fraction of pentosan 2
was found to contain only arabinose and xylose, agreeing with
Fincher and Stone's data on the arabinoxylan from pentosan 3.

B. Behavior of Pentosan Preparaktions on Gel Chromatography

Pentosan 1 was fractionated on a column (90 x 1l.6cm)
of Sepharose 6B; components were eluted with 0.05 M Tris buffer
containing 0.05% sodium azide. Four carbohydrate-containing
components appeared to be present (Fig. 4) while the protein
was not separated into components. Peaks I and II eluted
near the void volume (VO) and were not completely separated,
peak III eluted at Vg/Vg = 1.6, and peak IV eluted just before
Vi. Since the proteins did not form any cl=ar peak with this
method but rather were evenly distributed over the whole
elution profile, no further chromatographic experiments with
the water extract on Sepharose were done. In this particular
extraction, enzymes were not inactivated by heating:; hence,

enzymatic degradation might have occurred.
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Pentosan 4 was chromatographed on a column (75.5 x l.6cm)

Sepharose 6B and components were eluted with water. Fig. 5a
shows the profile of the polysaccharide and the protein com-
ponants. The elution profils obtained by Fincher and Stone
(1974a) from pentosan 3, using 0.3% sodium chloridas containing
0.05% sodium azid= as the solvent, is shown in Fig. 5b. 1In
both cases, two carbohydrate peaks were obtained, one at Vo
and the other near the Vi. Fincher and Stone did not detect
protein in the component near the V,. This could be due to
their use of a very much lower sample concentration than the one
I used. The apparent carbohydrate content of the component
near the v, from the pentosan 4 preparation is much lower than
peak I, whereas both are of equal height in pentosan 3 (Fincher
and Stone, 1974a). These differences could either be concen-
tration effects or an indication that the preparations are
entirely different. According to the amino acid composition
(Table IV), both preparations do indeed differ. Therefore, the
former possibility was not investigated any further. Both
peaks from pentosan 4 were assayed for their sugar composition.
Arabinose, galactose, and xylose werzs found to be present in
both peaks; however, more xylose than galactose was found in
peak I and more galactose than xylosa was present in the low
molecular weight peak.

When pentosan 2 was chromatographed on Sepharose 6B
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two separate carbohydrate peaks were eluted with water, but
only one protein peak was observed (Fig. 6). Carbohydrates

and protein elute together at V,. The second small carbohy-

drate peak at V. does not contain any protein.

The subfraction of pentosan 2 which was soluble in satu-
rated ammonium sulfate was also chromatographed on Sepharose
6B (Fig. 7). The elution profile resembled closely the one
obtained from pentosan 2 (Fig. 6): a major carbohydrate peak
at V, and an ill-defined smaller peak. The protein peak coin-
cided with the carbohydrate peak at L/ The arabinogalactan-
peptide obtained by Fincher and Stone from pentosan 3 eluted
from Sepharcose 4B as one low molecular weight peak (Fig. 7b).
Thus, my preparation contained higher molecular weight material
than Fincher and Stone's glycopeptide.

The high and the low molecular weight components eluted
at 30-65 and 80-115 ml, respectively, were assayed for protein
and hydroxyproline. Table III shows that peak I and peak II
were higher in protein and hydroxyproline than the ammonium
sulfate-soluble fraction from which they were obtained. The
probabhle explanation is that some carbohydrate was lost during
the Sepharose fractionation because water was used as eluant,

which causes absorption of some carbohydrate to the column.

C. Comparison of Different Pentosan Preparations.

The amino acid composition of the low molecular-weight
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110

Elution volume (ml)

Fractionation of the TCA Wheat Flour Extract
on Sepharose 6B.

100 mg of pentosan 2 was applied to a Sepharose
6B column (75.5 x 1.6 cm) and components were
eluted with water at 20°C.

o carbohydrate concentration

N absorbance at 280 nm x 103
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Table III. PROTEIN AND HYDROXYPROLINE CONTENTS OF THE
AMMONIUM SULFATE SOLUBLE FRACTION OF PENTOSAN
2 AND OF FrRACTIONS OBTAINED FROM CHROMATOGRAPHY ON
SEPHAROSE 6B

Polysaccharide Hydroxyproline Protein Hydroxyproline
Fraction % % as % protein
w/w w/w w/w

Ammonium sulfate-

soluble fraction 0.13 4.4 3
Peak I 0.23 () 3.8
Peak II 0.23 15.2 1.5

peak (Fig. 5, 110-135 ml) of pentosan 4 is compared with the
amino acid coﬁposition of Fincher and Stone's arabinogalactan-
peptide in Table IV. The amino acid compositions differ so
strikingly that the protein fraction of the two extracts must
be basically different. Pentosans 5 and 6, in which o-amylase
was used in following exactly Fincher and Stone's procedure,
also did not have hydroxyproline contents as high as Fincher
and Stone report (Table II). Pentosans 5 was the preparation
obtained by decanting the ethanol after it had cooled.
Pentosan 6 had less than one ténth the hydroxyproline content
found by Fincher and Stone (1974a).

Pentosan 2, extracted by trichloroacetic acid, and the
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Fig. 7. Chromatography of Pentosan Fractions Soluble in
Saturated Ammonium Sulfate on Sepharose.

a) 1Isolated from pentosan 2, chromatographed on
Sepharose 6B {(75.5 x 1.6 cm)
b) Fincher and Stone's data (1974a)

Ocarbohydrate concentration Aabsorbance at 280 nm or protein
concentration
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ammonium sulfate subfractions are compared to pentosan 3 in

Tabhla V.

Table IV. AMINO ACID COMPOSITION OF PROTEINS IN WATER

EXTRACTS FROM WHEAT FLOUR °
Amino acid Preparation 3 Preparation 4
Lysine LD 2.9
Histidine 0.6 2.3
Arginine .1 2:5
Hydroxyproline 18.9 0
Aspartic acid and asparagine 6.0 4,2
Threonine 6.5 2.1
Serine 8.4 7.3
Glutamic acid and glutamine 12.8 34.5
Proline 3.6 15.1
Glycine 5.6 3.8
Alanine 18.5 4.6
1/2 Cystine 0 2.9
Valine 5.8 1.9
Methionine 1.0 1.0
Isoleucine 1.7 2.9
Leucine 2.1 6.4
Tyrosine 2.8 1.7
Phenylalanine 1.2 3.8
Tryptophane not determined not determined
Hexosamine 1.4 not determined

@pincher and Stone's (1974a) data -~ pentosan 3; my data -
pentosan 4. Values are expressed as moles/100 moles of

amino acid.
ammonium sulfate subfractions are compared to pentosan 3 in

Table V.
Table V and the elution profiles from Sepharose (Fig.6)

clearly show that the trichlorcacetic acid extract is not iden-
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TABLE V. PERCENT COMPOSITION OF PENTOSANS 2 AND 3% AND THEIR
FRACTIONS SEPARATED BY AMMONIUM SULFATE PRECIPITATION

Total extract Ammonium sulfate Ammonium sulfates
Moaasure- insoluble soluble
ment Pantosan |Pentosan Pentosan|Pentosan Pentosan |Pentosar
3 2 3 2 3 2
vield (%
of total - - 58 54 25 23
extract)
Protein % 2-50,84  3-8€ 0-3b 0-7¢ gb 4.,4C¢
Arabin-
ose % s 44 .1 AE 34.1 £A 40.8 21
xylose %3 |  44.7 AA 65.9 ey 0 0
Galac-—
tose %4 15.2 Ad 0 0 59.2 79
Glucose %9 - of 0 0 F. 0
6 Hydro-—
cyproline 12,1 A 0 0 16.7 3
(protein
basis)

bAssayeﬁ by micro-Kjehldahl
cAssayed by Folin's method (Lowry et al., 1951)

dAssayed by gas-liquid chromatography for pentosan 2 (Fincher

and Stone, 1974a) and by eluting from thin-layer plates as
dascribed in "Material and Methods" for pentosan 2

qpentosan 2 is a trichlorocacetic acid extract and pentosan 3 was
prepared by Fincher and Stone (1974 a and b}.

tical to Fincher and Stone's pentosan 3. The portion of the tri-
chloroacetic acid extract soluble in ammonium sulfate differed in
molecular size, in galactose content, in protein content, and in

hydroxyproline content,
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D. Degradation Study of the Arabinogalactan from the Ammonium
Sulfate Soluble Part of Pentosan 2.

Since Fincher and Stone's preparation had lower molecu-
lar weight and higher arabinose and hydroxyproline concentrations
than the trichloroacetic acid-extracted arabinocgalactan, the
possibility was investigated that hot ethanol might have partiaily
degraded the macromolecule or removed side chains. Degradation
of the high molecular-weight-protein~containing arabinogalactan
obtained by trichloroacetic acid extraction was studied. Ten
mg of the trichloroacetic acid soluble arabinogalactan from the
ammonium sulfate fracition were applied to the Sepharose 6B
column and eluted. A series of sealed tubes, each containing
10 mg of the high molecular weight arabinogalactan were heated
at 100°C at the following time intervals: one, six, and twenty-
four hours. Then the contents were diluted with water and
dialyzed against water for two hours at 2°C to eliminate low
molacular weight degradation products. Each was fractionated
on Sepharose. The high molacular weight fraction from chroma-
tography on Sepharose was heated in sealed tubes for different
periods of time and then chromatographed again on Sepharose.
Fig. 8 shows the elution profiles. Heating in ethanol clearly
degraded the arabinogalactan, as indicated by the decrease in
peak I and the disappearance of peak II. However, even pro-

longed treatment did not cause complete disappearance of peak I.
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Fractionation of 10 mg heat treated arabinogalactan
on Sepharose 6B (75.5 x 1.6 cm).

Samples were heated at 100°C in B0% ethancl in sealed
evacuated tubes and dialyzed before chromatography.

o - not heated, A - one hour, [J - six hours,
¢ - twenty-four hours
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All degradation products were dialyzable.

Table VI shows the amounts of carbohydrate or protein
present in peak I {tubes 30-76) after degradation. Both carbo-
hydrates and protein dscreased =qually, as indicated by a content

carbohydrate:protein ratio of about six.

Table VI. CARBOHYDRATE AND PROTEIN CONTENTS IN THE TCA-SQOLUBLE

ARABINOGALACTAN

Hours of mg Carbohydrate mg Protein Ratio
hsating in in tubes 30-76 in tubes 30-76 Carbohydrate/
80% ethanol Protein

0 4,38 0.77 5.

1 2.04 0.34 6

6 1.40 0.23 6

24 0.29 0.044 6.7

The degradation is time dependent. A plot 1/c versus
time yields a reasonably straight line (Fig. 9).

From this degradation study, it.appears unlikely that
Fincher and Stone's arabinogalactan-peptide extracted from the
ethanol-pretreated flour was a degradation product. Rather the
trichloroacetic acid extract is basically different. Fincher
and Stone heated the flour for only one hour; their arabino-
galactan-peptide did not show more than a trace of a peak at Vg,

on Sepharose 4B (Fig. 7b).
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Fig. 9. Reciprocal Plot of 1/C of residual carbohydrate
after heat treatment. Arabinogalactan vs. heating

time.
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IT. HYDROXYPROLINE IN THE SEEDLING ROOTS

A lyophilized, sodium dodecyl sulfate extract from wheat
seedling roots was extracted with 15% trichloroacetic acid at
0°C to obtain a fraction comparable to the endosperm extract. 1In
addition, the trichloroacetic acid extract could ba dissolved in
water very easily. Thes yield was low, only 32%. The residue
insolubls in trichloroacetic acid was analyzed for hydroxyproline.
The results were negative, so all the hydroxyproline was present in
the trichloroacetic acid-soluble portion. Sodium dodecyl sulfate
is not known to extract the cell wall; rather it is generally
used to obtain cytoplasmic¢ fractions (Mascarenhas, 1970). Hence,
this trichlorocacetic acid~soluble fraction should be from the
cytoplasm too. It was further fractionated on a column of Sepha-

rose 6B (Fig. 10). Ths extract distributed into three peaks:

vV -V
peak I at V,, peak II at Vg = 1.5 or = O = 21,
VO vt - VO

and peak III at V. This profile compared very well with results
found previously in this laboratory (Nordin, 1975), except that
peak II was lower than in the earlier work. Because of the small
guantities under each peak, it was not possible to do more than
one asszay on the collected peaks. Thus the total carbohydrates
were calculated bv determining the area under the peaks. Peak I
contained 3.7 times as much carbohydrate as peak II. Peak II

showed a relatively higher absorpﬁion at 280 nm than other
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Fig. 10. Fractionation of the TCA Wheat Seadling Root
Extract on Sepharose 6B

Freeze~-dried TCA wheat seedling root extract

(20 mg) was dissolved in 1 ml water, appliad to the
column (75.5 x 1.6 cm) of Sepharose 6B and eluted
with water.
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A absorbance at 280 am
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peaks with respect to the carbohydrate concentration. 1In Fig. 10,
peak I has higher Asa0 than peak II. Lyophilized peaks I and II
were assayed quantitatively for hydroxyproline from one prepara-
tion and for sugar composition from a second separation. Peak
IIT was too small for quantitative assay. It was analyzed
qualitatively for hydroxyproline, which was present.

The major sugars were galactcose and arabinose (Table
VII). The high molacular-weight peak {(peak I) contained rela-
tively more arabinose and the low molecular weight peak (peak II)
more galactose. The hydroxyproline content was about the same
in peak I (2.5amg) and in peak II (2°%f4g), However, with
respect to the higher concentration of carbohydrates in peak I,
the relative amount of hydroxyproline in peak II was much higher,
Hydroxyproline.of the wheat root extract was 0.4 to 0.5%. Most
of this amino acid was hence found in peak II.

The recovery of carbohydrates in xyloss, arabinose,
glucose, and galactose was very low, only 17% of the carbohydrates
in the trichloroacetic acid axtract before gel chromatography.
Xylose and glucose were higher in the trichloroacetic acid sol-
ubles than in the sodium dodacyl sulfate sxtract. A possible
explanation would be that soms arabinose and galactose were attach-
ed to proteins which were precipitated by trichloroaceﬁic acid.
The very low yield of trichloroacetic acid extract from the

sodium dodecyl sulfate extract (only 32%) could be due to the
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Table VII. CARSOH/DRATE, PROTEIN, AND HYDROXYPROLINE
COMPOSITION OF THE SDS WHEAT ROOT EXTRACT,
ITS TCA SOLUBLES AND PEAKS I AND II FROM
SEPHAROSE 6B

Component SDS TCA Peak Peak
Ixtract Extract I II

Total Carbohy- not 75 not quantized

drate (%) w/w reported

Total Pro- not 32 not gquantized

tein (%) w/w reported

Arabinose (%) 46,7* 44.4 46%* 27 .6%%

Xylose (%) 2.3% 7.4 7.4%% 7.9%%

Glucose (%) 5.6% 12.3 11.2%% 15.6%*

Galactose (3%) 44 ., 9% 37.3 33.6%% 48, 6% *

Hydroxy-— not 0.5 0.3 1.05

proline (%) reported

w/w

* VYalues from Nordin (1975)
*% 17% of the carbohydrates in the unfractionated trichloroacetic
acid extract were recovered in these four sugars.

relatively high percentage of these proteins.
III. COMPARISON OF THE TRICHLOROACETIC ACID SOLUBLES FROM
ENDOSPERM AND FROM THE SEEDLING ROOTS
Table VIII summarizes the data concerning sugar, protein
and hydroxyproline composition of the major peaks into which the

trichlorcacetic acid extracts from the endosperm and from the
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gseedling roots separated on gel chromatography. The similarities
are only qualitative. In both peaks from the root extract, ara-
binose and galactose were the predominant sugars; in the major
peak from the endosperm extract, these two sugars were the only
ones visible on thin~layer chromatograms. Hydroxyproline was
found in all three peaks. The endosperm extract resemblad the
high molacular-weight peak (peak I) with respect to its elution
at V5 and with respect to the amount of hydroxyproline. However,
it was similar in sugar composition to peak II rather than to

peak I of the root extract.

Table VIII. ANALYSIS OF THE MAJOR PEAKS FROM SEPHAROSE 6B OF
THE TRICHLOROACETIC ACID-SOLUBLE WHEAT ROOT EXTRACT
AND THE TRICHLOROACETIC ACID-SOLUBLE ENDCEPERM

EXTRACT
Root Extract Endosperm Extract
P2ak I Pzak II Peak I
Protein not dquantized not quantized 5]
(%) w/w (lower than (higher than
in peak II) in peak I)
Hydroxyproline O3 1.05 Q.23
(%) w/w
Sugar Composition
Arabinose = —%- 46 27.6 21
Galactose 33.6 48.6 79
Glucose 11:2 L5+6 0
Xylose 7.4 79 0
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DISCUSSION

The original purpose of this work was to determine if
hydroxyproline was present in pentosans from white wheat flour.

It was present in both water-soluble and water-insoluble fractions.
More hydroxyproline was found in the water-soluble pentosans iso-
lated according to Kiindig et al. (196l1) than in any other pentosan
preparation from this flour. However, this pentosan 1 contained
40% protein; all other methods yielded pentosans that had much

lower protein content. Fincher and Stone (1974a) did not detect

any hydroxyprcline in pentosans prepared by Kundig's method. The
former workers suggested that their failure to detect hydroxy-
proline was due to the low level of hydroxyproline-rich ‘glycoprotein
in relation to free protein in the preparation. It is also possible
that hot ethanol used in their isolation denatured some of the
endosperm proteins, rendering them insoluble in the subsequent
water extraction. Pentosan 2, extracted by 15% trichloroacetic
acid, as expected, had a lower protein content than pentosan 1,
since trichloroacetic acid is one of the most effective reagents

for protein precipitation.

Why I was not able to reproduce Fincher and Stcne's results
is not clear. Whether the ethanol used to extract the flour was
decanted hot or cold seems to be crucial. Ten times as much
hydroxyproline was found when the ethanol was cooled before decant-

ing than when it was decanted hot. However, this did not account
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completely for the failure to isolate Fincher and Stone's arabino-
galactan~-peptida. The possibility that Fincher and Stone obtained
a degradation product cannot be ruled out, although it is highly
unlikely since boiling ethanol did not degrade the arabinogalactan
from pentosan 2 complestely in a time period as long as twenty-
four hours. Ancther cause of the discrepancies could be that
botanically different wheac varisties have different constituents.
The latter argument also could explain why Fincher ahd Stone did
not find hydroxyproline in water-soluble pentosans extracted with
Kindig's method.

In addition, it is obvious that wheat endosperm contains
more than one arabinogalactan, since the ammonium sulfate-soluble
polysaccharide with some protein separated into two peaks on
Sepharose 6B. Selvendran (1975b) established the existence of

more than one type of wall glycoprotein in Phaseolus coccineus.

This could perhaps account for the different results of flour
extraction with Klindig's et al. (1961), the trichloroacetic acid,
or Preece and McKenzie's (19532) methods. Different methods could
extract different glycopeptides.

Finally, it is possible that the wheat which Fincher and
Stone used was harvested when lass mature than the Kansas wheat.
During the process of ripening, low molscular-weight arabinogalac-

tan-peptidas could have polymarized with other carbohydrates and/or
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with themselves, thus accounting for the high molacular size of
my preparation. It would be interesting to investigate glyco-
proteins from a series of wheat sampies that differ in degree of
maturity.

Lamport and Miller (1971) indicated that extensin is wide-
spread in the plant kingdom and thus that it should be found in
different parts of the same plant. My results show clzarly that
a hydroxyproline-rich arabinogalactan is present in the
seedling roots. However, it was not sufficiently purified to allow
a quantitative comparison. The root extract yielded an additional
carbohydrate and protein peak from Sepharose 6B which had a lower
molacular weight, contained more protein, more hydroxyproline and
more galactose than the peak at elution volume V.. This points to
the conclusion that the lower molzcular-weight material might be a
precursor of the high meclecular-weight material; it differed from
the V, peak insofar that it was not as extensively arabinosylated.

The hydroxyproline content of wheat flour and wheat seedling
roots was found to be very low. This agrees with Burke et al.
(1974) who reported a much lower hydroxyproline content in suspension-

cultured gramineae than in Acer pseudoplatanus. This led them to

the conclusion that hydroxyproline-rich glycopeptides do not have
a structural function in the cell walls of gramineas.
Degspite the vast number of publications on extensin (Lamport,

1971; Lamport, 1970; Karr, 1972; Sadava and Chrispeels, 1973), its
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function is unknown. It is well established that hydroxyproline

is a part of the cell walls of higher plants (Lamport, 1965; Lamport,
1970; Northcote, 1972; Selvendran et al., 1975; Selvendran, 1975b).
Northcote (1972) reported hydroxyproline oligosaccharides closely
bound to«-cellulose. Selvendran (1975a) also reported

"that the HP-rich glycoprotein 1s actually associated with
the cellulose fraction.”

Selvendran et al. (1975) found hydroxvproline apparently associated
with the lignin fraction, since it was released during delignifi-
cation. They essentially extracted all hydroxyprcline from the
cell wall with the chlorite-acetic acid procedure. Selvendran (1975a)
described the hydroxyproline content of mature runner beans as
higher than of immature ones. These results indicate that the hy-
droxyproline-~rich glycopeptidss are associated with the secondary
wall, rather thaﬁ the primary wall. This agrees with Chrispeels
(1969) and Chrispeels et al. (1974) observations on carrot discs,
which increased their hydroxyproline content upon aging.

Most of the research on hydroxyproline has bsan done on
dicotyledons. The work thus far reported on monocotyledons was
on gramineae, which were found to be extremely low in hydroxypro-
line (Burke et al., 1974; Fincher, 1975). The only other mono-
cotyledon examined (Selvendran, 1975a) is asparagus, which contained
more hydroxyproline in the wall than gramineae, but less than
typical dicotyledons. Extensin is found (Lamport, 1971) in the

cell walls of phylogenetically very old plants to phylogenatically
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yvoung plants like the class of the dicotyledons. One can hypo-
thasize that at some time in plant history, an enzymatic pathway
leading to cell wall extensin was shut off in the gramineae.
Arabinogalactan-peptidsas such as reported here probably are not
from the cell wall, suggesting that it must have besen present in
older related plants. According to this hypothesis, the arabino-

galactan which I isolated is a vestigial extensin.
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ABSTRACT

The water-soluble non-starchy polysaccharides or pento-
sans of wh=aat endosperm were extracted by three different methods:
water-extraction, water-extraction of wheat flour that had first
been treated with hot 80% ethanol, and trichlorocacetic acid |
extraction. The chemical composition has been studied with
special attention to hydroxyproline content and sugar composition.
The trichloroacetic acid preparation was fractionated by ammonium
sulfate precipitation into an arabinoxylan with only 0.7% protein
and an arabinogalactan with 4.4% protein (galactose:arabinose
79:21). The latter contained appreciable amounts of hydroxy-
proline.

Polysaccharides that eluted together with protein were
also isolated from wheat seedling roots with trichloroacetic
acid. The extract was further separated by gel chromatography
into two major peaks which were analyzed for hydroxyproline

and sugar composition. Arabinose and galactose predominated.



